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It is often impossible t.;, define a field cf ~-cL:.ntif:i1: cnc'.e.a\r~)· .. n: 

with sufficient accuracy to cover the a.ccevted sub·,.divL~ions of the fi.Gld 

and yet to include thi:: latest developments t1-1king plat:€': on the. b,)rc1;;r~> of 

the domain. It may therefore be accepte.ble to refer r.o Nu:c1.::-::i.r l~·,aly~i.c~1 

Cheuiistry as a field in analytical chr:mistty in which the 
4 • • 'I .. @1a1;sts :s casea 

principally on the me~surerneut of products resulting from a mwle;:r inter-

action or a nuclear transition. 

Historically the subject dates back to the early years 0f this 

century when natura1 ly occurring ra.dio~cti ve elements were u<ie.d ~'B tracers. 

Probably the first application of this technique was by Pcinet."h and Reves:~ 1 

who, in 191\ used radium-D (lead-2 IO) as a natural tracer to detcrrd.ne tl:e 

solubility 0£ lead sulphide a-:ld lead ch r>:imatc, Th • "I-. • • .J · eir tecun1q:.:e rema::.n.el, 

limited in scope~ however, until the discovety of artificial radio:i.sotopcs 2 

in 1934. Thereafter the use of tracer techniques extended to ev2ry flfltu·· 

rally occurring element. 

The second major branch of the subject to develop was a.ctivaticr. 

analysis. /... few years after. tl1e disco\1ery of neutrons, Eevesy ar\d L.zvi 3 

in 1936 bombarded impure yttrium with these particles .s.r.d J~termi.ned '.:he 

ciysprcsium content by the amount of radiodysprosii.lm generated. iu ti1.:: bau:p.le. 

. . . . • L' . ..:ilt Similarly, shortly after the 1nvent1on of the cyclotror:, SeELbcrg ana J.vtng·Jo ... 

in 1938 activated iron with deuterons to determine low concentrations of 

galli'.lm. These two papers marked the start rzspectively cf r~cutro.11 <ind 

charge.d particle acti vaticn analysis. 

After the discovery of nuclear fission, the. construction cf nuclu;~'. 

reactors served to accelerate dev•.elopments in neutron ac.tivntion ~nal~-<>i.s 

because large fluxes of neutrons b2c.anc .'l\'2ili!ble to the ar;aly"L ~'l.s .~: l';")-

sult, research in lteutrc;n activation analysis mushroon:i::d ·:m:ring dH': <:'::i.rly 
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fifties but towards the end of that decade the research tempo started de

cre~sing, even though the number of papers on the subject continued to grow· 

as application of the technique spread to wider fields. When the Hmi ta-

tions of neutron activation analysis became more evident and about the time 

when research on the analytical use of neutrons began to flag 1 the neglected 

complementary field of charged particle and photon activation analysis began 

to draw the attention of research analysts once more. 

During the past decade the number of laboratories actively concerned 

with charged particle activation analysis has been increasing and a variety 

of accelerators has become available for analytical work. At about this time 

too, important advances were being made on nuclear detection systems. These 

influences made it possible for a third branch of nuclear analytical chemistry 

to come to the fore. Whereas previously only radioactive products of nuclear 

reactions were of interest to the analyst, the improved techniques showed that 

useful analytical information could be obtained from the spectrometry of the 

prompt reaction products. Probably the first occasion when prompt products 

were used for analysis was in 1951 when Gajdin and Pannell 5 determined bery-

llium by counting the prompt neutrons induced by photon irradiation. Since 

then more refined techniques of prompt particle spectrometry have been used 

to obtain analytical information not readily available by other means. 

The growth of nuclear analytical chemistry can be judged from the 

growth rate of the literature on the subject. It is estimated6 that there 

were about 250 papers on activation a.~alysis, in 1955. This figure reached 

about 8000 in 1970 when the accretion was about 1000 papers per year. Under 

such conditions of growth new ideas are rapidly assimilated by many workers 

and papers dealing with applications of the methods outnumber those describ

ing advances in methodology. 

2 
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1959, l'ol. Xll JOURNAL .OF THE SOUTH AFRICAN CHEMICAL INSTITUTE 

THE ROUTINE COUNTING OF CARBON-14 

by 

M. PEISACH 

OPSOMMING 

57 

· 'n Verbeterde metode vir die montering van bariumkarbonaat gemerk met .koolstof-14 is 
ontwikket Die bariumkarbonaat word oor 'n groot oppervlakte in 'n dun lagie op 'n metaalplaat 
gcsentrifugecr. Die metode maak dit moontlik om monsters maklik en vinnig vir analise voor te 
berei; die koeffisient van variasie van die resultate is kleiner as 2·5%. 

SUMMARY 

An improved method of mounting carbon-14 labelled barium carbonate is described. Barium 
carbonate is centrifuged on to a metal plate to produce a thin deposit over a large area. The method 
permits rapid and easy preparation of samples for analysis; the coefficient of variation of the 
result"> is better than. 2·5%. 

In most tracer work with carbon-14 the labelled sample is ultimately combusted 
to carbon dioxide which may be analysed as such or precipitated and counted as 
barium carbonate. This paper deals with a simple procedure for preparing barium 
carbonate samples by centrifugation. 

Most existing methods for mounting carbon-14 labelled barium carbonate for 
counting purposes depend either on filtration on to paper or some other porous 
material such as sintered Perspex, or on evaporation of a slurry of the precipitate 
suspended in some volatile solvent. Although these methods are capable of yielding 
good results for thick sources, the reported error of 2% is exceeded when thin sources 
have to be measured. Calvin and others 1 state that "the evaporation (of slurries) is 
actually a somewhat more complicated process ... when thin samples have to be 
made" and Gora and Hickey, 2 who investigated the self-absorption of carbon-14 
samples, consider that for very thin samples "it is not possible to spread them out 
evenly". Winteringham 3 states explicitly that the results obtained from solid count
ing with internal gas flow counters have an error of ±5%. Wick, Barnet and Acker
man" stress the need for extreme care in preparing thin samples, and, whilst they 
do not give any data on their errors, their published curves show a wide scatter of 
results with thin deposits. It is thus evident that the method described below is of 
value where the other methods fail, especially for routine analyses when a large 
number of samples have to be analysed. 

In connection with biological work, it frequently happens that samples of low 
specific activity .have to be analysed and usually only a limited weight of material 
is available. Under such circumstances with existing methods it is necessary to form 
a thick deposit over a small surface and to correct for the self-absorption of the sample. 
This self-absorption can be reduced if the sample is deposited in a thinner layer over 
a larger area with the result that the counting rate will be higher and hence a shorter 
time will be necessary for counting. To achieve this, precipitated barium carbonate 
is suspended in alcohol and centrifuged on to a metal plate of large area. Homo
geneous reproducible deposits are obtained easily and quickly, especially when 
thin deposits are prepared. Mention of such a method was made by Calvin et al., 6 
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1959, Vol. XII JOURNAL OF THE SOUTH AFRICAN CHEMICAL INST'ITUTE 59 

pressure with "Tracerlab" proportional gas, a mixture of about 10% methane and 
90% ragon. 

0 Scm 

FIG. I-Centrifuge bucket with base cap showing design 
of the bottom of the bucket where the washer is placed 

RESULTS 

· A test series of 71 analyses was carried out. The results are shown in Figs. 2 and 3 
and some are listed in Table I. In the former curve the activity is plotted against the 
thickness of the de.Posit, whilst the latter shows the same results plotted against the 
percentage transmission, R, where (100-R) represents the percentage loss of activity 
due to self-absorption and possibly other causes. The form of the ·curve in Fig. 3 
corresponds to the well-known self-absorption expression 

R= 100 (t-e-1'5) 
µ.s 

where s is the thickness of the deposit in mg/cm 11 and µ. tJie mass absorption coefficient 
which, in this case, was found to have the value 0·55 cm 11/mg and is in good agreement 
with published values 7 for windowless counters. 

A statistical analysis of the results showed that the coefficient of variation, v, 
of the corrected specific activity of a sample, i, has the value 2·4(2)% over the range 
of thicknesses from 1 to about· 6 mg/cm 11 

100a 
where v-:-...,.-

·a 
a is the standard deviation and 'i, the mean specific activity. 
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TABLE I 

Some values obtained for thin deposits of BaC03 

Corrected 

BaC01 Thickness 
Specific 
Activity R 

mg mg/cm 2 c/m/mg Exptl. 

14·9 0·77 14·78 80·3 
18·1 0·93 15·07 78·5 
19·6 1-01 14·95 76·3 
23·0 1·19 14·90 72·7 
34·3 1-77 15·12 64·3 
35·5 1·83 14·90 62·5 
35·7 1·84 15·23 63·7 
38·0 1·96 15·01 61·2 
39·2 2·02 15·14 60·9 
46·1 2·38 15·09 55·1 
46·6 2·40 14·87 55·0 
47-1 2·43 15·00 55·1 
52-1 2·69 14·97 52-1 
62·6 3·23 15·03 46·8 
82·2 4·24 15·14 38·9 
99·8 5·14 15·19 33·6 

111 ·5 5·75 14·70 30·2 

-----

R 
Calculated 

81-6 
78·2 
76·7 
73·5 
64·0 
63·0 
62·9 
61·2 
60·4 
55·8 
55·5 
55·2 
52·2 
46·8 
38·7 
33·3 
31·6 

61 

For the series of 71 analyses, the mean corrected specific activity was 14·96 c/m/mg with a stan
dard deviation of 0·36; i.e. coefficient of variation v=2·4%. 

In addition to the series of analyses mentioned above, this method has been used 
in our Laboratories for several thousands of analyses over the past four years. During 
that time the method was tested repeatedly and analyses were carried out with 
deposits thinner than 1 mg/cm 2 and thicker than 6 mg/cm 2• The thinner samples 
were prepared with great ease and the results were within the stated limits of pre
cision, but thick deposits tended to crack on drying and to break at the edges when 
removed from the centrifuge bucket. Accordingly, this method is not recommended 
for thick deposits. 

The author wishes to thank Mr. I. Roth for assistance during the development 
stages and Mrs. A. Slaa and Mrs. M. M. Pols for assistance with the analyses. 

This paper is published with the permission of the South African Council for 
Scientific and Industrial Research. 

Radiochemistry Section, . 
National Chemical Research Laboratory, 
S.A. Council for Scientific and Industrial Research, 
Pretoria. 
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at the prevailing conditions of the energy 
spectrum of the neutron flux. The 
ratio of the effective cross sections for 
the (d, n) and (p, 'Y) reactions with 0 16, 

R, should be given by the ratio of the 
fluorine-17 activities obtained from D20 
(100%) and H20 (100%). It was found 
that 

R = u(d, n) = 60 ± 20 (1) 
iT(p, -y) 

which showed that for equal numbers of 
atoms of the corresponding recoiling 
hydrogen isotope, the contribution of the 
(p, 'Y) reaction was about P/2% of that 
of the (d, n) reaction. Because the 
container was made of polyethylene, a 
hydrogen-containing material, part of 
the (p, 'Y) contribution could have 
been due to protons recoiling from the 
walls. 

Because the ratio, R, of yields of the 
(d, n) and (p, 'Y) reactions is large, it 
enables analysis of samples in the region 
where the fluorine-17 activity remains 
directly proportional to the deuterium 
content to be carried out relative to a 
single standard. This procedure is 
suitable for samples containing above 
15 mg.-atoms deuterium per gram of 
water. However, this limitation de
pends on the value of the ratio, R, 
which in turn is dependent on the energy 
distribution of the fast neutron flux 
due to the difference in the threshold 
energies of the two competing reactions. 
Accordingly, the value of R with an 
undistorted fission spectrum neutron 
flux might be expected to exceed 60, 
and hence would extend the range of 
applicability of this procedure. 

When the deuterium content is less 
than about 15 mg.-atoms per gram of 
water, analyses can no longer be referred 
to a single standard, but a linear calibra
tion curve such as given in Figure 2 has 
to be used. The method is then ap
plicable to the entire range of concen
trations. 

Neutron activation of water and con
tainer material components which could 
yield positron emitters either directly 
or by proton or deuteron recoils are 
given in Table I (2), which shows that 

~ N11 and F 18 are the nuclides most likely 
to accompany F17• These nuclides were 
both observed but because of their 
widely different half lives, their presence 
can easily be allowed for. However, 

7•10
5 

6 

5 

A4 

3 

2 
IT 

0 10 20 30 40 50 60 70 80 90 100 
D (milligram- atoms) 

108 

107 

A 
o 

Figure 3. Variation of F17 with deu
terium content 

(I} Specific activity of F17 per mole water, A 
(II) Specific activity of f 17 per mole water per 
mole deuterium, A/D, plotted against deuterium 
content, D 

their formation introduces a source of 
error which becomes appreciable in 
samples of very low deuterium content, 
below about 1 % D20 by weight, and 
may be considered as a limiting factor of 
the method. 

The relative accuracy of this method, 
using fluorine-'17 as a monitor for the 
deuterium content, depends on the 
stability of the neutron flux, reproduci
bility of sample position and on count
ing statistics. The first two cease to be 
important if a standard is irradiated 
simultaneously with the sample. The 
relative standard deviation of the 
result due to the statistical errors of 
counting samples of high deuterium 
content is about 0.1%, but in practice a 
value of 0.5% is generally obtained, con
sidering the stability of the irradiation 
parameters and the counting equipment. 
The activity of the sample may be ob
tained either by extrapolation of the 
decay curve or by measuring the inte
grated count over a fixed period. As 
the activity is proportional to the sample 
weight, the sample may be reduced at 
the expense of accuracy. The minimum 
sample size is determined by the accuracy 
of sample preparation and the activity 
obtained rather than by the loss of re
coiling deuterons from the sample, be
cause the range of deuterons of several 
million electron volts energy is of the 
order of 0.1 mm. (1). 

The observed constancy of the fiuo
rine-17 yield over a wide range of deute
rium concentration suggests that there is 
no observable difference in the corre
sponding energy losses of the recoiling 

PRD<TED IN u. s. A. 

deuterons at different isotopic concentra
tions of hydrogen-Le., 

dEn dEn 
dxu,o = dxn,o 

(2) 

The present method provides a simple 
and rapid nondestructive method for 
determining heavy water concentrations 
useful for heavy water reactors or heavy 
water process control. It could meet 
the required accuracies in both fields, 
1 % for D20 production and down to 
0.1 % for heavy water reactors. With a 
conventional counting arrangement near 
a reactor, several dozens of samples per 
day could be analyzed. 

The method is readily applicable to 
high-energy neutron distribution meas
urements in water systems, as in reactors. 
It is superior to foil techniques because 
the homogeneity of the medium is pre-
served. · 

ACKNOWLEDGMENT 

We thank the operating crew of 
IRR-1 for the reactor irradiations and 
D. H. Samuel for supplying analyzed 
heavy water. Thanks are due to I. 
Dostrovsky for his continuous interest 
and criticism. 

LITERATURE CITED 

(1) Aron, W. A., Hoffman, B. G., Wil 
liams, F. C., U. S. At. Energy Comm. 
AECU-663, (1951). 

(2) Ajzenberg-Selove, F., Lauritsen, T., 
Nucl. Phys. 11, 150 (1959). 

(3) Baranov, V. I., Kristianov, V. K., 
Karasev, B. V., Dokl. Akad. Nauk 
8.8.S.R. 129, 1035 (1959). 

(4) Dostrovsky, I., Samuel, D. H., 
Israel Atomic Energy Commission Lab
oratories, P.O. Box 527, Rehovoth, 
Israel, private communication, 1960. 

(5) Duke,, D. W., Babcock and Wilcox Co. 
Rept. BAW-1209, (1960). 

(6) Ernst, M. L., E. I. du Pont de Ne
mours and Co. Rept. DP-202, (1957). 

(7) Glickstein, S. S., Winter, R. G., 
Nucl. Instr. Methods 9, 226 (1960). 

(8) Gokhale, V. A., Navalkar, M. P., 
Srinivasan, M., Subbaramu, K. R., 
India At. Energy Establishment, U. S. 
At. Energy Comm. NP-916.6, (1960). 

(9) Hughes, D. J., Schwartz, R. B., 
"BNL-325 Neutron Cross Sections," 
U. S. Govt. Printing Office, 1958. 

(10) Roy, J. C., Bresesti, M., Hawton, 
J. J., Can. J. Phys. 38, 1428 (1960). 

(11) Stehn, J. R., Trans. Am. Nucl. Soc. 
3, 467 Paper 25-10, Dec. 13, 1960. 

RECEIVED for review December 18, 1961. 
Accepted March 30, 1962. 

VOL 34, NO. 10, SEPTEMBER 1962 • 1307 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

No. 3 

Determination of oxygen by f18 counting in organic Li-0 systems 
. c 

M. ANBAR.*, M. PasAJf AND R. RAFAELOFF** 

The reactions Li6(n,L)t, 016 (t~n)fl8 were used to determine the oxygen content of 
organic compounds• . 

. Using solid rnixtures, lithium fluoride and the oxygen - containing organic com
pounds in the form of fine powders were mixed mechanically. Ratios of lithium to 
oxygen ranged from unity to Eibout ten. Activities of about lµc for. ISOmg oxygen 
were obtained and measured by >r .coincidence counting. Fluorine 18 yields were 
found to be proportional to oxygen content in the rang.: 25-250mg oxygen. When 
however attempts were rnade to decrease t~e oxygen content below about 1 Omg 
difficulties were encountered due to the smal) ox.ygen impurity in lithium fluoride 
as well as to the com~ting production of ftuorinc-18 by the reaction F19(n,2n)f18, 
Of various organic solvents investigated at temperatures abov1! their melting point, 
succin0nitrile ga\te the best results. Lithlumihiocyanatewas.dissolved in succinoni
trile and the oxygen-containing organic com~nd was added at elevated temperatu
res. On cooling, the solid pellets w.:re immersed in wax and irradiated. However, 

• ISotope Dept., Weizmann Institute of Sciencle, llehovot: Consultant to the I.A.E.C. 
•• Israel AtOmic &ergy Commission. 

24 Analytical Chemistry 

at oxygen; contents < 10 mg, the meth<><\ could not be applied because of inter
ference d~e to oxygen impurities in tho lithium thiocyanate and the limited 
solubility of lithium thiocyanate in succinonitrile. 

REFEIWI~ 

I. OsMOND, R.G. AND SMALES, A.A., 19S4, Anal. Chim. Acta, 10, 117-128. 

Bull. Research Council Israel. lOA No. 3 pp 23-4 (1961) 
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Oxygen-18 Determination by Counting Delayed 
Neutrons of Nitrogen-17 

SAADIA AMIEL and MAX PEISACH 

Soreq Research Establishment, Israel Atomic Energy Commission, P.O.B. 527, Rehovoth, Israel 

.... Neutron counting of 4.14-second 
nitrogen-17 is used for the analysis 
of oxygen-1 8 in solutions containing 
known of amounts lithium-6. Nitro
gen-17 is produced by the successive 
nuclear reactions li 6(n, a)t; 0 18(t, a)N17 

on irradiation with thermal neutrons. 
The total delayed neutron emission 
of a sample irradiated to saturation 
at a thermal neutron flux of 1013n/cm.2-

second is about 4 X 105 neutrons per 
mg. of lithium-6 per atom per cent 

.._ oxygen-18. The nitrogen-17 forma
. ~ tion is proportional to the atom 

fraction of oxygen-1 8 and is inde
pendent of the sample size. 

T HE IMPORTANCE of oxygen-18 as a 
tracer for oxygen in various fields 

of research created the need for suitable 
analytical techniques. The common 
method of determining oxygen-18 con
tent is by mass spectrometry (10), but 
radioactivation techniques have been 
tried as well (11). Although mass spec
trometryis a very sensitive high precision 
method, its use is sometimes restricted 
by the relatively high cost of the equip
ment; additional drawbacks are the 
need to use vacuum apparatus, the 
relatively long procedure, and the 
destruction of the sample analyzed. It 
frequently happens that the more rapid 
methods of analysis by radio activation 

- are sufficient and are preferred even 
though they are less accurate and sensi
tive than mass spectrometry. 

In the main, analysis of oxygen-18 
by radioactivation is carried out by 
measuring the activity of oxygen-19 
or fluorine-18 (6). These methods are 
based on ')'-ray spectrometry, coin
cidence counting, or, to a more limited 
extent, autoradiography where beta 
emission is measured by the blackening 
of photographic emulsions (7). The 
main limitation of all these methods is 
the interference from other components 
in the sample, which frequently may be 
major constituents. Recently attempts 
to determine oxygen-18 were reported in 
which the number of particles emitted 
during a nuclear reaction were meas
ured-e.g., neutrons (3) from the re
action 0 18(a,n)Ne21 and alpha particles 
(6) from the reaction 0 18(d,a)N16. 

In this work an attempt was made to 
assay oxygen-18 in water samples 

by measuring the delayed neutron 
emission from nitrogen-17. Neutrons 
can be counted selectively and efficiently 
without interference from fJ- or 'Y
ray background. Furthermore, neutron 
emission in radioactive decay is a suffi
ciently rare phenomenon to be specific 
for the detection and measurement of a 
particular neutron precursor. The 
formation of nitrogen-17 in neutron 
irradiated samples was recently used 
for the analysis of lithium-6 in aqueous 
systems (4). 

Nitrogen-17 decays as follows: 

N11 13- 011* ----+ 
4.14 sec. prompt 

Ql6 + n, Qm = 4.57 m.e.v. 

It can be formed directly from oxygen 
isotopes with fast neutrons in a reactor, 
by the reactions (1) : 

011 (n, p) N11, Qm = -7. 93 m.e.v. (I) 

and 

QlB(n, d) N11, Qm = -13. 77 m.e.v. (II) 

With thermal neutrons nitrogen-17 
cannot be produced directly, but in the 
presence of lithium-6, secondary re
actions with the 2.7-m.e.v. tritons from 
Li6(n,a)t can lead to nitrogen-17 for
mation by the reactions 

01s (t, a) N11, Qm = 3.82 m.e.v. (III) 

and in the presence of nitrogen by 

NI6 (t, p) N17, Qm = 0 .15 m.e.v. (IV) 

The cross section of reaction I for 
unmoderated fission neutrons is not 
well established and has on separate 
occasions been reported to be 5 and 
9 µb. (9, 13). The cross section for 
reaction II is not known, but can be 
taken to be about two orders of magni
tude smaller than for reaction I, be
cause of the corresponding drop in the 
abundance of neutrons in fission with the 
appropriate energy. In natural water, 
the contribution of reaction II might 
account for a few per cent of the total 
nitrogen-17 produced by fast neutrons. 
Nevertheless, in oxygen-enriched water 
where the ratio of oxygen-18 to oxy
gen-17 may be higher than in natural 
water, the relative contribution of 
reaction II to the total yield of nitro
gen-17 may become important or even 
comparable to that of reaction I (2). 

The number of delayed neutrons 

obtained by reaction I from the nitro
gen-17 produced from a 1-gram sample 
of natural water irradiated to saturation 
in a fission spectrum neutron flux of 
102n/cm.2-second should be about 325, 
when the cross section is taken as 5 µb. 

When lithium-6 is introduced into 
the water, the formation of nitrogen-17 
proceeds predominantly by reaction 
III because of its high effective cross 
section with thermal neutrons (4). 
A 1-gram natural water sample con
taining 1 mg. of lithium-6 yields about 
9000 delayed neutrons by this reaction 
when irradiated to saturation in a 
thermal neutron flux of 1012n/cm.2-

second. It follows that in water sam
ples containing lithium-6 irradiated 
in a mixed flux, containing thermal and 
fast neutrons caused by partial modera
tion, the production of nitrogen-17 
by reactions I and II is relatively small 
and reaction III could then be used 
for the measurement of the oxygen-18 
content of the water. 

The rate of formation of tritons by 
thermal neutron bombardment of lith
ium-6 is given by 

A, = [Li6]11n,a4'n (1) 

where 

A, 

[Li6] 
4'n 

<rn,a 

= the number of tritons produced 
per second, 

= the number of atoms of Li6 

= the thermal neutron flux per cm.' 
per second, 

= the thermal reaction cross section 
of Li6(n, a) t. 

Since the range of tritons is very small 
(14), the probability of a triton pro
ducing an atom of nitrogen-17 is pro
portional to the atom fraction of 
oxygen-18 provided that the solution 
is sufficiently dilute with respect to 
lithium to ignore collisions with the 
solute. It is assumed that the energy 
loss of the triton per collision with an 
oxygen atom is independent of the 
isotopic composition of oxygen and 
that the hydrogen composition is kept 
constant. 

Thus 

An a: A,j(o1s) (2) 

where 

An = the number of nitrogen-17 atoms 
produced per second 

f(01B) = the atom fraction of oxygen-18 

Reprinted from ANALYTICAL CHEMISTRY, Vol. 35, Page 323, March 1963 
Copyright 1 963 by the American Chemical Society and reprinted by permission of the copyright owner 
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combining Equations 1 and 2 one gets 

A,. oc <Tn,a ~n (LiB) f(Q18) 

which, for a known constant thermal 
neutron flux reduces to 

A,. o: [Li&] f(Qls) (3) 

Thus, the rate of production of nitro
gen-17, in a sample of Li6-H20 18 ir
radiated with thermal neutrons, should 
be independent of the water content 
and should be proportional to the total 
lithium-6 content and the atom fraction 
of oxygen-18. 

The above derivation implies that the 
analysis of the oxygen-18 concentration 
in water can be carried out with thermal 
neutrons with any sample size. The 
only proviso is that the lithium concen
tration should be low for two reasons; 
first, to avoid extra energy loss of the 
tritons by collision with the relatively 
light lithium, which will result in a lower 
effective cross section, and second, 
to obviate attenuation of the irradiation 
neutron flux within the sample by self
shielding. 

In a well-thermalized flux, interference 
by reactions I and II is made negligibly 
small. When a mixed neutron flux 
is used for the analysis care should be 
taken to subtract the nitrogen-17 
yield produced with fast neutrons by 
the direct reactions. Such a correction 
can be made by reirradiating the sample 
in a cadmium box which will absorb 

thermal neutrons and thus effectively 
eliminate the contribution from reaction 
III without changing those from re
actions I and II. Another way of 
correcting for the above mentioned 
interference relies on the fact that 
the yield of nitrogen-17 from reactions 
I and II is proportional to the heavy 
oxygen content or sample size, while 
that from reaction III is independent 
of this parameter and depends on the 
lithium-6 content. Accordingly by 
reirradiating the sample with a changed 
lithium-6 concentration, the net effect 
of reaction III could be obtained. 

EXPERIMENTAL 

Preparation of Samples. Samples 
of water containing up to 97.04 atom 
per cent oxygen-18 were obtained 
from the Weizmann Institute of 
Science, Rehovoth, Israel, and were 
analyzed by mass spectrometry. 
From the supplied water, samples of 
lower oxygen-18 concentration were 
prepared by mixing known weights 
of enriched and natural water. Lith
ium-6 was obtained as metal containing 
96.1 atom per cent Li6 from Oak Ridge 
National Laboratory, Oak Ridge, Tenn.; 
U.S.A., and from it all lithium salts 
were prepared. Synthesized lithium 
salts were checked for lithium content 
by chemical analysis, due account being 
taken of the decrease in atomic weight 
with increasing proportion of lithium-6. 

The water samples used in this in
vestigation contained lithium-6 as io-

Table I. Calibration of Neutron Count from Oxygen-18 Enriched Samples 
I II III IV V VI VII VIII 

Ql8 Ql7 

atom 3 µg. atoms 

97.04 
66.53 
30.13 
21.06 
17.39 
13.53 
9.317 
7.085 
4.257 
1.965 
0.204 

88.29 
77.32 
65.16 
56.42 
35.73 
9.33 
2.52 
0.204 

222.3 
166.5 
114.9 
93.7 
76.9 
65.3 

424.7 
44.9 
39.4 
27.6 
29.8 

207.1 
187.1 
27.8 

147.3 
104.6 
43.2 

127.8 
20.8 

Li6 

mg. 

Neutron counts 
Un- Screened Difference Ratio 

screened Cd (IV) - (V) (IV)/(VI) 
Li6 as nitrate or carbonate 

0.3915 228832 4074 224758 1.018 
0.5102 206485 4084 202401 1.020 
0. 01368 2844 447 2397 1.186 
0.01357 2046 348 1698 1.205 
0.01722 2082 300 1782 1.168 
0.03431 2986 282 . 2704 1.104 
0.1119 7666 1469 6197 1.237 
0. 1553 6523 273 6250 I. 043 
0.1142 2956 80 2876 1.028 
0.3064 3563 141 3422 1.041 
0.3214 430 50 380 1.132 

Mean: 5858 

Counts 
per mg. 
of Li6 

per atom 
301s 
(VI)/ . 

(I)(III) 

5916 
5963 
5815 
5945 
5952 
5824 
5944 
5680 
5916 
5683 
5796 

Standard deviation: ± 105 
Relative standard deviation ±1.83 

Li& as iodide 
0.6366 332961 5850 327111 1.018 5820 
0.5187 237846 4576 233270 1.019 5816 
0.01264 5027 203 4824 1.042 5857 
0.4131 145407 3010 142397 1.021 6110 
0.2994 62749 1623 61126 1.027 5714 
0.2058 12289 367 11922 1.031 6209 
0.0990 1685 322 1363 1.236 5463 
0.2353 318 37 281 1. lq2 5854 

Mean: 5855 
Standard deviation: ±229 
Relative standard deviation ±3. 93 
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dide nitrate, or carbonate. Because of 
the hygroscopic nature of lithium iodide 
the preparation of its solution~ 'Yas 
carried out in a glove box by weighmg 
the water sample before and after the 
addition of the salt. With the other 
lithium salts, stock solutions of kno~n 
lithium-6 content were prepared with 
water highly enriched with oxygen;-18. 
Small weights of the stock solut10ns 
were used to prepare samples with 
decreasing atom per cent oxygen-18 
water. Errors of the order of 0.2 mg., 
which were inherent in the direct 
addition of about 10 mg. of Lil to 1-gram 
water samples, were excluded in this 
second procedure. In all cases the 
lithium-6 concentration was kept well 
below the level where self-shielding 
might introduce unnecessary errors. 

Sample Containers. The irradia
tion sample containers were poly
ethylene vials 51 mm. in length and 
of 8.5-mm. i.d. The vials were closed 
with caps which themselves could 
serve as miniature vials 7.3 mm. deep 
and with 8.3-mm. i.d. Samples were 
placed either in the main body of the 
vial or, when small samples had to -
be irradiated, into the caps, and were~. 
heat-sealed with polyethylene disks 
before irradiation. By placing small 
volumes of solution into the caps, the 
decreased free volume of the container 
restricted the movement of the sample 
thus ensuring better reproducibility 
of irradiation position. 

Sealed samples were mounted in 
polyethylene carriers (r~bbits) w~~ch 
were used in the pneumatic tube facility 
of IRR-1 (the Israel 5-Mw. swimming 
pool reactor at Soreq). 

Irradiation. The rabbits were ir
radiated at the face of the reactor 
core where the thermal flux was 
4.7 X 1012 n/cm.2-second and the fast 
(fission spectrum) neutron flux was 
1.1 X 1012 when the reactor operated 
at 1 Mw., the power level at which all 
the experiments were carried out. 

Samples were irradiated for 30 seconds 
to reach saturation activity of nitro
gen-17 and counted for 25 seconds after 
a delay of 5 seconds. Cadmium boxes -
of 0.03-inch wall thickness were used 
when discrimination against thermal 
neutrons was necessary. 

Counting. The counting assembly 
consisted of a ring of six B1°Fa neutron 
counters connected in parallel and em
bedded in a block of paraffin 40 X 40 X 
40 cm. with a cavity in the center of 
the ring along the axis of the counters. 
During counting the sample was posi
tioned half-way along the cavity in the 
center of the block. 

Pulses from the counters were fed 
through an amplifier to a fast scaler 
which was started automatically by 
an electronic timer 5 seconds after the 
end of irradiation. The timer was 
triggered by the rabbit leaving the 
irradiation position. Discrimination 
against 'Y-ravs was checked by placing 
a 6-mc. Co6° source in the counting 
position. Photoneutron emission due 
to ( 'Y,n) reactions induced by high 
energy -y-ra.ys from activation of sample 
and container impurities on the deu
terium of the paraffin block, were negli-
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gible. Stability was checked daily 
with a standard RaD-Be neutron 
source. A counting efficiency of about 
73 was obtained for a known spon
taneous fission neutron source. The 
counting duration of 25 seconds was 
sufficient to record most (>983) of 
the neutron counts obtainable from 
nitrogen-17. 

RESULTS 

Calibration. Neutron activities ob
tained, with and without cadmium 
screening, from 1-gram water samples 
of varying isotopic composition of 
oxygen and containing known 
amounts of lithium-6 are given in 
Table I where the more consistent 
results with nitrate and carbonate 
are separated from those with iodide. 
The difference between the two meas
ured counts as given in Column VI 
of Table I was taken as the net delayed 
neutron count induced by thermal neu
trons in the irradiated samples. 

The value, normalized to unit atom 
per cent 0 18 (Column VIII), gave a 

n a 0 an value of 5858 counts per mg. of 
~ per atom per cent 0 18 for samples 

irradiated at a power level of 1 Mw. 
(rel. std. dev. ±1.83). The fact that 
this value is constant irrespective 
of what lithium compound was used 
proves that the neutron count obtained 
per mg. of Li6 is directly proportional 
to the atom fraction of oxygen-18 over 
the entire range as given in Equation 
3. The relative standard deviation 
of the results for samples prepared 
by adding solid lithium iodide to the 
water was about 43, largely due to the 
hygroscopic nature of the salt; but 
results from samples prepared by 
mixing weighed solutions of lithium 
and water had a relative standard 
deviation of about 23, the over-all 
relative standard deviation of the 
method. 

Some results of analyses on water 
_ samples of known concentration of 

oxygen-18 are given in Table II. The 
~ individually calculated error of the . 

determinations, reaffirm that the method 
has a relative standard deviation of 
about 23, but the errors in replicate 
analyses tend to fall together rather 
than to give a random spread, thus 
showing that errors in sample prepara
tion make up a large part of the over
all error. 

Effect of Sample Size. To de
termine the extent of escape of tritons 
with diminishing sample dimensions, 
which would show up as a decreased 
neutron count, weighed portions from 
1 to 1000 µI. of a single solution were 
irradiated and counted. The solution 
contained 25.1 mg. of lithium-6 per 
ml. in water enriched to about 15 
atom per cent oxygen-18. The variation 
of the neutron count per unit volume 
with the sample size is shown in Figure 
1. It was found that the neutron count 
per unit volume is independent of 

400 

~300 
e 
u ·e .. ., 
Cl. 

.. 200 
'E 
~ 
0 
l.) 

100 

0 2 4 6 8 10 12 14 16 20 60 100 200 300 
Volume solution (microliters) 

Figure 1. Variation of neutron counts with sample volume 

sample size down to less than half a 
drop, 10 µI., below which the activity 
falls rapidly with decreasing sample 
size. 

The concentration of lithium-6 in 
the solution used for this test was much 
greater than for the main investigation. 
Such a high concentration was necessary 
to obtain sufficient counts from small 
solution volumes without resorting to 
repetitive irradiations and cumulative 
counting. The expected loss of neutron 
counts due to self-shielding of lithium-6 
was observed for sample volumes ex
ceeding 400 µI. (not shown in Figure 1) 
and increased to about 173 for a 
volume of 1000 µI. 

The observed self~shielding in this 
series of experiments consists in practice 
of three effects; self-shielding by the 
solute during irradiation, attenuation 
of the tritons produced in the sample, 
and the absorption of the moderated 
neutrons of nitrogen-17 during counting. 
All three effects depend on the concen
tration of lithium-6 and the shape of the 
sample. When cadmium screens are 
used in the experiment, an apparent 
self-shielding effect of up to '-"103 
is observed as the result of absorption 
of thermalized neutrons in the counting 
assembly. 

DISCUSSION 

It has been verified that the delayed 
neutron count of nitrogen-17 in aqueous 
solutions of lithium-6 irradiated with 
thermal neutrons is proportional to the 
atom fraction of oxygen-18 in the water, 
provided the lithium-6 concentration 
is kept constant. This relationship, 
which has been derived in Equation 
3, appears to be valid over the entire 
range of concentration of oxygen-18; 
furthermore, the count per milligram 
of lithium-6 does not seem to be affected 

by variations in the lithium-6 concen
tration (Column VIII, Table I). 

Type of Neutron Flux. As the 
irradiations were carried out with a 
mixed neutron flux, the activities 
obtained in unscreened samples 
(Column IV, Table I) were higher 
than expected by reaction III alone. 
This difference is due to reactions I 
and II which proceed with fast 
neutrons, the contribution of which is 
eliminated by taking the difference 
between the neutron counts obtained 
from the bare and cadmium screened 
sample (Column VI, Table I). The 
values thus obtained give a measure 
of the nitrogen-17 formation by a pure 
thermal neutron flux whereas the values 
obtained from unscreened samples also 
include the contribution of the 0 17(n,p) 
and the 0 18(n,np) reactions as well as 
an additional contribution of reaction 
III induced by the epicadmium neu-

Table II. Comparative Analysis of 
Ox.ygen- 1 8 in Water 

Atom %018 

Known Found Error,% 
61.11 62.94 +3.0 

62.27 +1.9 
61.97 +1.4 

40.42 39.57 -2.1 
39.53 -2.2 
39.77 -1.6 

15.17 15.26 +0.6 
14.87 -2.0 
14.82 -2.3 

13. 77 14.05 +2.0 
14.03 +1.9 
13.67 -0.7 

4.843 4.836 -1.4 
4.854 +2.3 
4.855 +2.5 

0.204 0.198 -2.9 
(natural) 0.209 +2.5 

0.199 -2.5 
0.206 +1.0 
0.200 -2.0 
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Figure 2. Variation of activity parameter, P (see text), 
with atom ratio of 0 18 to li6 

Figure 3. Variation of concentration of lithium-6 with 
volume, for spheres in which self-shielding effect amounts to 
23 

rons. The ratio of these two values, 
(Column VII, Table I) gives the extent 
of interference by fast neutrons. For 
about 1 gram of oxygen-18 enriched 
samples containing about 0.2 to 0.5 
mg. of lithium-6 the interference 
amounts to 2 to 43, but with lower 
lithium-6 content the effect intensifies 
and may reach about 203. 

The formation of nitrogen-17 by 
reactions I and II depends on the con
tent of heavy oxygen isotopes and hence 
on the sample size, while that by re
action III is independent of volume. 
For analysis, the use of smaller size 
water samples with the same lithium-6 
content should reduce the extent of 
interference by fast neutrons cor
responding to the decrease in the total 
amounts of oxygen-17 and -18 in the 
sample. 

The relative contribution of fast 
neutrons to the formation of nitrogen-17 
as indicated by the values in Column 
VII of Table I is representative of the 
ratio of slow to fast neutrons prevailing 
during the irradiation of the sample. 
A neutron flux with a different energy 
distribution should yield different re
sults, but the contribution of the thermal 
neutrons as obtained by difference 
between counts of bare and screened 
samples (Column VI, Table I) is pro
portional to the atom fraction of oxy
gen-18 and is independent of the energy 
distribution of the reactor neutrons. 
Clearly, the use of a well thermalized 
neutron flux eliminates the need for 
cadmium screening and a double ir
radiation, since the count obtained from 
the unscreened sample is due only to 
reaction III. 

Ratio of Oxygen-18 to Lithium-6. 
To obtain neutron counts that are 
neither too high and may be subject 
to coincidence losses nor too low and 
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subject to relatively large statistical 
errors, the lithium-6 content of sam
ples may be suitably adjusted. It 
then becomes necessary to establish 
that the results are not affected by 
differences in the oxygen-18 to 
lithium-6 ratio. This can be derived 
from Equation 3, which can be trans
formed into: 

An K.f(Ots) K [01s1 · 
[Li6]2 = -[Li6] = [H20 J . [Li6] ( 

4) 

where f(018) = [018]/[H20] and where 
square brackets are used to denote the 
number of atoms 0 18 and molecules of 
water. 

A plot of the ratiu [018]/ [Li6
] against 

the parameter P = An[H20]/[Li6)2 
should be linear. Such a test was carried 
out and the results, plotted in Figure 2, 
show that the relationship holds over 
a range of ratios from about 1 to 104 

and hence that the nitrogen-17 yield 
per mg. of Li6 per atom per cent 0 18 

is independent of the relative composi
tion of the nuclides that take part in 
the reaction. This extends the validity 
of Equation 3, beyond the range covered 
by Table I. 

Effect of Sample Size and Self
shielding. The nitrogen-17 activity 
per unit volume solution induced by 
thermal neutrons is independent of 
sample size as is shown in Figure 1. 
This suggests that samples as small 
as a drop or even less can be used for 
analysis. 

The increas~ in sample activity ob
tained by using higher concentration 
of lithium-6 will be partially counter
acted by self shielding which will intro
duce an error in the analysis. This 
effect as calculated for spherical samples, 
and approximated to other geometrical 
shapes (8, 12), is a function of three 
factors, which are the reaction cross 

....... 
section, the concentration, and a ge §.~ 
etry factor of the form 4 VIS when, S 
is the surface area of the sample of 
Volume V. It follows that as the 
volume of a sample decreases the effect 
of self shielding diminishes and larger 
concentrations of lithium-6 become 
tolerable. Figure 3 shows the calcu
lated variation of lithium-6 concentra-
tion with sample volume for spheres in 
which the self shielding effect is 23-
i.e., where the error introduced by 
ignoring the effect of self-shielding 
reaches the value of the standard 
deviation of the calibration samples. 
The attenuation of the tritons by 
lithium-6, which may be appreciable, 
is not taken into account. 

Accuracy and Sensitivity. The ac
curacy and sensitivity of the determi
nation of oxygen-18 can be derived 
from the statistical considerations of -
the delayed neutron count of the ~ 
sample, provided the statistical error 
is the major error in the determina-
tion. The neutron emission of the 
sample, integrated from 5 seconds after 
the end of irradiation, irradiated to 
saturation at a thermal neutron flux 
of 1013n/ cm. 2-second is 178,200 neutrons, 
per mg. of lithium-6 per atom per cent · 
oxygen-18. This suggests that for 
example, a drop size sample of water 
(say, 33 µl.) of 1 atom per cent oxy
gen-18 containing 40 µg. of lithium-6 
can be analyzed with a standard error 
of 43 in a single irradiation at 1013n/ 
cm.2-second when counted with an effi
ciency of 103. For larger samples 
where the lithium-6 content can be 
increased the count increases corre
spondingly and the errors become 
smaller. 

Repeating the measurement and 
accumulating the counts decreases the 
statistical fluctuations and thus in-
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ABSTRACT 

A review of recent work in our laboratory on the use of delayed 

neutron emission for analysis. The use of this technique.opens a new 

direction in activation analysis of great practical significance. The 

application of delayed neutron emission from fission is discussed in 

connection with the analysis of uranium, thorium and other fissionable 

nuclides and that from nitrogen-17 for the analysis of lithium, lithium-6 

and oxygen-18. Other possibilities are mentioned as well. 
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INTRODUCTION 

The purpose of this article is to review recent work in our labora

tory on the use of delayed neutron emission for analysis(1,2•3). The use of 
I 

this technique opens a new direction in activation analysis of great practical 

significance. The application of delayed neutron emission from fission will 

be discussed in connection with the analysis of uranium, thorium and other 

fissionable nuclides and that from nitrogen-17 for the anal~sis of lithium, 

lithium-6 and oxygen-18. Other possibilities will be mentioned as well. 

Except for isotopes of the heavy elements, which emit neutrons when 

undergoing spontaneous fission, the nllinber of radioactive nuclides known to 

emit neutrons in the course of their decay is very limited and their half

lives are short, ranging from a fraction of a second to some tens of seconds. 

These nuclides, known as delayed neutron precursors, originate from nuclear 

reacjions leading to neutron-rich nuclides having a few neutrons more than 

a closed shell configuration. They decay by beta-ray emission to an excited 

state of the daughter from which de-excitation by neutron emission is energe

tically possible. Neutron emission from the excited daughter nucleus - the 

neutron emitter - is an instantaneous process, but its rate is determined by 

the decay of the precursor and has the same half-life. A schematic represen

tation- of the delayed neutron emission process is given in Figure 1 

Most of the delayed neutron precursors are fission products; others 

have been observed in the products of high energy spallation of medium weight 

nuclei and in fast-neutron or·triton-induced reactions on some light nuclei. 

Table I lists the properties of known delayed neutron precursors and their 

mode of formation. 
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Delayed neutron precursors cari be 'detected agaim1t any f3- or Y-ra.y . 

backflround, because the neutrons can be counted without interference from 

other radiations. This is of great importance since a strong l>ackgrou..'1d :!.:l 

always. present as a result of the radioactivation of other componentc of ~1e 

sample. It make possible the application of delayed neutron counting lU.J an 

analytical method in which either a target nuclide is assayed or the radia-

, tion leading to delayed neutron emission is measured.. Delayed neutron 

prec~rsora are quite rare, they have significantly different half-lives ana. 
·their production can be ma.de specific by appropriate choice.or sourca mate

rial and irradiation conditions. 

~ usually available neutron sources which may serve•for the pzvduo

tion of delayed neutron precursors, are portable radioactivo neutron eour~ea, 

nuclear reactors and accelerators. Portable radioactive sources have a low 
7· . 

neutron output which seldom exceeds 10 neutrons per second and thus are of 

little practical-value. Nuclear reactors~ whioh can'provide fluXes of io13• 
. 2 . 

neut~na per_ cm per second, or more, are ve-ry useful. Reactors can also bo p 
uaod as important triton sources for reactions with light nuolidee by the uoe . ~ 
of intermediate reactions such as Li 6(n,a)t. Accelerators provide many dif-· • 

ferent kinds of radiations with a wide range of energies, but except for er>rno 

. low oost Van der Graaff and Cockoroft-Walton accelerators which are used an 
. 8 w 

14 MeV neutron ~neratora·with an output of .10 to 10 noutrcna per second, 

these machines are not generally av~lable to tho analys0 The major p~rti in 

of this revie~ deals with the observation of delayed n~utron from reactor 

ir1-adiation, although, in principle, any e.ooelerator or eource of neutron 

can be used. 
... 
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DELAYED NEUTRON EMISSION FROM FISSION(l) 

In Table I, the delayed neutrons emitted after fission have been 

divided into six groups whose half-lives range from a fraction of a second 

to just under one minute. There is a general similarity in the half-lives 

of the various groups from different fissioning nuclides. The groups them

selves are probably mixtures of several unresolved activities as can be seen 

from the small discrepancieo between the same groups from different fissio- · 

'11 ning sources but these differences are of no importance when the total 

neutron emission is measured for analytical purposes. 

When delayed neutron emission is observed in a sample irradiated ,,, 
with either thermal or fast neutrons, the presence of a heavy nuclide, which 

undergoes.fission, or of oxygen or nitrogen and Li6 can be inferred, (see 

Table I). If Li6 is present in the sample in conjunction with oxygen, or 

nitrogen (and most samples do contain oxygen, and some might contain nitrogen 

fuc.t/Ol\S }as well) delayed .neutron emission is due to 4.l-second N
1!. The same delayed 

~~~ut.-_,,J neutron precursor results from fast neutron irradiation of oxygen in the ab-......_ 

' . 

sence of lithium. The presence of a fissionable nuclide is indicated unambi-

guously by delayed neutron emission with a longer half-life. If the sample 

is of natural origin and i.s irradiated with thermal neutrons, the delayed 

neutron emission arises from if-35 • If the sample is not of natural origin, 

u233, Pu239 or other transuranic nuclides which undergo fission with thermal 

neutrons might also be present. Natural heavy nuclides in which fission is 
. 232 _238 

induced by energetic neutrons from a reactor are Th and U- • Many other 

nuclides should be taken into account when transuranic elements might be 

present as well. 

The conventional methods for determining trace quantities of uranium 

in complex matrices are time-consuming and require elaborate chemical proces

sing prior to measuremen~he determinations are usually carried out by 

photometry, colorimetry, polarography, fluorimctry or radioactivity ru~asure-
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Delnyed Neutron Emfo;1ion; NucHcleD, P:roperties •. :ind Forpp ti on 
• (A) from ~'inoion 

'!'} Identified Auooluttt Group Yield (%) Precuraora 
(soc) Thermal fin:Jion !"not fiosion 

u235 Pu239 u235 u238 

CT = 5e.2 b (J .. 746 b 

52-56· Brrrr (54s) 0.052 !0,005 0.021 !o.006 0.063 !o.005 0.054 !o.005 

21-23 Br88(16s) i 137(24s) 0,346 .!:o.ow 0.102 !o.023 0.351 .!:o,011 0,564 :!:o.025 

5-6 Br69(4,40) 1138(6.3e) 0.310 !o.036 0.129 :!:o.030 0.310 :0.026 0,667 !-0.087 

-2 Br90(1.6s) i 139(2e) 0.624 !o.026 0.199 !o.022 0,672 !o.023 l.599 !o.os1 

-o.6 0,162 !o.015 0.052 .!:o,01s 0.211 !o.015 0,927 !o,060 

-0.2 0,066 !o.ooa 0,027 !o.010 0.043 !o.005 0.309 !o.024 

No of delayed neutrons 0.0158 .!o.0005 0.0061 .!:o,0003 0.0165 :!:o.0005 0.0412 .!o.0017 
per fission 

(B) Not from Fission 

Delayed ill 'l'arcet Reaction Q Ref, Remnrko 
Neutron 

Precursor (Sec) Nuclide (Nev) 

Li9 0.17 Li7 t,p -2.9 ' 

Bo9 I 

-13.3 n,p 
c16 0.74 c14 t,p -3.0l H 

i(-7 4.14 N15 t,p ~.15 

017 n,p -7.93 
olB n,d -13.77 
018 t,cx 3.82 

'1'1210 -80 0.02% of decay by neutron emission · 

? short Cu .Hiah enerey - R 
protons 

.. 
? 8 Cu -
? 18 Cu -. 

? 6 Nd 
138 . - Tentatively aesii;ned to 1 (6.3e) 

. 137 
? 20 Nd - Tentatively assiened to i (240) 

leepin, G.R., Wimett, T.F. and Zieeler, R.H. Phys. Rev • .lQl 1044 (1957) 
Hi Hinds, s,, Middleton, R., Litherland, A,r;, and Pullen, D,J, - Phys. Rev, Letters .Q,, 113 (1961) 
It Rudetaal G., Svanheden, A,, and Pappas, A,C, - Nature, .lLl§., 1178 (1960), 

Th232 

0.169 :!.0.012 

0.144 ·:0.037 

0.769 !0.100 

2.212 !-0.110 

0.853 !o,073 

0,213 !o.031 

0.0496 !o.0020 
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men!;J~e experimental difficulties in these methods a~the need to cope 

with large numbers of analyses for geological survey programs and the nuclear 

energy raw material industries emphasize the need for a faster, though reliable, 

and preferably non-destructive analytical procedure such as is provides by 

the method of delayed neutron counting. 

·.~ When a sample containing Nf atoms of a fissionable nuclide of cross-

lf .rec ti on <Sf is irradiated in an effec. tive flux of cp neutrons per cm 
2 

per sec 

~~ ~or tb seconds, the number of fissions is given by Nf~ tb~.If a fraction 

p ai of these fissions lead to the production of the delayed neutron group i 

with decay constant Ai, and an interval t d elapses between the end of the 

irradiation and the start of counting, the number of delayeq neutrons emitted 

aver a period tc is given by Nd, where 

From this equation the optimum irradiation and measuring conditions for 

analysis can be deduced, 

Since the half-life of delayed neutron activity is short, prolonged 

irradiation does not improve the accuracy of the analyses;~t only increases 

the total radioactivity of the sample without contributing markedly to the 

delayed neutron emissio~ An irradiation of about 60 seconds produces satu

ration activity of the four short-lived groups, (Table I), about 85'% of the 

saturation value for the 22-sec. group and half saturation of the longest 

lived group.C:_/hen the yields of the groups are taken into account it is 

clear that irradiation for a longer period is unnecessa~ 

Some delay between the end of irradiation and the start of counting 

is inevitable because of the time required to transfer the sample from the 

irradiation position to the counting assembly. This delay period should be 

short, though too short a delay would require exacting specifications on the 

l 
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timers controlling the delay period and fluctuations in the delay period 

.could then introduce appreciable errors in the results. (Yhen the three 

short-lived groups are allowed to decay, the major component becomes the 

22-second group which contributes about a(J}t of the counts;J A delay of about 

20 seconds is acceptable for the 22-second group and would effectively eli

minate the contribution from all .shorter lived groups. The 55-sec. group 

has a low abundance and small changes in the delay time will not introduce 

any· errors from this source. The interference from N17, which is produced 

by fast-neutron irradiation of oxygen (see Table I), is eliminated by the 

same delay period. 

The nuration of counting should be chosen as long.as possible 

commensurate with the half-life of the group counted. The 22-sec. group, 

~hich is the major contributor to the measured counts] could be counted for 

about a minute~ch is long enough to record most of the neutrons emi.tte~ 
Too long a counting period increases the contribution of background[;ithout 

adding appreciably to the net neutron count and thus actually reduces the 

accuracy of the measurement. An optimal counting period of 40 to 60 seconds 

appears to be most convenientJ 

These considerations lead a priori to the following conditions for 

the analyses: an irradiation lasting about 60 seconds, followed by a delay 

of about 20 seconds and countine for about 60 seconds. 

The application af this method to the assay of uranium in na~l~. 
lesp the determination of isotopic composition of uranium and the assay 

horium will be discussed. Other similar uses will be indicated. 

The Analysis of Uranium(l) 

Of the isotopes of natural uranium, u235 ~ich is the most impor

tant though the less abundant ons~ undergoes fission.with thermal nautrons 
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~th a high cross seCti~(cr = 582b) whilst u238 requires fast neutrons w;l.th 

energies over 1 MeV and has a cross section smaller by about two orders of 

magnitude. For analysis of the total uranium content of natural isotopic 

composition, use of thermal neutrons is preferred since fast neutrons can 

cause fission in other nuclides as well. However, neutrons in reactors 

usually consist of thermal neutrons mixed with partially moderated fission

spectrum neutrons with sufficient energy to cause fission of u238• Even 

under such conditions, fission of u235 is predominant and when uranium is the 

only fissionable element in the sample to be analyzed, the presence of fast 

neutrons in the reactor flux is not disadvantageous. If other fissionable 

elements as, for example, thorium, are present in relatively .large amounts, 

fission by fast neutrons can introduce errors in analysis for uranium, and 

the use of thermal neutron screens and comparison with standards become neces-

sary. 

When irradiation and counting conditions are well defined, the 

delayed neutron emi~sion in samples containing a known amount of natural 

uranium can be calculated from the values given in Table I. The experimental 

results are in good agreement with the calculated value. Under the conditions 

derived a priori for uranium analyses, lµg natural uranium irradiated for 60 
13 2 seconds at a flux of 10 thermal neutroilf'. per cm per sec. gave, after a 

delay of 20 seconds, an emission of about 11700 neutrons during the 60-second 

counting period. A calibration curve obtained similarly for known uranium 

standards is given in Figure 2 and the delayed.neutroncount is directly 

proportional to the uraniu.m content. 

Some typical analysis are shown in Table II for Sam.plea selected to 

cover a larg& range of ore types. The values obtained by chemical analysis 

are given for comparison. 

With a ·counting efficiency of 1<>% ~d a blank of 120 coun-0 a sample 

containing about l()µg uranium can be analyzed with a precision of !J.%. 
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TAULE II 

Results of Uranium Asoay of Several Diffarnnt Samples 

Concentration (in parts per million) 
Sample 

* Present method ChfJ;11icnl procensing 
and fluorimetry 

1. 837 Granite .+ 
4.40 - 0.05 + 4.2 - 0.2 

2. 643 Basalt + 0.55 - 0.05 + 0.9 - 0.5 

3. 694 ·Gneiss + 1.98 - 0.12 + 2.4 - 0.2 

4• 684 Schist 2.3 .! 0.2 + 2.6 - 0.3 

5. 665 Limestone + 3.95 - 0.10 + 4.0 - 0.5 

6. 777 Dolomite + 2.92 - 0.05 + 3.1 - 0.2 

1. 611 Marl 31.0 + - 0.3 + 33.7 - 1.7 

a. 664 Clay 3.8 + - 0.1. + 4.5 - 0.5 

9. 708 Sandstone 0.85 ! 0.02 + 0.9 - 0.5 
.-

10. 613 Bituminous chalk 19.7 
+ . 
- 0.7 

+ 23.3 - 2.0 

11. 644 Phosphate ore 153 . .:!: 1.2 168 !a 

12. 667 I>ianeanese shale · 37.3 + - o .• 5 
+ 36.4 - 1.6 

13. Spring deposit 0.6 .:t 0.2 + 1.3 - 1.3 

* The error recorded refers· to the observed deviation from the mean. 
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Variation of delayed neutron count with uranium content.· . . u 2 
Samples irradiated at 1.9 x 10 neutrons/cm - seo. 
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Because the total uranium content is assayed rather than its concentration, 

this precision can be attained for a concentration of l p.p.rn. with a 10-g. 

sample and correspondingly larger weight of even lower concentrations. The 

maximum weieht of sample to be analyzed is limited only by the load that can 

be carried by the pneumatic tube system of the reactor, .in which the irra

diations are carried out. 

Improved precision for lower uranium contents is obtainable by 

repeating the irradiation and summing the neutron counts obtained. Thus a 

precision of !J.% would require 4 irradiations for a sample containing 4.µg U, 

but as each analysis takes only a little over 2 minutes, the need to repeat 

an analysis is not a serious disadvantage. Another important advantage is 
' 

that the analysis is non-destructive and if the samples are weighed out into 

suitable containers, analyzed samples may be stored for reference or returned 

unopened. 

Attenuation of neutrons within the sample under irradiation or in 

the counting assembly might interfere with the analysis. This is serious 

only when relatively large weights of materials with high neutron absorption 

cross-sections are present~uch concentrations do not usually occur within 

the samples, but when cadmium screens are used in the irradiation, the pre

sence of large amounts of cadmium can decrease the delayed neutron count by 

absorption of the delayed neutrons which have been moderated in the paraffin . . 

block. The extent of this effect was obtained by measuring the apparent 

cadmium ra~io for pure thoriU.m for which the ratio should be.unity; values 

of 1.08 were obtained, indicating that the cadm:lum causes an f!'/o decrease in 

the dOlayed neutron cou:n~ 

The Isotopic Analysis of Uranium( 4) 

For the is.otopic ~lysis of Ura.nium, the analysis must be carried 

out on a sample free from other nuclides which undergo fission with thermal 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

- ~ .. iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii!iiiii~ 

- 14 -

neutrons. In such a sample, fission induced by thermal.neutrons can be due 

only to u235 and counting the dela,yed neutrons gives a measure of the content 

of this isotope, irrespective of the uranium-238 content or the presence of 

other elements. The isotopic ratio of u235 to u238 can then be derived if 

the total uranium content is lmown. 

When a mixed neutron flux is used for the analysis, delayed neutrons 

are emitted from both u235 and u238 , but as the role of the lighter isotope 

.is predominant, this value can serve as a measure of the uranium-235 content. 

The value obtained for the same sample re-irradiated in a flux from which the 

thermal neutrons have been removed by a cadmium screen, enables the uranium-238 

content to be deduced, since much of the contribution f!om the fission of 

uranium-235 is eliminated. The use of standards of varying isotopic composi

tion is, however, necessar;Y as the contribution of uranium-235 to the delayed 

neutron counts, measured in a sample.irradiated with epitherma.l neutrons, is 

still of the same order of magnitude as that of the same amount of uranium-238. 

The extent of the interference of uraniurn-235 by fast neutron fission in the 

analysis for uranium-238 in a pure uranium sample depends only on the energy 

spectrum of the irradiation neutron flux. Thus a double irradiation of the 

uranium sample with and without a cadmium.screen enables the determination 

of both u235 and u238 to be made irrespective of the presence of foreign non-. 

fissionable materials. 

A typical calibration curve for uran~um-235 content in u
3
o8 obtained 

with thermal neutrons is given in Figure 3, The delayed neutron emission is 

directly proportional to the u235 content.~eviations from proportionality 

will be observed at high concentrations due to self shielding; at high count 

rates coincidence counting losses will introduce negative errors. To overcome 

both these effzcts smaller samples or lower neutron fluxes should be used 

because the precise calculation of these errors is usually difficult and an 

approximate calculation could affect the precision of the resul~ 
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I 
• 0 
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• - corrected for coincidence losses 

/j. - corrected for self· shielding 
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Uranium - 235 content (micrograms) 

F'ig. 3 

Variation of d.ela.yed neutron count with uranium-235 content 
showing the corrections of coincidence loss and self~shielding 

•. for hit.:h u235 content. ~>a'mplea were counted after a delayl~f 
8 seconds and·oolUlta were normalized to a flux of 4.2 x 10 

neutrons/ cm2-aec. '( 0.1 Jll. \i.) 
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Assay of u235 with a mixed neutron flux is presented in Figure 4. 

The u238 contribution to the delayed neutron count accounts for the rapid 

apparent increase in the count per unit weight u235 but this effect is eli

minated when the result is corrected for the amount of u238 present in the 

sample. It is seen that corrections are not necessarJ for samples in which 

u235 ~xceeds 5 atom %. At lower enrichments, it is necessary to assay u238 

content (!s we0 The determination of both u235 and u238 in a mixed flux 

with and without cadmium screen is shown in Table III,~ere corrections due 

to the mutual interference of the uranium isotopes as well as self shielding 

are listeg 

A precision of better than 0.5% is obtainable for the isotopic 

analysis of uranium. 1~1c principal sources of error are fluctuation of the 

reactor flux and errors due to self-shielding. The former may be eliminated 

by calibration of the reactor fluctuations by repeated measurements with a 

standard eopen~sample, whilst the latter may be corrected for by calibra

tion or by repeating the measurement on a smaller sample. 

The Analvsis of Thorium(l) 

Thorium resembles u23~ undergoing fission with fast neutrons 

above a threshold of about 1 Me~ but has a somewhat lower cross section. 

~ince thcrium has a lower fission rate and a lower delayed neutron emission 

than uranium-238 under identical irradiation.conditions, the sensitivity for 

thorium analysis is lower than for uraniwJ As the sensitivity depends on 

the abundance of fast neutrons, thorium analysis requires the use of. more 

.. intense netttron fluxe~ of fast neutrons and relatively larger samples than 

for uranium analysis. Some analytical results of analyses of pure thorium 

samples and of standards containing a lmown concentration of uranium are 

given in Table IV. 

A major hindrance in the assay of thorium is that thorium ores 
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0 - 030 

0 - 050 

0 - 100 

950 

/ 

TABLE III 

J.nalysis of Isotonic Comnosition of Uranium 

Irradiations were carried out at a power level of 2kw. (7.5 x io9 n/cm2-sec.) 

Atom % Sample u235 
weight content 

u235 (mg) (mg) 

0.483 207.45 0.85 

0.991 198.75 1.67 

2.01 156.50 2.67 

3.01 79.95 2.04 

4.95 45.00 1.89 

10.07 23.40 2.00 

0.12 224,00 1.37 
(natural) 

Measured 
counts 

72,740 

138,806 

218,408 

166,909 

154,402 

163,123 

114,440 

Counts per mg u235 u238 Net u235 

· · contribution counts per 
measured corrected for 

self-shielding (mg) 

85607 85798 

83107 83688 

81887 82625 

81794 82364 

81746 82235 

81647 82217 

83728 83977 

3296 

1599 

780 

516 

.314 

143 

. 2206 

Mean: 82007 ! 249 

Std. deviation:0,3% 

82502 

82089 

81845 

81848 

81921 

82074 

81771 

ti) 

i 

~ 
~ 
I 

I 

l 
I 
l 

t:" 
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TABLE IV 

Determination Of Thoriwn nnd U:mniurg in Mixtures of The Two 

Samples 101, 102, 103, 104 are used as standards for the calculation of the Th-U mixtures. 
11 n/ 2 Irradiations were carried out at n flux of J.75 x 10 cm -sec. 

S8111ple Content (in mg) Experi- Calculated count Th..U 
mental Calculated/ 

No. Thorium . Uranium count Th u Th..U Experimental 

a) with cadmium cover 

101 . - ·2.10 2786 - - - -
102 - 2.10 ·2755 - - - -
103 2.01 - 604 - - - -
104 2.02 - 584 - - - -
105 5.96 2.07 4,150 1,565 2,720 4,285 l.OJ 

106 10.25 2.00 5,587 2,990 2,630 5,620 l.Ol 

107 20.60 2.02 9,150 6,070 2,660 6,730 . 0.96 

106 40.25 2.04 .14,424 11,880 2,690 14,570 1.01 

109. 67.50 2.06 20,590 17,750 2,710 20,460 0.99 

110 108.0 2.12 32,985 30,750 2,790 33,540 l.02 

111 ·201.5 2.08 64,167 59,400 2,740 62,140 0.97 

b) without cadmium cover 

101 - 2.10. 61,000 - - - -
102 - 2.10 61,800 - - - -
103 2.01 - 600 - - - -
104 2.02 - 665 - - - -
105 5.96 2.07 61,670 1,740 60,400 62,140 1.02 

106 10.25 2.00 62,540 3,325 58,250 61,575 0.99 

107 20.60 2.02 66,824 6,750 59,000 65,750 0.98 

108 40.25 2.04 13,043 13,200 59,500 72,700 0.98 

109 67.50 2.06 80,843 19,700 60,000 79,700 0.99 

110 108.0 2.12 93,17' 34,150 61,600 95,750 LOJ 

111 201.5 2.oa 124,113 66,000 60,700 126,700 1.02 
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usually contain uranium, and hence the contribution from fast neutron 

fission of uranium has to be dete'l"Jllined.in order to correct for the thorium 

content.~ese analyses require the.removal of thermal neutrons, by screen~ 
of cadmium or similar material, from the irradiation flux] The interference 

by uranium is corrected for by determining the content of uranium-23~ 
described abo~and, assuming the s~ple to be of natural isotopic composi

tion, the corresponding contributions from the epithermal neutron fission 

of both uranium isotopes can be deduced~ Table IV gives a comparison bet

ween calculated and experimental values for known mixtures of uranium and 

thorium. It can be deduced from the table that amounts of about lmg. 

thorium can be determined with a precision of about 2$>. ·The detection 

limit{§.der the present conditions appea;s to be about lOµg~ about lp.p.n1. 

for a 10-g. sample(a't which concentration the summed counts for three ir-

radiation~lead to a pr~cision of about 15%. -

Date Breedi~ 
Determination of the Pu239 and u233 produced by breeding from their 

parent elements is usually done by remotely controlled radiochemical tech-

. -233 d p 239 ha . 'l f' . t' t -235 hil th . ru.ques. U- an u ve simi ar ission proper ies o U- w e orium 

resembles u238• The assay of Pu239 produced in u238 or natural uranium fuel 

elements, or u233 in thorium blankets, is again therefore a~logous to the 

uranium-thorium determination. The adapta~ion of the delayed neutron emis

sion technique for process control might have great advantages, since the 

~
need for chemical processing prior to assay is avoided or minimized conside

. .} . rably. A· further in-line control could also be developed along the lines 

~ of the present method, using portable neutron sources. 

Prospecting for Uranium and Thorium 

By introducing a neutron source into a bore hole, fission will be 
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caused in the uranium and thorium present in the irradiated volum~, resulting 

in delayed neutron emission. 

The presence of delayed neutron activity of half-life longer than 

about 4 seconds would establish the presence of uranium and thorium and give 

us an indication of the concentration. 

DELAYED NEUTRON EMISSION FROM NITROGEN-17 

The characteristics of the delayed neutron precursor, nitrogen-17, 

are given· in Table I. It can be produced by fast neutron irradiation of 

oxygen-17, by the reaction o17(n,p)N17 for which the thr~shold is about 

9,5 HeV and oxygen-18 by the reaction o18(n,d)N17 for which the threshold 

is about 15.5 MeV(5). Because of the low abun~ce of .the heavy oxygen 

isotopes in nature and the relatively small· reaction cross section for fis

sion spectrum neutrons, 7,5 µb(
6
), the amount of nitrogen-17 which can be 

produced from natural oxygen is small and the application of delayed neutron 

counting for its analysis.is possible only ~th high fluxes of fast neutrons; 
( 

an integrated yield of only about 80 delayed neutrons is expected per mg. 

natural oxygen irradiated to saturation at a flux of 1013 n/cm2-sec. ,However, 

if lithium-6 is present together with oxygen, the production of N17 from the 

reaction o18(t,a)N17 , induced by 2.7 MeV tritons emitted from the .reaction 

Li6(n,a)t, becomes predomi~ting. The very h~gn cross section of. the reac

tion Li
6
(n,a)t with thermal. neutrons ~~60b) leads to a high yield of N

17 

and makes it possible to use its delayed neutron emission, for analysis. When 

nitrogen is present together with-Uthium-6, nitrogen-17 can also be produced 
/ ""' 

by the reaction N15(t,p)N17 , but the cross\section for this reaction is some-

what lower than for o18(t,a)N17 • 

The extent of production of nitrogen-17 depends on the degree of 

intimacy of mixing of lithium-6 with the oxygen-, or nitrogen-containing 

'· .. 

i 
I_ 
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medium, because of the short range of the tritons produced in the primary 

reaction. A solution is the most suitable form because conditions of 

maximum intimacy and homogeneity are met~nd when dilu~ corrections due 

to self shielding and attenuation of tritons are avoide~ . 

It has been shown( 3) that the rate of production of N17 in dilute 

Li
6 

solutions irradiated with thermal neutrons is proportional to the total 

lithium-{Pontent of the sample and to the concentration of oxygen-18• It 

follows that the neutron emission from nitrogen-17 can be used to determine 

the lithium-6 content of a solution if the atom fraction of oxygen-18 of 

the sample is known, or if the lithium-6 content is kD.own, the atom fraction 

of oxygen-18 can be determined. The same applies, by analogy, to nitrogen-15. 

The analysis of Li6, 0
18 or N15 by this technique need not be limited to 

· solutions sinc.e any other intima. te mixtures of Li 6 - 0
18 or Li 6 - if5 will 

yield ~7 when irradiated with neutrons. The production parameters for 

solid mixtures, colloidal systems or compounds should be determined speci

fically for each case since they depend on the physical properties -0f the 

sample. 

I~adiation of 25 seconds builds up N17 virtually to its saturation 

level and counting its activity over an equal period is, sufficient to record 

>98% of its decay. The delay period between the end of irradiation and the 

start of counting should be as short as possible, provided a precisely re

producible delay is attainable. 

The Analysis of Lithium(2) 

Since the production of nitrogen-17, in a thermal neutron flux is 

a specific property of the Li6 isotope, the determination of total lithium 

can be carried out only on samples wn-to-be of zyitUral isotopic compoei-

· tion or in which the isotopic ompos~tion is known. 

When irradiation is ~rried out with a mixed reactor flux, reactions 

'. I, 
I 

.. 
' 

. 
I ' 

I ~ 
I 

I 
I 
I . I : 
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leading to the direct production of nitrogen-17 from the oxygen in the 

sample will interfere with 'the analysis and the count obtained from this 

source must be deducted as part of the background effect. This can be done 

by repeating the analysis with cadmium screens~hich absorb the thermal 

neutrons and the difference between the results obtained from unscreened 

and screened irradiation thus represents the net effect of the o18(t,a) 

reaction] 

A calibration curve of delayed neutron counts from N17 obtained · 

for lithium in solut:i.o~ in natural .. water is shown in Figure 5. [!..t higher 

concentrations of lithium, deviation from linearity due to self shielding 

is observed. Approximate correction factors for self-shielding may be 

calculated. Experimentally, corrections.may be made by repeating the mea

surement with a smaller sample,.:) 

Neutron absorption_by other sample components depends on the amount 

of the absorber and its effective cross-section. This effect is shown in 

Figure 6.~he extent of neutron absorption d~e to ions commonly present in 

Bam.ples containing lithium, as compared to a highly neutron-absorbing impu

rity sucli as boron, is shown in Fi~e~ 
Attention should always be paid to possible interference, from 

delayed neutron emi~sion due to fission,· .in the analysis of lithium. Gnter

ference from this source can be detected by following th~' decay of the 

neutron emission] A half-life appreciably longer than 4.1 seconds is indi

cative of the presence of fissionable material.c:§he amount of fissionable 

material can then be determined following the procedure for the analysis of 

uranium outlined above, and the extent of interference by this amount of 

uranium in the lithium analysis can be obtained by the comparison with a 

· uranium standard irradiated and measured under the same conditions as the 

lithium eampl:::r 
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The !so.topic Analysjs of Lithium( 2) 

The usual method for the isotopic analysis of lithium is by mass 

spectrometry(?), which is laborious and time-consuming. Other methods, by 

activation anal.vsis, require the measurement of tritium(8) from the primary 

reaction Li6(n,a:)H3, or. of fluorine-18(g) produced by the secondary reaction 

o16
(t,n)F

1
8(lnduced by the tritons from lithium-{] The precision of both 

these procedures is affected by the efficiency of recovery of the product 

and~ decreased bathe 'inevitable presence of backgTound radiations from 

impurities. Both these disadvantages are virtually eliminated by the method 

of delayed neutron counting. 

The determination of lithium as described in the previous section 

is essentially a determination of Li6• With samples in which the total 

lithium c~ntent is known, analysis& counting delayed neutrons from 

nitrogen-lilgives the isotopic composition. Figure 8 is a calibration 

curve obtained for a series of enriched samples, analyzed by mass-spectro

metry, containing-a fixed total weight of lithium dissolved in natural 

water. The neutron crrunt is proportional to the atom fraction of lithium-6 

over the entire range. For Li6-depleted samples, the low count obtained 

with natural water can be overcome either by using water.enriched with 

oxygen-18E described in the next secti~ or by using larger samples of 

more concentrated solutions. Larger volumes of dilute solutions might lead 

to an increase in counts obtained from the heavy oxygen isotopes if fast 

neutrons are present in the irradiation flux.'(This effect may be measured 

as stated above by the u8e of cadmium screens in a subsequent irradiatio~ 

Analysis of Oxy,q-en-18( 3) 

Ghe importance of oxygen-18 as a stable tracer for oxygen has 

created the need for suitable rapid analytical methoda.-:J The method of 

delayed neutron counting enables an analysis to be carried out within one 

- ' 
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minut~ without destroying the sample. It follows fro:n the proceedina case, 

(of Li
6

) that the delayed neutron count is directly proportional to the atom 

per cent of 0
18

, provided that the lithium content is fixed and that the 

irradiation.conditions are kept constant. Figure 9 shows that the neutron 

count obtained is directly proportional to the atom percent of oxygen-18 

over the entire range of 0
18 

concentration. The proportionality is retainel 

independent of sample size.f3.• sho•m in Figure 10 where the neutron count 

per unit volume of solution is shown to be independent of the volume measu

red, down to less than 10µ!] This indicates that analysis could be carried 

out even on a single drop of solution. It was shown( 3) that the ratio of 

oxygen-18 to lithium-6 atoms does not affect the proportionality between the 

neutron counts per unit weight of Li
6 

and the 0
18 

concentration over a range 

of ratios from about 1 to 104. This enables a selection of suitable Li6 

content to be made to give a neutron count in a predetermined range and thus 

to reduce statistical errors in counting, provided lithium-6 content is kept 

below a level where errors from self-shielding become important. 

The error of the analysis consists of errors of sample preparation 

and inaccuracies in the standards. Reactor fluctuations are also an impor

tant source of error which together with the counting statistics limit the 

precision of the method. 

Although the usual method of determining oxygen-18 is by mass 

spectrometry the advantage of delayed neutron counting is that the analysis 

is rapid and non-destructive and that it does'not require elaborate equipment 

and vacuum apparatus to be built at the irradiation site. The method is best 

suited for cases where rapid results are required without the high accuracy 

of mass spectroscopic analysis. 

. 18 ) 17 The reaction 0 (t,a N tnay find important application for the 

determination of total oxygen. Intimate mixtures of the aampleand lithiu:n-6 

can be ma.de with fine particles in an inert gas atmosphere, or by fusing them 

=------
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together or by dissolution in an inert medium. The measurement can be made 

in a way analogous to the analysis for oxygen-18 artd it is clear that the 

total oxygen content can be derived if the isotopic composition of the oxygen 

is known. 

Other Analytical Uses of Nitror;en-17 

The formation of nitrogen-17 by fast neutron irradiation of oxygen 

in the absence of lithium-6 can form the basis of a non-destructive method 

for the analysis of total OX'Jgen in a ·sample. This can be done either with 

a hir;h flux of fast neutrons in a reactor or with neutrons from an accelera

tor. A fission spectrum neutron flux of 1014 neutrons/ cm 
2 
-sec. will e-;i ve a 

saturation activity of 135 neutrons per second fror.i 1 mg of oxyi;en or a total 

neutron emission of about 800 per mg oxygen. 

The production of nitrogen-17 by the reaction ~~(t,p)N17 could 

form tr..e basis for the analysis of ni trogen-15, which is an it:portant stable 

tracer for nitrogen. Such an analysis would require oxygen-18 to be absen~t __ _ 

from the sample, or to be present only in lmown and very low amounts, since 

its presence would show its~lf as a background which would have to be de-

ducted from measured sample count, thus decreasing the precision of the mea

surement. The use of precisely prepared standards would be essential. Under 
i 

~ch circumstances, nitrogen-15 could be determined in compounds such as 

lithium nitride or in oxygen-free solutions, solidified melts or mixtures 

where nitrogen-15 has been introduced. 

APPARATUS AND PROCEDURE FOR COUNTING DELAYED NEUTRONS 

In principle, the procedure of analysis by counting delayed neutrons 

involves the irradiation of the sample in a neutron flux from a reactor or 

' 

I 
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from another neutron source of sufficient strength, transfer to a neutron

countinc asse~bly and counting after a certain delay. 

An.efficient apparatus, used in the course of analysis with the 
* reactor IRR-1 is outlined diagrammatically in Figure 11. 

Samples were irradiated in a pneumatic tube of the reactor for a 

predetermined time which was controlled by an electric timer. At the end of 

the irradiation period the sample in its carrier was transferred to the 

counting asse~bly. 

The 41T-geometry counting assembly consisted of a ring of six B
1
°F

3 
neutron counters connected in parallel and embedded in a large block of 

paraffin wax, with a cavity in the .centre of the ring along the axis of the 

counters. During counting the sample was situated half way along the cavity 

in the centre of the block. Pulses from the counters were fed through an 

amplifier to a fast scaler, which was started automatically by an electronic 

timer a definite.preset delay period after the end of irradiation. The timer 

was triggered by the solenoid which actuated the return of the sample from 

the irradiation position. The above-mentioned apparatus can be made comple

tely automatic.by the introduction of a programmer. An array of borated 

paraffin bricks around the counting assembly was used to shield the counters 

against background radiation. 

GartL.'llB. ray background was efficiently discriminated against. The 

counting assembly was found to be stable and reproducible over long periods 

of time. Photo-neutron emission by (Y,n) reactions induced by high-energy 

gamma rays from other activities in the sample or sample container on the 

deuterium of the paraffin was found to be negligible. 

The counting efficiency of delayed neutrons from fission in the 

· equipment described was about_ lofo and somewhat lower for delayed neutrons 

from N
17 • 

* Israel Research Reactor No. 1 at Soreq. 

l ., 
[ 

f 
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~ouTu;r OF PNEUMATIC TUBE 

I 
TRIGGER MICRO FLEX 

______ , 
RELAY ~---c TIMER .._~ 

SCALER 

1 ft.S 

~~--::::::FPARAFFIN 

~--rCADMIUM SHEET 

lflt~~--l1RABBIT 

SIX BF, COUNTERS 

AMPLIFIER 
x 50000 

+ 
DISCRIMINATOR 

PRE-AMPLIFIER 

POWER SUPPLY ----------------4 5000 v 

Fig. 11 

Neutron counting assembly and block diagram of electronic circui~ .•. · 
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Hcno.Tib30BaHHe aarraa,n;hrnaIO~Mx HeliTpoHoB 
B a:KTHBa~HOHHOM aHaJm:ae * 

C. A.uue.!l, M. Jieucax 

II a pau.rtbcnaf! no.uuccu.1 no amo.M1wi1 auepeuu, 
Jfcc.rieooeame.ribcnuii iieHmp Copen, Pexoeom, Jfapau.rtb 

)J;aercJI o6aop IIOcJiep;HHX · pa6or J1a6oparopmr, IIOCBJim;emchlx lfCIIOJih30Bamuo aaJia3p;hlBaIO
m;nx HeJ!i:TpOHOB B aRTHBa~HOHHOM anaJIH3e [ 1-3]. l1p1nrnHemre 9TOro 11rnrop;a OTRpbrnaer HOBhle 
H IIpaRTHqecRH oqeui, Bamnr,rn naIIpaBJiemrn B anamrne. HcrroJIL30Banne aarraap;MBamm;nx ne:H
rponoB, corrpoBomp;arom;nx p;eJienne, o6cymp;aercJI B CBJI3H c aHaJIH30M ypaHa, rop1rn H p;pyrnx 
p;eJIJIID;HXCJI Jip;ep; HCIIOJih30Bamrn aarraap;r,rnarom;nx neiirpoHOB, corrpoBomp;arom;Mx pacJiap; N17, -
B CBf13H c anaJIH30M Jll'!THJI Li6 H QlS • l{pmrn TOro, paccMaTpHBaIOTCJI H p;pynce B03M0if\HOCTH. 

qIICJIO pap;rroaKTIIBHhlX Hp;ep, rrcnycKamm;nx 
HeihpoHI>I B upon;ecce pacnap;a, 0Kas1>rnaeTca 
O'leHI> He60JibilIIIM' ecm:i: IICl{Jll-O'!IITb CIIOHTaHHO 
.ZJ;eJIHIIl;IIeCH II30T01Ibl THIBeJihlX aJieMeHTOB. IIe
pnO)J;l>I noJiypacnap;a Ta1rnx Hp;ep - B npep;eJiax 
OT p;oJieil: ceKyH)J;bl p;o HeCI\OJlbKHX p;eCHTKOB 
ceI<yHp;. 8Trr Hp;pa, Jl3BeCTHbie Hal\ npep;rneCTBeH
HHKlI aanaap;&rnamm;Mx HeihpoHOB, o6paayroTca 
B Hp;epHblX peam::i;rrnx, IIpHBO)J;HIIl;HX I\ IIOHBJie
HHIO o6oram;eHHblX He:ti:TpOHRMH rraoTorroB. B pe
ayJinTaTe RX ~-pacrrap;a MoryT o6paaoBaTI>cH p;o11ep
HHe Hp;pa B B036ymp;eHHbIX COCTOHHIIfiX, )J;JIH 
I\OTOpbIX 3HepreTII'!eCKH B03MOJHHO HcnycHaHH8 
HeihpoHa. McrrycKamrn Hei'ITpOHOB . Boa6ymp;eH
HblM . )J;O'IepHIIl\I Hp;poM - H3Jly'IaTeJieM ne:ti:Tpo
HOB -:- MrHOBeHHhlH rrpon;ecc, HO rrepuop; IIOJiy
pacnap;a neilTpOHHOM aHTHBHOCTH paBeH neprrop;y 
rroJiypacrrap;a Hp;pa-rrpep;rnecTBeHHmrn. CxeMaTI:i:-
11ecm:i: npon;ecc ucrrycHaHnH aanaap;1>rnarorn;nx He:iiT-
ponoB rroKaaan na pn:c. 1. · 

B Ta6JI. 1 H 2 npn:Bep;eHJ>I CBOHCTBa m.rnecTHI>IX 
npep;rnecTBeHHHKOB aana3p;hlBaIOm;Hx ne11TpOHOB 
FI cnoco6n1 n:x noJiyqenHH. 

II pep;rnecTBennnKH aanaap;1>rnamm;rrx neil:Tpo-
HOB MoryT 61>ITb 06napymen1>1, nec11rnTpH Ha nprr
cyTCTBIIe JII06oro <fioHa ~- ny- If3JIYlJ:eHH:i1, IIOCROJib
Ry p;eTeRTOphl neH:TpOHOB MaJIO'IYBCTBHT8JlbHhl 
l{ yRa3aHHbIM H3JIY'IeHHHM. 8TO o6cTOJIT8JlbCTBO 
HMeeT nepBocrnnermoe ana'l:eHue n p;aeT B03MOm
nocTb HCIIOJlb30Ba Tb aanaap;hlBaIOrn;He HeMTpOHl>J 

* IIepeBOA c anrJimicKoro. 

p;ml onpep;eJieHHH TeX I1JIH HHl>IX Jip;ep, BXO)J;HIIl;HX 
B cocTaB o6paan;a, IIJin p;JIJI n:a11rnpen1rn pap;IIan;nn, 
nop; p;eil:CTBIIeJ\'I' ROTOpoi1 o6paayIOTCJI IT3JIY'IaTeJilI . 
aanaap;I>rnarom;n:x neil:TpOHOB. II pep;rnecTBeHmn{n 
aanaap;I>rnamm;nx ne11:TpoI:ioB -1<pa11:ne pep;1m;. nx 
nepnop;l>I IIOJiypacrrap;a oym;eCTB8HHO pa3JIM'laIOTCH. 

-
-lBn 

flp'iilwecmlJ~HIJK _H_s_11_y'f_a_m_e_nb_l 
sana1061IJa101J.1,1JX 1ana10616a10~11x KoHeYHoe· 

HetimpoHolJ _ HelimpoHolJ JTIJpa 
(l fl) ___!}__ {l+1,N-1)*---n+(Z+1,N-2) 

Pnc. 1. CxeMa ncrryc1rnnnJI 3arraap;r,rnarorn;nx 
HefrTpOHOB. 

IIyTe:tVI COOTBeTCTBymm;ero Bhl6opa MaTepnaJia 
o6pa31Ia JI ycJIOBHM o6Jiy'IeHirn M011\HO IlOJIY'IHTb 
BIIOJIHe onpep;eJieHHhle npep;rnecTBeHHIIRH aanaa
p;brnamm;nx ne:i!TponoB. EoJJ:r,maJI 'IaCT_l> nacToJI
rn;ero ofoopa 1rncaeTcB: pa6oT, npoBep;eHHhlX Ha 
peaKTOpe, XOTH B nprrn:a;nrre MOIBeT 6nITb IICil0Jlb-
30BaH .mo6o:Pi .r:i;pyroi1 UCTO'lHHl{ rrnil:TpOHOB. 

2* 535 
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IlepHO)( 
HOMCP IIOJly-

C. AMHEfl, M: IlEfiCAX 

X3p3KTepncTmm npe)J.mecTBeHnmmn 331133)1.hIB3IO~nx neiiTponon 

(peaKJ.J;HII µ;eJiemrn [ 4]) 

A6coJIIOTHhIH BbIXOI\ rpyrrn, % 

H)(eHTnljnnurpo- TeIIJIOBbie llCHTfJOHhl fihICTpbie HCHTpOHbl 

BaHHbIC II pen-
I 
I rpytmhI pacna)(a, 

I I I 
ce~ JllCCTBCHHHliU U235 Pu239 

I I (O=f>82 6apH) (cr=7 46 6apH) U235 U238 Tb232 

1 52-56 BrS7 (54 ce1>), 0,052:±0,005 0,021±0,006 0,063±0,005 0,054±0,005 0' 169±0 '012 
0,351±0,011 0,564±0,025 0, 744±0,037 2 21-23 BrBB (16 ce1<), 0,346±0,018 0, 182±0,023 

J137 (24 ce1;) 
3 S--6 Br89 (4,4 ce1>), 0,310±0,036 0' 129±0' 030 0,310±0,028 0,667±0,087 0 '769±0' 108 

Jl38 (o ,3 ce1<) 
4· -2 Br90 (1,6 cei;), 0' 624±0 '026 0' 199±0' 022 0' 672±0' 023 1,599±0,081 2,212±0,110 

J139 (2 ce1;) 
0,211±0,015 0,927±0,060 0,853±0,073 

i 

5 - 0,6 - 0, 182±0,015 0,052±0,018 
0, 143±0,005 0,309±0,024 0,213±0,031 6 - 0,2 - 0,066±0,008 I 0,027±0,010 

I 
q,~~~~ l~:n;:~!:~:~OIIJ,UX HeiiTp0-10,01S8±0,000510,0061±0,000310,0165±0,0005 l 0,0412±0,00171 o,~496±0,0020 I 

3arra3AbIBarom:ne HeihpOifbI, 
corrpoBOmAarorn;ne AeJieHne [ 1] 

B Ta6JI. 1 rrpe,11;iJiecrnetm11K11 aarraa)lbIBaIOlll,HX 
Hei1:TpOHOB, o6pa3yIOII1,Heca rrpH ,r:t;eJieHHH, paa6HTbI 
Ha rneCTb rpyrrrr B COOJ:BeTCTBHll c IlX rrepno,r:t;aMH 
rroJiypacrra,11,a, Jiemalll,HMH B rrpe,11,eJiax OT ,11,0.ITeii 
ceKyH,D,hi ,ll,O 1 MUI-/,. fpyIIIIbI CaMH no ce6e rrpe,11,
CTaBJIHIOT, BepoaTHO, Cl\ieCH H8CKOJibRilX Hepaa,11,e
JieHIIhlX l13JIY1Ia TeJieii' 'ITO MOJRHO BH,r:t;8Tb 113 He-
6oJihIIIHX pa3JIH1IHM Mem,11,y 0,11,HHMH 11 TeMH me 
rpynrraMH' _ OTHOCHlll,U:MHCa K pa3HbIM ,11,eJrnru;HMca 
a,11,paM. 0,11,HaKo 3TII pa3JIIl1IIIa ne IIrpa10T pom1, 
ecJi:n c n;eJIJ>lO airnmrna II3MepaeTca rroJmaa neiiT
ponnaa 3MIICCHH. 

EcJIH rrpn 06Jiy11emrn: 06pa3n;a TeIIJIOBhIMII 1rnn 
6hlcTpbIMn: nei1:TpoHaMH na6mo,11,a10Tca 3arraa,11,I>1-
BaIOII1,IIe HeihpOHbI, TO MOJRHO 3aKJII01JUTh, lJTO 
B 06pa3n;e rrpncyTCTBYIOT I1JIH THiR8Jibie ,D,eJia
lll,IIeca a,11,pa, HJIH I\HCJiopo,11,, nm1 aaoT n · Li6 

(cM. Ta6JI. 1, 2). Ecmr Li6 rrpucyTCTByer B o6pa3-
n;e BMeCT8 c KHCJIOp0,11,0M IiJili a30TOM (60JibJJJHH
CTBO o6paan;oB ,ll,8l1CTBHT8JibHO co,11,epm1u IUTCJIO
po,11,, a neKoTopnrn MoryT co,11,epmaTh 11 a3oT), TO 
3arra3,D,I>rna10ru;11e ne1hpOHhl o6aaaHI>I N17 (4,1 ce11:), 
06pa3y10ru;eMyca B pe3yJibTaTe ,11,Byx rrocJie,11,0Ba
TeJibHI>IX pea1\n;1n1 Li6 (n, a) H3 u 0 18 (t, a) N17 

HJIH N15(t, p)N17 . 8TOT me H30TOIT MOJI\eT o6pa
aoBaTI>ca rrpn o6Jiyqemrn HHCJiopo,11,a 6I>ICTpbIMH 
neliTpoHaMu:, ,11,ame ecJin B o6paan;e HeT JIMTirn. 
Ha rrpncyTCTBHe ,11,eJIJilll,HXCa JI,D,ep 0,11,Hoauaqno 
y1rn3I>rnaeT noJIBJieHne aana3,D,hIBaIOII1,UX Hei'1Tpo
HOB c 6oJibJJJIIMH rrepuo,11,aMn noJiypa cna,11,a. E CJIH 

536 

Ta6Jin:n;a 2 

X3p3I~Tepn:cTHKH rrpeAIDCCTBCHHHKOB 33II33AhlB3IO~Hx 

neiiTponoB (p;pyrn:e pe31m.n11) 

Ilpe)(JllCCT-
Ileprro)( BCHHHH Hp, po- 8Heprm1, 

sanaS)(hI- nonypac- MHJllCHb Peam:i;m1 Mau 
naIOII(nx Hell- na)(a, cen 

TpOHOB 

Li9 0, 17 l Li7 t, p -2,9 
Be9 n, p -13,3 

c1s 0,74 C14 t, p -3,01 [5] 
N17 4,14 r t, p -0,15 

017 n, p -7,93 
018 n, d -13, 77 
018 t' a 3,82 

T1210* -80 
? KopoTKHi1: Cu IlpOTOIIhl -
? 8 Cu c 6om.moii: -
? 18 Cu :meprn:eii: 
? ** 6 

I 
Nd 

\ 

- [6] 
? *** 20 Nd -

-

* 0,02% pacna;:i;on c H3JiyqemrnM ueliTpOHOB. 
** IlO-BH)(HMOMy. J138 (6.3 cen). 

*** Ilo-BHi(llMOMY, J137 (24. cen). 

o6JiyqeHHIO TeIIJIOBbIMH neliTpoHaMn rro,11,BepraeTca 
06pa3eu; ecTeCTBenHoro rrponcxom,r:i;en1rn, TO no
aBJieHHe 3anaa,r:t;I>IBaIOII1,HX HeiiTpOHOB o6a3aHo U 235

. 
B cJiytJ:ae o6JiytJ:eHHJI ncHyccTBeHnoro o6paau;a 
IIOHBJI8Hite 3aIIa3,D,bIBalOII1,IIX HeitTpOHOB 1\10/KeT 
y1rn3I>IBaTb na rrpucyTCTBHe U233 , Pu 239 n ,11,py
rnx TpancypaHOBhlX 3JI8MElHTOB, ,D,8JIHII1,HXCH IIO)I 
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I1CIIOJib30BAHI1E 3AIIA3JJ:bIBAIOil(I1X HE:O:TPOHOB B ARTI1BAIU'lOHHOM AHA.JII13E 

p;eiicTBIIeM TeIIJIOBnrx HeiiTpoHoB. EcTecTBeHHnIMII 
THiI\eJlhlMH ap;paMH, p;eJIHil(HMIICH rrop; p;ei1:cT
BIIeM 6McTpbIX Heii:TpOHOB M3 peaI\TOpa, JIBJIJIIOT
CH Th 232 II U 2

.38 • Ecmr me B o6pasu;e MoryT cop;ep
maTbCH TpaIIcypaHOBbie :meMeHTbI, TO CJiep;yeT 
rrpHHHMaTb BO BHHMaHHe eiu;e pap; Hp;ep. 

Ofa1qHMe MeTOp;hl onpep;eJieHirn cJiep;oB ypaHa 
B Beiu;ecTBaX CJIOIBHOro COCTaBa 3aHHMaIOT MHOro 
BpeMeI111 H Tpe6y10T TID;a TeJibHOii npep;Ba pu:reJIIi
Hoii: XHMHqecRoii: o6pa6oTirn. B reoJiornH n ap;ep
HOH ~rnepreTmrn I1eo6xop;11M 6n1cTpn1ii: H p;ocTyn
HI>Iii: MeTop; aHaJI11sa, He Tpe6y10ru;Hii: pa3pymemrn 
nccJiep;yeMoro o6pasu;a. TaRMM MeTop;oM MOIBeT 
6MTb MeTop; perHcTpan;HH 3ana3p;MBa10ru;nx Heii:T:
poIIoB. 

Ecm1 06pa3eu;, cop;epmaru;m1: N1 p;eJIJIID;nxcJI 
ap;ep c ceqemieM (Ji, o6JiyqaeTCJI IIOTOROM <D 
(ueump/cM 2·cen) B Teqemre tb (cen), TO qJicJio 
;n;eJieH11ii: paBHO Np1<Dtb. IlpIIMeM, 'ITO ;n;oJIJI a; 
3THX ;n;eJieHI1H npHBO)J;HT l{ o6pa30Bamno rpyIIIIbI i 
H3Jiyqa TeJieii: 3arra3p;i,rna10nvrx He11TpoIIoB c' no
CTOJIHHOM pacnap;a ·'A; II BpeMJI MeJI{p;y OROH'Ia
HHeM o6JiyqeHHJI H HaqaJIOM cqeTa COCTaBJrneT ta. 
Tor;:i;a qncJio sana3p;i,rnaroru;nx Heii:TpOHOB, ncrry
ru;e1rni,1x 3.a BpelVUI tc, MOIBHO npe;n;cTaBHTb B Bnp;e 

N N rh ai ( 1 - 'J...tb) - 'J...td (1 'J.. .f ) 
d = f(J j'±' r - e t e _i - e t c . 

t 

Ifa ::iToro . BnrpameHirn MOIBHO IIaii:TH onTH
MaJII>Hnie ycJIOBI1JI o6JiyqeHHH II II3Mepeirnii:. 

IIocROJII>Ry rrepu:op; noJiypacnap;a He:ihpoHIIoii 
aRTIIBHOCTII MaJI, TO ,!l;JlHTeJibHOe o6Jiyqeune He 
yJiyqmaeT TO'IHOCTII aHamma. 06Jiyqeune B Teqe
mrn 60 ceK rrpnBO)J;MT R HaCniru;eumo aI{TIIBHOCTM, 
COOTBeTCTBymru;eiJ: nepBbIM qeTMpeM rpynnaM 
(cM. Ta6JI. 1), p;aeT 85% OT BeJIH'IHHbi HaCbIID;eHirn 
p;JIH aRTHBHOCTI1 c rrepnop;OM 22 ceK H IIOJIOBirny 
BeJIJ1qHHbl HaChlID;eHIIH )J;JIH caMoii: p;oJirOIBirnyru;eii: 
rpyrrrrhl. 

HerrnTopan 3ap;epmRa Memp;y oRoHqaHneM o6Jiy
qeHnJI II uaqaJioM I13MepeHniJ: Hens6emHa, rro
cKOJinRY Tpe6yeTcJI orrpep;eJieuuoe BpeMJI p;JIH 

rrepeuoca 06pa3u;a H3 uei'1:TpoHnoro noToRa H C'IeT
qmrnM. Ona p;oJIIBHa 6MTb HeBeJI1rna, XOTH oqeHb 
MaJia.H 3ap;epJima Tpe6yeT llOBbiilleHHOH TOqHOCTII 
ee I:i3Mepeumr, TaJ{ HaR pa36poc no Bpe!lrnun 
3ap;epIBHH MOJI{eT BHeCTH 3aMeTHbie omn6m1 B pe-
3YJII>TaT. 3a,n;epmRa, COCTaBJIHIOID;aH OROJIO 20 cen, 
rrpHeMJieMa )J;JIH 22-ceRyHp;HOH rpyrrnnI, HO noqTH 
IlOJIHOCTbIO HCRJIJOqaeT BHJiap; OT BCex Irnponrn
IBHBYID;HX rpyrrn. fpynrra c nepnop;oM noJiypac
. rrap;a 55 ceK HMeeT MaJiy10 HHTeHCHBHOCTb, H He6oJib
mne M3MeHeHnH BO BpeMeun 3ap;epmHH He rrpnBo
p;HT R 3aMeTHOH omn6He. BRJiap; OT N17 , ROTOpnrli 
06pa3yeTcJI npn o6Jiyqemm RMcJiopop;a 6nICTpnIMM 

·He:ihpoHaMH, rrpn TaROM sap;epmRe TaRme HCRJIIO
qaeTCH. 

II pop;oJIIBHTeJir.HocTr. I13Mepenm1: ycTaHaBJIH-
BaeTCH B COOTBeTCTBI1I1 c nepnop;o~ pernCTpH-

' pyeMOH rpynni,r. ~JIJI 22-ceRyHp;non rpynnhl no 
BpeMa ;n;oJIIBHO cocTaBJIHTb ~1 Mun. BoJiee p;Jin
TeJir.Hnie I13MepeHHH npHBO)J;HT R yneJI11qemno 
OTHOCHTeJibHOro BRJiap;a ¢ona. 

8ur coo6pameHHH rrpnBop;aT a priori I< cJie
p;y1oiu;nM ycJIOBHHM anamrna: BpeMemr o6Jiyqe
Hirn 60 cen, 3ap;epmm1 20 cen n H3Mepenni1: 60 cen. 

Attamrn ypatta [ 1]. Ms ecTecTBeHI-InIX naoTonon 
ypaHa TeIIJIOBbIMH HeHTpOHaMH p;eJIJ-ITCH U235 

(cr=582 6apu); U 238 p;eJIJITCH HeHTpOHal'vrn, <rnep
I'HH ROTopnrx npeni,rmaeT 1 Mae, n ero ce'IeHI1.H 
p;eJienna B ~100 pa3 Meni,me ceqemrn p;eJiem,i::a 
U 235 • q T06n1 onpep;eJIH.Tb noJinoe cop;epmanne 
ypana ecTecTnennoro n3oTonnoro cocTaBa n 06pa3-
u;e, npep;IIO'ITH.TeJlhHee I1CilOJlb30BaTb TeIIJIOBI>Je 
neihpOHbl, IlOCHOJIJ,RY 6nICTpbie HeHTpOHbI MoryT 
nr.rni,rnaTr. p;eJienne n p;pyr11x ap;ep. O,n;rrnRo B cneR
Tpe Hei1:TpOHOB peaHTOpa naprrp;y c TeIIJIOBbIMll 
npucyTCTBYIOT necrrnJibHO 3aMep;JieHHbie He:i1:TpOHhl 
p;e.lleHirn, ::ineprna 1rnTopi,1x p;oCTaToqna p;JIH Toro, 
lJ.T06n1 BbI3BaTb p;eJICHHe U 238 . Ho ,[l.aIBe B 3THX yc
JIOBHHX npeo6Jiap;amru;IIM rrpou;eccoM 6yp;eT p;eJien11e 
U 235 , n ecJin ypan HBJIHeTca ep;nncTBenni,m ana
JIH3.npyeMMM p;eJIJIID;HMCJI I130TOIIOM B 06pa3u;e, TO 
6nICTpnie HeHTpOHbI He C03p;ap;yT cyru;eCTBeHHblX IIO
MeX. EcJin rrpMcyTCTBYIOT OTnocnTeJII:.Ho 6oJII>mnc 
HOJinqecTBa p;pyrnx p;eJIJIID;HXCJI ::JJieMeHTOB, TaRHX, 
RaR, HanpuMep, Topnli, p;eJie1rn:e · 6MCTpnIMII nei1:T
po1rnM11 MOfHeT BHeCTII 3aMeTHYIO omn6Ry B pe-
3YJihTa TI>I a1rnm-rna ypana. B TaHHX cJiyqaax 
neo6xop;nMO I1CITOJib30BaTb norJIOTIITeJIH TeIIJIO
BbIX neliTpOHOB II npOBO)J;I1Tb RaJin6pOBHy no CTaH
p;a pTHbIM 06pa3n;al\1. 

EcJin ycJIOBHH o6Jiyqenmr 11 113Mepemrn xopomo 
I13BeCTHhl, TO lJHCJIO ucnycHaeMnIX 3arra3p;I>rna10-

·ID;I1X nei1:TpOHOB MOIBHO IfaHTH Ha OCHOBe BCJIHlJHH, 
rrpnBep;enHI>Ix B Ta6JI. 1 11 2. 8RcnepnMeHTaJII:.Hnie 
pe3yJII>TaTnI xopomo corJiacymTcJI c naii:p;enHMMH 
TaRJ·IM o6pa30M. 06Jiy<:renni,n1: B Te'Ien11e GU ceK. 
B IIOTOirn TeIIJIOBhlX Hei-i:TpOHOB 1013 ueump/CM.2 ·CeK. 
06pa3eu; ecTeCTBeHirnro ypana necoM 1 Mnz 
nocJie 3ap;epm1m B 20 cen ncrrycHaeT 3a 60 ceK 
11 700 nei1:Tponon. Ha pnc. 2 rrp:rrBep;ena 1rnJI116po
BO'lHaH HpnBaJI, IIOJiyqennaJI c IIOMOID;bIO CTaH
p;apTHhlX o6pa3D;OB ypana. Bnp;no, 11To q11cJio 
3aperncTpnpoBaHHhlX 3anaap;MBa1oru;nx neihponoB 
rrpJIMO nporropu;nonaJir.Ho cop;epmamuo ypana 
B 06pa3u;e . 

B Ta6JI. 3 np1rnep;enM pe3yJir.TaThl aHaJin3a 
pa3JIH'l.HhlX pyp;. ~JIJI cpaBHeHHH TaM JI\e p;anhl 
pe3yJII>TaTbI XHMH'IeCHOro anaJIH3a. 
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C. ·AMlIEJI, M. IIE:f.t:CAX 

EcJin acpcpeRTHBHOCTb perncTpa:u;1111 HeiiTpoHOB 
COCTaBJUieT 10 % , TO o6paae:u;, co,n;epmall.\HFI· OROJIO 
10 :U/£3 ypaHa, MOmeT 6nITb rrpoaHaJIM3HpciBaH 
c TO"'IHOC'I'bI,O ± 1 % . IIocRoJibKY orrpe,n;emrnTCH 

221.101; 22000 
20x10 11 20000 
18x10" 18000 

l ~!~~~: ~!~~~ 
. R12x10" 12000 
·~ 10x10" 10 000 
: 8110" 8000 
g Gxto" 6000 
=>- 4x10¥ If.ODO 

/ 
~ 

2.x10"° Z.000 

f tR-20 
8 •21l0 

l/ 

/"' 
I/ 

/ 

'rO 60 
'IOO 600 

~ 

/ 
v 

..Ar 

v 
/ 

80 100 120 1'flj 

800 1000 1200 11;0{} 
Coilep~aHue ypaHa,.M1u~ 

Puc. 2. 3aBHCHMOCTh 1mcna "3arra3)J.hrnarorn;Mx rreiiTporroB 
OT co)J.epmamrn yparra B 06pa3:u;e. 06pa3JJ;hI 06ny'!am1ch 

B rroToRe 1,9-1012 Heiimp/c.ii 2·cen: 
O - m1rnJia A; • - nmaJia B. 

cRopee rro'.11Hoe co,n;epmamrn ypaua B 06pa31i;e, 'leM 
ero ROIID;eHTpa:u;1rn, TO TaRyIO TO'IHOCTb MOmHO 
IIOJIY'IHTb rrpH ROHD;eHTpa:a;HH IIOpH,n;Ra 10-6 ,D;JIH 
o6pa3D;OB BeCOM 10 3 H COOTBeTCTBeHHO rrpn MeHb
rueli Rou:u;enTpa:u;nn ypaua ,D;JIH 6oJiee THmeJihlX 

I 

Ta6nn:u;a 3 

PeayJibTaThI aHaJiirna co)J.epJirnmrn ypaua 
B pa3ml'IHhIX o6paa:u;ax 

Hom:~eHTpau;nH (B MHJIJIHOH-
Hb!X P,OJIHX) 

06paae11 MCTOJ( aa- XIIMI'l'!CClUIM 
naaubrna!O- H qJJiyopoMeT-
lllHX neft- PH'ICC!<HM 
TPOHOB * MCTOP,bl 

837 rpaHMT 4,40±0,05 4,2±0,2 
643 6a3aJI1>T 0;55±0.05 0,9±0,5 
694 me:ifo 1,98±0,12 2,4±0,2 
684 cnarre:u; 2,3±0,2 2,6±0,3 
665 H3BeCTIIHR 3,95±0,10 4,0±0,5 
777 ):(OJIOMHT 2,92±0,05 3, 1±0,2 

. 611 Mepren1> 31,0±0,3 33,7±1,7 
664 fJIMHa 3,8±0,1 4,5±0,5 
708 rrec'!arrnR 0,85±0,02 0,9±0,5 
613 6nyMHblH MeJI 19,7±0, 7 23,3±2,0 
644 ¢oc¢aTrraa py)J.a 153±1,2 168±8 
667 MapraHJJ;eBhii\: CJiarre:u; 37,3±0,5 36,4±1,6 
0TJIOJKeHJ:ie HCTO'IHHKa 0,6±0,2 1,3±1,3 

I 

* Omn6m1 npeucTaBJif!IOT Ha6JIIOj\aBmeecf! OTRJIOHCHIIC OT 
cpeu1rnx aHa qeunft. 

538 

o6paa:a;oB. MaRCMMaJihHhlM Bee aHamrnnpyeMoro 
o6paa:u;a orpaHM'IHBaeTcH JI!Iillb cncrnMo:ti:, rrepe
HOCHII.\eM o6paae:u; H3 peaRTOpa K ClJeTlJHKaM. 

qaCTH'IHOe IIOrJIOII.\eHHe HeMTpOHHoro IIOTORa 
BHYTPH o6paa:u;a· rrp11 06Jiy'le1rnn HJIH rrpn 11aMe
peum1 MomeT IIOBJIIIHTb Ha peayJibTaTbI aHamrna. 
O,n;naRo STOT acpcpeRT 11rpaeT cyll.\eCTBeHHy10 poJib 
JIHillb ,D;JIH cpaBHJITeJibHO 60JibillHX o6paa:a;oB 
Bell.\eCTBa c 60JibillJIM ce'leHireM.IIOrJIOID;eHHH He:ti:T~ 
pOHOB. 

AHa.1III3 H30TOrrHoro cocTana ypana [7]. AHa
JIH3 II30TOIIHOro COCTaBa ypaua ,n;oJimeH rrpoBO
,Il;HTbCH c o6paa:a;aMn, He co,n;epmall.\HMII ,n;pyr11x 
H,n;ep, ,n;eJIHII.\IIXCH rro,n; )J.e:ti:CTBHeM TeIIJIOBhlX He:ti:
TpOHOB. B TaKIIx o6paa:u;ax TeITJIOBbIMH ue:ti:Tpo
ua11i'i1 ,n;eJIHTCH JIMillb U 235 H lJMCJIO aarra3,D;hlBaIO
II.\IIX He:ti:TpouoB HBJIHeTCH 111epoli ero co,n;epmamrn 
ueaaBIICIIMO OT npHCYTCTBIIH U 238 IIJIH ,n;pyrIIX 
ClJieMeHTOB. 0Tnoc11TeJibHOe COAepmau11e U 23 5 lI 
U 238 B o6paa:u;e MOmHo rroJiy'IHTb, ecJIII H3B0CTHO 
rroJiuoe co,n;epmanIIe ypaua. 

Ecm1 o6paae:u; o6Jiy"'laeTCH c:M:emaHHbIM noTOROM 
He:ti:TpOHOB, TO aana3,D;hlBaJOII.\IIe ue:iiTpOHhl COOTBeT
CTBYIOT ,n;eJieHHIO RaK U 235 , TaK n U 238

, no rro
CROJihRY rJiaBHYIO pOJib IUpaeT U 23 5, 'IHCJIO 3a
IIa3,D;hlBaIOII.\HX He:ti:TpOHOB MOmeT CJiymIITb Mepoli 
co,n;epmaumr aToro riaoTorra. 06Jiy"'leH11e Toro me 
o6paa:u;a B IIOTOKe, H3 ROTOporo Ra,D;MIIBBhlM ClKpa
HOM y,n;aJieffbI TeIIJIOBbie He:ti:TpOHbI, II03BOJIHeT 
orrpe,n;eJIHTb "co,n;epmaHIIe U 238 • 0,n;HaKO · B ClTOM 
CJiy"'lae Heo6xo,n;MMO cpaBHeHIIe co CTan,n;apTHhlMH 
o6paa:a;aMH, lIMeJOII.\IIMII pa3JIII'IHbIH H30TOIIHbIH 
COCTaB, T.aK KaR 'IHCJIO 3aIIa3,D;bIBaJOII.\HX HeMTpO
HOB, COOTBeTCTBYIOII.\llX ,n;eJieHIIIO 0 235 Ha,D;TeII
JIOBhlMlI H0HTponaMH, TOI'O me rropH,n;Ka, 'ITO ll 
'IHCJIO He:ti:TpOHOB, COOTBeTCTBYIOII.\IIX ,n;eJieHHJO 
U 238 • B1rna,n;, CBH3aHHbJH c rrpHCYTCTBIIeM U 236 

IIpH aHaJII13e COp;epmaHHH U 238 B CJiy'lae 06Jiy
lJeHHH o6paa:a;oB 1I3 'IHCTOI'O ypaHa 6hlCTphlMH 
HeMTponaMH, IlOJIHOCTbIO aaBHCHT OT auepreTII
lJeCROI'O crreRTpa n11x ueliTpOHOB. TaKMM o6pa
aoM, ,n;ByRpaTnoe o6Jiy'leHIIe ypauoBoro o6paa:u;a 
c Ka,D;MIIeBbIM ClKpaHOM II 6ea Hero Il03BOJIHeT orrpe
,n;eJIIITb co,n;epmaune U238 1I U235 HeaaBHCIIMO OT 
rrpIICYTCTBIIH ,n;pyrHX Hep;eJIHII.\IIXCH ClJieMeHTOB. 

TIIIIII'IHaH RaJI116poBO'IHaH HpHBaH ,n;JIH orrpe
,n;eJieHHH co,n;epmanMH U 235 B U30 8, rroJiy'leHnaH 
IIp1I o6Jiy'leHIIII TBIIJIOBbIMII H0HTpoHaMII, IIpIIBe
,n;eHa Ha pIIC. 3. qlICJIO 3aIIa3,D;bIBaIOII.\IIX He:iiTpOHOB 
rr pHMo rrporrop:a;IIoHaJihHO co,n;eparnHIIIO U 235

• 

Ha pIIc. 4 rrpIIBe,n;enhl pe3yJibTaTbI auaJIII3a 
co,n;epmaHIIH 0 235 IIpII 06Jiy'leHIIII CMeillaHHhlM . 
ue11:TpOHHhlM IIOTOROM. IlOA'De!VI RpHBOH Bbl3BaH 
rrpIICYTCTBIIeM U 238 II IIC'leaaeT c BBe,n;eHMeM cooT
BeTCTBYIOII.\HX rrorrpaBOK. BII,n;Ho, 'ITO rrorrpaBKH 
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I1CIIOJib30BAHHE 3AIIA3,D;hlBAIOID;HX HEll:TPOHOB. B ARTHBAil;IfOHHOM AHAJIH3E 

He HYJIUII:1I, 0CJIH cop;epmamrn U 235 IIpeBhlmaeT 
5 aT. % . Ilpn MeHI>IBHX ROJIWieCTBax U 235 Heo.6-
.xo;r1;iort110 ou;eHHTh cop;epmaHne U 238• PesyJII>TaThl 

I I f 
U30s(35 am. 7. U 235> y 
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CoilepJ<aHue 023~ Mlf.z 

PIIc. 3. 3aBfICIIMOCTb lJHCJia sarrasp;1>rna10m;nx HeliTpoHOB 
'()T cop;epmaHIIJI U235 B o6pasu;e. lfaMepeHIIJI rrp0Bop;M
JI:rrc1> rrocJie 3ap;epmKII 8 cen. Pe3yJI1>TaThl HOpMMpoBa-

Hhl Ha IIOTOK 4,2 x 1011 Neump/cM 2·ce1;: 
·O - H8MepeHHhie 3Ha'IeHHfI; • - 3Ha'IeHHfI c y'IeTOM npoc'IeTOB 
cxeMbI ·conmmemn'i; t. - sHa'Iemrn c yqeToM caMosRpam1pona-

• HIUI. 

«mpep;eJiemrn cop;epmamrn U 235 11 U 23B rrpn 
·06Jiy'IeHHH CMeinaHHbIM Heii:TpOHHhIM IIOTOROM 
.c Rap;MH0BbIM qm:JibTpOM II 6es Hero IIpHBe,n;eHhl 
:s Ta6JI. 4. 

To'lHOCTh orrpep;eJieHnrr naoTOIIHoro cocTaBa 
ypaHa Jiyqme 0,5 % . llcTOlJHHRaMH om1160R HB
JIHIOTCH qJJiyRTyan;HH HeiITpOHHOro IIOTORa peaRTO
pa n caMoaRpaHnpoBaHHe o6paau;oB. BJIHHHHe 
q)JlyRTyau;HiI MOIBHO yqeCTh c IIOMOID;hIO IIOBTOp
HhlX ll3MepeHHH co CTaHp;apTHhlM o6paau;oM. 

8500•~1J-r.--r---r--i~-.--,.~....--,...~.---r---.,---.----.~..--~ 

-~------ - ~- ----
0 1 2 3 4 5 I 8 9 11 12 13 

Coilep:1WH1Je U23~ am.'.!. 

PMc. 4. AHaJIII3 cop;epmaHIIJI u2a5. 
lIOJJ:'heM He:11crrpanJieHHO:li RPHBO:li (8) 06fl33H np11cyTCTBlllO 
u2ae. HcrrpanJieHHhie sHa'Iemur npeJJ:CTaBJieHh! RpecTllRaMI!. 
IlyHRTllPHbIMI! II BHeillHllMI{ CilJIOillHb!Mll Jll{HlllIMll 0603H3'IeHhl 
npeJJ:eJihI omH6oR. IIpeJJ;eJihr omH60R ucnpanJieHHh!X 11 Hellcnpa
BJICHHhIX 3Ha'IeHll:li COJillIBaIOTCfI ll CT3HOBIITCII OJJ:llH3ROBbIMH np11 
COJJ;eprnaHllll 'U235, paBjIOM 100 aT. % . 06Jiy'IeHHe IlPOBOJJ;IIJIOCb 

B IIOTORe 7 ,5. 109 tteiJ.mp/cM2. ce"I>. 

11onpaBRa Ha caM08RpaHHpOBaHHe orrpep;eJIH8TCH 
B peayJII>TaTe H3MepeHHH, rrpoBep;eHHhIX c M8Hh
IBHM o6pa3D;OM. 

AHaJiua Top1rn [ 1]. ,il;eJieHHe Th 232 nano-
MHHaeT p;eJieHne U238 • IIocROJihRY ce'leHHe p;eJie
HHH Th232 H0CROJihRO M0Hhme, 'l0M U 238 , TO )J;JIH 
orrpep;eJiemrn co,n;epmaHHH TOpHH Tpe6yroTCH 66Jih-

T·a 6 JI JI u; a 4 

AHamrn H30TOIIHOrO COCTaBa ypaHa (o6Jiyqemie nponop;HJIOCb B TIOTOKe 7,5.f09 ueump/c.M2 ·cen) . 
I I '!llCJIO HeliTPOHOB Ha 1 Me 
I I U235 I 

1 HoMep Bee CoiJ,epIB.aHHe CoJJ;eprna- HaMepeHHOe BRJI3A 'IllCJIO He:liTpOHOB 
CT3H)l3PTROro oopasna, U235, aT. % HHC U235, 'IHCJIO uell:- ucnpaBJieu- u2as ua 1 Me 'lHCTOro U235 

o5paana .Ate Me TPOHOB HSMepeaaoe uoe aa caMo-
aRpami:pona-

I 
Iflle 

I 

I 
I U-005 207,45 0,483 0,85 72 740 85 607 85 798 3 296 82 502 
! 

i U-010 198,75 0,991 1,67 138 806 83107 83 688 1599 82 089 
U-020 156,50 2,01 2,67 218 408 81887 82 625 I 780 81845 
U-030 79,95 3,01 2,04 166 909 81 794 82 364 

I 
516 81848 

U-050 45,00 4,95 1,89 154402 81 746 82 235 314 81921 
U-100 23,40 10,07 2,00 163 123 81647 82 217 143 82 074 
950 224,00 0,72 1,37 114440 83 728 83 977 l 2 206 81 771 

( ecTeCTB.) i Cpe,D.Hee 8200 7±249 
i I 

i CTan,D.apTHOe OTKJIO-

I 
Hemre 0, 3 % 
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C. AMHEn, M. ITEfiCAX 

m:He o6paa:u;hl H 6oJiee HHTeHCHBHbie ITOTORH 
He:HTpoHOB. TaR, HarrpHMep, 1 .711,11,z ecTeCTBeH
Horo TOp:~rn:, 06Jiy11eHHOro ;a;o Hac1>1m;eHHH IIOTOROM 
HeHTpOHOB CIIeRTpa ;a;e,JieHHH 1013 neumpfc.711,2 .ce11,, 
ncrrycRaeT 412 He:il:TpoHOB. HeRoTophle peayJI»
TaThl aHaJIH3a IIpHBep;eHbI B Ta6JI. 5. 

maHHH TOpHH 10-6 B o6pas:u;e BeCOM 10 e COCTa
BJIHeT 15%. 

Orrpei:i:eJiem1e coi:i:epmamrn U233 u Pu239• AHa
JIH3 cop;epmaHHH Pu239

, o6paayrom;erocn B ypa
HOBhlX TeIIJIOBhl):l;eJIHIDID;IIX 3JieMeHTaX, HJIH U233 , 

o6pasyrom;erocn B 6p:rrReTax :rrs Topm1, aHaJior:rr-

Ta6Jinu,a 5 

OnpeJ:J.~JieHne co):l.epmaHn11 Top1rn H ypaHa n cMec11x aTIIX aJie~rnHTOB 

Co)J,ep111am1e, .Ma 
81rnnepHMeH-

Bbr<IHCJieRHoe qncJio Hei'!:TpoHoB 

HoMep 

I 
Ta Jib HO HaMepeH-

I I 
Th+U (Bb1qncJ1e-

06paa11a • Hoe qHCJIO HHe/aHClle-
Th u HeHTpOHOB Th u Th+U PIIMeHT) 

c Ka):l.MHeBhll\1 a1•pano111 

101 - 2,10 2786 - - - -
102 - 2,10 2755 - - - -
103 2,01 - 604 - - - -
104 2,02 - 584 - - - -
105 5,96 2,07 4150 1565 2720 4285 1,03 
106 10,25 2,00 5587 2990 2630 5620 1,01 
107 20,60 2,02 9150 6070 2660 8730 0,96 
108 40,25 2,04 14424 11880 2690 14570 1,01 
109 67,50 2,06 20590 17 750 2710 20460 0,99 
110 108,0 2,12 32985 30 750 2790 33540 1,02 
111 201,5 2,08 64167 59 400 2740 62140 0,97 

I Be3 Ka):l.111Henoro aKpana 
I 

I 
101 - 2,10 61000 - - - - I 102 - 2,10 61800 - - - -
103 2,01 - 600 - - - - I 
104 2,02 - 665 - - - - I 105 5,96 2,07 61 670 1740 60 400 62140 1,02 
106 10,25 2,00 -62 540 3325 58 250 61575 0,99 I 

107 20,60 2,02 66 824 6750 59 000 65 750 0,98 i 
108 40,25 2,04 73 043 13 200 59 500 72 700 0,98 I 
109 87,50 2,06 80 843 19 700 60000 79 700 0,99 i 

110 108,0 2,12 93173 34150 61600 95 750 1,03 I 
! 111 201,5 2,08 124113 66000 60 700 126 700 1,02 I 
I 
I 

* 06paa11bI 1~1-1 04 HCIIOJib30BaJil1Cb B HaqecTBe CTaH)J,apTOB )J;Jlll Bb1q1rnJICHl11l COCTaBa CMecell: Th+ u. 06JiyqeHRe TIPOBO)\HJIOCJ 
B noToHe 3, 7 5. 1011 Hei1mp/c.M2 · cen. \ 

OcuoBHoe npenHTCTBHe rrpH aHaJI:rrae TOp1rn -
o6hl'!Hoe rrpncyTCTBne ypaHa B TOpneB1>1x pyp;ax, 
Il03TOMY CHalJaJia o6JiylJeHneM B IIOTORe TeIIJIOBbIX 
He:HTpOHOB onpep;eJIHIDT cop;epmaHHe U 23 5, aa TeM, 
rrpep;noJiaraH ecTeCTBeHHDIH II30TOIIHbIH COCTaB 
ypana, naxop;aT cop;epmamre U 238 n o:u;eHIIBaroT 
BKJiap; aTIIX M30TOIIOB B lJHCJIO p;eJieHIIH rrpII o6Jiy
lJeHIIII o6pas:u;a Hap;TeIIJIOBbIMII HeliTpOHaMH. 
B Ta6JI. 5 rrpIIBep;enDI BbilJHCJieHHDie n aKcrrepII-

• u 

MeHTaJibHDie 3HalJeHIIH ):l;JIH Il3BeCTHDIX CMecen 
ypaHa H TOpHH. lila Ta6JIHil;bl BHp;HO, lJTO rrpncyT
CTBIIe 1 .Me TOpHH MOiRHO orrpep;eJIHTb c TOlJHOCTbl{) 
oKOJio 2 % . TolJHOCTb orrpep;eJieHnH rrpII cop;en:-

540 

11eH aHamrny ypaHOBO-TOpHeBDIX CMeceli. MeTOp; 
aarraap;1>rnarom;Hx HenTpOHOB o6Jiap;aeT 6oJinmn
MH npeHMym;eCTBa:Mn IIO cpaBHeHHl{) c XHMillJe
CKilMII MeTop;aMH KOHTpOJIH sa rrpo:u;eccoM 6pH
)J;HHra. 

Iloumrn: ypaua 11 Top1rn. BBep;eHne B 6yp0By10 
CRBa/KHHY H8HTpOHHOro HCTOlJHHRa Bbl30B8T p;eJie
Hne ypana H Topna, rrpHcyTCTByrom;nx B o6Jiy
lJaeMOM o6'beMe, H rrpnBep;eT R IIOHBJieHIJl{) 3aIIa3)1;bI
BaIDID;HX neM:TpOHOB. Ha6.irrop;enHe He:ti:TpOHHOM 
aKTHBHOCTH c rrepIIO):l;OM IIOJiypacrrap;a, 66JiblliHM 
4 ce11,, yRa3h!BaeT Ha rrpncyTCTBHe ypana HJIH TopnH 
H II03BOJIH8T o:u;eHHTb HX ROHil;6HTpa:u;nro. 
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MCITOJib30BAHHE 3AilA3.Il:hIBAIOII(HX HE:0.TPOHOB B AHTHBAI(HOHHOM AHAJIH3E 

3arra3AhIBaIOll(Me HeihpOHbJ' 
corrpoBOll\AaIOll(Me pacrraA N1 7 

Xa pa1nepHCTHRH rrpep;IIIeCTBeHmnrn sarrasp;hl
BaIOru;Hx Heli:TpOHOB N17 np1rne)J;eHI>I B TaoJI. 2. 
lfaoTorr N17 MomeT ,OhITn rroJiy11eH rrpH 06Jiy11e
HHH 0 17 n 0 18 ohICTpnIMII Heli:TpoHaMn B peaR
u:nax 0 17 (n, p) N 17 n 0 18 (n, d) N 17 • Iloporn 3THX 
peami;nli: paBHhI cooTBeTCTBeHHO 9,5 n 15,5 Mae 
[8]. BcJiep;cTBHe MaJioli: pacrrpoCTpaneHHOCTII TH
meJihlX H30TOIIOB RHCJIOpop;a n cpaBHHTeJibHO 
MaJioro ce11eHHH peaRI(HH p;JIH Heli:TpOHOB crreRTpa 
p;eJieHHH 7,5 MK6ap1{, · [9] ROJIH'IeCTBo N17 , o6pa
syIOm;eroca rrpu 06Jiy11eHHH ecrncTBeHHoro RHC
Jiopop;a HeHTpOHaMH, BeChMa HeBeJIHRO II aHaJIH3 
cop;epmaHIIH RHCJIOpop;a c IIOMOTIJ;hIO sarra3p;hIBaIO
m;ux HeiITpOHOB MO/KHO rrpoBOp;IITb JIHIIII> B 01IeHh 
HHTeHCIIBHhIX ne11TpoHHhIX IlOTORaX. Ilpn o6Jiy-
1IeHHII ecTeCTBeHHOro RHCJiopop;a p;o nachlm;eHHH 
B IlOTOHe 1013 1{,eump/c.M 2 ·CeK HHTerpaJihHhllI Bhl
xop; sana3p;hlBaIOm;Hx Heli:TpOHOB COCTaBJIHeT 
80 1{,eump/.Me. Op;HaHo ecJIH B o6pasu;e mrecTe 
c 1urcJiopop;oM npIIcyTCTByeT Li 6 , TO ocnoBHhIM 
npou;eccoM, npHBop;am;IIM H o6pasoBanmo N17

, cTa
HOBHTCH peaRJJ;HH 0 18 (t, a) N17 , BhrnI>rnaeMaH 
TPHTOHaMII c aneprneli: 2,7 Mae, noJiy11aIOm;MMIICH 
B peaRJJ;HII Li 6(n, a)H3. BoJinIIIoe ce'Ienne nocJiep;
neil: pea1\l(HH Ha TeIIJIOBhIX nefITponax (960 6ap1;,) 
06ecrre1I1rnaeT BhICORnif BhlXOp; N17 II nosBo
Jiae-r HCII0Jlh30Ba Th 3alla3p;hIBaIOm;IIe ue:rrTpOHhI 
p;JIH auaJIH3a. TaR, uarrpnMep, rrpu 06Jiy11emrH 
p;o nacn1m;eHHH pacTBopa 1 Me Li6 B o6I>rnno
BeHHOH Bop;e fIOTOl\OM TeIIJIOBhIX ' Heli:TpOHOB 
1013 1{,eump/c.M 2 ·cew, ucrrycRaeTca oRoJio 40 000 
ne:ihpoHOB. McrroJII>3YH B Ra'IeCTBe pacTBopnTeJia 
BOp;y' o6oram;eHHYIO H30TOIIOM 0 18 ' MO/KHO COOT-

IC BeTCTBeHuo yBeJII11IHTn Bhlxop; HeJ1:TEpoHoB u rr
0
oBI>I

cIITh 'IYBCTBHTeJinHOCTh anamrna. CJIH B 0 pa3-
u;e mvrecTe c Li6 rrpncyTCTByeT asoT, TO N17 o6pa
ayeTCH B peaI\JJ;HH N15(t, p)N17, Ho ce'IeHHe 3TOH 
peaRJJ;IIH Hec1rnJin1~0 Imme ce11emrn peaRJJ;HII 
01s (t, a) Ni1. 

Bn1xop; N17 aamrcnT OT CTerreHH OJIH30CTH 
aTOMOB JIHTI1H II aTOMOB RHCJIOpop;a IIJIH a30Ta 
B o6paau;e, IIOCROJibRY rrpo6er TPI1TOHOB B Bem;e
CTBe 011eHh MaJI. OrrTHMaJII>Hhre ycJIOBHH B 3TOM 
CMhICJie BCTpe11aIOTCH B paCTBOpax. 

BhlJIO IIOirn3aHO (3], 'ITO HHTGHCHBHOCTh o6paso
BaHirn N17 B pasBep;eHHOM pacTBope JIHTHH,'p6Jiy'Iae
MOM TeIIJIOBhIMH HeiITpOI-JaMH, rrporropu;noHaJihHa 
IIOJIHOMY cop;epma1nno JIHTHH B o6pasu;e H ROH
JJ;eHTpau;m1 0 18

• OrcIOp;a cJiep;yeT, 'ITO aarrasp;I>I
BaIOm;ne Hell:TpOHhI N17 Moryr OhITh ncrroJin30-
BaHI>I p;JIH aHaJinsa cop;epmaH1rn Li 6 B pacTBope, 
eCJIH H3BeCTHa p;OJIH aTOMOB 0 18 B o6paau;e. 

Hao6opoT, ecm1 nsBeCTHO cop;epmaHIIe Li6 B 06-
pasu;e, ·To MOmuo HaiiTn p;omo aTOMOB 0 18 • 8Tn me· 
paccymp;emrn crrpaBep;mrn.01 n p;.;:rn N15. AHa
JIH3 Li 6 , 0 18 HJIH N15 TaHHM MeTop;oM He o6aaa
TeJinHO orpam111eH pacTBopaMn, IIOCROJihHY B JIIO-· 
6n1x p;pyr11x CMecax c 6JIH3RHM pacrroJiomenHeM 
aTOMOB Li 6 

- 0 18 HJin Li 6 - N15 TaI\me 6yp;eT 
o6pasoBI>IBaTLca N17 npn o6Jiyqeunn IIX Hell:Tpo
Ha11rn. XapaRTepnCTnHn BhIXop;a N17 p;JIH TBep
p;hIX CMeceli:, HOJIJIOHp;HhIX CHCTeM HJIH coep;1me
HHi'i p;oJimHhI orrpep;eJIHTbCH B Hamp;oM CJiyqae,. 
IIOCHOJinHY OHH 3aBHCHT OT ~H3H'IeCRHX CBOHCT~ 
o6pasu;a. 

06Jiyqeune B Te'IeHne 25 cew, npnBOAHT H nachl
m;eunIO N17

, n II3Mepenna B Te'Ienne TaHoro me 
BpeMenn rrosBOJIHIOT aaperncTpnpoBaTJ, 60JI1>rne 
98 % Bcex neiiTponoB. 3ap;epmHa Memp;y oHon
'IanneM o6Jiyqeuna n na'IaJioM naMepem1i'1 p;oJim
na 6n1Tn MIUIHll'laJI1>noli: npn yc.rroBnn B03MOm
HOCTn T01IHOro ee IIOBTOpeHHH. 

Auamrn COAep11mmrn JIHTHH [2]. IlocHOJILHY 
06pas0Ban11e N17 B noToRe TeITJIOBhlX Heli:TponoB -
crreu;n~n'IecHaa oco6ennocTn Li 6 , TO noJinoe cop;ep
manne JIHTIIH MOmHO orrpep;eJIIITh JIHillh B TOM 
CJiyqae, eCJIII H3BeCTeH H30TOIIHhIH COCTaB JIHTHJI: 
B o6pasu;e. 
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Puc. 5. 3aBIICHMOCTJ> 'IHcJia 3arra3):(1i!BaIOII(IIX neii:TpOHOB 
OT COAepmaHIIII JIHTHII B pacTnope Li Cl B o61i!KHOBen

Hoi1: BO):(e: 

1 - H3MepeHIIbie 8Ha'l'.eHmI; 2 - c nonpam;ofi Ha IIOI'JIOIJjCHHe 
HefiTPOHOB XJIOpOM; J - c nonpam;ofi Ha IIOJIHOe caM03HpanH

ponanne B o6pas~e. 

EcJin o6paaeu; 06Jiy11aeTCH CMernaHHhIM Heifr
poHHhlM IIOTOHOM, TO BHOCHT CBOII BRJiap; peaR
IJ;HH npHMoro o6paaoBamrn N17 ns m1cJiopop;a. 
Bem11Inna :noro BHJiap;a p;omirna orrpep;eJIHTbCH 
IIOBTOpHhIMH Il31'1'repeHHHMH c Rap;MneBhIM 3KpaHOl\i. 

KaJin6poBoquaa RpnBaa, rroJiyqeHnaa p;JIH 
pacTBopa JIHTirn B o6I>rnHoBeHHOH Bop;e, noRa
aaHa na pnc. 5. IlorJiom;emre HeiITpOHOB p;pyrnMn 
Bem;ecTBaMn, cop;epmam;HMnca B o6pasn;e, aaBn-

541. 
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C. AMHEJI, M. IIEfiCAX 

CFIT OT KOJIH'IBCJ:Ba 3TIU Be:ru;ecTB FI ce11emrii: norJIO

n:i;e1urn. 8TOT aqicpeKT lIJIJIIOCTpFipyeTcR Ha. pnc. 6. 
IT pu aHam13e co;n,epmaHuR JIHTFIR Bcer;n,a cJie

,n,yeT Y'IHTbIBaTb TO, 'ITO B o6pa3:a;e MoryT rrpFICyT

CTBOBaTb )J,BJIR:ru;n:ecR SJIBMBHTbl. ITpRMOe CBII

J\BTBJibCTBO noro - Ha6mo;n,am:ru;aRCR HBi'°ITpOH

. HaR aKTHBHOCTb c nepnop;oM' 3aMBTHO 66JibITIIIM 

4,1 cew,. 

5 
l 

2 
/[ 

v 
1 T --

-~ ,. . -
T ~ 

2 l __..,.. 1 
1 ~ 

0, 1o 01 01 1 10 1£0 101 
Ceve11uJ1 dnJ1 menno6blX tteumpo11otJ, 6apx 

PIIc. 6.· BJimrnne BemrqHmI ceqemrn norJiou::i;e..: 
HIUI npncyTCTBYIOIU;JiIX B o6pasn;e 3JieMeIITOB rra . 

rreM:Tporrrryro aKTilBIIOCTh. 

Auamrn H30Tonuoro cocTaBa JIUTirn: [2]: 06b111Ho 

.;IJ,JIR H30TOilHOro . anaJIH3a JIIITIUI HCil0Jlb3YBTCH 

MaCC-CIIBI\TpOMBTpHR - Tpy.n;oeMKH:fl H MB,D;JIBH

Hblll MB Top; [ 10]. IT pn ncnoJib30BaHnn p;pyrnx 

MBTO,D;OB aHaJIFI3a Tpe6yeTCR II3MepeHHB TPIITHJI 

J 11], 06pa3ym:ru;eroca: B rrepBn11no:ii: peaK:a;HH 

Li6(n, a)H3, HJIH F18 [ 12], 06pa3ym:ru;erocR BO .BTO

pn11no:ii: peaRIJ,HH 0 16 (t, n)F18• To11nocT1> TaRoro 

~HaJin3a 3aBHCHT OT acpcpeRTHBHOCTH Bhl,D;BJIBHHR 

J13MBpRBMOH aRTHBHOCTH H HBH36BIBHOro npHCyT

•CTBHR ilioHOBhlX aRTHBHOCTe:ti:. 8rn: nep;ocTaTRFI 

.IICI{JIIO'laIOTCR, ecmr IICITOJib3yeTCH MBTOp; 3ana3p;bl

.BaIO:ru;nx ne:ii:TpOHOB. 

OnHcannh1ii BbIITie anamrn cop;epmanHR JIHTHR 

JIBJIRBTCH no cy:ru;ecTBY anaJIH30M cop;epmairnR Li 6 • 

.)J;JIR o6pa3IJ,OB c H3BBCTHhlM ITOJIHbIM cop;epma

HHBM JIHTHH TaRo:ii: anaJIH3 yRa3blBaeT Ii II30TOII

Hhl:ii: cocTaB. Ha pHc. 7 rrpHBep;ena 1rnJIH6poB011-

·nan Rpirnan, IIOJiyqenHaR )J,JIH pacTBOpeHHbIX 

B. o6bl'IHOi'°I BO)J,e o6pa3D;OB, rrpoaHaJIH3HpOBaHHbIX 

.MaCC-CIIBRTpOMBTpII'IBCRn::M MBTO,D;OM H cop;epma

ID;IIX H3BBCTHOB IIOJIHOB ROJIH'IBCTBO JIHTHH. qHCJIO 

.3ana3p;brnam:ru;nx HBMTpOHOB rrponop:a;nouaJibHO 

.,ri;oJie aTOMOB Li6 B 06pa3u;e. Ami yBBJIII1IBHFIR 

BbIXOp;a 3aIIa3;D,bIBaIO:ru;nx ueiiTpOHOB H3 o6e;n,HBH

HbIX o6pa3D;OB cJiep;yeT HCIIOJlb30BaTb JIH6o 060-

ra:ru;eHHYIO FI30TOIIOM 0 18 Bo;n,y' m160 o6pa3D;bl 

60JibITIIIX pa3MepoB c IIOBblITIBHHOM Ron:a;enTpa

ru;ne:fi:. pacTBopa. O;n,naRo cJie;n,yeT IIOMHHTb, 1ITO 

B TaRHX 06pa3:a;ax c 60JibITIBH BepOHTHOCTbIO MOIBBT 

.542 

H/J;TH peaRIJ,HH Ha TJUKBJiblX H30TOIIax KHCJIOpop;a, 

BCJIH B IIOTOKB HMBIOTCH 6bICTpbrn neiiTpOHbl. 

Aeamrn 0 18 [3]. MeTo;n, 3anasp,hrnam:ru;Fix nei'rT

ponon II03BOJIRBT npoanaJIII3HpoBaTb co;n,epmanne 

RHCJIOpop;a B 06pa3:a;e (no 0 18) B TB'IBHIIB 1 .711,U/i, 
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PHc. 7. 3aBHCHMOCTh qJilcJia sanasp;bIBaIOIIJ;HX HeMTpoHOB 
OT JiI30TOIIIIOro COCTaBa JllITl'!JI )l;JIJI o6pa3D;OB, cop;epmau::i;Hx 

.op;1rnaKOBOe IIOJIHOe KOJll'IlJeCTBO JIJiITIIJI. 

II 6e3 pa3pyrnennn o6pa3:a;a. RaR cJie;n,yeT II3 

npe;n,bI)J;YII1ero pa3p;eJia, nocBn:ru;enHoro Li6 , 1IHCJio 

sana3p;brna1o:ru;Hx ne:ti:TponoB npm\'Io nponopu;Ho

naJI1>no )J,OJIB aTOMOB 0 18 , BCJII1 CO,D;BpIBaHne JIHTHR 

II ycJiomrn o6JiyqenIIa nocTOHHHbI. Ha pn:c. 8 Bnp;

no, 'ITO 1IHCJIO HeiiTpOHOB nponop:a;FioHaJibHO p;oJie 
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Puc. 8. 3aBHCHMOCTh qnc.rra sanasp;bIBaIOIIJ;IIX neiiTporron, 
COOTBeTCTBYIOIIJ;JiIX j M2 Li6, OT JiI30TOIIHOro COCTaBa KJiICJIO

pop;a. 

aTOMOB 0 18 BO BCBM HHTepBaJie ROI'ID;BHTpa:a;HFI 0 18 
• 

ITponop:a;nonaJibHOCTb. ne H3MBHHBTCH npn II3ll'IB

HBHIUI: pa3MBpOB o6pa3D;OB, Ii aHaJIH3 MOIBBT 

npoBO)J,HTbCH ;n,ame c O)J,HOH RaIIJie:ti: pacTBOpa. 

Bhmo noRa3ano [3], 'ITO npon.op:a;nonaJibHOCTb 

J\1BIB;D,Y 1IHCJIOM 3anasp;brnam:ru;Hx neiiTpOHOB na e;n,H

nnu;y Beca Li6 n R011u;enTpa:a;nei1: 0 18 ne napy-
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HCIIOnb30BAHIIE 3AIIA3,[(bIBAIOJI(HX HEfiTPOHOB B AI\THBAIJ;HOHHOM AHAnH3E 

rnaeTCJI B HHTepBaJie OTHOIIIeHirii 'IlICJia aTOMOB 
0 18 K 'IIICJIY aTOMOB Li 6 OT 1 ,[(O 104 • 8TO II03BO
JIJI8T BBOp;IITb B o6paaeii; CTOJI:o1rn Li6 , CKOJibKO 
Hyamo )J;JIJI IIOJiy'IeHirn OIITIIMaJibHOil CKOpOCTII 
cTJeTa aarraap;nrnamm;IIx neiITponoB. Op;naRo cop;ep
mamre Li6 p;oJimHo 6"1T:o 1rn:me Toro ypoBHJJ, Rorp;a 
Ha'IIrnaeT cym;eCTBeHHO CKa3bIBaTbCJI caM08Kpa-
1rnpoBaHHe o6paan;a. 

ToTJHOCTb aHamrna orrpep;eJIJJeTcJJ TO'IHOCTbIO 
H3rOTOBJl8HIIJI o6paan;oB H TO'IHOCTbIO HCIIOJlb-
30BaHHbIX cTan;a;apTOB. Rpo11rn Toro, cyn~ecTBeH
HbJM HCTO'IHHIWM OIIIH60K JIBJIJIIOTCJI qlJlyKTyan;im 
IIOTOKa Heil:TpoHOB peaKTOpa. 

,IJ;pyrne np1rnenemrn N17 }l;JIJI anamrna. 06pa
-aoBaHne N17 rrpH o6JiyTJeHnH KHCJiopo;a;a 6n1cT
p:o111nr 1rniITpOHaMII B OTCYTCTBne Li6 rroaBOJIJieT 
orrpep;eJIJITb . rroJIHoe cop;epmaHne KHCJiopo;a;a 
B o6paan;e 6ea ero paapyrneHHJI. 8TO MomHo c;a;e
JiaTb JIII6o B IIHTeHCHBHbIX rIOTOKaX 6nICTphlX 
He:iicTpOHOB H3 peaKTOpa, mr6o B IIOTOKe H8HTpOHOB 
ycrrnpHTeJIJI. 11oTOK H8UTpOHOB crreRTpa p;eJieHIIJI 
IUIT8HCIIBHOCTbIO 1014 neump I CM 2• cew, p;aeT rrpII Ha -
ChlIIl;BHHH H8IlTpOHHYIO aKTHBHOCTb 135 neumpl cew, 
Ha 1 M2 I{HCJiopop;a mrn: rroJIHoe 'IHCJIO aarra
,'3)J;hlBa10m;IIx HBHTPOHOB 800 neumplM3. 

06paaoBamre N17 B peaRn;n:n: N15 (t, p) N17 

p;aeT B03MOIBHOCTb onpep;eJIJITb co;a;epmamre N15. 
)J,JIJI Tarrnro aHamrna Tpe6yIOTCJI o6pasn;hl, He 
-cop;epmam;n:e KIICJiopo;a;a. 

MeTo.n; perHcTpan;1rn: aarraa.n;brnaroIIJ;nX ·ueiiTponoB 

B rrpn:Hn;n:rre aHaJIH3 aaKJIIOTJaeTCH B o6Jiyqe
HHH o6paan;a IIOTOKOM HeHTpOHOB peaKTOpa HJIH 
p;pyrdro HCTO'IHHKa HeiITpOHOB, rrepeHOCe o6paan;a 
}{ He:ti:TpOHHhlM C'I8T'IHKaM H IIOCJie HeKOTOpoii: 
-aap;epmRn: perHCTpan;HH 'IHCJia aarraa;a;DIBarom;n:x 
HeliTpOHOB. y CTaHOBKa' IICIIOJib3Y8MaJI )J;JIH aHaJIH
-aa Ha peaHTope IRR-I (Ifapan:JI:ocHn:ii: HCCJiep;oBa
TeJibCHHH peaHTop I, CopeH), cxeMa TII'IecHn: rro
KaaaHa Ha pnc. 9. 06paan;hl o6JiyqaIOTCJI B rrHeBMa
TII'IecHoii: CHCTBMe peaHTOpa B T8'I8HHe KOHTpo
,.i:rn:pyeMoro 8JI6l{TpH'IeCKffM Ta:ihrnpoM BpeMeHH. 
llocJie OKOH'IaHHJI o6Jiyqemrn o6pa3IJ;bl B CBOHX 
l\OHT8HHepax rrepeHOCJITCJI K C'I8T'IHKaM. 

illeCTb coep;HH8HHhlX rrapaJIJI8JlbHO He:iicTpOHHbIX 
C'IeT'IHKOB, narroJIHeHHbIX B 10F3 , pacrroJiomeHI>r 
KOJibIJ;OM n o6paayIOT. ycTaHOBKY c 4n:-reoMeT
pHeH. CTJeT'IHIU-r noMem;eHnI B 60JI:orno11: 6JioK 
na paqnrna c rroJiocT:oIO B n;enTpe KOJI:on;a, o6pa
aoBaHnoro cTJeTTJ1maMH. Bo BpeMJJ na11rnpennI'1 
o6paaen; Haxo;a;HTCJI B aTOH IIOJIOCTH B IJ;8HTpe 

Prrc. 9. CxeMa ycw
HOBKII p;mI perIICTpa
u;rrrr sanaap;i,rnaroru;nx 

rreihpOHOB: 
I - I!HeBMaTWieC!<aJI JIJ-1· 
mrn; 2 - rrycirnsoe peJie; 
3 - TafiMep; 4 - HYMepa
TOp c «MepTBbIM» BpeMe
HeM 1 .Mncen; 5 - yc11JI11-
TeJib c R03QJQJI1I(HeHTOM 
YCMJieHUJI 50 000 ,11 ):(11-
CRpl1MI1HaTOp; 6 - rrpen
YCHJIHTeJib; 7 - 11cToqmm 
n11Ta11HJI 5000 e; 8 -

· mecTh cqeTqJ1ROB c BF3; 
9 - ROHTefiHep; 10 -
CJIOH Ra):(MMJI; 11 - rra

paljJ1rn. 

6JioKa. lIMITYJlbCbI C'IBT'IHHOB IIOCJie ycn:JieHHJI 
rro;a;aroTCJI Ha 6DicTphli1: HyMepaTop, aarryc1rneMn1li 
aBTOMaTH'IeCKH aJieiapOHHhlM TaHMepoM, orrpe
;a;eJIJIIOIIl;HM Bp8MJI aa;a;epmKn Mem;a;y OKOH'IaHHeM 
o6Jiy'IeHHJI n . naqaJIOM H3MepeHHH. Ta:ii:Mep 
yrrpaBJIJIBTCJI CHI'HaJIOM- c COJienonp;a' c IlOMOID;blO 
KOTOporo o6paaen; rrepeHOCHTCJI na peaKTopa 
K C'IeT'IHHaM. Bero CHCTeMy MOIBHO IlOJIHOCTbIO 
aBTOMaTH3HPOBaTb, H OHa MOIBBT ynpaBJIJITbCJI 
nporpaMMnpyrom;HM ycTpOHCTBOM. flapaqrnHO
BbIH 6JIOK co C'I8T'IHKaMn: OKpymeH aam;HTOH H3 
cMeCH rrapaqnrna c 6opoM, CHnmarom;e:ii: He:ii:TpoH
HbIH cpoH. 8cpcpeKTHBHOCTb perncTpan;m-r aarraa;a;hl
Barom;Hx Heii:TpOHOB, conpoBomp;arom;n:x p;eJieHne, 
COCTaBJIJIJia 10 % ; acpcpeKTHBHOCTb pern:cTpan;m-r 
Hell:TpOHOB N17 HBCKOJibKO Hnme. 

IIocTynmrn B Pep;aKu;rrro 7 /I 1963 r. 
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Bh1xo,n; HeiiTpoHOB H3 HeK0Toph1x MaTepnaJioB 
nop; p;eiicTBHeM a.qacTn~ pap;olia n npo,n;yKTOB ero pacnap;a 

I'. B. I'opw,w,oe, B. A. 3a6w,un, 0. C. Ileemw,oe 

B pa6oTe HBMeperrhl BhlXO).l,hI rre:ii:TporroB no peaKI\HH (a, n) )J,JIJI rrerrnTopi.rx Jiermfx :iJieMeHTOB, 
XHMH'IecKHX coe)J,Hrrerrn:i1:, MHrrepaJIOB H roprri.rx nopoJJ, IIO)J, JJ,eiicTBHeM a-'IaCTHI\ Rn + RaA + 
+ RaC', a Tam:1rn onpeJJ,eJierrhl OTrromemrn BhlXO)J,OB OT Rn + RaA K BhIXO).l,aM OT Rn + RaA + + RaC'. IloJiy'IeHHhle :iKcrrepHMerrTaJii.rri.re srra'IerrnJI BhIXO).l,OB )J,JIJI rreKoTopi.rx roprri.rx rropo)J, 
H MirnepaJioB cpaBHHBaIOTCJI c pac'IeTHhlMH. IIoKasarro, 'ITO BhlXO)J, rre:i1:TpOHOB ns roprrhlx rropoJJ, 
H MimepaJIOB B OCHOBHOM o6yCJIOBJieH BhIXO).l,aMH rra aJIIOMHHHH, l{peMHHH, KHCJIOpo,a;e, rraTpHH, 
MaTHHH H cpTope. 

U:eJib HacToam;eil: pa60T1>1 - onpep;eJIIITh Heil:

TpoHHn1il: BbIXO)J; Il3 HeKOTOpbIX M·aTepIIaJIOB IIO)J; 

p;eil:cTBIIeM a-1.J:acTirn; Rn*+ RaA + Rae', a TaR

me OTHOmemie B1>1xop;a OT Rn+ RaA K Bhlxop;y 

OT Rn + RaA + Rae', ROTopoe nosBoJIHeT 

Hail:Tn B1>1xop; Ha Rae'. 

Heil:TpOHHhle IICT01IHHKH nsrOTOBJIHJIIICh B Bnp;e 

CTeKJIHHHhlX aMny JI IJ;lIJIHH]J;pII1IeCKOH cpopMbI 

p;naMeTpOM 20 lI BbICOTOH 40 .M.M (B1>16op aMIIYJI 

TaRoro pasMepa o6ocHoBaH B paQoTe [1]). AMny

Jihl s.anoJIHHJIHCb nopomK006pasH1>IMH MaTepna

JiaMH MMilleHM, pa3Mephl sepeH KOTOphlX He npe

BhlmaJIII 40-50 .Mn. HanoJIHeHIIe aMnyJI pap;o

HOM npOii3BO)J;lIJIOCb Ha 061>!1.J:HOH 3MaHaIJ;HOHHOII 

ycTaHOBKe. Pi.OJIHl.J:eCTBO pap;oHa B Ramp;oil: aMnyJie 

onpep;eJIHJIOCh Ha aJieRTpoMeTpe no BHemHeMy 

y-H3JiyqeHHIO nyTeM cpaBileHirn c 3TaJIOHOM pap;HH. 

;D;JIH ycTpaHeHIIH BJIHHHHH caMonorJiom;eHIIJI y-Jiy-

1.J:eH B HeHTpOHHbIX lICTOl.J:HHKax Bee 3JieRTpOMe

TpH1IeCRHe lI3Mepemrn npOH3BO)J;HJIHCb qepe3 CBHH

IJ;OBblM cpHJibTp TOJIID;MHOH 1 C.M. I1 pH cpliBHeHIUI 

pesyJibTaTOB H3Mepem1ii c cpHJibTpOM H 6e3 

<I>nJioTpa 61>rno ycTaHOBJieHo, 1ITO caivrnnorJiom;e

mrn B MaTepHaJie HCTOl.J:HHKa B 3aBMCMMOCTM OT 

nJIOTHOCTM HanoJIHHTeJIH COCTaBJIJIJIO 1-5 % OT 

IIOJIHoro y-H3Jiyl.J:eHHH. 

B Ral.J:eCTBe 1.1ccJiep;yeMhlx ivrn TepIIaJioB 1.1cnoJI1>-

30BaJinc1> «XHMHl.J:eCKH l.J:HCThle» HJIH (<1.J:HCTbie )J;JIH 

aHaJIH3a» 3JieMeHThl H XMMHl.J:eCKHe coep;1.1neHHJI 

rrp1.1p9p;noro H30TOnHoro cocTaBa. Rpo11rn Toro 

6bIJIH HCCJiep;oBaHbl BhlXO)J;bl Heil:TpOHOB )J;JIH He-

* Ilo)J, Rn IIO).l,pasyMeBaeTCJI paBHOBecrroe COCTOJIHlle 
Rn+ RaA + RaC'. 
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KOTOpbIX nopop; H MHHepaJIOB. XHMHl.J:eCKHM COCTaB 

6bIJI. H3BeCTeH )J;JIH CJiep;y10m;1.1x nopop; II MHHepa

JIOB: cpJIIOOpHT, rropop,a c raTl.J:eTOJIHTOM, rpaHHT 

PanaR1.1B1.1, rnayROHHT, cJiaHeu;, ,[l,y6oBcRnli: rpa

HHT, MpaMop, Rap6ypaH H MOHaIJ;JIT. 

B rn6JI. 1 npep;CTaBJieHI>I ueRoTopi,rn xapaRTe

pncTHKH (a, n)-peaKu;nii JierRHX 3JieMeHTOB. 

3neprnn M nopor1.1 peaKu;nil: )];JI.fl H30TOIIOB yrJie

pop;a, asoTa, RncJiopop;a, KpeMHHJI,cpoccpopa, cephl 

H XJiopa Bhll.J:HCJieHhl no p;ecpeRTaM COOTBeTCTBYIO

ID;HX Mace [2, 31. 

Orrncamrn ycTaHOBKH 

lI3MepeHH.fI noJIHOro l.J:HCJia HeHTpOHOB, 1.1cny

c1rneMhlX HCTO'IHHKaMH, npOH3BO)J;HJIH Ha CTan

p;apTHOH ycTaHOBKe THIIa eq-3. HeiiTpOHHhllf 

meT'IHK eHM-5A 6i,rn oRpymen rrapacpnnOBhlM 

3KpaHOM-OTpamaTeJieM B BJI)J;e Tpy6hl c BHy

TpeHHHl\l )J,HaMeTpOM 22, BhlCOTOH 50 H TOJIID;lIHOIT 

cTeHOK 3 C.M (p1.1c. 1). HaJIH'IMe 3Toro 3KpaHa noBI>J

maJio cKopocTb c'IeTa OT Ac+ Be-MCTO'IHI1Ra 

npMMepno B )];Ba pa3a. ,[l,JIJI CHMJReHHH npMCl.J:eTa 

y-RBaHTOB 6opHhlM C'IeT'lMKOM Memp;y HMM M a111-

rryJial\1M IIOMem;aJICH CBMHIJ;OBbIH cpHJibTp TOJIID;ll

HOll 5 C.M, 'ITO o6ecrre'lMBaJio npaKTM'IeCKH IlOJIHOe 

OTCYTCTBMe C'10Ta OT y-M3Jiy'IeHIUI 3TaJIOHa, co-

p;epmam;ero 100 .M2 pap;MH. · 

,[l,mI onpep;eJieHMJI 3aBMCMMOCTH 3cpcpeKTIIBHOCTII 

9H* ycTaHOBKM OT cpep;Heii 3Heprnn neil:TpOHOB 

* lIO)J, ::i<ficpeI{THBHOCThIO ycTaHOBKH 9H IIOHHMaeTCJI 
OTHOIDerrHe 'IHC~a saperFicTpHpoBaHHhlX HMIIYJihCOB K 'IIOJJ
HOMY 'II'lCJIY HeliTpOHOB, I'lCilycKaeMhlX HCTO'IHHKOM. 
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Radioactivation Analysis of Sodium by Counting 
Photoneutrons 

SMDIA AMIEL and MAX PEISACH 

Israel Atomic Energy Commission, Soreq Research Establishment, P.O.B. 527, Rehovoth, Israel 

.,.. A method is described for a non
destructive radioactivation analysis of 
sodium in complex matrices, in which 
Na 24 is assayed by counting photo
neutrons emitted from deuterium by 
the 2.75-m.e.v. gamma ray, in an 
assembly consisting of D20 and neutron 
detectors. This principle offers effi
cient discrimination against large 
amounts of radioactivities with en
ergies below 2.23 m.e.v., the threshold 
for the photodisintegration of deu
terium. The photoneutron activity was 
proportional to the Na 24 content in the 
sample, and microgram quantities of 
sodium were analyzed with a precision 
of 23. Sensitivities better Jhan 0.1 
µg. are indicated. Interference from 
other radionuclides is discussed. Pos
sible extension for the analysis of 
elements other than sodium is discussed 
as well. 

B ECAUSE OF the widespread occur
rence of sodium and its importance 

in many fields, accurate methods for 
its analysis have been developed. 
Flame photometry is mainly used when 
high sensitivity is required, but this 
sensitivity can be affected by the pres
ence of other components which fre
quently occur together with sodium 
(2). Nuclear methods of analysis uti
lizing characteristic nuclear properties 
indicate a more specific method of 
analysis with a greater sensitivity (6). 

Radioactivation analysis of sodium 
is generally based on the formation of 
sodium-24 by neutron capture. This 
isotope decays with a half life of 15.0 
hours and can be measured either by 
its 2.75-m.e.v. gamma ray or by the 
coincidence measurement of the cas
cade of this gamma ray and the one of 
1.37 m.e.v. In most cases it is suffi
cient to discriminate against gamma 
rays of less than 2 to 21/2 m.e.v. (11) 
and to measure the gross activity of 
radiation above this level. Further 
differentiation between sodium-24 and 
other activities in the same energy range 
is made by following the half life. 

When sodium occurs in a complex 
matrix, sodium-24 activity frequently 
forms only a small part of the gross 
activity of a highly active sample, and 
analysis by radioactivation without 
chemical processing is then hindered 

by overloading the detector, paralyzing 
it for most of the counting time. 
Electronic discrimination at a preset 
energy level then becomes difficult, if 
not altogether impossible. In such 
cases there is a decrease in accuracy 
and sensitivity, and hence the need 
arises either for chemical separations · 
or, if nondestructive analysis is es
sential, for a detector insensitive to 
gamma radiation below about 2 m.e.v. 
The photodisintegration of deuterium 
and the emission of photoneutrons re
quire gamma ray energies greater than · 
2.23 m.e.v. This suggests that a de
tecting system based on counting the 
emission of photoneutrons from deu
terium would be naturally biased and 
would be entirely insensitive to energy 
quanta below the photoneutron thresh
old of 2.23 m.e.v. Such a detector 
would have an additional advantage 
because the emitted neutrons can be 
counted without interference from other 
radiations and may be detected against 
any beta- or gamma-ray background. 

The number of radionuclides which 
emit gamma rays of energy greater than 
2.23 m.e.v. is relatively small and their 
number is still further reduced when 
only those with half lives within a fac
tor of about 10 of that of sodium-24, 
say 1 to 100 hours, are considered as 
possible sources of photoneutron emis
sion from deuterium. Thus the count
ing of photoneutrons emitted from the 
interaction between the high energy 
gamma rays of sodium-24 and deu
terium can form the basis for the assay 
of sodium-24 and the determination of 
sodium by neutron radioactivation. 
The emission of photoneutrons from 
deuterium was used for the analysis 
of deuterium in water samples (4, 9) 
when their neutron activities were com
pared with those of standards placed 
as targets around an intense source of 
sodium-24. The present method for 
sodium analysis is the same in principle, 
but has the roles of source and target 
interchanged. That is, whereas for 
deuterium analysis the source is con
stant and the target is the unknown, 
here the source is unknown and the 
target constant. 

The Sample. It is clear that the 
form of the sample is immaterial. 
For optimal conditions it is undesir
able that the sample should contain 

large quantities of neutron absorbers, 
or should contain material which could 
lead directly to neutron emission. It 
would also be inconvenient if the 
sample contained relatively large 
amounts of material which on neutron 
radioactivation would emit high
energy gamma rays. 

Sample components which could lead 
to a higher neutron count are nuclides 
undergoing spontaneous fission and 
alpha-particle emitters inducing (a,n) 
reactions on light elements in the 
sample and container. Direct inter
ference by delayed neutrons is not 
serious since all delayed neutron emit
ters have half lives less than about 1 
minute and they may be allowed to 
decay. Samples which contain beryl
lium would certainly lead to high re
sults due to the production of photo
neutrons by gamma rays above 1.67 
m.e.v., the threshold for photoneutron 
emission from beryllium. The extent 
of interference from the above sources 
can be checked experimentally and will 
be discussed later. 

High-energy gamma-ray emitters with 
short half lives of, say, less than 1 
hour, can be left to decay without losing 
too much activity of sodium-24, while 
those with half lives longer than 100 
hours would add a nearly constant count 
rate during the period of measurement 
and this can be treated as part of the 
background. Radionuclides falling be
tween these groups, such as 2.6-hour 
manganese-56 and 40-hour lanthanum-
140, can have their presence corrected 
for by following the decay of photo
neu tron emission. The only serious 
source of interference appears to be 
from gallium-72 which emits high
energy gamma rays and decays with a 
half life very close to that of sodium-24. 
It would appear that the accuracy of 
the method for sodium analysis would 
be affected if gallium is present in the 
sample. Interference from the pres
ence of fission products in the sample 
during measurement is expected but 
can be checked experimentally. 

Irradiation Conditions. Besides 
being produced by neutron capture in 
sodium, for which the thermal neu
tron, cross section is 536 mb. (5), 
sodium-24 can be produced with fast 
neutrons by an (n,a) reaction on 
aluminium or an (n,p) reaction ··on 

Reprinted from ANALYTICAL CHEMISTRY, Vol. 35, Page 1072, July 1963 
Copyright 1963 by the American Chemical Society and reprinted by permission of the copyright owner 
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COUNTER 

TIMER 

Figure 1. Photoneutron measurement assembly and block 
diagram of electronic circuit 

magnesium. The effective cross sec
tions for these reactions with fission 
spectrum neutrons are 0.6 and 1.2 mb., 
respectively (10). Because the pro
duction rate of sodium-24 from these 
elements in a mixed neutron flux nor
mally available in a reactor (partially 
thermalized fission spectrum neutron 
flux) is lower by two or more orders of 
magnitude than that of the (n1y) 
reaction on sodium, mixed fluxes can 
be used for the analysis of sodium, 
except where the method is used at its 
ultimate sensitivity in samples where 
the aluminium or magnesium content 
far exceeds the sodium content. 

The duration of the irradiation is best 
adjusted to the approximate sodium 
content of the sample. However, ir
radiations lasting longer than about a 
day do not add significantly to the 
sensitivity or accuracy of the method 

Neutron Detection. To obtain the 
maximum output of photoneutrons 
from a source of sodium-24 it is neces
sary to surround the source with a 
sufficiently thick layer of deuterium. 
Since light hydrogen has an appreci
able cross section for neutron capture, 
0.3 barn, it is desirable to keep its 
concentration as low as possible. 
An efficient way to detect neutrons is 
to count them after they have been 
thermalized by a moderator such as 
heavy water, paraffin; graphite, or 
ordinary water. Ideally, the counters 
could be immersed in a bath of heavy 
water, but for economy paraffin wax or 
graphite could be used as moder~tor 

surrounding a volume of heavy water 
in which the neutrons are produced. 
A 4-?T arrangement of enriched B1°F, 
proportional neutron counters placed 
in the moderator around the photoneu
tron source provides an efficient detec
tion system of very low sensitivity to 
gamma radiation. 

Counting Conditions. The dura
tion of counting depends on the ac
tivity of the sample and the precision 
required. The delay between irradia
tion and counting is determined by 
the absence or presence of other ac
tivities in the sample and the nature of 
the radiations they emit, and those 
interfering activities also determine 
for how long the sodium-24 decay 
should be followed. To be able to 
correct for longlived interferences it 
is required that the counting equip
ment be stable over a long period of 
time. It is desirable that the count
ing equipment be constructed from 
materials with low neutron absorption. 

EXPERIMENTAL 

Samples for analysis were weighed out 
into polyethylene vials and were ir
radiated in the Israel Research Reactor 
No. 1 where thermal fluxes of up to 
5 X 1013 neutrons/cm.2-second were 
available. Because of radiation dam
age to the vials, the irradiation did not 
exceed 1 hour. The irradiated sample 
was dropped into the counting assembly 
(Figure 1) so as to lie at the center of a 
flask of 1 liter of heavy water containing 
more than 993 deuterium. Neutrons 
generated from this container were 

counted with a ring of six B1°F8 pro
portional neutron counters connected in 
parallel to a scaler and supplied from 
a common high voltage source. The 
entire assembly was embedded in a 
block of paraffin wax 40 X 40 X 50 
cm. which served as a moderator to 
thermalize the fast neutrons. Screening 
from external neutron sources was pro
vided by a structure of bricks of borated 
paraffin and sheets of cadmium metal, 
and radiation from extraneous gamma 
sources was shielded off by a wall of 
lead bricks on the outside. Pulses from 
the counters were fed to a recording 
scaler, the counting period of which 
was controlled by an electric timer. 

The stability of the apparatus was 
regularly checked with a radioactive 
neutron source placed in the counting 
position and the lack of response to 
gamma rays was checked with a 10-mc. 
cobalt-60 source which gave no rise 
in the background count rate [very high 
cobalt-60 activities gave the expected 
rise over background due to the 2.5-
m.e. v. gamma ray of 4 X 10-r.3 
abundance (8) ]. It was incidentally 
observed that the efficiency of the 
counters was 6.73 with standard Pu-Be 
neutron source placed in the sample 
position. 

Although the counters were biased 
to discriminate against gamma radia
tion, it was still possible that under 
intense gamrria radiation some spurious 
counts could be obtained. To remove 
this source of error the heavy water 
container was replaced by an identical 
one filled with natural water, and a 
measurement was again taken. The 
difference between the count rate ob
tained with heavy water and that with 
natural water gave the photoneutrons' 
count rate of the source. Since natural 
water itself contains 0.0153 deuterium 
it was expected that for perfect dis
crimination against gamma rays, the 
ratio of the counts obtained with the 
two waters could be the ratio of their 
deuterium contents, in this case about 
1.5 X 10-4• The values obtained 
were in good agreement with this value 
showing that the counters were suffi
ciently well biased against gamma rays. 

The possible interference from sample 
materials which themselves could lead 
to neutron emission was checked and 
determined in the same way. Thus, 
samples in which (a,n) reactions or 
fission could occur, leading to neutron 
counts not arising from deuterium, 
were detected and counted with natural 
water around the sample. The same 
was true for photoneutron emission 
from beryllium when that element was 
present in the sample. In all these 
cases the photoneutron emission from 
sodium was given by the differences 
between the count rates with the heavy 
water and natural water placed around 
the sample. 

RESULTS 

Irradiated samples of pure sodium 
compounds were counted over long 
periods of time to check the stability of 
the apparatus by following the decay of 
sodium-24. In all cases no deviation 
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from the 15.0-hour half life was ob
served. Counting was continued for 
periods over a week during which time 
the activity decayed by more than a 
factor of 2000. 

Absolute calibration of the apparatus 
was carried out by observing the count 
rate of photoneutron emission from 
standardized sodium-24 sources. In the 
experimental apparatus described above, 
sodium-24 gave one photoneutron count 
for every 2.45 X 104 disintegrations 
(Table!). 

Samples of known sodium content 
were irradiated in various fluxes for 
varying amounts of time, and their 
photoneutron emission rates were deter
mined in order to calibrate the apparatus 
and to determine the precision of the 
method. To obtain sufficiently high 
counting rates, relatively large amounts 
of sodium were used for these tests. 
Table II shows results obtained from 
such standards, some of which were 
irradiated simultaneously and others in 
quick succession in order to obviate 

Ta~le I. Absolute Efficiency of Photoneutron Counting 

Neutron 
Sample count rate Ratio disintegrations 
number (min.-1) Activity, d.p.m. per neutron count 

8A 1661 4.042 X 107 2.433 X 104 

8B 1674 2.414 
9A 1909 4. 742 2.484 
9B 1955 2 .425 

lOA 2400 5.957 2.482 
lOB 2452 2. 429 
llA 2891 6.968 2.410 
llB 2834 2.459 
12A 3195 7.862 2.461 
12B 3233 2.431 
13A 3504 8. 626 2 .462 
13B 3548 2 .431 
14A 3896 9.627 2.471 
14B 3912 2.461 

Mean 2.447 X 104 

Std. dev. ±247 (1 %) 

Table II. Calibration of Photoneutron Count Rate for Sodium Analysis 

Weight Irradiation Observed N ormalizeda 
sodium Duration Flux, count rate count rate 
(mg.) (min.) neutrons/cm. 2-sec. per min. per mg. per min. per µg. 

3.11 2 7.1 x 1012 3. 792 x 102 15.63 
3.29 60 3.2 x 1013 5.066 x 104 15.83 
3.95 2 6. 7 x 1012 3.461 x 102 15.14 
4.78 60 3.2 x 1013 4.912 x 10• 15.35 
5.21 60 3.2 x 1013 4.966 x 10• 15.52 
7.08 2 6.7Xl012 3.503 x 102 15.32 

12.25 2 6.7Xl012 3.635 x 102 15.90 
28.48 1 2.4 x 1012 6.449 x 101 15.75 
32.03 2 7.1 x 1012 3.867 x 102 15.96 

Mean 15.60 
Std. dev. ±0.29 (1.86%) 

a Normalized to an irradiation of 1 hour at a flux of 10u neutrons/cm.2-sec. 

Table Ill. Some Results of Sodium Determinations 
Sodium content (µg.) Error 

Range Present Found µg. % 

10 to 2200 2175.7 2204.0 +28.3 +1.30 
1271.0 1270.1 -0.9 -0.07 
841.8 836.2 -5.6 -0.67 

74.40 74.97 +0.57 +o.77 
20.61 21.00 +0.39 +1.89 
18.16 18.09 -0.07 -0.39 

1to10 7.34 7.21 -0.13 -1.77 
2.960 2.849 -0.111 -3.75 
2.282 2.281 -0.001 -0.04 
2.010 2.031 +0.021 +1.04 
1.883 1.916 +0.033 +1.75 
1.024 1.088 +0.064 +6.25 

<1 0.923 0.896 -0.027 -2.93 
0.712 0.727 +0.015 +2.11 
0.326 0.307 -0.019 -5.83 
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errors due to long-term drifts in the 
reactor flux. The normalized count 
rates refer to the number of counts per 
minute obtained per µg. of Na irra
diated at a flux of 1013 neutrons/cm. 2-

second for 1 hour. The counts from 
which the results in Table II were calcu
lated, had a relative standard deviation 
of about 0.6% whereas the relative 
standard deviation of the results in the 
Table is about 1.8% which shows that 
the counting errors played little part in 
the result and that the observed preci
sion is the precision of the method, 
under the prevailing experimental con
ditions. 

The accuracy of the method was 
checked on a large number ot samples of 
known sodium content ranging from 
2 mg. down to 0.3 µg. Some results of 
these tests are given in Table III. 

DISCUSSION 

Precision and Sensitivity. The 
sources of error that affect the pre
cision of the method arise at three 
stages-the preparation of the 
sample,its irradiation, and its counting. 
Because sample preparation requires 
simple operations the errors inherent 
in them are considered to be small 
and of the same order as similar pro
cedures in other analytical methods .• 
For this reason this source of error 
is not discussed here: 

Errors that may arise at the irradia
tion stage are errors arising from reactor 
flux variations and difference between 
irradiation fluxes through the sample 
and the standard with which it is com
pared. Relative errors occurring at this 
stage do not depend on the weight of 
sodium in the sample as the amount of 
sodium-24 activity built up in the 
sample varies linearly with the weight 
of sodium it contains and with the 
neutron irradiation flux to which it is 
exposed. As a result, the values given 
in Table II can be used as an indication 
of the precision of the method as a whole 
since errors due to counting those results 
do not play an important role, and 
sampling errors there are assumed to be 
constant and small. 

When the over-all precision for the 
analysis of small amounts of sodium 
has to be determined, the additional 
errors of counting should also be taken 
into account. These errors arise from 
the statistical errors normally involved 
in counting random events, errors due 
to background activity, and errors due 
to the presence of other components in 
the sample that could yield neutron 
counts. 

For a gross sample count of S and a 
background, B, the standard deviation 
of the net sample count, Ii = S - B, 
is given by <TA where 

<TA= ±vs+ s = ±v'2B + /:.. 

I 
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Samples touched with bare hands 
showed nearly three times as much 
activity as in the clean vials (equivalent 
to about4µ.g. of Na). 

Systematically-low results were ob
tained from samples containing appre
ciable amounts of strongly neutron
absorbing material. Figure 2 shows the 
decrease of count rate per unit weight 
sample for a material containing 0.188% 
sodium and 39.4% cadmium. In the 
figure the experimental points are shown 
against the curve calculated for self
absorption of cadmium (3) and normal
ized for the known sodium content of 
the sample. The addition of a known 
amount of sodium as internal standard 
(spike) enables the correct sodium con
tent to be computed. 

Interference from Other Elements. 

Wei9ht sample (grcm~I 

The most common elements that occur 
together with sodium do not interfere 
with the analysis by photoneutron 
emission. Potassium-42 emits a 'Y-ray 
of 2.44 m.e. v. but only with an abun
dance of 0.04% of its disintegrations; 
the amount of potassium would have to 
be 500 times higher than the sodium 
content of the sample to introduce an 
error of 2% to equal the experimental 
error (precision) of this method. Cal
cium does not yield any interfering iso
tope on neutron irradiation while 
magnesium interferes only in so far as 
it produces sodium-24 by the reaction 
Mg24(n,p)Na24 with fast neutrons, which 
is discussed below. Most elements 
which occur in the anions usually 
associated with sodium do not interfere 
because of the absence of gamma rays 
over 2.23 m.e.v. emitted in their decay, 
so that sodium can be analyzed in any 
chemical form. 

Figure 2. Variation of count rate with sample size, of 
sample containing high concentration of strongly neutron
absorbing material 

Sample contained 0.188% Na and 39.4% w./w. Cd. ·Curve coled. for 
self-absorption of cadmium and points are experimental 

With a background of about 12 counts 
per minute, as measured in this investi
·gation, a precision of ±10% (relative 
standard deviation) can be obtained for 
a sample containing 0.34 µg. of sodium 
which is irradiated for 1 hour at a flux 
of 1013 neutrons per cm. 2-second and is 
counted for about 2 hours. The sensi
tivity of the method can be much im
proved by longer irradiations at higher 
fluxes. A flux of 5 X 1013 n/cm.2-sec
ond can be obtained readily. For prac
tical considerations irradiations should 
not extend much more than a day, say 
30 hours or two half lives, when the 
activity would be about 16 times greater 
than for the same sample irradiated for 
1 hour at the same flux. Hence the 
sensitivity of the method for the same 
± 10% precision can be improved to 
about 0.004 µg. Conversely, it can be 
shown that the minimum weight which 
can be determined with a precision of 
say, 2% (the relative standard devia
tion of the results under the experi
mental conditions of irradiation), is 
about 2 µg., but with the longer irradia
tion and the higher flux it reduces to 
about 0.025 µg. 

When samples are to be analyzed for 
sodium in the presence of elements 
which can cause (a,n) reactions or 
undergo fission, or in the presence of 
beryllium which would yield photo
neutrons as well, the additional activity 
can be measured with natural water in 
place of D20 in the counting assembly 
(as was described above). This extra 
activity is then treated as an added 
background. 

Accuracy. The results in Table III 
give a clear indication of the accuracy 
of the method. However, because of 
the sensitivity of the method, careless 
handling of the samples can lead to 
systematically-high results especially 
when small weights of sodium are 
analyzed. This was shown by a 
series of aluminum samples that were 
irradiated to determine the extent of 
sodium-24 formation by the reaction 
AJ27(n,a)Na24• Irradiation of vials 
handled only with pincers and tongs 
gave consistent results (see value in 
Table IV), but samples handled with 
gloves showed contamination of about 
40% (due to about 0.5 µg. of sodium 
from the talc used with the gloves). 

The main elements which can inter
fere because of the high-energy gamma 
rays they emit after neutron irradiation 
are listed in Table IV. In the same 
table are listed the calculated and ob
served photoneutron emission from 1 
µg. of element irradiated for 1 hour at a 

Table IV. Calculated and Observed Photoneutron Count Rates for Common 
Elements Likely to Interfere in Sodium Analysis, Compared with Count Rate for 

Sodium 

Half life Activitya 
Element Isotope (hours) Calcd. Observed 

Sodiumb 
equivalent, 

µg. 

Sodium Na24 15.0 14.84 14.90 1 
Manganese MnM 2.58 12.65 11.99 · 1.24 
Gallium Ga72 14.1 3.28 3.04 4.90 
Lanthanum Lal40 40.2 0.515 0.50 2.98 X 101 

Magnesium Nau 15.0 0.00247• 0.003• 4.97 X 103 

Aluminum NaH 15.0 0.00142• 0.0017• 8. 76 x 103 

Potassium K 42 12.4 0.00059 0.00058d 2.53 X 104 

"Normalized counts per minute for 1 µg. of metal irradiated for 1 hour at a thermal 
neutron flux of 1018 n/cm.2-sec. and counted 1 hour after irradiation. 

b Wt. element in micrograms yielding a neutron count rate equivalent to 1 µg. of Na 
1 hour after the end of irradiation. 

•For a fission-spectrum neutron flux of 1012 n/cm.2-sec. Assuming a thermal to fission 
flux ratio of 10: 1. 

d Measured for "Analar" grade KHCOa containing approximately 0.03% Na and cor
rected for the sodium-24 contribution. 
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thermal neutron flux of 1013 neutrons/
cm.2-second, and counted I hour after 
the end of irradiation. The calculated 
values were obtained from the measured 
efficiency for sodium-24 gamma rays of 
2.75 m.e.v. corrected for the cross sec
tion of the deuterium ( 'Y,n) reaction (7) 
for the energy of the gamma ray con
cerned. The observed results are in 
very good agreement with the calculated 
values. Column 6 of Table IV gives 
the weight of element in micrograms 
necessary to produce a photoneutron 
count rate equivalent to that of I µ.g. of 
sodium, both being irradiated for I hour 
at a thermal flux of 1013 neutrons/cm.2-
second and counted I hour after irradia
tion. From these values it is clear that 
the determination of sodium offers some 
difficulties in samples where the man
ganese or lanthanum concentration is 
high and is almost impossible in samples 
containing gallium as long as the gal
lium-72 is not removed before counting. 
Naturally, the shorter-lived interference 
from manganese-56 can be reduced by 
waiting for a longer time before count
ing. 

Depending on the nature of the inter
fering element, it is frequently possible 
to alter irradiation conditions to improve 
the ratio of sample to interference count 
rates. Thus, the photoneutron count 
rate of a sample containing equal weights 
of sodium and manganese irradiated for 
I hour will, according to the values in 
Table IV, consist of almost equal con
tributions from the two components, at 
the start of counting. If, however, the 
same sample is irradiated for a longer 
time, say 10 hours, even at a lower flux, 
the relative contribution of sodium at 
the start of counting is doubled. On 
the other hand, if the sample is rich in 
lanthanum, short high-flux irradiations 
are preferable because long irradiations 
will favor the relatively higher yield of 
the longer-lived nuclide. 

Aluminum and magnesium which 
produce sodium-24 by fast neutron 
reactions obviously interfere in the 
analysis for sodium. From Table IV 
1t can be seen that an aluminum content 
about 175 times that of sodium and a 
magnesium content of about 100 times 
that of sodium, would only add about 
2% to the photoneutron count rate. 
However, the values given in Table IV 
do not reflect how little the true extent 
of interference is, since both aluminum 
and magnesium results have been 
normalized to a fission spectrum neu
tron flux of 1012 neutrons/cm.2-second, 
and compared with that for a thermal 
neutron flux of 101a for sodium. In 
an actual irradiation with a mixed flux 
(partially moderated fission spectrum 
neutron flux), the interference from 
these two elements is still further de
creased when the ratio of thermal to fast 
neutrons is more than 10. Sodium 
analysis in large concentrations of 
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Figure 3. Comparison of photoneutron count rate from 1 mg. of sodium and 
1 mg. of natural uranium after irradiation for 1 hour at flux of 1013n/cm.2-sec. 

aluminum and magnesium can still be 
carried out if the samples are irradiated 
first unshielded and then shielded with 
cadmium. The cadmium ratio for 
sodium was measured and found to be 
45.8 ± 0.8. (This result was obtamed 
for an irradiation flux consisting of fast 
and thermal neutrons in the unusually 
high ratio of about I :3.) As the 
sodium-24 production from AI or Mg 
is unaffected by the cadmium screen, the 
difference between the two results en
ables tlfe sodium content to be calcu
lated. 

When samples contain uranium, the 
formation of fission products on neu
tron irradiation could lead to higher 
photoneutron emission. The count 
rates obtained from I mg. of natural 
uranium and from I mg. of sodium both 
irradiated for I hour at a neutron flux of 
1013 neutrons/cm.2-second are compared 
in Figure 3. Although shortly after 
irradiation the count rates are com
parable, the fission product decay is so 
much faster than that of sodium, that 
15 to 20 hours later, the count rate of 
sodium is about 400 to 800 times greater. 
So even if uranium and sodium are 
present in equal proportions in the 
sample to be analyzed, it is sufficient 
to wait for about one half life (15 hours) 
to eliminate the interference altogether. 
The small amounts of uranium nor
mally present in samples assayed for 
sodium obviously do not interfere. 
The determination of sodium in the 
presence of high concentrations of 
uranium is still possible for uranium 
concentrations up to 10 times that of 
sodium, at which concentration the 
mixed fission products would contribute 
a little more than I% to the sodium 
count rate, 20 hours after irradiation. 
If the ratio of uranium to sodium (by 

P.RI~TED IN u. s. A. 

weight) exceeds 10, the error due to the 
presence of fission products becomes 
large, and nondestructive analysis by 
this method is then possible only if an 
accurate analysis of uranium is made 
and its presence corrected for. Such 
analysis can be carried out nondestruc
tively as well (1) using essentially the 
same experimental apparatus and count
ing delayed neutrons. 
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A critical study of isotopic analysis of uranium by radioactivation using the 
method of delayed neutron counting 

S. AMIEL vnd M. PEISACH, Department of Nuclear Chemistry, Israel 
Atomic Energy Commission 

Activation ana1ysis methods a:re suitable for the isotopic analysis of uranium 
because of the differences in the type of.neutrons required to cause fission 
of the two main isotopes and the large fission cross section of the less abun
dant, though important isotope-U235 with slow neutrons. A critical study of 
the factors affecting the precision of determining the ratio lJ235/lJ238 has 
been undertaken. ·The method investigated was the delayed neutron emis
sion method [l]. It was concluded that when the total uranium content was 
known, the isotopic ratio can be determined with a precision of±l%. If 
the total uranium content is not known, the same precision is obtainable in 
samples of up to 5 atom -% U235 , with lower precision up to about 10 atom -%, 
but the method fails for higher enrichment of l.J235. Corrections are made 
for reactor neutron energy and flux variations, self shielding, coincidence 
losses, sample size and shape etc. The advantage of the delayed neutron 
counting technique is discussed. 
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THE DETERMINATION OF GOLD COATING THICKNESSES BY 
PROTON SCATTERING 

by 

M. PEISACH and D. 0. POOLE* 

OPSOMMING 

61 

'n Metode word beskryf vir die nie-vernietigende bepaling van oppervlaktelae goud met 'n 
dikte tussen 0 en I Oµ.g/cm 2 op aluminium, mika, staal en tinplaat deur elastiese verstrooiing van 
protone, met behulp van halfgelcier detektore. Die presisie van die metodc is ±0·2µ.g/cm 2 en die 
gevoeligheid is beter as 5 x 10-1 °g goud by die bestralingspunt. 

SUMMARY 

A method is described using semi-conductor surface barrier detectors for non-destructh·ely 
measuring the thickness of surface films of gold in the range 0 to 1Oµ.g/cm 2 on aluminium, mica, 
steel and tin plate, by elastic proton scattering. The precision of the method is ± 0·2µ.g;cm 2 and 
its sensitivity is better than 5 x 10-1°g gold at the point of incidence of the proton beam. 

INTRODUCTION 

The limited penetration of charged particles with energies of a few Me V makes 
them suitable for the investigation of surface layers. By measuring the energy spectrum 
of the particles scattered from a monoenergetic incident beam, the chemical compo
sition of surfaces has been determined. 1• 2• 3• 4• 5 Such measurements required the use 
of a magnetic spectrometer set to receive scattered particles of a predetermined 
energy; by varying the magnetic field in the spectrometer the entire energy range 
could be scanned. 2 

Modern developments in the manufacture of solid state devices has simplified 
the instrumentation for measuring energies of charged particles with the result that 
a multi-channel analyser can record the entire energy spectrum of the scattered 
particles in a single irradiation. The negligible cost of solid state detectors. makes 
them more readily available for analysis. Despite the fact that their resolution cannot 
match that of tl·t more expensive magnetic ~pectrometers, the advantages of small 
size, low cost and speed of analysis, outweigh this disadvantage. 

THEORY 

For non-relativistic proton energies, the Rutherford equation states that P, 
the differential scattering cross-section per unit solid angle at a mean scattering 
angle 8, for a target material with nuclear charge Z2e is, 

P- (Z2e2) 2 cm2 .. (1) 

16 E 2 Sin"{~) 

• S.A. Atomic Energy Board, Isotope Unit. 
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where Eis the incident proton energy. After being scattered, the energy of the proton, 
E', is given by 

E'=E[l-2 (1-Cos fl) M1M2 
] • • (2) 

(M1+M2)2 

where M1 is the mass of the bombarding particle (proton) and M2 of the scattering 
nucleus. Thus, for a monoenergetic proton beam scattered off a monolayer of an 
isotopic target through a predetermined angle, the energy spread in the measured 
spectrum is determined by the resolution of the detecting system, a, the standard 
deviation of a normal distribution. 

For finite target thicknesses, the incident proton loses energy by ionization at a 

rate dE and similarly, after being scattered, at a rate dE', where the average energy 
dx dx 

loss dE per cm path length is given, 6 by 
dx 

_ dE=[4we'Z~ ]N.B ... 
dx m0v 2 

• • (3) 

where B=Z2• Ln 2mov
2 

for non-relativistic velocities and Z1e is the charge of the 
I 

bombarding proton, N the number of atoms per cm 3 material, e and m0 respectively 
the charge and rest mass of the electron, v the velocity of the incident particle and 
I the average excitation potential of the stopping material, usually determined 
empirically. 

FIG. I-Diagrammatic representation of scatter from a 
layer x within the target thickness t. 
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The energy, E~ of a proton scattered from a depth x below the surface (see 
Fig. 1) is 

E~=E - dE _x_[l-2(1-Cos 8x) - MiM2 ] - dEx _x_ 
dx Cos a (M1+M2) 2 dx Cos a" 

. . (4) 

The energy spectrum measured by the detector will show the same normal distnlmtion 
for each energy E~ and the whole energy spectrum will be the sum of all such distri
butions for x ranging between 0 and t, the thickness of the target. Fig. 2 represents the 

100 

ENERGY-

FIG. 2-The shape of the energy spectrum·of scattered protons for increasing 
target thickness. 

change in shape of the energy spectrum for increasing target thicknesses, t1, t 2, t 3 

and t4• Targets thicker than t4 for which E: =0, are called "infinitely" thick and 
would produce a spectrum consisting of a ,plateau terminating in a single step, (as 
t cc is in Fig. 2) the position of which is given by equation (2) and which has a slope 
(wu)-i at its inflexion point. · 

When one element is coated on another, the energy of the proton beiun incident 
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on the underneath layer is degraded an extent given by equation (3), resulting in a 
shift of the maximum scattered energy from this layer. Should a thin layer of a heavy 
element cover a thick backing of a light element, the spectrum of the scattered pro
tons will show a peak separated from the step by an energy difference depending on 
the mass difference between the heavy element and the backing; on the other hand a 
film of a light element will show up as a peak on the plateau of the curve. In both cases 
the area under the peak gives a measure of the surface thickness. In Fig. 3 the ratio of 

1.00r-----r----.,-----~----........ ~ 

AISK l'CC:U Sn 

!50 100 ISO 200 
MASS NUMBER IA) 

FIG. ~The variation of scattered proton energy with the 
· mass number of the scatterer. Experimental points are 

plotted on a calculated line. The indicated range 
represents resolution limits. 

the maximum scattered energy to the incident proton energy is plotted as a function 
of the mass of the scattering nucleus for a scattering angle of 135°. This curve shows 
that the energy difference between protons scattered from nuclei with unit mass 
difference, decreases rapidly as the mass numbers of the target nuclei increase. 
Because the measuring system has a finite resolution, it is clear that heavy elements 
would be more difficuit to distinguish from each other, than light elements. Similarly. 
if the energy of the scattered protons is used as a criterion for establishing the identity 
of an element on the surface, the error in the experimental determination of the mass 
number would be larger the heavier the element. 

In this work a heavy element, gold, was measured on backings of light, medium 
and moderately heavy elements. 

EXPERIMENT AL 

Construction of solid state detectors.-N-type silicon of resistivity 1500 ohm-cm 
and cut along the (1,1,1) plane into discs 20 mm diameter and 1 mm thick were 
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obtained, lapped on both sides, from Messrs. Wacker Chemie GMBH. of Munich, 
Germany. The silicon was used to prepare surface barrier type 1 charged particle 
detectors with an active area of about 0·2 cm 2• These were mounted on brass supports 
which also held a collimating disc of brass with an aperture of about 0·07 cm 2 fixed 
5 mm in front of the detector. The complete assembly was mounted inside a scattering 
chamber such that the active surface of the detector was 15 cm away from the point 
of scatter. 

Thi: resolution of each detector was measured using the 5·48 MeV alpha particles 
from a standard americium-241 source as su?plied by The Oak Ridge Technical 
Enterprises Corporation. Typical values of the full width at half height ranged from 
25 to 30 keV, which corresponds to a resolution of about 0·5%. 

Preparation of surfaces.-Gold films of varying thicknesses were evaporated on 
clean metal surfaces of aluminium, stainless steel and tin plate, and on mica. The area 
of the deposit was well-defined by the use of accurately cut mica masks. 

Calibration of surface thicknesses.-1. By radiotracers. Gold was irradiated at 
Saclay, France, for a short time to produce low specific activity radiogold. Portions of 
this gold were used to prepare samples as above. The gold thickness of the film on 
each sample was deduced from the measured activity. After the radiogold had decayed, 
the samples were preserved for use as standards. 

2. By radioactiyation. Samples of gold deposits, after being measured by proton 
scattering, were sent to Saclay, France, for radioactivation, where they were irradi
ated in a thermal neutron flux of 2·2xIO 12 neutrons/cm 2sec for 3 hours. It was found 
that for deposits on aluminium and mica, the gold activity could be measured non
destructiYely \\ithout interference. The gold deposits on tin, however, could only be 
determined by spectrum stripping because of the contribution to the total count 
rate from the radiotin. Serious interference on the other hand was found from 
acti,·ities in stainless steel; consequently, the gold on such samples had to be separ
ated chemically before counting. 

Measurement of scattered protons._;.The scattering chamber in which this investi
gation was carried out, is based on a design used at Harwell. The insulated target 
support, could be rotated, but in this investigation it was kept at 75° to the incident 
beam. Two targets could be mounted on the support and each could be placed in the 
beam in turn. The detector was mounted on an arm which could be rotated around 
the target, thus enabling angular variations to be measured. A current integrator 
measured the total current falling on the fa.rget. The beam could also be passed 
through the scattering chamber into a Faraday cup via a hole between the two 
mounted targets to check the total beam current directly. 

The solid state detector was mounted ·on the detector arm and amplified pulses 
from it were recorded by a multichannel analyzer, or by a scaler coupled to a single 
channel analyzer set to pass pulses corresponding to a predetermined energy range. 
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Proton beams of energies 1·0, 1·5, 2·0, 2·5 and 3·0 MeV were obtained from the 
SUNI Van de Graaff accelerator. To prevent damage to the targets, the beam current 
was as low as could be maintained in the accelerator, and was reduced still further 
by two collimating plates which allowed a parallel beam of 0·5 mm 2 cross-sectional 
area to pass through to the target. 

Preliminary tests showed that with proton energies above 3 MeV, inelastic scat
tering effects became marked. Although the relative energies of incident and scattered 
proton beams remain constant, the absolute energy difference increases with increas
ing energy {see equation [2]). For this reason the incident proton energy of 2·5 MeV 
was chosen. The scattering angle was selected by taking measurements at 45°, 90°, 
105°, 120° and 135°. Although the cross-section decreases with increased scattering 
angle, (see equation [1]} the energy difference between the in-:1dent and scattered 
proton also increases, {see equation [2]) making it easier to detect and count scattered 
protons at backward angles. The geometrical arrangement inside the scattering 
chamber made it impossible to measure at angles much greater than 135°. 

I 
W4)111/cm2 

a27 }lglcm2 

r 
j 

l.8$J111/cm2 

5,9S}lll/cm2 

4.90 )19/cm 2 

3.01 }lll/cm2 

2.95 .ug/cm 2 

1.35»g/cm2 

0.75 ,pg/cr.t 2 

CHANNEL NUMBER 

FIG. 4-Energy spectra of protons scattered from increasingly thick gold films 
on aluminium. To facilitate comparison, the zero of each curve has been 
shifted vertically by an arbitrary amount. 
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RESULTS 

Typical spectra obtained for increasing thicknesses of gold film on aluminium 
plates are shown in Fig. 4. Similar families of curves were obtained for gold films on 
backings of mica, steel ~nd tin plate, typical examples of which are shown in Fig. 5. 

I r-----

A 

500 

FIG. 5--Energy spectrum of protons scattered from a gold film on mica (A),, 
showing steps corresponding to .-\1, Si, K and Fe, stainless steel (B) and tin 
plate (C}. In C the gold spectrum (dotted curve) is not resolvable from that 
of the thick tin coating (dashed line). 

Whilst the energy of the leading edge of the gold peak remained fixed, that of the 
backing increased with increasing atomic number. The energy corresponding to the 
inflexion point of the front edge of the plateau representing the backing material, is 
shown in Fig. 3, plotted together with the calculated energy variation with mass 
number. These results confirm that gold can readily be resolved from light or moder
ately light elements, but when.the mass number of the backing is about 100 or more, 
resolution of gold becomes difficult (see ·Fig. SC). 

The number of proton counts, as given by the area under the gold peak was shown 
to be proportional to the gold film thickness, as measured with radiotracers and by 
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radioactivation analysis as ~eScribed earlier. The calibration curve for films on 
aluminium up to 10µ.g/cm z thick is shown in Fig. 6 where the dotted lines show the 
range for one standard deviation. 

r 
0 .. 

FIG. 6--The variation of scattered proton counts with 
gold film thickness. 

The analyses of various samples are given in Table I. 

DISCUSSION 

10 

Comparison with earlier scattering mdhods.-The use of semi-conductor detectors 
in place of magnetic spectrometers for the measurement of the energy of scattered 
protons simplifies the experimental procedure and shortens the time required for 
surface analysis. With the aid of these devices it has been shown that the entire 
energy spectrum can be measured in one operation. When a single element is to be 
measured, as in the present work, the instrumentation can be further simplified by 
the use of a single channel analyzer set to receive pulses corresponding to the entire 
energy range under the peak, in place of a multichannel analyzer. Because of the 
small size of the detecting system, the potential use of the method is much increased, 
especially for extra-terrestrial investigations. 

The method, in common with earlier scattering procedures, still suffers from the 
disadvantage that the scattered particle can only be measured in vacuo, but its most 
serious disadvantage is the lower resolution of solid state detectors when compared 
with that of magnetic spectrometers. It is likely that resolution could be improved 
with charged particles heavier than protons, and with further development of more 
suitable solid state devices. 
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TABLE I 

Some comparative results of thickness determinations 

Gold thickness µg/cm • 

By activation By proton 
analysis scattering 

0·71 0·91 

1·25 1-15 

1·35 1·55 

1-76 1·60 

2·10 2·03 

2·93 2·68 

4·91 5·04 

5·55 5·52 

6·84 7·09 

8.30 8.47 

8.40 8.42 

9·31 9·18 

Accuracy and precision.-From the results in Table I, the accuracy of the method 
for analyzing surfaces by proton scattering was shown to be good for gold film thick
nesses of between 0 and 10µ.g/cm 2, the average difference between the two methods 
being sufficiently close to zero to indicate no bias. 

Intercomparison of results and replicate analyses have shown that the precision 
of thickness measurement is ±0·2µ.g/cm 2 for gold films in the range studied. It is thus 
possible to use this method to measure gold thicknesses in the microgram/cm 2 range, 
even when those films are difficult to see. It follows that by using an incident beam 
with cross-sectional area of 0·5 mm 2, the sensitivity is better than 5 x 10-10g gold at 
the position of incidence. 

Sources of Error.-Because of the small energy change suffered by the proton on 
being scattered, the energy spread in the incident beam can be a source of error. For 
this reason, high stability accelerators such as Van de Graaff machines are suitable; 
the beam obtained with the SUNI instrument had an energy spread of less than 
1 keV at 2·5 MeV. Although, the resolution of the detector was as little as 0·5%, it was 
still the major factor determining the resolution of the measuring system. 

The incident beam has low penetration into the target, so that most of the energy 
is deposited in a small volume, causing a disproportionately large temperature change 
at the point of incidence. If the rise in temperature is high enough to cause loss of gold 
from the surface, the measured surface concentration would be too low. To overcome 
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this danger, very low beam intensities were used. Currents as low as 1 to IOx 10- 9 

amps were obtained by defocussing the incident beam onto the first of two collimator 
plates and using the second collimator to define the diameter of the beam falling onto 
the target. This had the disadvantage that it extended the time required for measure
ment. When the targets had good thermal conductivity, currents as high as 5 x 1o- 7 

amps could be used without "burn through". It is possible that with liquid cooling, 
the current could be increased appreciably. 

As all measurements were determined by integrating the current falling on 
the sample, errors in the current integration directly affect the measurement. For this 
reason the incident beam was periodically checked in a Faraday cup placed directly 
behind the targets. 

The relatively large statistical errors due to low count rates which are incurred 
in the measuring of very thin film thicknesses, can be reduced by increasing the 
counting time. 

Use for qualitative analysis.-The high sensitivity of the proton scattering method 
for detecting gold on surfaces makes it useful for qualitative analysis. However, the 
method is not limited to minor components. The results obtained for different backing 
materials (see Fig. 4) show that the position of the step in the energy spectrum can 
identify an element provided its atomic weight is sufficiently different from other 
elements to be resolved by the detecting system. 

The curve for gold on mica (Fig. SA) serves as an example. It shows a series of 
steps, the inflexion points of which correspond to the elements Al, Si, K and Fe, 
each a major component of mica. 
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THE USE OF SEMICONDUCTOR ·DETECTORS FOR SURFACE ANALYSIS .. 
BY ELASTIC SCATTERING OF ACCELERA'fED CHARGED PARTICLES 

by 

MAX PEISACH, DARRELL 0. POOLE* 
Southern Universities Nuclear Institute 

Faure, C.P., South Africa 

ABSTRACT 

Charged particles with energies of a few Mev and 
having a limited range in solid material undergo their 
reactions within a short distance from the surface rather 
than in the depth of the target and by so doing enable 
the surface layers of the target to be studied. Such a 
method of surface analysis has been investigated with 
protons. 

Elastically-scattered protons have proved suitable 
for the determination of the chemical elements in the 
surface of solids. Targets were bombarded with a col
limaterl beam of particles at constant energy from the 
5.5-Mev Van de Graaf£ accelerator at Southern Univer
sities Nuclear Institute (SUNI). Scattered particles were 
analyzed 10 cm from the source at 90° to the incident 
beam. Other angles are currently under investigation. 
Elements such as carbon, aluminum, iron and gold were 
identified and measured on the surfaces of other metals 
with a sensitivity of the order of 10-6 gm/cm2

• The 
sensitivity of the method increases with increasing scat
tering angle and with the energy of the incident particle. 

By using surface-barrier semiconductor detectors 
with a window less than 0.05 µ thick the energy of the 
measured particle is not altered within the resolution 
limits of the detector. The main advantages of these 
detectors are their compactness, stability and cheapness 
that enable surface analyses to be carried out at a frac
tion of the cost with more usual methods using mass
spectrometry. Their disadvantage lies in the decreased 
resolution when compared with the more conventional 
method. 

Gold was measured on surfaces of aluminum, quartz, 
steel, brass and similar metals, and aluminum layers on 
heavy metals could readily be analyzed. However, the 
quantitative determination of aluminum on light metals 
presented difficulties owing to the resolution limits of 
the detectors. This problem is being investigated with 
heavier charged particles at comparable energies. 

INTRODUCTION 
The uncertainty attached to the chemical composi

tion of the surface of silicon for solid-state detectors 
prompted the investigation of a method suitable for the 
analysis of surfaces nondestructively. A method has been 
described ( 1, 2) using the elastic scattering of protons 
off surface layers and analyzing their energy spectrum 
with a magnetic spectrometer. This method has been 
used to analyze aerosols on aluminum (1), calcium con
centrations on glass surfaces ( 1) and sulphur deposits 
on niobium (3); a modification using scattered deu-

*South African Atomic Energy Board Isotope Unit at the 
Southern Universities Nuclear Institute, Faure, C.P., 
South Africa. 

terons was also used· to analyze organic materials on 
surfaces ( 4) . 

The high cost of the analyzing magnetic spectrome
ter has restricted the availability of the instrument and 
hence deterred general exploitation of this method of 
surface analysis. Modern developments in the manufac
ture of solid-state devices has removed this restriction as 
well as simplified the instrumentation for measuring 
charged-particle energies. The good energy resolution 
of semiconductor detectors that has made them very 
useful in other fields is an added consideration; but in 
this case, because the energy range of scattered particles 
is small, the high resolution of the magnetic spectrometer 
is still superior to semiconductor detectors. Neverthe
less, the advantages of small size, low cost and speed of 
analysis outweigh this disadvantage. 

This paper describes the use of semiconductor de
tectors for analyzing surfaces by measuring the energy 
distribution of scattered protons and alpha particles. 

THE PRINCIPLE OF THE METHOD 

From the Rutherford scattering equation P the num
ber of charged particles with nuclear charge Z1e scat
tered into unit-solid angle at a mean-scattering angle e 
by a target of nuclear charge Z2e is 

(Z1 Z2e2 ) 2 (1) 
p = ( e ) per atom per incident particle 

16 E2 Sin4 _ 

2 

where E is the energy of the incident particle. 
energy E' of the scattered particle is given by 

E' = E [ M1M2 ] 
1 - 2(1-Cos e) (Mi + Mz) 2 

The 

(2) 

where Mi and Mz are respectively the masses of the inci
dent particle and the target material. If scatter takes 
place from other than surface atoms, the values of E and 
E' are degraded to account for loss of energy by ioniza
tion within the target. 

From Eq. 1 we may deduce that the scatter cross 
section decreases as the square of the incident-particle 

energy, and with the scattering angle e as Sin4 ( ~ ) 

but increases as the square of the atomic number of the 
target. Similarly, Eq. 2 shows that the energy difference 
between the incident and scattered particle increases 
with the energy and mass of the bombarding particle. 

A plot of the ratio ~, against the mass number of the 

target nucleus is shown in Fig. 1 for protons and alphas. 

Reprinted from 
Proceedings, 1965 lnternatio·nal Conference: Modern Trends in Activation Analysis 
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To differentiate between targets of different mass 
numbers M2 and M' 2, it is desirable to have a wide as 
possible energy difference between their corresponding 
values of E' in order to overcome the inherent resolution 
limitation of the measuring system. It follows that the 
use of high-energy heavy-particle beams would be ad
vantageous especially if the scattered particle is meas
ured at a large backward scattering angle.· However, 
since the method is based entirely on elastic scattering, 
an upper limit is imposed on the bombarding-particle 
energy to the level where inelastic scattering ceases to be 
insignificant. An important consideration in the selec
tion of the mass of the bombarding particle· involves 
penetration into the target; if information is sought from 
layers at a depth from the surface ( 5) , it may be neces
sary to use light particles even at the expense of resolu
tion. 

APPARATUS 

The 5.5-Mev Van de Graaf£ accelerator at SUNI 
provided proton- and alpha-particle beams which at 2.5 
Mev had a maximum energy spread of 1 kev. The cur
rent falling on the target was controlled to between 1 and 
10 nanoamps and collimated to produce a beam with 
cross-sectional area of ,_,, 0.5 mm2• Larger currents 
were found to cause a disproportionately large tempera
ture rise at the point· of incidence resulting in local 
vaporization from the surface and correspondingly low 
results for thin-film analysis. When the target films had 
goo'.l thermal conductivity, currents as high as 500 nano· 
amps could be used without "burn through." 

Initial experiments were conducted in a scattering 
chamber which allowed measurements to be made at a 
scattering angle of 90° only. However, a more versa
tile chamber, constructed subsequently, made provision 
for a continuously variable detector position that be
cause of the physical size of the detec'or assembly limit
ed the maximum scattering angle to 135°. The target 
mount made provision for two targets, each of which 
could be placed in the beam in turn, and had a port 
between them to allow direct measurement of the beam 
current in a Faraday cup at the rear of the. chamber. 

From Messrs. Wacker-Chemie G.M.B.H., Munich, 
1500 ohm-cm n-type silicon was obtained and 'used to 
construct surface-barrier type semiconductor detectors 
(6) with an active area of ,_,, 0.2 cm2• The resolution 
as measured by the 5.48-Mev alpha particle of Am241 was 
0.5 % . The window thickness was less than ,_,, 0.05 µ 
which gave rise to a maximum energy loss of ,_,, 50 kev 
from a 2.5-Mev particle. This almost constant energy 
loss over the energy range of interest occurred in both 
measurement and calibration and was automatically com
pensated for. However, spectrum distortion due to strag
gling was estimated to be less than 10 kev over the same 
range and could not be detected within the resolution 
limits of the detecting system. The detector was mount
ed on a brass support 5 mm behind a collimator with an 
aperture of ,_,, 0.07 cm2• The whole assembly was fixed 
inside the scattering chamber 15 cm from the point of 
scatter on the target. Pulses from the detector were 
passed through a charge-sensitive preamplifier to a 512-
channel analyzer or a single-channel analyzer preset as 
required. 
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Fig. I-Calculated energies of alpha and proton particles 
scattered through 135° as a function of scattering nu
cleus mass. The range shown represents the resolution 
limits of the detecting system 

A current integrator connected to the target mount 
made it possible to compare different targets on the same 
backing material directly. This method of current meas
urement gives relative results because it also responds to 
secondary electron emission from the target; the abso
lute current can be obtained from Faraday-cup measure
ments. 

MEASUREMENT OF GOLD FILMS 

In order to place the scattering results on a quanti
tative basis calibrated gold films were deposited on vari
ous backings. The calibration was carried out by evap
orating radiogold onto a known area of the sample plates 
and measuring the radioactivity of the deposit. A second 
method of standardization after the scattering measure
ments had been taken was by neutron-activation analysis 
of a known area of surface. In- the latter method the 
gold was counted nondestructively on backings of alumi
num, mica and tin plate, but chemical separation was 
needed to analyze the gold deposits on steel. 

Proton scattering. Proton beams suitable fo:r; 'sur
face analysis ranged from 1 to 3 Mev above which energy 
inelastic-scattering effects became marked. Because 
higher-energy beams were advantageous most of the ex
periments were carried out with 2.5 Mev protons. · 
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Fig. 2-Energy spectra obtained for the irradiation of 
gold on aluminum targets with 2.5-Mev alpha and proton 
particles 

Proton-scattering measurements carried out on tar
gets of different thicknesses of gold film on aluminum 
(7) showed that the gold peak in the energy spectrum 
of the protons could be readily resolved from the plateau 
due to the backing. The area under the gold peak (see 
Fig. 2) was directly related to the gold-film thickness as 
is shown in the calibration curve in Fig. 3. Errors 
within one standard deviation are shown dotted in the 
figure from which it can be deduced that the thickness 
of gold in the range 1 to 10 µg/ cm2 can be measured 
with a precision of -+- 0.2 µg/cm 2• However, it should 
be noted that the measured error reflects the overall 
error of both the method of proton scattering and of 
neutron-activation analysis. From a knowledge of the 
errors involved in neutron-activation analysis it may be 
concluded that the errors involved in the scattering 
method alone are considerably smaller. 

The values plotted in Fig. 3 for gold on aluminum 
were not directly applicable to gold' on other backings 
because the apparent current as measured by the current 
integrator included secondary electron emission from the 
target that varied from backing to backing. For routine 
analyses it was more convenient to preset the current 
integrator to sum a suitable total current, usually 40 
microcoulombs, at the completion of which it automati
cally switched off the counting system measuring proton 

2, 3 4 5 6 
GOLD LAVER THICKNESS .J.19fcm2 

10 

Fig. 3--Calibration curve for gold thickness on alumi
num by proton scattering 

counts. For the same reason the ordinates in Fig. 3 
represent proton counts. 

Similar calibration curves were obtained for other 
backings, but the energy spectra for scattered protons 
differed from that in Fig. 2; the front edge of the pla
teau moved to higher energies with increasing mass 
num,ber until the gold peak could no longer be resolved 
from plateaux corresponding to mass numbers greater 
than about 100. 

Alpha scattering. To utilize the advantage offered 
by heavier bombarding particles the same targets were 
irradiated with alpha particles of similar energy for 
comparison. Figure 2 shows the difference between the 
spectra obtained. The most obvious difference is the 
much larger energy range of scattered alphas as com
pared with scattered protons that allows for some relax
ation of the severe stability criteria demanded of the 
electronics of the measuring system. Also noticeable is 
the much lower count obtained from the aluminum back
ing in the case of alpha scattering as compared with 
proton scattering. This emphasizes the higher penetra
tion of protons. An example of the response of the 
measuring system is shown in Fig. 4 for increasing gold 
film thicknesses on aluminum, measured by alpha scatter
ing; this calibration curve is shown in Fig. 5. 

Similar families of curves were obtained for differ
ent backings, and examples with approximately equal 
gold thicknesses are shown in Fig. 6. These examples for 
aluminum, steel, brass and tin plate show similar effects 
to those obtained with protons. In both cases the maxi
mum scattered-particle energy from the backing material 
varied in accordance with the plots in Fig. 1. 

Of practical importance is the observation that 
whereas gold could not be resolved from tin plate with 
protons, the use of alpha particles makes analysis of gold 
films on tin plate possible. The theoretical plot in Fig. 1 
demonstrates that to resolve two peaks in the energy spec
trum of scattered particles, corresponding to two ele
ments with mass numbers M2 and M' 2, should be easier 
with alpha particles than with protons because all bar the 
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Fig. 4-Recorded spectra for increasing thicknesses of 
gold on aluminum using 2.5-Mev alpha particles 

very lightest elements with A<7. Experimental verifi
cation of this fact was obtained by attempting to analyze 
a special target of a thin layer of tin over a thin layer of 
gold on a backing of aluminum. Comparative results for 
2.5·Mev protons and alphas are shown in Fig. 7. 

MEASUREMENT OF OTHER THIN SURFACES 

The above investigation of gold films served to es
tablish the use of semiconductor detectors for surface 
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Fig. 5-Calibration curve for gold thicknesses on alumi-
num by alpha scattering · 
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Fig. 6-Alpha scattering from gold showing the effect of 
increasing mass number of backing material 

analysis of heavy element films on backings of lighter 
elements. The problem that prompted this investigation 
being borne in mind, attention was diverted towards 
lighter elements. Two representative cases may be men
tioned: tin plate and aluminum layers on iron. 

In Fig. 6 the energy spectrum of alpha particles 
scattered from tin plate (tin on iron) shows a broad ~ 
maximum corresponding to the relatively-thick tin coat-· 
ing. Also the energy corresponding to the inflection 
point for iron is observed to be considerably lower than 
for the case of steel in the same figure. This energy 
shift corresponds to an overall loss of energy for an 
alpha particle traversing the tin layer and hence affords 
a method for determining the coating thickness. The 
method is only applicable to coatings thick enough to 
cause an appreciable shift in the energy spectrum of 
scattered particles from the backing material. In the 
example cited the energy shift was about 300 kev cor
responding to approximately 600 µ,g/cm 2• By compari-
son previous work with gold films in the range 1 to 10 
µ,g/ cm2 should result in a maximum shift of a few kev 
which is much lower than the resolution limit of the 
detecting system and wo~ld therefore be undetectable. 

When the mass number of the backing exceeds that 
of the surface element, the energy spectrum of scattered 
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Fig. 7-Comparison of the resolution of gold from tin 
by proton and alpha scattering 

particles would appear as a gently sloping plateau on 
which a peak is superimposed. The energy correspond
ing to the edge of the plateau represents the element of 
the backing while as before the energy at the inflection 
point of the peak is characteristic of the surface element. 
An example is shown in Fig. 8 where a peak due to a 

~. thin layer of aluminum and a broadened distribution due 
~-'.-to a diffused layer of oxygen are shown on the plateau 

corresponding to iron. In this case quantitative meas
urement of film thicknesses by integrating the number 
of counts under the peak is less accurate due to statistical 
errors inherent in the subtraction of large counts. 

Quantitative analysis of surface concentration of the 
light elements by measuring the distribution of scattered 
particle momenta with solid-state detectors is currently 
under investigation. 

GEOLOGICAL SAMPLES 

In previous work (7) it was noticed that while 
measuring gold film thicknesses on mica, the plateau 
from the mica backing showed a series of steps, the in
flection points of which corresponded to the elements 
aluminum, silicon, potassium and iron, each a major 
component of mica. Pursuing the possibility of applying 

10 

100 200 300 
CHANNEL NUMBER 

Ea,..11:2.5McV 
I ., 120 )J coulomb 
9= 135' 

400 

Fig. 8-An example of the spectra obtained from coat
ings of light elements on heavy backings: oxygen and 
aluminum on iron 

the method to qualitative and semiquantitative analysis 
of unknown samples, a series of geological specimens 
was investigated with alpha-particle beams of 2.5 and 3.0 
Mev. Some typical spectra of widely differing ores ob
tained with beam energies of 2.5 Mev are shown in Fig. 9. 

Qualitatively the curves are self-explanatory, but 
semiquantitatively the curves can be used to deduce the 
weight ratio of constituent elements by measuring the 
respective step heights. Owing to difficulties in measur
ing the step height accurately, results have as yet only 
been semiquantitative. For example, quartz can be seen 
to consist of approximately equal weights of silicon and 
oxygen, and fluorite of about equal proportions of cal
cium and fluorine. The calculated ratios for ideal Si02 

and CaF2 are respectively 0.878 and 1.055. It is inter
esting to note that the sample of galena as submitted for 
analysis was considered to be reasonably pure lead sul
phide, but the analysis showed it to contain relatively 
high concentrations of copper/ zinc that frequently are 
found in this mineral. 

The analysis of most geological samples required a 
slight modification of the experimental procedure be
cause, being nonconducting, the current integrator could 
not function. In these cases irradiations were carried 
out for predetermined times and the flux measured inde
pendently in the Faraday cup. For some surface studies 
the variations in beam current would increase the ex
perimental error of the determination. This series of 
investigations for the analysis of major components in 
thick targets constitutes a new line of study which is also 
currently proceeding. 

* * * 

The authors acknowledge with thanks the willing 
cooperation of Messrs. Rene Pretorius and Albert Bot
tega and of the staff of the Southern Universities Nu
clear Institute. Geological samples were kindly loaned 
by the Geology Department, University of Stellenbosch. 
One of us (D.O.P.) thanks the South African AEB for 
permission to include his work in this project. 
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MODERN TRENDS IN ACTIVATION ANALYSIS 
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Fig. 9-Alpha scattering spectra from various geological 
sampks ' 
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QUESTIONS-ANSWERS 

0. U. Anders: At Dow we have carried out 
charged-particle analyses and found that secondary elec
tron losses, etc. from different targets make the current
irttegrator readings nonreproducible within more than 
IOG /0. We nnw use a Faraday hood electrically con
nected to the target with our entrance hole for the pri
mary beam and a second hole for the scattered particles 
to leave in the direction of the detector. Do you also 
find this necessary for your quantitative work? 

Pleisach: We observe that the current measure
ments for gold samples deposited on reproducible back
ings are sufficiently reproducible. Nonconductive tar
gets require that thin samples are used, and the trans
mitted beam is captured in a Faraday cup .. 
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No. 10 

Isotopic Determination of Calcium-48 

by Proton Activation 

MAX PEISACH and RENE PRETORIUS 

Southern Universities Nuclear Institute, Faure, C .P ., Scuth Africa 

Ill> Adivation with 4.75-m.e.v. protons 
of calcium samples containing enriched 
calcium-48 as tracer, leads to the 
formation/ of 44-hour ·scandium-48 
and 4-hour.scandium-43 and 44. The 
ratio of these activities gives a 
measure of the isotopic concentration 
of calcium-48. Other calcium isotopes 
do not interfere. The relative stand
ard deviation over the concentration 

8ige from 0.18 (natural) to 4 atom 
- .Co'6 is 2.7%. 

Radiotracers are being used for 
calcium tracing in vivo, but the 

reluctance of the medical profession to 
use radioactive material on healthy 
subjects prompted the use of stable 
calcium isotopes for tracing purposes. 
However, the utilization of stable iso
topes depended, among other con
siderations,· on the availability of a 
suitabl!l method of analysis. The most 
sensitive method of isotopic analysis is 
by mass spectrometry. Nuclear 
methods of analysis, though not as 
sensitive, can serve a useful purpose in 
this field. 

Natural calcium consists of six 
stable isotopes, of which calcium-40 
makes up almost 97% of the natural 
element. Accordingly any one of the 
five heavier isotopes could serve es a 
tracer in biological studies. In this 
paper the determination of the isotopic 

concentration of cakium-48 used as a 
tracer is described. 

Nuclear methods have been developed 
for determining calcium-48 by neutron 
acti\•ation either through measuring 
the high energy gamma-rays emitted 
by calcium-49 (2), or by allowing the 
calcium-49 to decay and measuring the 
daughter scandium-49 after chemical 
separation (5). These methods, though 
useful for calcium-48 analysis, have the 
disadvahtage that the total calcium 
content hes to be determined separately. 
It would therefore be advantageous to 
devise a direct method which would 
lead to the isotopic ratio of tracer to 
total calcium directly. 

In order to. obtain reasonable yields 
from the proton activation of calcium, 
it would be advisable to irradiate at 
energies somewhat above the· coulomb 
barrier, 4.1' m.e.v. At such energies 
(p,n) reactions are most likely to occur. 
Table I lists the Q-values of (p,n) re
actions on calcium isotopes and some · 
nuclear characteristics of the products 
obtained. 

From Table I it follows that a (p,n) 
reaction is impossible with calciwri-40 
or calcium-42 for incident proton 
energies between 4 and 5 m.e. v. If it 
is assumed that the (p,n) reaction cross 
sections for the remaining four isotopes 
are comparable, the main activities 
that can be expected in a proton ir
radiated calcium target are the 

-- Table I. Nuclear Properties of Target Nuclides 

Tar~et 
nuclide 
Ca" 
Ca" 

Ca" 
Ca" 

Ca" 

Ca" 
0" 
017 
0" 
F" 
Ta"'' 
Ta1s1 

Natural 
abundance 

(%) 

96.97 
0.64 

0.145 
2.06 

0.0033 

0.18 
99.759 
0.037 
0.204 

100 
0.0123 

99.988 

Q-value (1) 
(p,n) (m.e.v.) 
-14.680 
-6.700 

-3.00.3 
-4.4.31 

-2.165 

-0.515 

-3.544 
-2.450 
-4.031 
-0.083 (S) 

+0.242 (S) 

Product 

Nuclide Half-life 
Sc'° 0.18 sec. 
scum 62 sec. 

Sc" 3.9 hr. 
Sc""' 2.4 d 
Sc" 4.0hr. 
Sc""'· 20 sec. 
Sc" 84 d 
Sc" 44 hr. 
F'6 10-10 sec. 
F 17 66 sec. 
F 18 UOm. 
Ne" 18 sec. 
W"""' 5 msec. 
W 180 stable 
W"'"' 14 µsec. 
W"' 130d 

Main• decsy 
gamma-rays 

(m.e.v.) 
(p+) 3.75 
(p+) 1.52, 1. 23 

0.44 
(p+) 0.37 
0.271 . 
(p+) 1.16 

1.12, 0.89 
1.31, 1.04, 0. 99 

0.15, 0.14 

• (p+) refers to positron decsy and hence the appearance of 0.51 m.e.v. gamma-rays. 

scandium isotopes 43, 44, and 48. The 
yield of scandium-46 is expected to be 
very small because of the low natural 
abundance of calcium-46 (0.0033%) 
and the relatively short half-life of 
scandium-46m and relatively long one 
of scandium-46. 

The activity, A, produced in w gram 
of a target element irradiated for a time 
t in a constant flux of q, particles per 
cm. 2-second by a reaction with cross 
section iris given by 

:! = Nuq,a (l _ e-~') (1) 
w M 

where N is the Avogadro number, 
6.025 X 1023, M the atomic weight of 
the target element, a the fractional 
abundance of the target nuclide pro
ducing the required activity, and>. the 
decay constant of the radioactive prod
uct. Proton activation of calcium 
samples containing enriched calcium-48 
would produce readily distinguishable 
scandium-48 activity and some other 
identifiable scandium isotope whose 
activity could be used as a measure of 
natural calcium within the target. 
The ratio of these activities, R, would 
be given by 

R = Ai _. ir1a1 (1 - e-A,t) (2) 
A. 2:U.a. (1 - e-A.1) 

where the subscripts l and n refer, 
respectively, to the scandium isotopes 
obtained from the label, calcium-48, and 
the natural calcium isotopes. In 
Equation 2 it is assumed that the en
richment of calcium-48 is not large 
enough to change the value of M ap
preciably. 

Because a. is constant and the cross 
sections are determined by the energy 
of the irradiation beam, then, for a fixed 
irradiation duration, it is clear that the 
isotopic concentration of calcium-48 
would be proportional to the activity 
ratio,R 

R = ka, (3) 

Charged particle irradiation is limited 
to thin deposits because of the very 
short range of charged particles in 
matter. At the same time, the entire 
energy of the beam is deposited within a 
very short distance in the target, thus 
resulting in large temperature rises. 
Indeed, the thermal properties of a 
material frequently determine whether 

Reprinted fi-om ANALYTICAL CHEMISTRY, Vol. 38, Poge 956, July 1966 
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Figure 1. Rototing somple holder 
cooled by circulating water 

A. Motor and gear box 
B. Nylon bearings 
C. Wate< Inlet 
D. Water chamben 
E. Vacuum seal 
F. Base plate 
G. Rotating cooled target holder 
H. Cooling water stream guide 
I. Target clamps 
J. Target 
K. 1 2 flats for mounting target 
L Water and vacuum seals 
M. T argot holder support 
N, Water outlet 

irradiation with charged particles is 
practical or not. 

For the analysis of calcium by proton 
iJTadiation, few forms of the target 
material are suitable. The more com
mon calcium compounds usually 
preeipitated in analyses, such as the 
carbonate and oxalate, decompose on 
heating. Possible interference from 
the nuclear reactions of other elements 
also make it desirable that only simple 
compounds such as the oxide and 
fluoride which melt at 2580° and 
1360° C., respeetively, be considered. . 

Proton activation of oxygen will re
~ult in the formation of 66-second 
fluorine-Ii and llO-minute fluorine-IS 
hy (p,n) reactions on the stable isotopes 
of o:\·ygen, while flumine will only 
form 18-~cond neon-19. Campa.ring 
the properties of these radio-nuciides 
with the (p,n) products of calcium in 

10' 

s 10" 

! .. 
I!! 
~ 10J 

~ 
% 
u .. 

10
2 

I!! 

~ 
10' 

10° 

A h 0.2J t'voilrs 

e 1~ s.60 h::>i.n 
c ta 46.37 hcMs 
0 h 147.lll holn 

M ~ ~ W M . 
GAMMA RAV ENERGVfM1V} -

Figure 2. Gamma spectra from proton irradiated natural calcium fluoride W' 

Table I it is clear that fluoride would be 
preferable to oxide. 

The backing material for the target 
should be inert to activation and capable 
of Withstanding relatively high tempera
tures. Tantalum meets these require
ment.a, because the only activity that 
could be measured with the sample is 
tungsten-181 (see '.fable I). However, 
even this nuclide is not expected to be 
present in any appreciable concentra
tion, because the coulomb barrier for 
protons is about 10.5 m.e.v. 

EXPERIMENT AL 

Preparation of Samples and Stand
ards. Calcium, separated from bio
logical material as oxalate or car
bonate, was redissolved and converted 
to calcium fluoride by evaporation 
with HF in a platinum crucible. The 
calcium fluoride was transferred to a 
tungsten boat and distilled in vacuum 
onto tantalum discs over an area 
compatible with the cro8s sectional 
area of the irradiation beam. 

Standards were similarly prepared 
from calcium carbonate enriched to 
97.98% in calcium-48, obtained from 
the Oak Ridge National Laboratory, 
U.S.A., which was diluted with natural 
calcium to the required isotopic con
centration. 

Irradiation and Measurement. 
Sample discs were mounted on a 
rotating holder cooled by circulating 
coolant (see Figure 1) inside a vacuum 
chamber which fitted onto the beam 
tube of the 5.5 m.e.v. Van de Graaff 
accelerator · at the Southern Uni
versities Nuclear Institute. The ir
radiation beam was defocussed until 
its cross section exceeded that of the 
calcium fluoride deposit. Targets were 
irradiated U!} to 2 hours with 4.i5 m.e.v. 

protons in a beam current of about 2 
µa. 

After irradiation, samples were an
alysed either by gamma-ray spectrom
etry or by gross gamma-ray counting 
with a 3- X 3-inch N al (Tl) scintillation 
detector. Counting usually started 
about 15 minutes after irradiation, 
thereby allowing sufficient time for 
very short-lived activities to decay, 
and continued periodically until suffi
cient data had been accumulated to 
a.How the major components to be 
separately determined. 

RESULTS AND DISCUSSION 

Gamma-Ray Spectrometry. Gam
ma-ray spectra recorded during the de
cay of an irradiated sample of natural 
calcium fluoride are shown in Figure 
2. Immediately after irradiation, the 
presence of scandium-44 was proved 
by the pronounced peak from positron 
annihilation radiation of 0.51 m.e.v. an~ 
the photopeak from the 1.16 m.e.' 
gamma,.ray, the apparent photopeak a 
1.67 m.e.v. is a sum peak (Sum peak 1 in 
Figure 2). . 

After 8.6 hours the presence of the 
longer-lived scandium-48 could already 
be distinguished by the a,ppearance of 
photopeaks from gamma,.rays of 0.99 
and 1.04 m.e.v. (unresolved) and 1.31 
m.e.v. Sum peak 1 was still evident, 
and similar but smaller sum peaks (2 and 
3) could be distinguished at about 2 
and 2.3 in.e. v. 

After about 46 hours the characteris
tics of scandium-44 had almost dis
appeared. The shape of the spectrum 
thereafter remained virtually unaltered, 
but for the disappearance of sum 
peaks as a result of the decree.~ count 
rate. The identity of each radionuclide 
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wa.~ confirmed by the ra.te of deca.y of 
the respective gamma-ra.ys. 

At lower proton energies sce.ndium-43 
was ~hown to be the only positron emit
ter formed (4), but under the conditions 
of the irra.die.tion described above, 
sce.ndium-43 was not observed for the 
following reasons: the ca.Jcium isotope 
from which it would be produced has 
an abundance of 0.145% which is low 
compared to that of ca.Jcium-44, 2.06%. 
Appa.rently the cross 11ection of the 
reaction Ce."{p,n)Sc" is too small to 
compensate for the lower concentration; 
it emits only a. 0.37-m.e.v. gamma-ray 
for about 21 % of its disintegrations, so 
that the intensity of this gamma-ray 
would be too small to be distinguished 
from the · high Compton continuum 
caused by higher energy gamma-rays 
emitted by other nuclides; it has a 
he.If-life so close to that of sca.ndium-44 
that its positron annihilation ra.die.tion 

~nnot be resolved from that of 
w,andium-44 by decay measurements 

a.lone. . 
Because of the a.hove last-mentioned 

reason, it was convenient to consider 
the mixture of scandium-43 and sce.n
dium-44 as a. single ra.dioactive species. 
The he.If-life was found to be 4 hours 
whether measured by the deca.y of the 
positron annihilation ra.dia.tion or the 
decay of the 1.16 m.e. v. ge.mma-ra.y. 

The Effect of Irradiation Duration. 
The intensity of the 4-hour activity 
was ta.ken as e. measure of the tote.I 
ne.tur~J ca.lcium content of the sample. 
The time-dependent factor (1 - e-A~)/ 
(1 - e-A.1) in Equation 2 could then be 
considered as relating to two ra.dio
nuclides. The variation of this time
dependent factor with the irra.dia.tion 
duration is shown in Figure 3 from which 
it can be seen that the yield of scandium-
48 relative to that of the 4-hour activity 
(sce.ndium-43 and sce.ndium-44) would 
change slowly with time. An irra.diar
tion of 20 hours would approximately 
double the activity ra.tio obta.ined after 
2 hours, but despite the increase in 

fl
sitivity this would offer, th_e increased 

a.die.tion cost would not be warranted. 
Accuracy and Precision. The ac

tivity ratio of sce.ndium-48 to the 4-
hou; activity at the end of the irra.die.-

I 
Figure 3. The variation of the time
dependent factor 
(J - e-A,t) . . . . . 
(1 _ e-A,t) with 1rrad1ahon time 

X. and X, refer respectively to the 4 
and 44-hour activities 

tion changes linearly with calcium-48 
content, so that one ste.nde.rd·se.mple 
and a. sample of nature.I composition 
are sufficient to fix the calibration 
line, provided targets of apprmdme.tely 
the same thickness are irra.diated for a 
fixed duration. If the variation in 
thickness is such as to cause an ap
preciable variation of the proton energy 
within the target from sample to sample, 
the change in cross section of the (p,n) 
reaction at the lower proton energies 
would affect the activity ratios dif
ferently, thereby giving erroneous re
sults. A variation in the length of 
irra.diation would result in e. change in 
the activity ratio from sample to 
sample as well, but this could be cor
rected for by using the appropriate 
values from Figure 3. 

Table II shows e. typical set of results 
from an irra.diation of 2 hours at a 
proton energy of 4.75 m.e.v. The 
relative standard deviation was 2.7% 
while the mean value of the activity 
ratio· in this case was 0.252 per atom % 
ca.lcium-48. The relative standard de
viation is a measure of the precision of 
the method, but ·the absolute value of 
the activity ratio changes with the length 
of irra.diation and may further vary if 
the irradiation flux undergoes appreci
able change during irra.die.tion. 

The precision was thus sufficient to 
measure e. 10% increase over the nature.I 
c:1lcium-48 isotopic concentration. The 
mean error, -0.004 atom %, was suf-

Table II. A Typical Set af Results 
(I) 

Known Ca" Activity Activity ratio 
con en. ratio per unit 

(atom%} (XlOO} atom% 
0.185 4.75 0.257 
0.192 4.83 0.252 
0.375 9.32 0.249 
0.825 21.57 0.262 
1.040 26.38 0.254 
·L370 33.15 0.242 

Mean activity ratio 0.252 ::l:: 0.007~per unit atom % 
Relative standard deviation ±2.7% 
Mean error -0.004 atom % 
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(II} 
Mea.~ured Observed 
ca~8 concn. difference 
(atom%} (II} - (I) 

0.188 +o.ooa 
0.191 -0.001 
0.369 -0.006 
0.854 +0.029 
1.045 +0.005 
1.313 -0.057 

ficientiy close to zero to indicate no bias. 
The me.in source of error affecting the 
accuracy of a determination would be 
contamination from other calcium salts, 
which would not be immediately 
obvious during activity measurements, 
and it would thus require stringent 
precautions to be taken to prevent 
such contamination. 

Contamination from other sources 
would have very little effect. If any con
tamination occurs before the evapora
tion of the calcium fluoride, the con
taminant is unlikely to follow calcium 
through the chemical stages. Should 
the contamination occur after the target 
is prepared, it would still be possible to 
discriminate age.inst it by he.If-life and 
energy measurements. It should be 
noted that the elements likely to be 
activated by proton irradiation at 4. 7 5 
m.e.v. would be those lighter than 
calcium, and the activities they would 
produce would not interfere in the 
analyses. The coulomb barrier for 
elements heavier than calcium would 
tend to decrease the activation cross 
sections thus still further discriminating 
age.inst the contaminant. 

Advantages and Limitations. The 
method offers e. simple procedure for 
determining isotopic concentrations of 
ce.lcium-48, and, in the sense that 
the analyzed sample is still available 
after analysis, is nondestructive. The 
procedure, being 1:-a.,ed on the de
termination of activity ratios, does 
not require yields, weights of targets, 
or irra.die.tion fluxes to be known. If 
samples are irradiated successively or 
singly, it is necessary that the irra.diation 
flux remains constant for e.11 the samples. 
However, when the samples and 
standards are irra.die.ted together, as is 
possible by the use of the rotating target 
holder shown in Figure 1, flux variations 
would only result in a calibration line 
with e. different slope. It is essential, 
that the standard and sample should 
be counted under identical conditions 
and that the irradiation duration be 
known. 

The method is applicable to samples 
of nature.I isotopic concentration of 
ce.Jcium-48 (0.18%) and samples en
riched with calcium-48. When the iso
topic concentration of calcium-48 is 
about 4%, the count-rates of the 
scandium-48 and the 4-hour activities 
are about equal. At higher enrichments 
the yield of scandium-48 becomes so 
great that the error involved in measur
ing the shorter-lived activity lowers the 
precision of the method. Accordingly 
the method is best suited for low isotopic 
concentrations of calcium-48. It would 
thus be a.dvisable to dilute very highly 
concentrated samples with e. known 
amount of nature.I ca.lcium. 

The method is not suitable for micro
amounts of calcium. Approximately e. 
milligram of calcium fluoride is the Jee.st 
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needed to prepare the target. However, 
this amount is readily obtainable from 
most biological · systems where the 
method would find ready application. 
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Analysis of Surfaces by Scattering 

of Accelerated Alpha Particles 

MAX PEISACH and DARRELL 0. POOLE1 

Southern University Nuclear Institute, Faure, C. P ., South Africa 

~ Elastic scattering of monoenergetic 
alpha particles has been used for 
qualitative and quantitative analysis 
of surface layers nondestructively. 
Energy spectra were obtained with 
surface barrier semiconductor detec
tors. Surface concentrations of films 
were measured between 0 and 40 

' µg./cm. 2 with a precision of ±0.2 
µg./cm.2 over an area of 0.5 mm. 2 

The method was also applied to thick 
coatings and to geological samples. 
A nomogram is presented for selecting 
experimental conditions and for the 
rapid interpretation of experimental 
data. 

ELAi:i'i'lC scattering of accelerated 
particles has been used for the 

analysis of surface layers. Rubin (S) 
described a suitable method for the 
analysis of aerosol on aluminum and the 
determination of calcium concentrations 
on glass surfaces using proton scattering. 
Robertshaw and coworkers determined 
~ulphur deposits on niobium, also with 
accelerated protons (2), and organic 
materials on surfaces with accelerated 
deuterons (4). Sippel (.9) utilized the 
penetration of accelerated light particles 
to determine the concentration of a dif
fused metal at a depth from the surface. 

In all the above-mentioned work a 
magnetic spectrometer was m;ed to 

determine the energy spectrum of the 
scattered particles. Although this ap
paratus has good resolving power, its 
main disadvantages are its high cost 
and bulk. With the development of 
semiconductors, small cheap detectors 
have been made for measuring the 
imergy of charged particles (3). Peisach 
and Poole (6) used these solid state 
detectors and showed that despite the 
lower resolution obtainable, surface 
layers of gold could be measured by 
proton scattering. 

The Rutherford differential scattering 
cross section, P, per unit solid angle at a 
mean scattering angle </>, for non
relativistic bombarding particles is given 
by 

p 

where Z1 

e 
E 

(Z1Z2e2) 2 

per atom 
16E2 sin4 P. 

2 
(1) 

the atomic number of the 
bombarding particle 
the atomic number of the 
target nucleus 
the electronic charge 
the energy of the bom
barding particle 

Equation 1 shows that the number of 
alpha particles scattered from a mono
atomic surface layer through a particular 
angle would be four times that of 

protons scattered through an equal 
angle, provided the bombarding beams 
had equal energy and intensity. It 
follows that methods for analyzing 
very thin targets or surface layers by 
particle scattering could be more sensi
tive with alpha particles than with 
protons or deuterons. The rate of 
energy loss of alpha particles, and hence 
the stopping cross section for alpha 
particles in matter, is greater than for 
protons or deuterons, so that if informa
tion is sought at some depth below the 
surface, the lighter particles would be 
advantageous. 

The energy E' of a particle scattered 
through an angle 8 in center-of-mass co
ordinates, is given by 

E' 
-- = 1 - 2(1 
E 

Jf1M2 
- cm; 0) (M1 + M2)2 

(2) 

where M, and Jl12 are, respectively, the 
masses of the bombarding particle and 
target nucleus. The value of 8 may be 
obtained from 81,, the angle in laboratory 
coordinates, by 

. (jvf1 . ) 
O = OL + arc Sill M.

2 
Sill OL (3) 

1 8outh African Atomic Energy Board, 
Isotope Unit. 
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Figure 1. Nomogram for the calculation of data from charged particle scattering and for selection of experimental conditions 

but for most practical purposes, an<l 
especially when M1 << M 2, the error in
curred in assuming the center-of-masH 
and laboratory angles to be equal, i~ 
small. 

From Equation 2 it follows that the 
relative energy lo:ss, (E - E')/E = 

t:iE/E, for an alpha particle would be 

(M~2 + 1)2 
• 4 M 

2 
+ 

4 
times that of a proton under 

similar mea:;uring conditiom;. Fur 
analytical purposes, therefore, the use of 
alpha particles in preference to protons 
is again indicated, this time because 
better resolution between different 
target masses results. 

When a monoenergetic beam of alpha 
particles is scattered by a target con
sisting of a monolayer of isotopic nuclei, 
the energy spectrum of the scattering 
J >articles at a fixed scattering angle is 
expected to consist of a single line. 
However, due to the nonideal behaviour 
of the measuring apparatus, the line 
,.;hould appear as a narrow, normal dis
tribution, the width of which is deter
mined b~' the l'el'iOlution of the tiystem. 
.\!so, as most. elenwnts are a mixture of 
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The lines drown refer to Example l in the text 

i,;otupe:s, the pre:;ence of target nudei 
with different masses would further 
distort the ideal Rpectrum, each mass 
appearing a:; a normal distribution about 
an energy given by Equation 2 and the 
spectrum being the sum of all the 
normal distributionR. As the target 
thickness increases, each isobar at each 
subsequent layer will generate a 8imilar 
normal distribution, but at a lower 
energy, the energies of the incident and 
scattered particle being degraded by 
traversing the target material. The 
number of particles scattered from each 
isobar at a particular layer will be de
termined by the flux pertaining to that 
layer and the relative concentration of 
the isobar in question, but the height of 
the component distribution will depend 
on the number of these scattered particles 
that reach the detector. As before, the 
shape of the spectrum will be the sum 
of all the component distributions. 
The number of particles scattered 
from a particular isobar and counted 
over an energy interval determined by 
thP re:-;olution of the detecting Hy>'tem is 
given by Equation 3 in Reference (8). 

When trying to differentiate between 
targets of different mass numbers M, 
and J1f,,, it is desirable to have a wide a~ ,r 
possible energy difference between their 
l'o1Tet:1ponding values of E' to overcome 
the inherent re:,;olution limitation of the 
measuring ,;ystem. It follows from 
Equation 2 that the u:;e of high energy 
heavy particle beams would be ad
vantageou:-;, especially if the scattered 
particle is measured at a large backward 
,;cattering angle. However, because the 
method is based entirelv on elastic 
scattering, an upper limit is imposed. 
The energy of the bombarding particle 
should not reach the level where in
elastic :scattering becomes significant. 

SELECTION OF EXPERIMENT AL CONDITIONS 

When two target elements having 
masses JI2 and Jf,, are considered in a 
sample to be analyzed, the parameters 
that determine the experimental con
ditions are fJ and E, which in turn have 
to be choi;en to obtain a :iuitable value 
for t:iE in relation to the resolution of the 
dPtcctinµ: syt>tem. The ,.;election of 
experimental eondihon,; would require 
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repeatedly solving Equation 2, for which 
the nomogram given in Figure l has 
been constructed. 

The lines in the nomogram are 
labelled 0, E, B, !:lE/E, and A where B, 
the difference in energy between the 
scattered particles from two target 
nuclei 1112 and Mz' as derived from 
Equation 2, is 

B = I (!:lE)M, - (t:;.E)u,' I 
and A is the mass factor given h:v 

A= M1M2 
(Mi+ M2) 2 

(4) 

(.5) 

Extra scales have been included for 
converting the mass of a target, 1112, to 
the mass factor A for 1111 values of 1, 2, 
3, and 4 corresponding to irradiation 
with protons, deuterons, tritons or 
helium-3 ions, and alpha particles. The 
following two examples, which refer to 
samples analyzed experimentally, show 
how the nomogram may be used. 

Example I. Thin sandwiches of tin 
on gold on aluminum plates are to be 
measured by alpha particle scattering. 
The resolution of the detecting system 
being about 50 k.e.v., it is desirable to 
have B > 100 k.e.v. In this case Mi = 

4, Af2 = 197 for gold, and Jlll2' = 119, 
the integer nearest the atomic weight of 
tin. To obtain a suitable irradiation 
energy E, the procedme is as follows. 
Arbitrarily choosing a value 0 = 135° 
as convenient for measurement, values 
of !:lE/E are read off the nomogram 
for each of the two elements. The 
difference between them is now plotted 
on the same !:lE / E scale and the energy 
of the irradiation beam is obtained by 
joining this point to the value 100 k.e.v. 
on the B scale and reading off the inter
cept on the E scale. As indicated in 
Figure 1, the value of Eis 2.5 m.e.v. 

'• Example 2. A geological sample 
~ irradiated with 2.5-m.e.v. alpha par
. tides and measmed at 0 L = 135° gave 

steps in the energy spectrum cor
responding to !:lE values of 154, 497, 
and 920 k.e.v., respectively. To identify 
the elements associated with these steps, 
each value is considered as representing 
a M z' and, in turn, compared with 
an hypothetically infinite M2 for whieh 
!:lE = 0-i.e., Band !:lE are considered 
equal. By aligning the B value with 
E = 2.5 m.e.v. to obtain !:lB/E, a 
second line may be drawn joining this 
value of !:lE/E with 0 = 135° to give a 
value of A. Jt, is assumed that (h, = 0. 
The value of the mass factor, n•ad in as
;;ociation with the alpha scale, identifies 
the mass numbers of the target element 
as 204, 64.5, and 32 Jwing, respectively, 
Pb, Cu or Zn, and S. 

EXPERIMENTAL 

Apparatus. The scattering chamber 
consisted of an evacuated hemispher
ical bowl, 35 cm. in diameter, with an 
attached beam port which fitted onto 

1.0 ..-----~----r----.----

0.9 

0.8 

E' E'o.1 

0.6 

0.5 
F 

0 

0.4 -~--~--------~---~ 
0 50 100 150 -200 

MASS NUMBER OF SCATTERER 

Figure 2. Effect of the mass number of the scatterer 
on the energy of the scattered particle 

(} = 135°. Error flags indicate resolution limits for an incident 
beam of 2.5 m.e.v. 

a beam tube of the 5.5-m.e. v. Van de 
Graaff accelerator at the Southern 
Universities Nuclear Institute. The 
beam port held the first of two 
collimators used to define the beam 
diameter and direction. A Recond 
collimator was positioned at the end 
of the beam port near the bowl of the 
chamber, about 25 cm. from the first. 
Diametrically opposite the beam port, 
protruding from the bowl, was a Fara
day cup used to measure the beam 
current. 

The target was mounted on an in
sulated center arm to which a current 
integrator (1) was attached for directly 
measuring the net current falling on 
the target. By allowing the irradia
tion beam to by-pass the targets, com
parison of the cunents falling on the 
target and that passing to the ·Faraday 
cup could be made. Discrepancies 
between these readings were attributed 
to charge loss from the target by 
secondary particle emission. 

The construction and mounting of 
the detector has been described (7). 
The underside of the lid plate of the 
,.;cattering chamber carried the target 
arm and- detector assembly. All rela
tive positions of the target, detector, 
and beam could be adjusted independ
ently without breaking the chamber 
vacuum. The geometrical arrangement 
within the scattering chaniber made it 
possible to measure scattered particles 
at all angles up to 140°. 

Pulses frorri the solid state detectors 
were recorded by a multichannel an
alyzer or by a scaler coupled t.o. a$tngle 
channel analyzer set to pass pulses 

in a predetermined energy range. 
Irradiation and Measurement. The 

area of the beam determined the area 
of the surface analyzed. It was thus 
necessary to collimate the beam spot 
to as small an area as could be ob
tained without losing too much on 
the count rate. By using a beam 
spot of 0.5 mm. 2 a reasonable count 
rate could be obtained; even thin de
posits required not more than 40 minutes 
of irradiation. 

A beam current between 1 and 10 na. 
was used to measure very thin deposits 
over the range 0 to 10 µg./ cm. 2 Larger 
currents cause a sharp temperature rise 
at the point of irradiation, resulting in 
local vaporization from the surface with 
correspondingly low results. When the 
target had -good thermal conductivity or 
refractory surfaces, currents as high as 
0.5 µa. could be used without burn
through. 

At 2.5 m.e.v. the alpha beam as 
obtained from the accelerator had an 
energy spread of about 1 k.e.v., while 
the value of B for alpha particles 
scattered from heavv elements such as 
gold or lead and light elements such 
as aluminium was between 500 and 800 
k.e.v. at scattering angles between 90° 
and 135 °. Jf higher energies wei'e 
used, the scattering cross sections 
would fall according to Equation 1 and 
at lower energies the value of B de
creases according to Equation 2. 

The resolution of detectors as checked 
with an americium-241 source ·gave the 
full width of the peak at half maximum 
Jromc.30 to 50 k.e.v. for the 5.48-m.e.v. 
alpha particles. 
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Figure 3. Resolution test 

Energy spectrum of alpha particles scattered from aluminum coated with 
o layer of tin over a layer of gold. Ea = 2.5 m.e.v. 

RESULTS AND DISCUSSION 

Verification of Formulae. The 
validity of Equations 1 and 2 for the 
elastic scattering of alpha particles 
was checked by varying the incident 
beam energy from 1.5 to 4.0 m.e.v. 
and by changing the scattering ele
ment and measuring angle at a con
stant energy of 2.5 m.e.v. Using a 
target of a thin film of gold on 
aluminum, the product of the area under 
the gold peak in the observed energy 
spectra and the square of the energy of 
the incident beam remained constant, 
per unit current, within experimental 
limits, as expected from Equation 1. 
With the same target, the energy dif-
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ference between the alpha particles 
scattered from aluminum and gold
i.e., B (Al-Au)-varied as (1 - cos 8) 
in accordance with Equation 2. 

Resolution. The effect of using 
different elements as targets is shown 
in Figure 2 where experimentally de
termined values of E'/E are shown 
plotted against the corresponding 
atomic weights of the target and com
pared with the theoretical curve, also 
drawn. The range shown for each 
experimental point indicates the res
olution limit of the detector system at 
2.5 m.e.v. It was observed from Figure 
2 that an element with mass number of 
120 should readily be resolvable from 
gold. Accordingly a target was pre-

100 200 300 

CHANNEL NUMBER 

400 

Figure 5. Alpha particle energy spectrum obtained from a target of light ele
ments, aluminum and oxygen, on a heavier element, iron 

Ea = 2,5 m.e.v.; Br, = 135<> 
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pared by evaporating a thin deposit of 
about 1 µg./cm. 2 gold onto aluminum 
and covering it with an approximately 
equally thin layer of tin. The energy 
spectrum of the scattered alpha parti
cles, Figure 3, showed that the overlap 
between the two peaks corresponding 
to tin and gold, respectively, was 
negligibly small, thus verifying the con
clusion drawn from Figure 2. 

Measurement of Gold Film Thick
nesses. Gold films of varying thick
nesses were evaporated onto alumi
num, stainless-steel, and tin plates 
and onto mica, and were analyzed by 
monoenergetic alpha particle scatter
ing to determine their thicknesses. 
The results were compared with 
results obtained from neutron ac
tivation analyses of the same samples, 
Figure 4, and showed that in the range 
l to 10 µg./cm. 2 the two methods dif
fered by less than ±0.2 µg./cm. 2 The 
thickness errors shown in Figure 4 re-
f er to estimated errors associated with 
the neutron activation analysis, while 
those in the alpha counts to current .. 
measurements and statistical errors in 
counting. 

The emission of secondary electrons 
from the bombarded target makes 
direct current integration open to error, 
unless the entire scattering chamber is 
used as a Faraday cage. For the same 
reason, data obtained from measure
ments of the surfaces of aluminum can
not be used directly for those of stain
less steel. Correction for this type of 
error can be determined, but for routine 
use it is simpler to calibrate different 
metals separately. Curves similar to 
that shown in Figure 4 were obtained in 
each case, with about the same relative 
error. 

The measurement of gold films was 
further checked by using radioactive 
gold to prepare samples standardized by 
counting. This intercalibration yielded 
results in complete agreement with the 
above, and was extended to film thick
nesses up to 40 µg./cm. 2 
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Measurement of Light Element 
Coatings. When the mass number of 
the surface element is less than that 
of the backing material, the low 
energy alpha particles scattered from 
within the sample contribute to the 
counts obtained from the surface 
elements. The energy spectrum then 
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500 

Ea = 2.5 m.e.v. 

shows the peak positioned over the 
plateau as shown in Figure 5, where the 
peak due to a thin layer of aluminum 
and a broadened distribution due to a 
diffused layer of oxygen are shown on 
the plateau corresponding to iron. The 
quantitative measurement of the 
aluminum film thickness, made by 
integrating the number of counts under 
the peak, was less precise due to the 
large statistical errors inherent in the 
subtraction of nearly equal counts. 

The precision for measuring light 
elements can be improved by de
creasing the incident energy of the 
bombarding alpha particles, thus de
creasing the penetration, hut the gain is 
counteracted by the accompanying loss 
in resolution. Alternatively, an in
direct method can be 1rned for relatively 
thick films (coatings). The decrease in 
the maximum energy of the alpha 
particle scattered by the backing 
material-i.e., the shift in the position 
of the plateau step-is determined by 
the energy lof's of the alpha particle 
passing through the surface layer before 
and after scatter, and thus gives a meas
ure of the coating thicknes~. An 
example of the anal}rsis of an anodized 
aluminum sample by t.hif' met.hod is 
shown in Figure 6. 

Measurement of Thick Surface 
Coatings. The indirect method de
scribed above for light elements can 
similarly be used for heavy met.al 

VOL. 38, NO. 10, SEPTEMBER 1966 • 1349 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

coatings. Samples of tin-plated iron 
were analyzed to determine the thick
ness of the tin cover. In Figure 7 the 
spectrum from a typical sample is 
compared with that of polished iron. 
The shift in the position of the iron edge 
is clearly indicated, but in the example 
shown the tin coating was so thick, 
about 0.55 mg./cm. 2, that the alpha 
particles scattered from the iron showed 
an appreciable energy spread due to 
straggling. The inflexion point cor
responding to the iron in the energy 
i'\pectrum was then used as the reference 
point. 

Because the sharpness of the plateau 
step in the energy spectrum deteriorates 
with increasing coating thicknesses, the 
error inherent in defining the position 
of the inflexion point increases, but the 
relative error in ascertaining the coating 
thickness remains about ±23. 

Measurement of Geological Sam
ples. Homogeneous samples infinitely 
thick with respect to the alpha par
ticle range can be analyzed for their 
major components by alpha particle 
scattering. Each component is identi-

1350 • ANALYTICAL CHENISTRY 

fied by a step in the energy spectrum, 
as shown in the examples in Figure 8. 
The posit.ion of the step determines the 
element and its concentration is 
obtained from the height. 

A variety of geological samples were 
analyzed and some spectra are shown in 
Figure 8. The results are comparable 
with those obtained when large sources 
of alpha-emitting radioisotopes were 
used (5). The sample of galena was sub
mitted as a pure lead ore, but the 
analysis showed it to contain copper 
and/or zinc (these elements are irresolv
able by the method used) in relatively 
high concentrations, a common oc
currence in this mineral. 

ACKNOWLEDGMENT 

The authors acknowledge the willing 
assistance of Rene Pretorius and Albert 
Bottega. Hermann Rohm is thanked 
for his analysis of the anodized 
aluminium targets. Geological samples 
were kindly loaned by the Geology 
Department, Univen,ity of Stellenbosch. 

PtHNTED IN u. ~. A. 

LITERATURE CITED 

(1) Blignaut, E., Kritziuger, J. J., Nncl. 
Inst. Methods 36, 176 (1965). 

(2) Buechner, W. W., Robertshaw, J. K, 
Trans. Am. Nncl. Soc. 5, 197 (1962). 

(:3) Dearnaley, G., Whitehead, A. _B., 
At. Energ. Res. Estab. (Gt. Brit.) 
Rept. R 3437 (1960). 

(4) Green, F. L., Cooper, M. D., Robert
shaw, J, E., Trans. Am. Nnc/.. Soc. 5, 
197 (1962). 

(5) Patterson, J. H., Turkevich, A. L., 
Franzgrote, E., J. Geophys. Res. 70, 
1:311 (1965). 

(6) Peisach, M., Poole, D. 0., J.S. 
African Chem. In1t. 18, 61 (1965). 

(7) Peisach, M., Poole, D. 0., Proc. 
1965 Intern. Conf. Modern Trends in 
Activation Analysis, College Station, 
Texas, ICAA-II/37, in press. . 

(8) Rubin, S., Passell, T. 0., Bailey, 
L. E., ANAL. CHEM. 29, 736 (1957). 

(9) Sippel, H. F., Phys. Rev. l15, 1441 
(1959). 

RECEIVED :March 21, l\J66. Accepted 
Mav 20 HJ66. One of us, (D.O.P.) ~ 
t.hanks the South African Atomic Energy 
Board for permission to include his work 
in this publication. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

/\lo. I).. 

The Determination of Carbon, Nitrogen.. and Oxygen and their Stable 
Isotopic Tracers in Gases by Neutron· Time-of-flight Spectroscopy 

By MAx PEISACH 

(Southern Universities Nuclear Institute, Fau,e, C.P., South Af,ica) 

\ 

Reprinted from CHEMICAL COMMUNICATIONS, 1966, 

THE CHEMICAL SOCIETY 
BURLINGTON HOUSE, LONDON, W.l 

\ 
\ 
\ 

I I 
I 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

1 
) 
i 

PERGAMON PRESS 
OXFORD NEW YORK LONDON PARIS 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

Determination of alumina film thickness 189 

Fm. 1.-Mass sensitivity for protons, alpha SCM,l 

particles and nitrogen ions scattered through 
a laboratory angle of 135°. 
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and for oxygen. In the same figure, the energy difference between particles scattered 
from aluminium and oxygen at the same depth is shown as a function of the scattering 
angle for an incident beam of 1 MeV. Although the energy difference increases, there 
is relatively Httle change for angles greater than 135°. Accordingly this angle was 
selected. 

The bombarding energy was chosen on the criterion that the rate of energy loss of 
the alpha particles should be as large as possible, within the alumina, so that penetra
tion into the aluminium metal should be minimized. The lower the energy E, the 
lower the penetration, but the Van de Graaff accelerator could not give a stable beam 
much below 0·6 MeV. However, at this energy, the separation between E1' and E2' 

was not sufficiently large. The energy was thus stepped up to 1 Me V as a compromise 
between better resolution and poorer penetration properties. 

EXPERIMENT AL 
Apparatus 

The 5·5 MeV Van de Graaff accelerator at the Southern Universities Nuclear Institute provided 
the beam of singly charged helium-4 ions of 1 MeV with energy spread of ±1 keV. In all cases the 
incident beam was collimated to a cross-sectional area of 5 x 10-a cm2• With currents of up to 1 µA 
no vaporization could be detected from the targets, because of the refractory nature of alumina. When 
gold was used for calibration, lower currents were used to prevent gold volatilization. 

The scattering chamber with the collimation for the incident beam was the same as described 
previously. 2 The detector assembly consisted of a surface barrier silicon solid state detector4 with 
an active area of 0·2 cm2

, mounted 12·7 cm from the point of scatter. When required, collimators 
could be inserted in the scattered beam to reduce background from multiply scattered alpha particles. 

The target assembly allowed for two 17 mm metal plates to be mounted for analysis. An aperture 
between them enabled the beam to be passed directly to a Faraday cup for current measurement. The 
entire target assembly was insulated and connected to a current integrator.6 

Measurement and resolution 
Pulses from the solid state detector were amplified and transmitted to a multichannel analyser on 

which the entire observed spectrum was recorded. The resolution of the detector, as measured by the 
full width at half the height of the spectrum peak obtained from the 5·48 MeV alpha particles from 
americium-241 was never more than 55 keV. 

Calibration of the measuring system 
The scattering of alpha particles at OL = 135° was measured for gold, aluminium and carbon. On 

adjustment of the scattering angle to centre-of-mass co-ordinates, the three energies obtained from 
equation (3) gave a straight line calibration. With thick targets the inflection point of the plateau 
edge in the spectrum was taken as E'. 

Preparation of alumina targets 
Alumina films of different thicknesses were prepared by anodizing one side of an aluminium foil 

in 3 % w/v triammonium citrate at voltages ranging from 20 to 280 V. The foils were washed in 
water and stored in vacuum desiccators till required. 

Standardization of film thicknesses 
Previous work•-10 has shown that the thickness of alumina formed during anodization is a linear 

function of the voltage. The mean value of the proportionality constant was accepted as 0·478 µg 
of alumina/V. As a check on the alumina film thickness, the oxygen content of anodized films was 
determined by helium-3 activation and measurement of the induced fluorine-18 activity.11 

RESULTS AND DISCUSSION 

Energy spectra of alpha particles scattered from untreated aluminium and from 
anodized aluminium with thin and thick layers of oxide are shown in Fig. 3. As was 
expected, the energy spectrum for a thin oxide layer showed a single plateau, caused 
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FIG. 3.-Energy spectra of alpha particles scattered from untreated aluminium (A), 
and from anodised aluminium with thin (B) and thick (C) layers of oxide. () = 135°, 

E = 1 ·00 MeV, counted for 30 min. L 
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by alpha particles scattered from a thick layer of aluminium, with a broadened peak 
corresponding to a much thinner layer of oxygen, superimposed on the plateau. 
It was found that the calculated value of E' for oxygen (0·417 MeV) agreed with the 
maximum energy of particles scattered from oxygen (as measured by the inflection 
point of the protruding peak in the spectrum). However, the inflection point of the 
plateau was found to be at a somewhat lower energy than that calculated for E' for 
aluminium (0·598 MeV). Examination of the same spectrum showed that the leading 
edge of the spectrum did not fall to zero as rapidly as was the case with unanodized 
aluminium foil. With increasing target thickness the difference between the measured 
and the calculated energies corresponding to aluminium increased. At the same time 
the number of counts recorded in the leading edge of the spectrum increased with 
thickness until the leading edge resolved into another plateau, the energy of the 
inflection point of which corresponded exactly to the energy of alpha particles scattered 
from surface layers of aluminium. An example of a spectrum with three plateaux is 
shown in Fig. 3C. 

The inflection point of the edge of the intermediate step in the energy spectrum 
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corresponding to an energy intermediate between that of oxygen and aluminium, 
was found to vary with the thickness of alumina and was displaced to lower energies 
with increasing thickness of the alumina. If the energy measured from scatter occur
ring from aluminium in the last layer of alumina is Edi [see equation (4)], then the 
maximum energy measured from scatter at the surface of the aluminium metal, 
Ed<i+I» is related to (S1 + S2), the total path length of the alpha particle in alumina. 
The difference between the energy of a particle scattered from a surface atom of 
aluminium in alumina and Ed<Hi» represents the total energy loss of the particle in 
alumina. Thus the energy Ed<HI» corresponding to the inflection point of the inter
mediate plateau can serve as a measure of alumina thickness. 

The crystal structure of aluminium metal is cubic close packed with a unit cell of 
4·04 A and an average distance between aluminium atoms13 of 2·86 A. In the case of 
y-alumina, the unit cell12 is 7·90 A with oxygen atoms in cubic close packing. The 
24 aluminium atoms are randomly situated in 8 of the 64 sites which have oxygen 
tetrahedrally arranged around them and 16 of the 32 sites where oxygen is octahedrally 
arranged. The shortest distance between two octahedrally surrounded aluminium 
atoms is about 2·8 A, while between tetrahedrally and octahedrally surrounded ones 
it is 3· l A and between tetrahedrally surrounded atoms, about 3·4 A. The overall 
effect is that the average distance between aluminium atoms in alumina is appreciably 
greater than in aluminium metal. The difference in intensity of the alpha particles 
scattered from within the alumina and those from the aluminium metal, and hence 
the appearance of the intermediate plateau in the energy spectrum, is attributed to the 
increased concentration of aluminium atoms per unit area of the beam. 

Recent work14- 17 has indicated that energetic ions could penetrate ordered crystal
line structures along favoured crystallographic directions without appreciable loss of 
energy. Thus, for an alumina layer which is deposited as an ordered crystal and on 
which the alpha particle irradiation beam is incident in precisely the favoured direction, 
scattering data could lead to a low result. However, as anodization is unlikely to 
lead to ordered crystals and because the thickness of the film is obtained from the 
difference in energy between particles scattered from surface aluminium atoms of 
alumina and surface aluminium atoms from the underlying metal, this effect can be 
neglected. Alternatively, penetration of the underlying metal by channelling would 
result in a small change of the number of particles scattered from within the aluminium, 
which would again have little bearing on the analysis. 

A calibration curve of the maximum energy of an alpha particle scattered from 
the aluminium metal as a function of alumina thickness is given in Fig. 4. The energy 
error flags shown in Fig. 4 refer to the errors involved in determining the inflection 
point in the spectrum, while the thickness error flags refer to the standardization 
errors from the determination of oxygen by helium-3 activation. 

The results of a typical series of analyses are shown in Table I. The values of the 
known thickness in the table were obtained from activation analysis. The precision 
of the method as given by the relative standard deviation was found to be 3·5 %, while 
the statistical scatter of results and the mean error indicated no bias. It should be 
noted that the relative standard deviation included errors from activation analysis, 
the results of which were assumed to be absolute for purposes of calculation. Because 
the precision of the standardization by activation analysis11 or by the variation of film 
thickness with the anodizing voltage6- 10 is about the same as the value of 3·5 % found 
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Fm. 4.--'-The variation of the maximum energy of alpha particles scattered from 
aluminium metal with thickness of alumina film. 

TABLE 1.-SOME ANALYSES OF ALUMINA LAYERS ON ALUMINWM 

Sample Thickness, µg/cm 2 Relative 
E,keV error, 

number Found Known Difference % 

1 559 15·54 14·34 +1·20 +8·37 
2 557 16-83 16·73 . +0·10 +5-98 
3 549 21·84 22·94 -MO -4·80 
4 543 25-62 26·29 -0·67 -2·55 
5 539 28·49 29·64 -1-15 -3-88 
6 520 41·78 41-11 +0·67 +1·63 
7 502 55·45 54·01 +1-44 +2-67 

.8 497 59·37 57·84 +1·53 +2-65 
9 490 65·25 67·40 -2·15 -3·19 

10 480 73·04 72-18 +0·86 +1-19 
11 476 76·48 77·44 -0·96 -1·24 
12 . 438 110·75 110·42 +0·33 +0·30 

Mean error +0·00833 µg/cm 2 

Mean relative error +0·59% 
Relative standard deviation ±3·5% 

193 

here, it may be deduced that the method of alpha pa~ticle scattering is, at worst, as 
precise as these two methods. · 

Applications 

The method of alpha particle scattering affords a convenient method for measuring 
oxide films on aIUminium from 10 to about 150 µg/cm2 by the technique of deter
mining the energy lost by the incident and scattered particles passing through the 
film. The method may be extended to thin films oflight elements on metals and heavy 
elements. For thicker films the incident energy of the alpha particle may be increased, 
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thus increasing the range of applicability of the method without appreciable loss of 
sensitivity. 

In corrosion studies the oxide film on iron may be measured in situ, without 
having to float the oxide film off the underlying metal.18 Alternatively films of iron 
oxide floated off corroded surfaces may be analysed for homogeneity. 
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Resume-on a utilise la diffusion des particules alpha accelerees pour 
determiner l'epaisseur du film superficiel d'oxyde sur !'aluminium 
oxyde anodiquement. Les mesures sont basees sur la determination 
de la difference entre l'energie d'une particule alpha diffusee par la 
couche d'oxyde superficiel et celle d'une particule diffusee par le 
metal sous-jacent. On a analyse de fai;:on non destructive des films 
d'epaisseur comprise entre 10 et 130 µg/cm 2 avec un ecart type relatif 
de 3,5 %. Le temps moyen necessite par une analyse est de 30 min, 
avec une intensite de faisceau incident allant jusqu'a 1 µA environ. 

Zusammenfassung-Die Streuung beschleunigter Alphateilchen wurde 
benutzt, um die Dicke des Oxydfilms auf der Oberfliiche anodisch 
oxydierten Aluminiums zu bestimmen. Die Messungen beruhten auf 
der Bestimmung der Differenz der Energie eines Alphateilchens, das 
einerseits an der oberfliichlichen Oxydschicht, andererseits am darun
terliegenden Metall gestreut wurde. Filme der Dicke 10-130 
µg/cm• wurden zerstorungsfrei mit einer relativen Standardabweichung 
von 3,5 % analysiert. Die durchschnittliche Zeit fiir eine Analyse 
betrug 30 min mit einer Stromstiirke des auftreffenden Strahls bis 
etwa 1 µA. 
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Determination of Deuterium in Gases by 
Neutron Time-of -Flight Spectrometry 

Max Peisach and Rene Pretorius 
Southern Universities Nuclear Institute, P.O. Box 17, Faure, C.P., South Africa 

A new method for the determination of deuterium in 
gases uses time-of-flight spectrometry of neutrons 
emitted in (d,n) reactions. A pulsed deuteron beam of 
2.0, 2.4, or 3.0 mev was used. Deuterium was deter
mined in hydrogen, nitrogen, oxygen, and carbon 
dioxide at partial pressures ranging from 1 to over 100 
mm. The average time taken for an analysis was about 
10 minutes. The relative standard deviation was ±3.4% 
and the sensitivity, 2.5 X 10-s grams per sq cm beam 
area, was sufficient to detect deuterium in natural 
hydrogen. 

WITH THE INCREASING USE of deuterium as a tracer in chemical 
systems, the need has arisen for a method of determining 
deuterium rapidly and, where possible, without disturbing 
the system by sampling. Nuclear methods have already 
proved successful for determining the deuterium content in 
water (/) and hydrogenous organic liquids (2) using reactions 
induced by recoil deuterons in neutron-irradiated samples. 
However, the use of "knock-on" deuterons depends on the 
presence of suitable nuclides in the sample which undergo 
deuteron reactions yielding measurable radioactivities. 
Furthermore, the method is not readily applicable to gases 
where difficulties arise either from the low activity produced 
in the irradiated sample or from the techniques for irradiating 
large amounts of gases under pressure in reactors. 

A novel method for the determination of deuterium in the 
surface layers of Zircaloy was described by Butler (3), who 
used accelerated deuterons with energies up to 3 mev to induce 
the nuclear reaction 2H(d,n)3He and counted the neutrons 
produced. This method (3) breaks down when the sample 
contains other nuclides capable of yielding neutrons by (d,n) 
reactions at the energy of the bombarding deuteron beam. 
In fact, at deuteron energies above 1.85 mev, Butler observed 
interference from oxygen when the threshold for the reaction 
16Q(d,n)17F was exceeded. The sensitivity of his method was 
further reduced by neutrons produced from (d,n) reactions on 
nitrogen-14 in the residual air in the vacuum system and 
from deuterons striking the aluminum beam tube. 

The energy of a neutron, En, emitted from a nuclear re
action is determined by the Q-value of the reaction, the energy 
of the deuteron incident on the target nucleus, Ea, and the 
angle OL at which it is emitted. From the kinematics of a 
nuclear reaction, the energy of the neutron is given (4) by 

VEn=v±~ (1) 

where 

v~ 
v= ( M) Cos fh 

mn + (2) 

(1) S. Amiel and M. Peisach, ANAL. CHEM., 34! 1305 (1962). 
(2) E. Fabbri, E. Lazzarini, and V. Sangmst, Intern. J. Appl. 

Radiation Isotopes, 15, 437 (1964). . 
(3) J. P. Butler, "Radiochemical Methods of Analysis,'' Vol. I, 

p. 393, Proceedings of Symposium, Salzburg, October 1964, 
Intern. At. Energy Agency, Vienna, 1965. . 

(4) R. D. Evans, "The Atomic Nucleus,'' p. 412, McGraw-Hill, 
New York, 1955. 

MQ + Ea(M - ma) 
w= (3) 

(mn + M) 

and ma, mn, and M refer to the masses of the deuteron, neu
tron, and product nucleus, respectively. For a specific nuclear 
reaction, the neutrons will have energies related to the dif
ferent Q-values pertaining to the corresponding excited states 
in which the product nucleus is left. It may then be possible 
to utilize some selected neutron energy for determining the 
concentration of a specific nuclide in the target sample non
destructively, and any experimental method by which neutron 
energies may be determined could be suitable for analysis. 

A convenient and accurate method for determining neutron 
energies is by the time-of-flight technique where the time, t, 
taken by a neutron to cover a fixed distance, d, is measured. 
The relationship between t and En is given, nonrelativistically, 
by 

72.3 x d 
t = VEn (4) 

where the constant includes the mass of the neutron and 
conversion units, while En is given in mev, tin nanoseconds, 
and d in meters. The energy resolution attainable will thus 
depend on the precision in measuring t. Recent develop
ments of fast electronics have made it possible to measure 
nanosecond time intervals. The two signals marking the 
start and end of the neutron flight are obtained from some 
electronic device coupled with the incident pulsed beam 
and a neutron detector. Clearly the duration of the pulse 
represents an error in the time measurement and constitutes a 
limiting factor in the technique. The application of neutron 
time-of-flight spectroscopy to analysis was first discussed by 
Peisach and Pretorius (5, 6). 

When solids or liquids are irradiated with charged particle 
beams the entire energy of the beam is deposited within a 
relativ~ly short distance in the sample, thus generating high 
temperatures which are frequently sufficient to destroy the 
sample. For this reason charged particle irradiations usually 
require refractory targets or targets with very good cooling. 
This problem does not arise in the case of gases, because the 
density of a gas is so low that only a small fraction of the beam 
energy is transferred to the gas per unit path length. For this 
reason charged particle irradiation can readily be carried out 
on gases, provided the container has a sufficiently thin window 
through which the beam may enter. Analyses based on such 
irradiations would then be nondestructive and the gas under 
investigation could readily be part of a closed system which 
need not be disturbed by sampling. 

(5) M. Peisach, Chem. Com11~u11icatio11s: 632 (1966). 
(6) M. Peisach and R. Pretonus, S. African Ind. Chem.,20,5(1966) 

Reprinted from ANALYTICAL CHE MISTRY, Vol. 39, Poge 6.5?, Moy 1967 . 
Copyri9ht ] 967 by the Americon Chemicol Society ond reprinted by perm1ss1on of the copyright owner 
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Figure 1. Gas-handling apparatus and irradiation cell 

A. Beam tube 
B. Irradiation beam 
C. Pickup probe 
D. Irradiation cell 
E. Gas-sampling bottle 
F. Sample connection point 
G. Tantalum collimator and window support 
H. Vacuum 0-ring 

EXPERIMENTAL 

Apparatus. A diagrammatic sketch of the apparatus is 
shown in Figure 1. Gas samples could either be inserted 
from a gas-sampling bottle (shown) or fed directly into the 
irradiation cell at the point where the gas sample bottle was 
inserted. The dead space was made as small as possible to 
reduce losses when handling gases not condensable with 
liquid nitrogen. 

The nickel window through which the irradiation beam 
passed was mounted with Araldite on the window support in 
such a way that the gas pressure helped to keep the window in 
position. Window supports of different lengths could be 
inserted, thus changing the path length of the beam through 
the gas. A beam path length of 3 cm was suitable for most 
purposes, but when the gases had a relatively high density, 
or when relatively high pressures were used, better energy 
resolution could be attained with shorter path lengths. The 
entire gas cell assembly was insulated, so that the total current 
could be measured with a current integrator (7). 

Electronic Equipment. A block diagram of the electronic 
equipment (8) is shown in Figure 2. Neutrons generated by 
the pulsed beam at the target were detected in a NE 213 
liquid scintillation detector placed at a distance d and an 
angle fh from the target. The time of arrival of the pulsed 
irradiating beam on the target was given by a signal from a 
pickup probe placed near the target in the beam tube. The 
difference in time between the signal from the detector and 

(7) E. Blignaut and J. J. Krit;zinger, Nucl. Instr. Methods 36 176 
(1965). .. . . . . ' ' 

J. Screw-on clamp 
K. Nickel window 
L. Platinum back of cell 
M. Connection to vacuum pump 
N. Connection to gas-handling apparatus 
0. Detector shield 
P. Scintillation detector 

that caused by the beam pulse was converted by the time con
verter to a pulse, with amplitude proportional to time, and 
recorded by the multichannel analyzer. 

Because the neutron detector was sensitive to ')'-rays as 
well as neutrons, signals caused by ')'-rays from whatsoever 
source were rejected by pulse shape discrimination (8) and 
low-level electronic noise, by the energy discriminator. The 
current integrator (not shown in Figure 2) was set to accumu
late a predetermined total current and automatically switched 
off the measuring system when this value was reached. 

Irradiation and Measurement. Samples of gas at measured 
pressures were irradiated with a pulsed deuteron beam of 
energy between 2 and 3 mev obtained from the 5.5-mev 
van de Graaff accelerator at the Southern Universities 
Nuclear Institute. Pulses were 5 nsec long and 400 nsec 
apart. Low average beam currents of between 0.2 and 0.5 
µa were used to prevent damage to the thin (0.0001-inch) 
nickel window which could not be cooled. The platinum 
back of the cell where most of the energy of the beam was 
dissipated was cooled externally with a jet of compressed air. 
Measurements were usually made at (h = 30 ° to reduce 
the background of neutrons caused by the beam striking the 
beam tube, collimator holders, and other material in its path. 

From Equation 4 it is clear that better energy resolution is 
attained with longer flight paths. However, the count rate 
decreases with d 2, so that a compromise has to be reached 
between resolution and the duration of the analysis. At 

(8) W. R. McMurray, P. van der Merwe, and I. J. van Heerden, 
Nucl. Phys., A92, 401 (1967). · 
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Figure 2. Block diagram of electronic equipment (8) 

about 3 meters the resolution was adequate and sufficient 
counts could be accumulated in 8 to 10 minutes to complete 
the analysis. To improve the precision, especially for gas 
samples in which the deuterium partial pressure was low, 
longer irradiations were carried out to increase the number of 
neutron counts and thereby decrease the relative statistical 
errors. 

RESULTS AND DISCUSSION 

Background. Measurements carried out on the empty gas 
cell showed that the background spectrum consisted of a 
peak corresponding to 2.6-mev neutrons from 12C due to a 
carbon deposit which was gradually built up during irradiation, 
from the decomposition of oil vapors from the pumping 
system on the hot nickel window at the point of incidence of 
the irradiation beam. In addition there was a low continuum 
covering the entire energy range, due to ')'-rays not com
pletely eliminated by pulse shape discrimination, and neutrons 
scattered into the detector. The contribution from scat
tered neutrons increased with the number of neutrons 
generated in the gas cell and accordingly was a function of the 
pressure and composition of the gas. 

When deuterium was determined in a sample, the neutrons 
from the carbon deposit did not interfere, because their energy 

652 • ANALYTICAL CHEMISTRY 

was much lower than neutrons from deuterium. However, 
the background continuum did add to the deuterium peak in 
the neutron energy spectrum and had to be subtracted. 
This was carried out for all analyses and in all spectra shown 
in this paper. The error incurred in using data from an 
empty cell to correct for this background was negligible when 
the deuterium content was relatively high. For samples con
taining relatively small amounts of deuterium, this error could 
become appreciable; it was then advisable to determine the 
background by irradiation of a sample with approximately 
the same composition and pressure in which deuterium was 
absent. 

Neutron Spectra. Table I lists the neutron energies ex
pected from the irradiation of 12C, 14N, 160, and 2H with 
deuterons, as calculated from Equation 1 for Ed = 3.0 mev 
and fh = 30 °; n; refers to the ith excited state in which the 
product nucleus is left after neutron emission. 

Typical neutron time-of-flight spectra obtained from 
samples of deuterium (at partial pressures, Pd) in hydrogen, 
oxygen, carbon dioxide, and nitrogen (at total pressures, P) 
are shown in Figure 3. From this figure it is obvious that 
neutrons emitted from deuterium can readily be distinguished 
from those emitted from the other major components in the 
mixtures. Accordingly, the number of counts under the 
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Figure 3. Neutron time-of-flight spectra of deuterium 
A. Hydrogen (P = 81.9 mm, Pd= 46.7 mm) 
B. Oxygen (P = 128.1 mm, Pa= 46.5 mm) 
C. Carbon dioxide (P = 87.2 mm, Pa = 46.7 mm) 
D. Nitrogen (P = 84.9 mm, Pd = 47.1 mm) 
for E,, = 3.0 mev and lh = 30° 

VOL. 39, NO. 6, MAY 1967 • 653 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

Table I. Some Neutron Energies from (d, n) Reactions 

Ed = 3.0 mev, lh = 30° 

Target 12c 14N l6Q 2H 

Natural 
abundance, % 98.89 99.63 99.759 0.015 

Q(d, no), mev (9) 0.281 5.066 1.627 3.268 
Neutron energy 

no 2.582 7.932 1.223 5.738 
ni 2.771 0.685 
112 2.710 
113 1.763 
114 1.098 
115 1.033 
116 0.693 
117 0.235 

deuterium peak can be integrated and used as a measure of 
the deuterium content. 

When low concentrations of deuterium are determined in 
nitrogen, the tail of the 14N(110) neutron peak may overlap 
a portion of the deuterium peak. This interference may 
be overcome by changing 8£. The effect of such a change 
calculated for Ed = 3.0 mev is shown in Figure 4, where the 
energy calibration of the channel number is the~ame as that 

(9) F. Everling, L. A. Koenig, J. H. E. Mattauch, and A. H. 
Wapstra, "Nuclear Data Tables," Part I, National Academy of 
Sciences, Washington, 1961. 

in Figure 3 for easy comparison. The position of the 
deuterium peak in the neutron spectrum can thus be shifted to 
a position between the (no) and (n1) peaks of 14N by measuring 
at an angle of 70°. However, the differential cross section 
for neutron emission from the reaction 2H(d,n) 3He is angle
dependent and drops by a factor of about 2 (JO) between 30° 
and 70°. 

The energy of each neutron group in Figure 3 is about 200 
kev lower than the values in Table I. This is due to the 
energy lost by the deuteron beam passing through the nickel 
window. · 

Neutrons with energies below about 700 kev could not be 
distinguished from ')'-rays by pulse shape discrimination. 
Accordingly, neutron groups below 700 kev, that might have 
been expected from Table I, were not observed. 

When the deuteron beam passes through the gas in the 
irradiation cell its energy is degraded by an amount depending 
on the pressure and composition of the gas mixture. For 
exmnple, a cell 3 cm long, containing C02 at 100-mm pressure, 
will cause a loss of 128 kev from an incident beam of 3-mev 
deuterons. This loss will appear to broaden low energy 
neutron peaks in the energy spectrum much more than peaks 
occurring at higher energies, because the energy interval per 
channel increases with increasing energy. Accordingly, the 
shape of the high energy peak due to deuterium is little af
fected by the variation of total pressure in the irradiation cell" 

(10) J. E. Brolley and J. L. Fowler, in "Fast Neutron Physics," 
Part I, J. B. Marion and J. L. Fowler, eds., p. 80, Interscience, 
New York, 1960. 

Table II. Determinations of Deuterium 

Neutron Neutron 
counts counts 

Gas Deuterium partial pressure, mm Hg, 20° C Relative per 100 per unit 
containing Known Found Error error, % microcoulombs pressure, 
deuterium Ed A B (B - A) IOO(B - A)/A N N/A 

H2 2.0 107.3 107.1 -0.2 - 0.2 47825 445.7 
41.6 42.7 +I.I + 2.6 19088 458.8 
5.3 5.1 -0.2 -3.7 2279 430.0 

H2 2.4 97.3 97.6 +o.3 + 0.3 41242 423.9 
38. l 37.7 -0.4 - 1.1 15916 417.7 
24.2 23.5 -0.7 - 2.9 9945 411.0 
10.9 10.9 0.0 0.0 4584 420.6 
1.60 1.66 +0.06 + 3.8 701 438.1 

H2 3.0 78.9 78.46 -0.44 - 0.6 33072 419.2 
55.8 55.76 -0.04 - 0.1 23501 421.2 
46.7 46.64 -0.06 - 0.1 19659 421.0 
42.9 43.53 +0.63 + 1.5 18348 427.7 
13.85 14.30 +0.45 + 3.2 6028 435.2 
5.15 5.18 +0.03 + 0.6 2181 423.5 
1.15 1.03 -0.12 -10.4 436 379.1 

02 3.0 87.4 88.23 +0.83 + 0.9 37191 425.5 
46.5 46.21 -0.29 - 0.6 19479 418.9 
21.4 21.02 -0.38 1. 8 8859 414.0 
9.63 9.75 +0.12 + 1.2 4109 426.7 

C02, 3.0 46.7 46.22 -0.48 - 1.0 19481 417.2 
4.33 4.43 +0.10 + 2.3 1867 431.2 
2.01 2.08 +0.07 + 3.5 878 436.8 

Nz 3.0 47.1 47.47 +0.37 + 0.8 20009 424.8 
18.07 17.20 -0.87 4.8 7249 401.1 
5.36 5.15 -0.21 - 3.9 2169 404.7 

Mean error = -0.02 mm Hg (mean value of B - A). 
Mean neutron count per mm pressure Dz = 419.2 at 3.0 mev. 
Relative standard deviation = ± 3.4 %. 
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Figure 4. Effect of measuring· angle, oL, on relative neutron energies from nitrogen and 
deuterium 

Ed= 3.0 mev 

ACCURACY AND PRECISION 

The variation of neutron counts with partial pressure of 
deuterium was calibrated with deuterium gas enriched to 
99.5 3 D at different deuteron bombarding energies over the 
pressure range up to 400 mm. The calibration curves re
mained linear over the entire pressure range. For Ea = ·2.0, 
2.4, and 3.0 mev, the number of neutron counts obtained per 
millimeter pressure of deuterium per 100 microcoulombs of 
beam current was respectively 446.7, 422.6,and421.5. These 
values follow the trend expected from the variation of the 
reaction cross section with deuteron energy (see Figure 5)~ 
Because there is little variation in reaction cross section 
between 2.4 and 3.0 mev, the calibration curve obtained at the 
latter energy was applicable to all gas samples in which the 
energy foss of the bombarding beam was less than about. 600 
kev. 

Local heating of the gas in the path of the deuteron beam 
could decrease the density of the gas and thus decrease. the 
rate of neutron production. With the low average current 
used in· this investigation, this effect was not observed, in 
agreement with similar observations by· Butler (3). 

The results of some determinations of deuterium in different 
gases are shown in Table II. For samples analyzed with 
3.0-mev deuterons the mean error (given by the mean value 
of B-A) was -0.02-mm pressure, which was a measure of 
the accuracy of the method and showed that there was no bias. 
The mean value of the number of neutrons produced per 100 
microcoulombs per mm pressure was 419:2, which is in agree
ment with the calibration value within the precision of the 
method. The relative standard deviation was ± 3.4 3. 

15 
"C 
..!!! 
..c s 
z 
~10 
fd 
If) 

I 
(/) 
If) 

ff 
u 5 

2H (d,n) 3He 

el= 30° 

2 3 4 
DEUTERON Ef\ERGV (m.e.v.) 

Figure 5. Variation of differential cross section (in laboratory 
coordinates) for reaction 2H(d,n)3He with deuteron energy at 
Or, = 30° 

Because the background count rate is a function of the 
content of the gas cell, the precision with which deuterium 
can be determined will vary with the gas composition. The 
minimum partial pressure of deuterium that could be mea-. 
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sured with a precision of about ±3.43 in a sample con
taining either nitrogen or carbon dioxide at about 300-mm 
pressure was about 0.8 mm for an irradiation lasting an hour 
with 2000-µcoulomb beam current. When a lower precision 
of about ± 10 3 was acceptable, 0.25-mm partial pressure 
deuterium could be measured with the same current. 
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Figure 6. Neutron time-of-flight spectrum for deuterium in 
natural hydrogen 

Observed spectrum (I), background (II), and difference between 
them (III) 
P = 508 mm, Ed = 2.0 mev, fh = 0° 
Total current 400 microcoulombs 
Arrow shows calculated energy for neutrons from deuterium 
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SENSITIVITY 

With a fresh nickel window the background count over the 
energy region where the deuterium peak appears in the 
energy spectrum was about 250 counts per 100 micro
coulombs for Ed = 2.0 mev and (h = 0°. Under these con
ditions the determination of 1-mm pressure deuterium re
quired an irradiation with a 500-microcoulomb beam (lasting 
between 15 and 30 minutes) for the relative standard deviation 
of the count to lie below that of the precision of the method. 
However, much shorter irradiations would have been suf
ficient for qualitatively detecting the presence of deuterium. 

From the experience gained in the analyses it was considered 
that the method was sufficiently sensitive to detect the presence 
of a partial pressure of 0.1-mm deuterium in the irradiation 
cell. As this amount would be present in "natural hydrogen" 
at pressures somewhat less than atmospheric, commercial 
hydrogen (the deuterium content varies appreciably from the 
0.015 atom 3 of natural hydrogen, but the value 0.010 atom 
3 represents a fair average) was used to check the sensitivity 
of the method. A sample of commercial hydrogen at 508-
mm pressure and 20 °C was analyzed with a 2-mev deuteron 
beam and an integrated current of 400 microcoulombs. The 
resulting spectrum, which is compared in Figure 6 with the 
background spectrum obtained immediately afterwards with 
an empty cell under the same irradiation conditions, clearly 
shows the presence of deuterium above the background. The 
signal to noise ratio was 0.46. Considering the difficulty in 
evaluating the background counting rate, it is estimated that a 
signal of about half that observed here would be significant. 
Since the amount of deuterium in the 7-cc cell was 117 ng, 
and the deuterium traversed by the 4-mm diameter beam in 
the 3-cm long cell was 50.4 ng per sq cm, the sensitivity would 
thus be about 25 ng per sq cm. In terms of molecular con
centration this limit is equivalent to about 50 ppm of 
deuterium. 

INTERFERENCES AND LIMITATIONS 

Interference in deuterium determinations may be expected 
when other components in the gas under investigation contain 
nuclides which could yield neutrons with energies sufficiently 
near to those from deuterium. One such case, 14N, where 
the interference could be overcome by a change in the meas
uring angle, has already been discussed. An example of 

' interference where little could be gained from a change in 
measuring direction is the case where the gas contains a com
ponent enriched in carbon-13. This nuclide yields a rel
atively large number of neutron groups on irradiation with 
deuterons. Interference would be experienced from ni, n2, 
na, n4, or ns neutron groups, depending on the angle of meas
urement. The relative error introduced by such inter
ference would decrease with an increase in the partial pressure 
of deuterium being determined but would increase with in
creasing enrichment of carbon-13. Similar interferences 
could be expected from gases containing enriched nitrogen-15 
and oxygen-17 and/ or 18. 

A possible limitation in this method would be the presence 
in the gas sample under analysis, of a component which would 
decompose in contact with the heated spot on the nickel 
window or the rear platinum wall of the gas cell, to yield non
volatile products. The decomposition products would be 
deposited in the path of the beam and could become points 
where relatively intense neutron generation could occur. 
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If this were the case, the lbackground would become over
whelming. Furthermore, Irradiation of such a sample would 
make the gas cell unusable for any subsequent sample. Even 
if the decomposition products did not cause excessive neutron 
generation, the deposition 'of material on the nickel window 
would increase the energy! loss in the irradiation beam and 
would widen the energy s~read of the bombarding particles, 
resulting in a distortion ·of the expected neutron energy 
spectrum. 
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RADIOACTIVATION ANALYSIS OF CALCIUM-48 

TRACERS BY PROTON IRRADIATION• 

MAX PEISACH AND RENE PRETORIUS 

Southern Universities Nuclear Institute 

Faure, South Africa 

Radiocalcium tracers have in the past been used to 
trace the movement of calcium in vivo. The first 
radioisotope so used was calcium-45 but with the 
increased availability of calcium-47 this shorter-lived 
isotope gained favour. However, because of the re
luctance to use radioactive material for experimental 
purposes on healthy subjects, especially children, possible 
use of non-radioactive tracers has been receiving attention 
all over the world. 

A Natural calcium consists of six stable isotopes (see 
•Table I), the most abundant of which, calcium-40, makes 

up almost 97 % of the element. Because the other 
isotopes occur in low isotopic concentrations, they can 
each serve as a tracer, the usefulness of which would 
depend on the extent to which they can be enriched. 

TABLE I 
ST ABLE ISOTOPES OF CALCIUM 

Natural Price* 
Isotopic 
Concen- Enrich-

Isotope A bun- $per tration of ment 
dance % mg. Separated Factor 

isotope 

• 0ca 96·97 5·25 99·9 1 ·0~ 

42Ca 0·64 10·00 85 133 

43Ca 0· 145 37·00 65 448 

44Ca 2·06 2·70 98 48 

• 0ca 0·0033 635·00 40 12,000 

•sea 0·18 26·00 95 528 

Current price at Oak Ridge National Laboratory, Oak Ridge, Tenn., U.S.A. 
for isotopic concentration listed. Lower concentrations can be obtained at a 
reduced price. 

In selecting the stable isotope tO be used, two factors 
have to be considered:-

(1) the extent to which the tracer can be diluted 
(2) the ease with which it·can be determined at the 

dilution pertaining to the .experiment. 
In addition, practical considerations include the cost of 
the tracer. From Table I it is clear that calcium-40 
offers virtually no scope for use as a tracer, whilst the 
enrichment factor for calcium-46 is far higher than that 
of any other isotope. Though much lower than calcium-
46, the enrichment factors of calcium-43 and 48, and 
hence the range of dilutions over whi.ch they can prove 
useful, are comparable, but because of their lower cost 
the use of these isotopes as tracers of calcium is being 
studied. 

The most sensitive method of isotopic analysis is by 
mass spectrometry. Unfortunately the extent of stable 
tracer research does not often reach the stage where such 
*This Paper K'OS read at a Symposium 011 Medical Electronics and nuclear instru· 

mentation in Medicine during September 1965, in Johannesburg. 

11 

expensive equipment is warranted. Nuclear methods of 
analysis, though not as sensitive as mass spectrometry, 
can serve a ·useful purpose in this developing field. 
This paper describes such a method that enables isotopic 
concentrations of calcium-48 tracers to be determined. 

Neutron activation analysis has long been used to 
determine small amounts of calcium-48, either by mea
suring the activity of 8.8-min calcium-49 produced in the 
activation, or by allowing this short-lived activity to 
decay to 57.5-min scandium-49 which can then be 
separated chemically and counted. Jn addition to 
calcium-49 the radioisotopes of calcium that are formed 
are produced in relatively low amounts - 165-day 
calcium-45 because of its long half-life and 4.7-day 
calcium-47 which is formed from a very low abundance 
target isotope. Thus, when the .ratio of the tracer 

· calcium-48 to total natural calcium has to be measured, 
rather than the content of tracer alone, neutron acti
vation is not always a convenient method. Furthermore, 
if calcium-43 is used for tracing purposes neutron 
activation is of no use at all, because the product is not 
radioactive (see Table JI). 

TABLE JI 
NUCLEAR REACTION PRODUCTS OF CALCIUM 

ISOTOPES 

~ ACTIVATION PRODUCT 
Jso-
tope NEUTRON IR- PROTON IR· 

RADIATION *Q MeV RADIATION *Q MeV 
(n, y) reaction (p,n) reaction 

--

•oea 41Ca 7.7 x 104y + 8·361 • 0sc 0.18 s -14·680 

42Ca 43Ca stable + 7·929 42Sc 62 s; 0.66 s - 6·700 

43Ca 44Ca stable +ll · 136 43Sc 3.9 h - 3·003 

44 Ca ••ca 165 d + 7·420 44Sc 2.4d; 4.0h - 4·431 

••ca 47Ca 4.7 d + 7·305 ••sc 20 s; 84 d - 2·165 

•sea 49Ca 8.8 m + 5·144 •ssc 44 h - 0·515 

• Ever1ing, F., Koenig, L. A., Mattauch, J. H. E., Wapstra, A. H. "Consistent 
set of energies liberated in nuclear reactions" Part J. National Academy 
of Sciences, National Research Council, Washington (1961). 

When the isotopic concentration of a tracer has to 
be determined relative to the total content of the element, 
it is advisable to compare the tracer content with a 
naturally occurring isotope of about the same concen
tration level to increase the sensitivity of the analysis 
and to improve the precision. For this reason it would 
not be sufficiently sensitive to compare calcium-48 
concentrations with those of calcium-40, but rather to 
use calcium-43, say, as an internal standard. 

Charged particle irradiation is limited to thin deposits 
because of the very short range of charged particles in 
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matter. At the same time, the entire energy of the beam 
is deposited within a very small distance in the target, 
thus resulting in large temperature rises. Indeed, the 
thermal properties of a material frequently determine 
whether irradiation with charged particles is practical 
or not. 

For the analysis of calcium by proton irradiation, 
few forms of the target material are suitable. The more 
common calcium compounds usually precipitated in 
analysis, such as the carbonate and oxalate decompose 
on heating. Possible interference from the nuclear 
reactions of other elements also make it desirable that 
only simple compounds such as the oxide and fluoride 
which melt at 2580° and I 360°C respectively be con-
sidered. -

The proton activation of oxygen will result in the 
formation of fluorine-17 (66 s) and fluorine-18 (110 m) 
by (p, n) reactions on the stable isotopes of oxygen, 
whilst fluorine will form only 18-sec neon-19. Comparing 
the properties of these radionuclides with the (p, n) 
products of calcium listed in Table II it is clear that 
fluoride would be preferable to the oxide. 

The Coulomb barrier for proton activation of 
calcium is about 4.1 MeV. 1t is thus desirable to 
irradiate at energies somewhat above this level, in order 
to obtain increased yields. Furthermore at energies of 
between 4 and 5 MeV no reaction with calcium-40 or 
calcium-42 can occur because they are too endoergic 
(see Table II column 5). Thus apart from the short-lived 
neon activity, proton irradiation in this energy range can 
only produce (p, n) products with the heavier calcium 
isotopes, calcium-43, 44, 46 and 48. The activities that 
would thus be produced in the irradiated material would 
consist of a 4-hour activity from scandium-43 and 44 
which cannot be resolved by halflife measurements, and 
a 44-hour activity of scandium-48 with possibly some 
scandium-44 m. It is not expected that calcium-46 
would produce appreciable amounts of scandium-46 
because of its low abundance. The determination of the 
isotopic concentration of calcium-48 would thus require 
a measurement of the ratio of the activities of scandium-
48 and the mixture of scandium-43 and 44, the latter 
representing the total natural calcium. 
EXPERIMENT AL. 
PREPARATION OF SAMPLES 

Samples of a separated calcium compound, in which 
the isotopic concentration of calcium-48 was to be 
determined, were converted to calcium fluoride by 
evaporation with HF in a platinum crucible. After all 
volatile materials had been expelled, the calcium fluoride 
was transfered to a tungsten boat and heated electrically 
in vacuo. Under these conditions thin deposits of 
calcium fluoride were distilled onto tantalum metal discs 
over an area compatible with the cross-sectional area of 
the irradiation beam. 
PREPARATION OF STANDARDS 

Calcium carbonate, enriched to 97.98 % in calcium-48, 
was obtained from Oak Ridge National Laboratory, 
U.S.A. A standard solution of this material was made 
in dilute hydrochloric acid and diluted to required levels 
of isotopic concentrations of calcium-48 by the addition 
of predetermined volumes of a standard solution of 
natural calcium. From these solutions, calcium fluoride 
was obtained and suitable targets for irradiation were 
prepared with calcium-48 concentrations between that 

u 

~v; 
~ 

of natural calcium (0.18 %) and about 3 % for use as 
standards and to evaluate the method. 

Because ratios of activities were to be measured, 
neither the weight of calcium fluoride, nor the area of 
the deposit had to be determined. 
IRRADIATION AND MEASUREMENT 

Sample discs were mounted on a rotating holder 
cooled by circulating coolant inside a vacuum chamber 
which fitted onto the beam tube of the 5.5 MeV Van de 
Graaff accelerator at the Southern Universities Nuclear 
Institute. The irradiation beam was defocussed until its 
cross-section exceeded that of the calcium fluoride 
deposit. With a continuous current of about 2µA, 
targets were irradiated at a proton energy of 4.75 MeV. 
From Figure 1 it can be seen that the ratio of the activities 
at the end of the irradiation of scandium-48 to that of 
scandium-43 and 44 increases only slightly when the 
duration of the irradiation changes by a few hours. A 
Accordingly the irradiation usually lasted between 1 and W 
2 hours; much longer irradiation would have Jed to an 
increased ratio, but the cost of a long irradiation was 
not justified by the rise in sensitivity. 

After irradiation, samples were analysed either by 
gamma-ray spectroscopy, or by gross gamma-ray 
counting with 3" x 3" NaI(TI) scintillation detectors. 
Counting usually started about 15 minutes after irra
diation, thereby allowing sufficient time for all very 
short-lived activities to decay, and continued until 
sufficient data had been accumulated to allow the 4-hour 
and 44-hour activities to be separately determined. 

o.e 

"'-<.. o.G 
'=ill. 

o.< 

0.2 

10 100 
IRRADIATION TIME (hOurs) 

FIGURE l. 
The change of the activity ratio with the irradiation time. 

RESULTS. 
Gamma-ray spectra recorded during the decay of an 

irradiated sample of natural calcium fluoride are shown 
in Figure 2. Immediately after the irradiation, the 
presence of scandium-44 is identified by the pronounced 
peak due to positron annihilation radiation of 0.51 MeV 
and the photopeak from the 1.16 MeV gamma-ray. As 
expected, the formation of scandium-43 was not clearly 
obvious, because the abundance of calcium-43 is so 
much less than that of calcium-44 and the intensity of 
the 0.37 MeV gamma-ray is low. An apparent photo
peak corresponding to a gamma-ray of 1.67 MeV is 
caused by coincidence summing of ~+ and 1.16 MeV 
radiation (sum peak I in Figure 2). 

After 8.60 hours the prnsence of the longer-lived 

• 
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scandium-48 could already be shown by the appearance 
of photopeaks from gamma-rays of 0.99 and 1.04 MeV 
(unresolved) and 1.31 MeV. At the same time the sum 
peak I was still obvious and similar sum peaks at about 
2 MeV, (sum peak 2) from chance coincidence between 
0.99 and 1.04 gamma-rays, and at about 2.3 MeV, 
(s~m peak 3) from one of these gamma-rays coinciding 
with the l.31MeV gamma-ray, also became distinguish
able. After about 46 hours, the characteristics of 
scandium-44 had almost disappeared, but the positron 
annihilation peak was still discernable. But for the 
disappearance of the latter peak, the shape of this curve 
remained unaltered even after about 150 hours, although 
by then the count rate had fallen so much that random 
coincidence peaks were no longer visible. 

10' 
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FIGURE 2. 

Gamma-ray spectra obtained from natural calcium fluoride irradiated 
with 4.75 MeV protons. 
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FIGURE 3. 

Decay curve of proton-irradiated natural calcium fluoride. 

Decay measurements were carried out on each of the 
above-mentioned gamma-rays and these served to 
confirm the original identification. 

A specially prepared thick target of 6.3 mg/cm2 

natural calcium fluoride was activated to confirm that 
n~ interfe~in~ activitie~ we~e produced. The decay of 
this matenal 1s shown m Figure 3. From an activation 
of about 2 hours the activities of the 44-hour and 
4-hour halflife radionuclides were 31,000 and 900 000 
c.p.m. respectively, for the counting conditions prevailing 
at the. time of measurement. These values change 
accordmg to the total weight of calcium fluoride on the 
target, the thickness of the deposit, the irradiation 
current and the counting geometry, but as ratios have 
to be determined, the absolute values of the measure
ment~ may vary over a wide range, without necessarily 
affectmg the precision of the determination. 
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FIGURE 4. 

Calibration curve showing the change of the activity ratio with 
isotopic concentration of calcium-48. The error flags refer to 
estimated errors in preparing the standards, 
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The variation of the activity ratio at the end of the 
irradiation, of scandium-48 to scandjum-43 and 44 with 
isotopic composition constitutes the calibration curve of 
the method, provided targets of approximately the same 
thickness are irradiated for a fixed duration. One such 
calibration curve obtained at Ep = 4.75 MeV for an 
irradiation of 2! hours is shown in Frnure 4 over the 
range from natural composition to 1.4 atom % calcium-
48. The activity ratio changes linearly with calcium-48 
content, so that one sample prepared as standard and 
a natural composition sample are sufficient to fix the 
calibration line. Table III shows that for the above 
conditions the mean value of the activity ratio was 
0.252, with a relative standard error of 2.7 %, per atom 
% calcium-48. To obtain the values in column 4 and 5, 
each sample was considered as an unknown, and the 
result of the measurement expressed in terms of the 
calibration line obtained from the other points. 

TABLE III 
RESULTS OF ANALYSE3 

Known Activity Activity Measured 
Atomic Ratio Ratio Atomic 

% per unit % 
•sea (A) x JOO atom % •sea (B) 

-· 

O· 185 4·75 0·257 0· 188 

0·192 4·83 0·252 0· 191 

0·375 9·32 0·249 0·369 

0·825 21 ·57 0·262 0·854 

1 ·040 26·38 0·254 1 ·045 

1·370 33· 15 0·242 1 ·313 

Mean value 0·252 ± 0·007 Mean Error 
Relative standard error ± 2 · 7 % 

DISCUSSION 

ADVANTAGES OF THE METHOD 

Observed 
Differ-
ence 

(B -A) 

+ 0·003 

- 0·001 

- 0·006 

+ 0·029 

+ 0·005 

- 0·057 

- 0·004 
atom % 

The main advantage of the method lies in its simplicity 
and the cancellation of errors normally occurring during 
activation analysis. The activity A, produced in w g. 
of a target element irradiated in a flux of cp particles 
per cm2-sec by a reaction with cross-section /is given by 

-'Al 
A = N 10 <P a (I - e J 
w M 

where N is the Avogadro number, 6.023 x 1023, and 
M the atomic weight of the target element. The frac
tional abundance of the target isotope producing the 
required activity is a. 

In an analysis such as described here the ratio of 
activities is given by 

A 
R =AP 

q 

-/.. t 
p o a 

_pp(I-e) 

- ~ -/..~ o a 1- P 
q q e 

where p and q refer to the two measured activities, 
44-hour scandium-48 and the sum of 4-hour scandium-43 
and 44 respectively. It is clear that for a fixed irradation 
time t 0 __ Ko-

R:: K ap " - T' 

provided the isotopic concentration of calcium-43 and 
44 remained constant at the level found in nature. The 
proportionality constant, K, includes the ratio of the 
reaction cross-sections and the time dependence factor 
plotted in Figure 1. 

Experimentally it is not necessary to determine the 
weight of the target element, the irradiation flux or any 
variation in it, the cross-section of the beam of frra
diating particles nor even the absolute activities of the 
products, if the standards are measured under the same 
conditions. 

As a result of the wide difference in the halflives of 
the measured products, the activities of each radionuclide A. 
can readily be separated. The close resemblance between ..__. 
scandium-43 and scandium-44 makes it difficult to 
distinguish between them, but this is an advantage rather 
than a disadvantage, as it enables the two activities to 
be considered as one which is a measure of the total 
natural calcium content of the sample. 

Because the only measurements made are non
destructive gamma-ray counting and spectroscopy, the 
sample remains intact after analysis. Consequently 
standard samples may be used repeatedly, and analysed 
samples may be retained for future requirements. 

DISADVANTAGES OF THE METHOD 
As the method depends on determining a ratio of 

activities, the main source of error lies in determining 
the separate activities. At low enrichments, the 4-hour 
activity can readily be observed even after a relatively 
short irradiation, but as the enrichment increases, the 
activity of scandium-48 increases rapidly relative to the 
total activity of the sample; it is expected that when the 
isotopic concentration of calcium-48 exceeds 4 % 
scandium-48 would become the main activity in the 
irradiated sample. Accordingly the method is best suited • 
for samples of low isotopic concentrations of calcium-48. 
Very highly concentrated samples could, however, be 
diluted with natural calcium before analysis. 

The main purpose of the method was to determine 
the isotopic concentration of calcium-48, accordingly no 
attempt was made to refine the techniques to utilize 
micro amounts of calcium. The prior separation of at 
least 5 mg of a calcium sample is required in order to 
overcome the large losses incurred during the evaporative 
preparation of the target disc. However, present 
investigations are directed towards developing techniques 
suitable for quantities of calcium less than 1 mg, as this 
would enable the calcium in about 1 cc of blood serum 
to be analysed. 

ACCURACY AND PRECISION 
The results in Table III gave a mean error of -0.004 

atom %, a value sufficiently close to zero to indicate 
no bias in the analysis. Similarly the relative standard 
error of ± 2. 7 % shows that the precision of the method 
is better than the large errors frequently occurring in 
biological work. For medical purposes a method of 
analysis capable of distinguishing samples in which 
tracer concentration vary by 10%, would be acceptable. 
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This condition is readily met in the present investigation. 
The main source of error in the analysis is contami

nation but as proton activation reactions of many 
nuclides occur above relatively high threshold energies, 
such nuclides would not yield any radioactive products 
at the relatively low proton energies used. However, 
contamination from other calcium salts would not be 
immediately obvious and would require stringent 
precautions to be taken. 
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provide a comprehensive approach to long-term treatment 
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pentaerythritol tetranitrate · 20 mg. 
diprophylline 120 mg. 
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proven sustained ac.tion of pentaerythritol tettanitrate taken 
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typical myocardial stimulant effects of theophylline com-

pounds,· and papaverine, which acts· on 
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providing a comprehensive approach to 
the long-term treatment of patients with 
angina pectoris. 
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Abstract: Time-of-flight measurements have been made on the neutrons emitted from enriched 
targets of 43• 44• 48Ca bombarded by 4.0 to 5.5 MeV protons. Two additional levels have been 
found in 43Sc at 1347±10 and 1424±10 keV in agreement with recent work on the •0ca(rx, p) 
reaction; in ••sc, knowledge of the level structure has been extended up to 4169 keV with the 
observation of 34 additional levels; and the measurements for the low-lying states in 44Sc agree 
with previous work. The measured (p, n 0) Q-values for 43Ca, 44Ca and 48Ca are -2998±10, 
-4447±10 and -534±15 keV, respectively. 

NUCLEAR REACTIONS 43Ca, 44Ca, 48Ca (p, n), E = 4.0-5.5 MeV; 
E measured a(En); deduced Q. 43Sc, 44Sc, 48Sc, deduced levels, nuclear temperature. 

Enriched targets. 

1. Introduction 

Since this work was initiated, (p, ny) and (p, y) studies have been reported by 
Broman and Du Bois 1

) and Chasman et al. 2
) concerning the level structures of 

43Sc and 48Sc, respectively. The high resolution of Ge-Li drifted detectors has been 
used by these workers to determine the energies of the low-lying levels of these nuclei. 
The intrinsic energy resolution of neutron time-of-flight equipment as used in the 
present work cannot compare with that obtained with Ge-Li drifted detectors but a 
systematic approach to level structure measurements gives an unambiguous level 
scheme with uncertainties only a few times larger than when using the semi-conductor 
detectors. 

Levels in 43Sc have also been obtained from several, charged-particle, reaction 
studies; most recently by Cujec 3

) using a magnetic spectrograph. 

2. Experimental details 

2.1. TIME-OF-FLIGHT SYSTEM 

The measurements were made with the pulsed beam from the SUNI 5.5 MV 
Van de Graaff accelerator. The beam pulse length.was usually about 4 ns for the 
proton beam with pulse separation times of either 400 or 600 ns. The detector and 
associated electronics has been described elsewhere 4

). The use of NE 213 liquid 
6 
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scintillator makes it possible to discriminate against y-backgrounds using pulse.shape 
discrimination. The spectra then obtained had negligible residual background 
relative to the Ca(p, n) groups even at flight paths exceeding 6 m. The relative detector 
efficiency is determined as a function of energy by comparison with the known 
response of a standard long counter and the detector bias conditions can be duplicated 
as described in ref. 4

). 

The time scale of the time-to-amplitude converter was calibrated with cables of 
known delay. The dispersions used were between 0.75 and 1.05 ns per channel. 
Random spectra were obtained to check the linearity of the time-to-amplitude 
converter. 

MICRO-EVAPORATOR 

1) Crucible {Ta), 2) Tungsten filament· diam. 0.25mrr 

3)Crucible-holder(W): diam. 2mm 
4) Filament support, 5)Torget-holder 
6)1nsulator and system base 

7)Filoment connections 
8)High-voltage connection 

Fig. 1. Sketch of the micro-evaporator used to evaporate enriched CaO material. 

The target in the form of CaO was evaporated onto 0.025 cm tantalum discs 2.5 cm 
~ in diam. These were supported on an 0-ring seal at the end of a thin walled (0.025 cm) 

brass can which also acts as a Faraday cup. A beam current integrator and long 
counters were used as reference monitors. A jet of compressed air gave direct cooling 
to the target backing. No deterioration of targets was observed after prolonged 
bombardment with 5 µA of protons. 

The energy of the accelerated protons was monitored by an NMR probe in the 
magnetic field of the accelerator analysing magnet. This was calibrated up to an NMR 
frequency of 18.964 MHz by measuring (p, n) reaction thresholds on 7Li, 13C, 45Sc 
and 63Cu and 65Cu, and confirmed up to 33.250 MHz by observation of a strong 
30Si(a, y) 34S resonance 5). . 

2.2. TARGET PREPARATION 

CaO targets were prepared using enriched CaC03 material obtained from Oak 
Ridge National Laboratory. Enriched CaC03 (1 to 3 mg) was placed in a platinum 
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crucible and reduced to CaO in a muffle furnace before it was transferred to the 
tantalum crucible of a micro-evaporator designed for the evaporation of enriched 
materials at high temperatures, CaO evaporates at about 2500° C. 

Fig. 1 shows the form of the micro-evaporator which was based on a more elaborate 
design which has been reported 6

). A high temperature is achieved by bombarding the 
crucible (0.32 cm diam by 1.27 cm length) with up to 0.5 A of electrons emitted from 
a heated tungsten or thoriated tungsten coil around the crucible. A variable bom
barding potential of up to 500 V enables the temperature to be adjusted up to about 
3000° C (sufficient even to soften the tungsten rod support below the crucible). A 
suitable power source was constructed using Hg vapour rectifier valves in a con
ventional full wave rectifier circuit which is undamaged by accidental current surges, 
which occur in the event of sparks or mechanical shorts. A high current cut-out is 
added to protect the supply. 

In order to obtain a uniform deposit on the target, the top half of the crucible was 
flared. The targets used in this work had a thickness immediately after evaporation of 
about 100 µg/cm 2 corresponding to 5 keV energy loss for 5 MeV protons. The 
precision of the weighings on which thickness was based varied between 10 and 20 %. 
If the CaO changed completely to CaC03 (a slow process) these targets would become 
8.5 keV thick to 5 MeV protons. 

3. Energy levels of 43Sc 

The targets used to study the 43Sc level structure were made with enriched material 
obtained from Oak Ridge National Laboratory and contained 40

• 
42

• 
43

• 
44

• 
48Ca with 

percentage abundances of 46.28, 7.61, 24.15, 21.88 and 0.08, respectively. Only the 
, last three isotopes can contribute to the neutron emission at the proton energies used 
in this work. Neutron spectra were observed at proton energies ranging from 4.0 MeV 
to 5.5 MeV. Fig. 2(a) is a neutron spectrum obtained at 0° with a bombarding energy 
of 5.25 Me V, and fig. 2(b) was obtained with a different target viewed at 90° with a ~ 

proton energy of 5.535 MeV. Because of their Q-values, groups a-c are ascribed to 
the 44Ca(p, n)44Sc reaction. The level schemes of 43Sc and 44Sc deduced from the 
observed neutron spectra are given in fig. 3 where the present work is compared 
with the previously published data. The levels assigned to 43 Sc are also tabulated in 
table 1. The ground state Q-values are given in table 2. 

Neutron group n8 in fig. 2(b) is assigned to 43Sc because (i) its energy agrees more 
closely with a level in 43Sc than with the level scheme of 44Sc 8

), and (ii) if the third 
excited state in 44Sc has the high spin value tentatively assigned to it ( 6 or 7 + ), it 
is unlikely to be excited with significant intensity in the present work. 

Neutron groups 6 and 7 are assigned to levels in 43Sc. Such levels were not observed 
in the work of Broman and Du Bois 1

). These authors also tentatively assigned a level 
at 1150± 10 keV close to a definite assignment at 1175±4 keV. The present work 
has shown no evidence of a doublet in this position (see group 5 in fig. 2). If two 
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43Ca(p,nl43sc 

400 - · Ep = S.25 MeV 

CJ) 300 ~ 
1-z 
:J 
0 
u 

IL 
0 

(5 200 '
CD 
:::> 
:J z 

Flight path = 3.68 m 

e = 0° 

.. 

50 100 
CHANNEL NUMBER 

I 

0 

: ... .. 
150 

-

-

Fig. 2(a). Neutron time-of-flight spectrum obtained at 0° by bombarding an enriched target contain
ing 43Ca and 44Ca with 5.25 MeV protons. 
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Flight Path = 4 017 m 
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I ··-·. • •• 1·····. 

8 

x4 

c 

100 

a 7 

6 5 

200 
CHANNEL NUMBER 

3,4 
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(b). Neutron timecof-flight spectrum obtained at 90° with 5.535 MeV protons. 
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Level 

1 
2 
3 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

Broman 
and Du Bois Pr~ent work C::ujec 

Energy 
(keV) 

152±5 
476±5 
855±5 

151±20 
237±20 
628± 6 

1139± 7 
1397± 7 
1883± 6 
2080± 7 
2175± 5 
2267± 6 
2380± 5 
2508± 4 
2548± 4 
2630±10 
2661±10 
2725±10 

43Ca(p,n rl 43,Ca(p,nl 4°Ca( 4He,p) 

--1649±7 --1677±15 --1644±3 
' 

--.-1424±10 --1410±5 
--1347±10 --1337±6 

--1175!4 --1175±10 --1180 ------1150±10 

--877±2 --881±5 --885±8 
--844±2 --855±5 --853±11 

--472:1:1 --476±5 --474±10 

--150±1 --152±5 --145±6 

From Nuclear· 
Data Sheets 
--420 

--270 
--147 
--69 

44Sc 

Present work 

44 Ca(p,nl 

--145±5 
---71±5. 

Fig. 3. Energy level schemes for 43Sc and 44Sc. 

TABLE 1 
Energies of 43Sc levels 

Level Energy 
(keV) 

4 881± 5 
5 1175±10 
6 1347±10 

Energies of 4ssc levels 

16 2776± 6 
17 2800± 6 
18 2885± 6 
19 2920± 4; 
20 2969± 4 
21 3021± 6 
22 3050± 6 
23 3146± 4 
24 3208± 4 
25 3258± 6 
26 3292± 6 
27 3322± 6 
28 3353±10 
29 3370± 10 
30 3479± 5 

,. 

Level Energy 
(keV) 

7 1424±10 
8 1677±15 ~ 

31 3515± 5 
32 3557±10 
33 3617±10 
34 3640±10 
35 3667± 5 
36 3705±10 
37 3805± 5 
38 3682±10 
39 3919±10 
40 3975±10 
41 4017±10 
42 4060±10 
43 4086±10 
44 4139±10 
45 4169±10 
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neutron groups of roughly equal intensity are present in these spectra they would 
have to be less than 20 keV apart. The presence of a second neutron group cannot be 
excluded, but no evidence has been found for its existence in this work. This is in 
agreement with the measurements of Cujec 3

) who observed only one level at 1180 
keV with an experimental resolution of 25 keV. Phillips et al. 9), however, have con
firmed the work of Broman and Du Bois. Also using a Ge-Li drifted detector to 
observe the decay gammas, they excited the levels of 43Sc with the 4 °Ca(a, p)43Sc 
reaction. 

Reaction 

43Ca(p, n0) 43Sc 
44Ca(p, no)44Sc 

TABLE 2 

Ground state Q-values (keV) 

present work other work 7• 8) 

-2998±10 -3005±11 
-4447±10 -4431 

A striking feature of the 43Ca(p, n)43Sc reaction is the relatively high cross section 
to the ground state of 43Sc. Limited measurements were made of the excitation and 
angular distribution cross sections. Uncorrelated fluctuations were observed implying 
a predominantly compound nucleus mechanism. It would follow that the relative 
cross sections for the excitation of different final states in 43Sc are determined by 
statistical considerations as modified by barrier penetration probabilities. As the 
spin of both the 43Ca target and 43Sc ground state is 1, the reaction to this state can 
proceed with incoming proton and outgoing neutron having zero angular momentum 
thus minimizing Coulomb and centrifugal barrier effects. The first excited state in 
43Sc has been assigned 1

) a spin} so that the formation of this state involves significant 
barrier inhibition to either or both the incoming proton and outgoing neutron and 
hence occurs with reduced probability. The same considerations imply that all the 
other levels excited in this study have spins different to 1. This qualitative argument 
places some doubt on the ! spin assignments by Phillips et al. 9

) for the 43Sc levels 
at 1347 and 1424 MeV corresponding to neutron groups 6 and 7 in the present work. 

No low-lying levels are expected on the basis of a simple shell model assuming a 
4 °Ca core and additional nucleons in the If,_ shell 1°). Bansal and French 11

) have, 
2 

however, calculated that a dt hole state in the ft shell region (described as the coupling 
of a hole directly with the ground state) should have a very low excitation in 43Sc. 
This could correspond to the } + state 1) at 150 ke V. Other low-lying levels could be 
explained using a deformed Nilsson well. Cujec 3

) finds that this model predicts the 
existence of several bands of low-lying levels with small spins (up to 1). 

It is clear from fig. 2 that the cross sections for the 43Ca(p, n) and 44Ca(p, n) 
reactions are of roughly equal magnitude. From the measured absolute efficiency of 
the detector and the integrated beam current, values could be obtained for the magni-
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tude of the differential cross sections, which varied from about 1 mb/sr to 12 mb/sr 
for the different levels (the latter figure is the cross section for the formation of the 
43Sc ground state). This information is relevant to the discussion of possible contami
nant groups in the 48Ca(p, n)48Sc spectra (see sect. 4 below). 

4. Energy levels of 48Sc 

A series of time spectra were obtained to resolve the neutron groups emitted from 

a CaO ta< get containing 76.1 % "Ca. The target also contained "· '" '"'°Ca wi~ 

3 

If) 
1-
z 
:::> 

500 

400 

8 300 

LL 
0 

"' w 
ro 

~ 200 
z 

100 

0 

I- 48cal p,n )48sc 

Ep = 4.50 MeV 

Flight path= 6.06m 

e = 0° 
~ 

-
9 

13 

- 14 
19 11 

12 8 7 

20 ~ - 24 23 

"?IA 
10 

;M A .A ~A .... _ .. ~ u ... 
I I 

100 200 
CHANNEL NUMBER 

-

-

5 4 

-

2 
-

6 

1 
-

~J ' .) ......... 
I 

300 

Fig. 4. Neutron time-of-flight spectrum obtained at 0° by bombarding an enriched target containing 
48Ca with 4.5 MeV protons. 

percentage abundances of 22.6, 0.16, 0.04, 0.59 and 0.47, respectively. The proton 
energy was again varied from 4.00 to 5.50 MeV, and a large number of neutron 
groups was observed. 

Energy resolution in a time-of-flight system is best at low energies. It is therefore 
necessary to observe closely spaced levels near the threshold of detection in order to 
obtain sufficient separation from neighbouring levels. From successive spectra at 
increasing proton energies, it is not difficult to build up a consistent energy level 
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schefile. In this work (on the 48Sc levels), neutron groups could usually be clearly 
separated in two or more spectra. Typical neutron spectra are reproduced in figs. 4 
and 5. 

The absolute cross sections for the production of individual neutron groups is found 
to be between 0.5 and 5.0 mb/sr. The cross sections therefore have the same order of 
magnitude as those reported for the other energetically possible calcium (p, n) 
reactions (see sect. 3). From their low percentage abundance in this target, it follows 

(/) 
>--z 
::i 
0 
u 

500 -

400 -

15 300 >--

a: 
lJ.J 
m 
:::E 
::i 
z 

200 -

100 -

48Ca ( p, n l 48Sc 
Ep = 5.50 MeV 

Flight Path = 6.06rn 

8 = 0° 

37 

41 

43 42 40 
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18-22 11,12 

15-17 

13, 
14 B 

24 
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' ~ ' ' ' : 
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I i 5: :5• 
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-

'.:J I \ 
300 

Fig. 5. Neutron time-of-flight spectrum obtained at 0° by bombarding an enriched target containing 
48Ca with 5.5 MeV protons. 

that they cannot give neutron groups with sufficient intensity to confuse the assign
ment of levels to 48Sc. 

The levels in 48Sc thus obtained are tabulated in table 1. The lower portion of the 
level scheme is also compared in fig. 6 with that derived from earlier time-of-flight 
work by Elwyn et al. 12 ) and Ferguson and Paul 1 3), and the (p, ny) measurements of 
Chasman et al. 2

). The latter authors presented convincing evidence to show that the 
(p, n 0 ) transition to the ground state of 48Sc was not observable presumably because 
of its very high spin value (6+). This has been taken into account in the present work. 
The Q-value for the ground state transition is found to be 534± 15 keV compared 
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to 529± 10 keV which Chasman et al. based on a Q-value of 660± 10 keV for the 
first excited state as determined by Johnson [quoted in ref. 7

)]. · 

The close agreement of the energies of the levels of 48Sc determined in the present 

1 
Elwyn et al. 

Ferguson and 
Paul 

--- 2670±35 

Chasman et al. 

Present work 

-·-. 

34 IPVPIS 

as listPd 

--: 2494±35 --_- 2519±5(0.1) ==== 2508±4 

_._ 2259±35 

-- 1925±35 

-- 2380!5 
__ , __ 2276±3(2) -- 2267±6 
,-_ -- 2192±3(4) -- 2175±5 
-- 2077±20 -- 2080±7 

-- 1877±20 -- 1883±6 

_-__ 1592±20 

--- 1361±20 -.-- 1372±35 -- 1406±3(1,2)-- 1397 ± 7 

--
1
• 1116±15 -- 1127:t35 -- 1144tJ(1,2L-,- 1139 ± 7 

-- 616±8 

-- 243±5 
-.--131 

-- 851±35 

-·-- 714±35 
---· 598:t 35 · '- -- 624±3(3•> -- 628±6 

-- 253±2(4+) 

-- 131±2(5+) 

0 (6+) 

4ssc 

237±20 
151:!:20 

Fig. 6. The lower portion of the 48Sc level scheme. derived from the present work compared with 
results of other workers. 

work with those obtained by Chasman suggests that the overall uncertainties on the 
present work are not very much larger than theirs. The uncertainties quoted in table 1 
for the present work are based on the experimental reproducibility from one spectrum 
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to another. As the level energies are here determined from each spectrum, the values 
(based on Q-value differences) are more precise than the Q-value determination for 
any one level. The energies of the first two levels are not accurately determined in the 
present work because, at these energies,-they could not be adequately resolved. 

Using a 3He proportional counter, Chasman et al. also observed levels not ex
tracted from they-decay measurements. The existence of a level at 1592 keV is, how
ever, not confirmed by the present study notwithstanding the use of much higher 
proton energies. An additional level is found at 2380 keV as well as 34 other levels 
between 2508 ke V and 4169 ke V. 

1.0 2.0 3.0 4.0 5.0 
EXCITATION ENERGY (MeV) 

Fig. 7. An Ericson plot of N(E), the number of levels in 48Sc below the excitation energy E as observed 
in the present work. The full straight line has a slope corresponding to a nuclear temperature of 

1.0 MeV, and the dashed straight line corresponds to a temperature of 1.2 MeV. 

Unlike the low-lying levels of 43 Sc, those of 48Sc are in reasonable agreement both 
as regards energy and spin with calculations based on the simple shell model 10

). 

The level structure at high excitations in 48Sc as determined by this study might be 
an over-simplification. It is possible that some peaks have not been resolved. Devia
tion from a straight line in an Ericson plot 14

) is assumed to be indicative of unrec
ognized structure. Fig. 7 is such a plot of the present data where the superposed 
unbroken line corresponds to a nuclear temperature of 1.0 MeV and the dashed line 
to 1.2 MeV. The unbroken line deviates considerably from the level scheme above an 
excitation of about 3.7 MeV but the corresponding nuclear temperature (1 MeV) 
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is lower:than other values in the literature 15
• 

16
). If the nuclear temperature of 1.2 

MeV is more correct, there is less likelihood oflost level structure in the present work. 
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Abstract: The 48Ca(p, n)48Sc reactions to the first 11 excited states in 48Sc have been studied as a 
function of angle and proton energy from 4.03 to 5.63 MeV. Absolute cross sections (±25 %) 
have been obtained using a calibrated, time-of-flight detection system. The cross sections are 
observed to have random fluctuations in accordance with the Ericson fluctuation theory. There 
is no indication of any direct reaction contributions to the cross sections. The average angular 
distributions are symmetric about 90°. The coherence energy I' is observed to be ~ 9 keV at 
15 MeV excitation in 49Sc. Autocorrelation analysis of the cross sections for exciting the third 
to I Ith excited states of 48Sc leads to probable spins of (3,4), (1,2), (1,2), 2, (1,2), 1, (2,3), 2 
and 0, respectively. 

E 
NUCLEAR REACTIONS 48Ca(p, n)48Sc, E = 4.03-5.63 MeV; measured u(E; En, Ii). 

49Sc levels deduced I'; 48Sc levels deduced J. Enriched target. 

1. Introduction 

Compound nucleus effects have been observed in the 48Ca(p, n) reaction at energies 
below 4 MeV by El Nadi et al. 1

) and Ricci et al. 2
). They associate peaks in their 

excitation curves with levels in 49Sc. Jones et al. 3
) in a study of the 48Ca(p, p) reaction 

observed resonances on a background of sharp fluctuations. They ascribed the fluctua-
/ tions to overlapping T = -± states in the 49Sc compound nucleus and the resonances 

to T = ! states which are isobaric analogues of low-lying levels in 49Ca. These they 
observed at Ev = 1.935, 1.945, 3.86, 5.952 and 5.994 MeV centre-of-mass energies. 
The present work on the (p, n) reaction was undertaken in the proton energy range 
4.0 to 5.6 MeV and, therefore, is not affected by the isobaric analogue resonances. 

The cross sections of many reactions show rapid fluctuation with energy in satis
factory agreement with statistical theory developed by Ericson 4

) and Brink and 
Stephen 5

) for reactions proceeding via highly-excited, overlapping, compound 
states. Besides delineating the reaction mechanism, application of fluctuation theory 
can enable an estimate of the relative direct interaction amplitude and the mean 
lifetime of the compound states. In favourable cases, the analysis can give information 
on the spins of the particles in the exit channel 6

). Several careful studies are available 
of the detailed analysis of experimental data in terms of fluctuation theory. For 
example, Allardyce et al. 7

) investigated the 26Mg(p, a) reaction, Dearnaley et al. 8
) 

17 
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the 27Al(ix, p) reaction and von Witsch et al. 9
) the 37Cl(p, ix) reaction. On the other 

hand, Van der Woude 10
) and Dallimore and Hall 11

) generated synthetic excitation 
functions to study the effects of finite energy range of data and finite resolution on 
experimentally determined quantities. 

The criterion for the application offluctuation theory is that the mean level width I' 
should considerably exceed the mean level spacing D at the relevant excitation of the 
compound nucleus. With EP = 5.5 MeV, the excitation in 49Sc attained by proton 
capture in 48Ca is about 15 MeV. This is not a high energy in view of the wide spacing 
of levels near the ground state of 49Sc. Calculations of level spacings are not very 
reliable. An estimate of D ;::; 50 eV at 15 MeV excitation is obtained by using the 
accepted dependence of level density on excitation energy and the mean level spacing 
at the neutron binding energy for nuclei of mass about 50. The theoretical work of 
Eder et al. 12

) gives D ;::; 0.05 eV for 48Ca at this excitation. A value of D ~ 100 eV 
is obtained for 49Sc by extrapolating from its known low-lying level structure using an 
Ericson plot of the form shown in fig. 7 of part (I) of this report. With I' ;::; 10 keV, 
the ratio I'/ D for 49Sc is certainly much larger than 2, a value shown by Dallimore and 
Hall 1 1

) to be adequate for fluctuation analysis. The effects of a small I'/ D have been 
discussed by Moldauer 13

). 

2. Cross-section measurements 

The absolute efficiency of the neutron detector was determined for 4 Me V neutrons 
from the known 12C( 3He, n) cross section 14) with a target 180 µg/cm 2 thick. The 
efficiency at lower energies up to 2 MeV was obtained from measurements on various 
Li targets using the 7 Li(p, n) reaction cross section 15

). The absolute cross sections 
for the 48Ca(p, n)48Sc reaction are based on the deduced detector efficiency, the target 
thickness measured by weighing, the integrated proton beam current and the counts 
in the neutron spectrum for the reaction to a particular level. The major sources of 
uncertainty are the detector efficiency (± 20 %), the target thickness (± 15 %) and , 
the counting statistics (usually better than ± 5 %). Relative uncertainties should be 
purely statistical. 

The reaction 48Ca(p, n)48Sc has been studied as a function of energy and angle 
for incident protons between 4.03 MeV and 5.63 MeV. Measurements were made at 
0° between 4.03 and 5.03 MeV in steps of20 keVand at 90° in steps of 10 keVbetween 
4.83 and 5.63 MeV. The results combined into one excitation curve for the reactions 
going to the first 11 excited states of 48Sc are presented in fig. 1. 

Angular distributions were measured at eleven energies between 4.43 and 5.53 MeV 
and eight angles from 0° to 150°. Two representative sets of results are given in figs. 2 
and 3 for the reaction to levels 3 and 5 of 4 ssc, respectively. The angular distributions 

· averaged over energy are shown 'in fig. 4. 
The structure in the angular distributions is asymmetrical and rapidly fluctuat

ing. The average cross sections, however, even when averaged over only 250 keV, 
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Fig. 1. The excitation cross sections for 48Ca(p, n)48Sc reactions to levels 1 to 11 in 48Sc measured at 
0° in the proton energy range 4.03 to 4.83 MeV and at 90° in the range 4.83 to 5.63 MeV. The ground 

state reaction was not observed. 
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Fig. 2. The 48Ca(p, n)48Sc differential cross sections as a function of 
angle for the reaction to the third excited state of 48Sc. The shape of 
the angular distributions shows rapid fluctuations with changing proton 

energy. 
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Fig. 3. The 48Ca(p, n)48Sc differential cross sections as a function of 
angle for the reaction to the fifth excited state of 48Sc. 
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all have approximate symmetry about 90°. These features of the angular distributions 
as well as the sharp fluctuations observed in the excitation cross section curves are 
characteristic of a reaction proceeding via a highly-excited compound nucleus 
satisfying the requirements of Ericson fluctuation theory. 

6 
(1+2) 

_y---. 
Q .:_ 

6~ 
4 4 

2 2 

i'[~ ]'E]S) .. Z4 (4) 2~ 
0 . 
.... 
~o o 
<fl 

I 

~,r~r~71 
w1 (6) 1~ 
CO) 
< . 
ffi 0 0 
~ 

4 

2~ 
(8) 

90' 

2 
(10) 

~ 

180' 
ANGLE 

90' 180' 

Fig. 4. The angular distributions for the 48Ca(p, n )48Sc reactions averaged over the proton energy inter
val 4.43 to 4.67 MeV. Each distribution iS labelled with a number indicating the excited state of 48Sc 

to which the reaction proceeded. 

3. Correlation functions and coherence energy 

If the width of compound states at- the relevant excitation is I', then only states 
within an energy region of order I' can be simultaneously excited and must be treated 
coherently. If this coherence energy embraces a large number of levels, then the total 
reaction cross section is a sum of a large number of terms with random phase and 
hence itself becomes a random number. If transitions to different final states are 
compared, the transition probabilities are independently random. It is therefore a 
basic conclusion of 'Ericson theory that cross correlations between cross sections to 
different exit channels a and b should be zero while auto-correlations for any one 
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channel ishould only be other than zero within the coherence energy I'. As used in 
this work, correlation coefficients for the cross sections as a function of the energy E 
are deft.tied as 

R (e) = / ( a.(E) - l) (ab(E+e) - i)"', 
(ab) ""' (a.(E)) (ab(E)) / 

where e
1

is an increment of energy. 
The auto-correlation coefficient is obtained for a = b in which case the indices 

will be omitted. 
Ericsbn 4) has shown that 

while Stephen 5
) has obtained 

R(e) = R(O) ' 
l+e2/I'2 

R(O) = (l-y 2 )/N, 

which describes the damping of the statistical fluctuations by the presence of a 
compet~ng fraction y of direct reaction cross section and by N-independent effective 
channels for the reaction via the compound state. For the purely statistical case 
N = 1, and hence R(O) = 1 for a one-channel reaction with no competing direct 
interaction. 

In the work presented here, there is no evidence of a direct contribution. In partic
ular there is no tendency toward forward peaking of the angular distributions. The 
average angular distribution is, in several cases, peaked at 90°. The parameter y will 
therefore be assumed equal to zero. This assumption should at least be reliable for 

I 

the 90° excitation measurements. 
Dearnaley 7) has described a method for analysing cross-section excitation measure

ments for a non-stationary process (such that the average cross section is not a con
stant). An alternative procedure has been used here viz. the replacement of (a(E)) 
by a running average (aR(E)) averaged over an energy interval [JE as in the work 
of Elliott and Spear 16

). In order to analyse the present work using the running average 
method, the auto-correlation function R(O) was first computed as a function of bE. 

I 

The results are presented in fig. 5. It is clear that besides structure with width less than 
100 keV there is additional non-stationary behaviour (at least for the reactions going 
to levels 3, 6 and 9 of 48Sc ). · 

Auto-correlation curves R(e) were therefore computed for [JE = 160, 200 and 240 
keV where the full range of data collection was in most cases 800 keV. Fig. 6 contains 
the auto-correlation curves for [JE = 160 keV. The fact that R(e) fore > I' is found 
to remain nearer zero for [JE = 160 keV and appears to depart progressively from 
zero for larger [JE suggests [JE ~ 160 keV gives the most reasonable values of R(O) 
and r. 
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The mean value of I' deduced from these curves is 9 keV, which, as the energy 
resolution of these measurements is between 5 and 8 keV, must be regarded as an 

.. . . . .. . .. . . ... . . . . 
010 

.. (3) (4) . . . . . 
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.... . . . . . . . . . . . . . . . . . . . . . .. 
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(10) ..... ... . . . . .. . . . . .. ••e••• 

00 100 200 300 400 500 0 100 200 300 400 500 
ENERGY INTERVAL SE (keV) 

Fig. 5. The computed auto-correlation coefficients R(O) plotted as a function of the running average 
interval oE for the reactions going to the indicated levels of 48Sc at (J = 90°. 

upper limit. The peak counting method using the average number of maxima per 
unit energy 

K = 0.55/I' [ref. 11
)], 

gives I' = 25 keV. This confirms the conclusion that the energy resolution is in
adequate for a precise determination of I'. From interpolation in the graphical sum-
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mary of available data as prepared by Papineau 17
), the expected value for the 

coherence energy at 15 MeV in 49Sc is around 6 keV corresponding to a mean 
lifetime of the compound states of about 10- 19 sec. 
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Fig. 6. The computed auto-correlation coefficients R(e) plotted as a function of the energy increments 
e(keV). The averaging interval used was (5£ = 160 keV. Four cross correlation coefficients Rab(e) are 
also plotted in this figure. The full data are only shown for levels 6 and 10 to illustrate the behaviour 

of R(e) fore > 40 keV. 

Fig. 6 also contains computed cross correlations for 15E = 160 keV, e = 90° for 
four pairs of excitation curves. The lack of cross correlation, suggested by a visual 
examination of the excitation curves, is confirmed by these results. 

4. The spins of 48Sc final states 

The value of the auto-correlation coefficient R(O) for a pure compound nucleus 
reaction is given by 1/ N, where N is the number of effective channels. Several authors 
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(refs. 4
•

5
•

9
)) have shown that a good approximation for N is given by 

N = 1-(2/+1)(2i+1)(21'+1)((2i'+l) 

for observations around 90°. The quantities I and i are the spins of target and pro
jectile and /' and i' the spins of residual nucleus and emitted particle, respectively. 
For the reaction 48Ca(p, n)48Sc at 90°, N has the values 2, 6, 10, 18, 22 etc. for 
reactions proceeding to 48Sc levels with spin 0, 1, 2, 3, 4 etc., respectively. The 
auto-correlation coefficient R(O) is thus strongly spin dependent. 

TABLE 1 

Measured and calculated R(O) values 

Sc48 Possible R(O) at 90° Probable spins R(O) at 0° 
level spin calculated measured present Chasman measured value a) 

value (J/N) value a) work et al. 18) 

3 3 0.071 0.059±0.017 3,4 3+ 0.26±0.15 
4 0.056 0.058±0.013 

4 1 0.167 0.13 ±0.04 1, 2 1, 2 0.24±0.15 
2 0.10 0.125±0.023 

5 1 0.167 0.12 ±0.04 1, 2 1, 2 0.23±0.15 
2 0.10 0.115±0.023 

6 2 0.10 0.090±0.023 2 0.25±0.15 
3 0.071 0.089 ±0.017 

7 1 0.167 0.13 ±0.04 1, 2 0.20±0.15 
2 0.10 0.127 ±0.026 

8 1 0.167 0.147±0.04 0.30±0.15 
2 0.10 0.142 ±0.026 

9 2 0.10 0.082±0.026 2, 3 4 0.25±0.15 
3 0.071 0.080±0.018 

IO 2 0.10 0.092±0.026 2 2 0.26±0.15 
3 0.071 0.090±0.018 

11 0 0.50 0.405±0.18 0 0, 1 
0.167 0.30 ±0.06 

a) The R(O) correction and uncertainty due to the finite-energy range of data (FRD) are calculated 
using formulae derived by Dallimore and Hall 11 ). 

For measurements where the neutrons a,re detected at 0°. or 180°, the number of 
effective channels is severely restricted by the required conservation of magnetic 
substates along the direction of the incident beam. A full discussion of this point 
is given by von Witsch et al. 9 ). For the reaction being studied here, N is reduced to 1 
(hence R(O) = 1) for a reaction leading to a zero-spin state of 48Sc, and N = 2 (so 
that R(O) = 0.5) for reactions to states with spin ~ 1. 
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The results from an analysis of the present work are given in table 1. It should be 
noted that the measured R(O) values for the 0° measurements (column 7 of table 1) 
are all smaller than the expected value 0.5. It is nonetheless significant that all these 
R(O) values for the 0° data are about equal and relatively large in comparison with 
the 90° measurements. The reduction of R(O) values is presumably another result of 
the inadequate energy resolution of the measurements. The resultant suppression of 
peaks and filling in of sharp troughs in the excitation curve would depress the value 
of R(O). The measured R(O) values at 0° are therefore in qualitative agreement with 
the expected R(O) values for reactions to final states of spin ~ 1. 

Table 1 also lists the measured R(O) values for the 90° data. These are corrected 
for the fact that the analysis is made over a finite-energy range of data (FRD). 
Dallimore and Hall 11) have derived a correction term for the "bias" introduced by 
the FRD. The FRD statistical uncertainty on R(O) (again using an expression derived 
by Dallimore and Hall 11 )) is also given in table 1. The finite-energy resolution also 
introduces a negative bias as discussed above. Bearing this in mind, the most probable 
spin assignments based on the present work are given in column 5. Comparison with 
the spins suggested by 'chasman et al. 18

) on the basis of y-ray transition probabilities 
(see column 6, table 1) shows general agreement with the conclusions based on the 
present work. 

5. Discussion 

Ericson 19
) and Macdonald 20

) have shown that under certain conditions the cross. 
section for populating a definite final state of spin I when averaged over bombarding 
energy may be proportional to (21+1 ). The (2/ + 1) rule should be valid for the same 
conditions which make application of the Ericson fluctuation theory valid, viz. the 
purely statistical nature of the compound nucleus reaction in the region of overlapping 
states. The (2/ + 1) rule has been verified experimentally for certain reactions but its 
applicability is limited by additional requirements. 

(i) The energy of the incoming particle must be such that a sufficient number of 
angular momenta can participate or the spins of the reacting particles be large enough 
to enable compound states of different I to be populated with equal probability. 

(ii) The energy of the outgoing particle should be large enough to ensure that the 
barrier penetration does not suppress any /-values compatible with I and I'. 

Such conditions unfortunately are not satisfied for the present study of the 
48Ca(p, n)48Sc reaction. Even for reactions going to different states of equal spin, 
the cross sections are not necessarily equal as the penetrabilities will also be deter
mined by the parity of the final state. This has been illustrated by Janecke 21

) in a 
study of the 4 °Ca(d, oc) 38K reaction. It is therefore not surprising that the average 
cross sections in the present work show little obvious correspondence with the spin 
assignments. 
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On the other hand, the overall agreement (except for level 9) with the spins 
suggested by Chasman et al. on the basis of gamma-ray transition probabilities gives 
weight to the additional spin values deduced from the fluctuation analysis of the present 
work. The probable spins of the lower levels are also compatible with the spin values 
expected on the basis of a simple shell model 22

). 
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REACTIONS ON LIGHT ELEMENTS INDUCED BY 
CHARGED PARTICLES ELASTICALLY SCATTERED 

BY FAST NEUTRONS* 
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Southern Universities Nuclear Institute, Faure, Cape,.S.A. 
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Abstract-Average cross sections for reactions induced by recoil-charged particles, obtained in.an 
irradiating flux of 14·5 MeV neutrons, have been measured in boric acid, wax, cyclohexane, NH4F, 
NH4SCN, water and 0 20. In addition the cross section for the reaction 11B(n, p)11Be induced by 
14·5 MeV neutrons was found to be 7·1 ± 2 mb. 

1. INTRODUCTION 

SINCE the first reports on the reactions induced by recoil protons elastically scattered 
by reactor neutrons (GLICKSTEIN and WINTER, 1960; STEHN, 1960; ROY et al., 
1960), the study and application of such reactions have drawn considerable attention. 
While studying irradiations with fast neutrons GILMORE and HULL (1962) found that 
the reactions induced by 'knock-on' protons caused an increase in the activity of 
nitrogen-13 from the reaction 13C(p, n)13N and thus interfered with the attempted 
determination of nitrogen in organic compounds. The use of nuclear reactions 
induced by recoil-charged particles for analytical purposes was first shown by AMIEL 
and PEISACH (1962) who measured the activity of fluorine-17 obtained from the 
reaction 160(d, n)17F induced by reactor neutrons, to determine the deuterium 
content of heavy water. The same approach was used to determine the content of 
deuterium-labelled organic materials by FABBRI et al. (1964) who measured the activity 
of nitrogen-13 from the reaction 12C(d, n)13N and also to determine the isotopic 
concentration of oxygen-18 in hydrogen-containing materials through the reaction 
180(p, n)18F induced by reactor neutrons (AUMANN and BORN, 1965; HUNT and 
MILLER, 1965). 

In this work average cross sections have been measured for reactions on boron, 
carbon, nitrogen and oxygen induced by recoil-protons and recoil-deuterons from 
14·5 MeV neutrons. 

2. THEORETICAL CONSIDERATIONS 

It can be shown that the saturation activity per unit volume of a product nuclide, 
obtained by the irradiation with charged particles elastically scattered by mono
energetic neutrons, is given by 

i Emax 
aoo =Ni N 1/1acat<f>n a(E)P(E)(dE/dx)-1 dE, 

Eth 

(1) 

* This work forms part of a dissertation to be submitted by W. J. N. to the University of 
Stellenbosch in partial fulfillment of the requirements for a doctorate. 
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where Ni and NZ) are the number of target and charged particle atoms per unit volume 
respectively, a50at the total cross section for elastic scattering of the recoiling nucleus, 
<Pn the neutron flux per unit area, Emax the maximum energy of the charged particle, 
a(E) and Eth the cross section and threshold of the reaction leading to the product 
nuclide and dE/dx the differential rate of energy loss of the recoiling particle. The 
probability that the scattered particle will have an energy greater than Eis P(E). 

From equation (1) an average cross section a may be defined as 

(2) 

The probability P(E) was calculated for protons, assuming isotropic scattering at 
14·5 MeV, and for deuterons using the differential cross sections given by SEAGRAVE 
(1955) and ALLRED et al. (1953), for 14·1 MeV neutrons, by the relationship 

J:max O'(cp) dE 

P(E) = iE ' max 
a( cp) dE 

0 

(3) 

where a(cp) was the differential elastic scattering cross section in the centre-of-mass 
system and cp the angle through which the neutron was scattered. The variation of 
P(E)as a function of E/Emax "is shown in Fig. 1. 

The differential rate of energy loss was approximated by means of the equation 

(4) 

where K is a constant. 
3. EXPERIMENTAL 

3.1 Neutron source 

Samples were irradiated with 14·5 ±· 0·4 MeV neutrons generated by the reaction 
3H(d, n)4He. A tritium gas target, 3 cm long was used and operated at a gas pressure 
of about 500 mm. The gas cell was constructed according to the design of NOBLES 
(1957) in which a double window was used to allow better cooling so that deuteron 
currents up to 5 µA could be used. The total neutron yield was not measured but the 
averaged neutron flux through the samples was determined (see below). 

3.2 Irradiation and measurement 

To ensure a good yield with the available neutron flux, large samples of about 
250 cm3 were used in all cases except for D 20. The cylindrical sample containers 
were made of Perspex and were constructed with a cavity which enabled the sample 
to be mounted in a position completely surrounding the tritium gas cell in the forward 
direction. In the case of D20, a 3 cm3 capsule of polyethylene was used in close 
contact with the gas cell. Irradiations lasted between 1-20 min. As monitors of 
the gross neutron flux, the deuteron current falling on the tritium cell was used, as 
well as the counts recorded by a BF3-counter placed at a fixed distance from the cell 
at a backward angle. 
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where N. and N are the number of target and charged particle atoms per unit volume 
respecti;ely, O'sc:t the total cross section for elastic scattering of the recoiling nucl~us, 
<f>n the neutron flux per unit area, Emax the maximum ener.gy of th~ charged particle, 
<1(E) and Eth the cross section and threshold of the reaction leadmg to the product 
nuclide and dE/dx the differential rate of energy loss of the recoiling particle. The 
probability that the scattered particle will have an energy greater than Eis P(E). 

From equation (1) an average cross section a may be defined as 

jj = aoo(N;NpO'scat<Pn f Emax P(E)(dE/dx)-1dE)-1
• 

Eth . 

(2) 

The probability P(E) was calculated for protons, assuming isotropic scattering at 
14·5 MeV, and for deuterons using the differential cross sections given by SEAGRAVE 
(1955) and ALLRED et al. (1953), for 14·1 MeV neutrons, by the relationship 

J:max <1(cp) dE 

P(E) = iE ' max 

<1(</>) dE 
0 ' 

(3) 

where <1(cp) was the differential elastic scattering cross section in the centre-of-mass 
system and </> the angle through which the neutron was scattered. The variation of 
P(E)as a function of E/Emax is shown in Fig. 1. 

The differential rate of energy loss was approximated by means of the equation 

(4) 

where K is a constant. 
3. EXPERIMENTAL 

3.1 Neutron source 

Samples were irradiated with 14·5 ± 0·4 MeV neutrons generated by the reaction 
3H(d, n)4He. A tritium gas target, 3 cm long was used and operated at a gas pressure 
of about 500 mm. The gas cell was constructed according to the design of NOBLES 
(1957) in which a double window was used to allow better cooling so that deuteron 
currents up to 5 µA could be used. The total neutron yield was not measured but the 
averaged neutron flux through the samples was determined (see below). 

3.2 Irradiation and measurement 

To ensure a good yield with the available neutron flux, large samples of about 
250 cm3 were used in all cases except for D20. The cylindrical sample containers 
were made of Perspex and were constructed with a cavity which enabled the sample 
to be mounted in a position completely surrounding the tritium gas cell in the forward 
direction. In the case of D20, a 3 cm3 capsule of polyethylene was used in close 
contact with the gas cell. Irradiations lasted between 1-20 min. As monitors of 
the gross neutron flux, the deuteron current falling on the tritium cell was used, as 
well as the counts recorded by a BF3-counter placed at a fixed distance from the cell 
at a backward angle. 
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a. 

Reactions on light elements induced by charged particles 

E/Emax 

Fm. 1. The probability that a recoiling proton or deuteron will have an energy greater 
than E when elastically scattered by a 14·5 MeV neutron. 

895 

Samples were counted by means of a 5 x 4 in. NaI(TI) scintillation crystal 
coupled to a multichannel analyser in the multiscaler mode. Counting was continued 
for several half-lives and the absolute disintegration rates at the end of the irradiation 
were determined. Where necessary, the decay rate of specific y-rays was followed to 
minimize interference from other radioactive species in the sample. 

3.3 Neutron flux measurement 

The value of the neutron flux, averaged over the volume of the sample, was 
determined in samples where suitable fast neutron induced reactions occurred. This 
method of averaging the neutron flux is based on internal standardization and is 
preferable to the use of external standards or monitors because the variation of the 
neutron flux caused by sample components and geometrical effects are more readily 
compensated for. 

The results are given in Table 1, together with the cited values (JESSEN et al., 
1966) of the corresponding reaction cross sections from which the neutron flux was 
calculated. The average value of the neutron flux was found to be (7·3 ± 1 ·0) x 106 

neutrons/cm2.sec. The error given is the probable error, calculated from the experi
mental results, taking into account discrepancies in the neutron reaction cross 
sections as obtained by different workers. In the case of D20 which was irradiated 
much closer to the tritium gas cell, the corresponding flux was about 10 times higher. 

4. RES UL TS AND DISCUSSION 

4.1 Cross section for the reaction 11B(n,p)11Be 
The cross section of the reaction 11B(n, p)11Be with 14·5 MeV neutrons was 

measured by determining the yield of 13·6 sec beryllium-11. The value obtained was 
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This observation is in complete agreement with the work of WILKNISS (1966) who 
found that the yield of radioactive products from reactions induced by the recoil 
protons obtained from irradiation with 14·7 MeV neutrons were, in most cases, 
higher than the corresponding calculated values. 

Acknowledgment-Financial assistance from the South African Atomic Energy Board is gratefully 
acknowledged. 
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CBOSS SECTIONS P'OR PROTON AND DWTERON-IKOOCED 

ACfIVAtION OJ' CALCiml ISOTOPES 

max Peieach, Ben( Pretorius and David s. Rosettenstein 

Southern Universities Nuclear IDBtitute, P.O. l!ox 17, laure, 

C.P.-, South Urica 

SUXRABY 

With the increase in the use of stable ieotopes for 

traciDg calciWll in vivo the need for determining their 

isotopic concentration in calciWll, routinel1, bas increased • 

. Beoentl7 a method u&iJlg proton actiVl>tion has been developed, 

blat to utilize this technique to ita best advantage, a 

knowledge of the variation o! the activation croes section 

with particle energy is essential. 

l!ecause charged particles lose their energy within a 

relativel1 short distance in the irradiated material, the 

calcium was prepared as a thin layer ot oxide or fluoride on 

a backing o! tantalW11, ProtoDS or deuterons at energies 

ranging up to 5 MeV and currents between o. 2 and o. 5 µA were 

used in the irradiation. 

Natural calciWll targets and targets enriched in 40ea, 
42ea; 43ea, 44ea and 48ea were irrsdi&.ted and the activities 

generated were measured by swzima-ray scintillation spectrometry 

with a Nal(fl) crystal. Relative cross sections for the 

various proton and deuteron-induced reactioD.B were obtained. 
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IRTRODOC!IOJI 

Nuclear metboda have been uaed to determine calcium-48 

absolutelf bf neutron activation (,!,£) a.Dd recentlJ a method 

usill6 charged particle activation baa been developed (J) to 

determine tbe relative enrichment of calcium-48. To utilize 

this latest technique to i ta bee~ advantage, a knowledge ~f 

activation croes sections would be essential. In addition, 

the variation of cross section w1 th particle energy baa to 

be known, because unlike neutrons, charged particles undergo 

a rapid cbane:e of enerQ' within the sample. In!omation on 

t~e cross sections or reactions induced by charged particles 

on the calcium 1soto~es ia not available. Por thia reason 

this investigation was undertaken with protons and deuterona. 

For target materials irradiated w1th a constant current 

of particles at a fixed energy, the specific act1v1t7 

produced would be directlJ proportional to the reaction 

cross section. At tbe end of the irradiation, the activity 

1n the sample wo~ld be tbe sum of all the activities 

produced bf vanJue reactions on the components of the 

targets. By gai:u::a-ray spectrometey and deca7 measurements 

the various radioactivities may be resolved and hence 

individual cross sections may be determined relative to one 

another. Absolute values may be obtained if the activities 

are determined absolutely or by comparison with a r~action 

of known cross section. 

Radioactive lll2clides expected from the irradiation of 

calcium isotopes with protons and deuterons are listed in 

Tables I and II respectively, The criteria for inclusion 

of radioactive products in these Tables are 

(i) the Q-value of the reaction leadin& to that radio

active product should exceed -5 MsV. Thie condition 

was determined by the ma:d.lllWll energy attainable bf 

the bombarding particles in the S.O.N.I. Van de 

.Graaf! accelerator. 
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(ii) the radioactive product should decay with the 

emission of gamma-ra1s 1 or beta-rays of sufficient 

. enera to•be detected in the measuring system. 

(iii) the half-life of the product should lie between 

4 .min• and l year. The lciwer limit is ililposed by 

. the tilile tuen to' t~nsfer the target to ·the 
. . 
measuriris position and the upper limit by the 

fractional change in.activity that would be 

detected in a relatively short counting period of 

a few weeks.· 

PREPARAfION OP SAMPLES 

Enriched calcium isotopes were obt~ined from the O&k 

:Ridge National Iaborator,y~ tJ,S.A. as calcium carbonate. 

The carbonate was dissolved in hydrochloric acid and pre

cipitated as fluoride with hydrofluoric acid in a platiniim 

cru.cible. The fluoride was selected as target material 

because it could stand up to relatively high temperatures 

and did not· form interfering activities. 

Because charged particles lose. their energy within a 

relatively short distance in the irradiated material, it is 

preferable that the target material be as thin as possible. 

However, the activity yield is a :f'unction of the weight of 

material irradiated, thus, when targets are prepared, a 

compromise has to be struck between energy lose in the target 

and activity yield. Thin targets of calcium fluoride were 

prepared by evaporation in vacuo 1 ~into tantalum backings 

which, at ·the bombarding energies used, did not produce 

interfering activities. When small amounts of material were 

available, ae 1 for example, wae the case for some highly 

enriched calcium isotopes, a tungsten microcru.cible (..2,) 

heated by electron bomb.ardment was used; in this way it was 

possible to prepare targets of about 130 µg./cm. 2 thickness 
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from l mg. ot t~µoride. 

IRRADIAUON 

Irradiations were carried out with the 5.5 MV Van de 

Graatf accelerator at the Southern Universities Nuclear 

Institute, ·The beam enere::1 was defined with a precision ot 

! O,l", Irradiation currents ranged between 0.2 and 7,0 J&A• 

but when the current exceeded about 0.5 pA external coolill6 

of the targets became necessar)'. Irradiations lasted tor 

two hour8. The current tallill6 on the target -s obtained 

by insulating the target assembly and measuring the Cllrrent 

with a suitably designed current integrator (!), 

Sin&le samples were irradiated inside a Paraday cup 

which enabled the total Cllrrent falling on the sample to be 

measured with a precision of ! l", These samples were used 

for intercalibration of flux and for normalisation of the 

results from different irradiations. 

To enable several samples to be irradiated simultaneously 

with a beam at a constant enere::1 1 a rotating sample holder 

accommodating up to l2·aamples (Figure l) could be mounted 

?n the beam tube, This. sample holder could also be used to 

irradiate several·aamples at different energies simultaneous

ly, by using stacked foils ot aluminium to degrade the 

energy of the irradiating beam. 

ACTIVITY . MEASUREMENT 

After irradiation samples were counted and analysed by 

gamma-ray spectrometr)' usin& a 3 x 3 inch NaI(Tl) scintilla

tion detector, The spectra were recorded on a lllllltichannel 

analyser and gross counts were simultaneously measured with 

a single channel analyser preset to cover selected energy 

regions. Counting started about ten minutes after the end 
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ot the irradiation and contilllled periodically until sufficient 

data had been accumulated to enable the components .. to be 

separately detel'lllined. 

Dec&¥ data -s a1l8.17eed with the IBM 1620 computer ot 

the Univerait7 ot Stellenbosch, to detel'llline the component 

activities at the end ot the irradiation, using a prog1'Blllllle 

based on the principle ot maxilllWll likelihood Cl). Calibrated 

sub-etandards were·used. to obtain absolute activities. 

PROTON CROSS SECTIOBS 

Gs.mma-ra1 spectra obtained during the decay ot a sample 

ot natural calcium fluo~de irradiated with protons ot 

4.75 KeV is shown in Figure 2. Immediately after irradia

tion the presence ot scandium-44 was proved by the pronounced 

peak from positron annihilation of 0.51 MeV and the photopeak 

from :t;he 1.16 MeV gamma-ray. After a few hours the preeence 

of the longer-lived scandium-48 could already be distinguished 

b7 the appearance of the (unresolved) photopeaks trom 

gamma-ra7a ot.0.99 and l.04 MeV and of 1.31 MeV. Thereafter 

the deca7 followed without aey sign of longer-lived activities 

being preeent. 

Because the 7ields of scandium-44 and 48 from natural 

calcium were autficiently high for ready measure1nent, 

natural calcium could be used for the cross section measure

ments· of the reactions 44ca(p,n)44sc and 48ea(p,n)48sc. 

However, for proton enerstes above about 3 MeV, but below 

about 4.5 MeV when the reaction 44ca(p,n)44sc wae energet

i()&lly not possible, any 4-hour activity had to be ascribed 

to scandium-43. The activity yield of 43sc was then still 

sufficiently high to use natural calcium for the determina

tion. When protons of energy lees than the th.?"eshold for 

the reaction 43ca(p,n)43sc was used, the ecandium-43 activity 

could·only have been foI1!1ed by the reaction 42ca(p,y)43sc. 
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Accordingly natllral calcium was suitable for determining 

the croes section of' the reaction 42ea(p,1)43sc up to an 

energy of' about 3 MeV, the BUlll of' the 11calldiwa-4) ;rield 

from t!lis reaction and 43ca(p,n)43sc over the proton energy 

railge 3.1 to 4.5 MeV and, with suitable gamma-ra;r energy 

discrimination, the cross section for the reaction 

44ca(p,n)44sc above.4.5 MeV. In.the ener&Y ranges where 

different reactions led to the same product or to products 

with siin.1.lar hal.i'-lives, enriched· targets were used. 

Croes sections near to the reaction thresholds were open 

to large errors because of' the dif'f'icu1ties in measur1J18 low 

activities, Accordingly the thresholds for (p,n) ~eactions 

were determined b;y measuring the -variation of' Jllllltron 

emission from the target With proton energ. rhe neutrons 

were counted with a BP3-deteotor at o0 placed as close to 

the target as possible in order to su.btend a large solid 

angle, Reacti<>n. thresholds measured in this wa;r are given 

in Table III. Because the Q-value for the reaction 

48ca(p,n)48sc is only -0.515 MeV.the threshold for this 

reaction can be considered as a semi-qv.antitative measure 

of the Coulomb barrier tor calcium isotopes. 

The measured variation ot the relative cross section 

w1 th proton energ is given in Pigure 3 tor the (p, 1) reaction 

on 42ea, and the (p,n) reactions on 43ca and 48ca. 

DEUTERON CROSS SECTIOl!IS 

Gamma-ray spectra obtained from the decay of a sample of 

natural calciwn fluoride irradiated w1 th 4. 75 MeV deu.terons 

is shown in Figure 4. A few mimtea after irradiation the 

most prominent peaks in the epectrwn are those due to 49ea 

(3.10 and 4.05 14eV), 38x: (2.20 MeV) and !!+annihilation 

'.!'Bdiation (0,51 MeV), 
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In attempt111& to measu.re the· peld of scandium-49, the 

l.76 MeV gamma~ra;y produced in .its decay was found to be of 

too low intensity foir convenient measurement. AccordiJl6ly 

the yield of this product was obtain9d from gross measurement 

of the radioactive decay w1 thout absorbers interposed to 

stop the beta-particles. The decay curve then showed the 

presence of a 57 .. 5-min. component which was identified as 

scandium-49. The gamma-ray spectra measu.red under the same 

conditions showed considerable contribution from beta

partioles ot up to 2.01 MeV, as ma;y be deduced from the shape 

ot speot1'1lll A in Pigure 4. 

After some time, when the two short-lived components, 

J8x and 49ca, had decayed, the main photopeak in the spect1'1lll 

was due to· the l.16 MeV gamma-ray from scandium-44, bu.t 

after some 50 hours, the spectrum (B of Pigure 4) contained 

~ photopeaks includill6 those correspondi1J8 .to 0.27 MeV 

from 44111sc, 0.99, l.04 and l!3l MeV from 48sc and higher 

e·nergy gamma-rays of low intensity. 

It is tbils clear that the radioactive mixture obtained 

from the ,deuteron irradiation of natural calcium is complex, 

with several components haviJl6 half-lives relatively close 

to each other, so that yields for specific reactions could 

not readily be measured. Accordingly, calcium targets 

enriched in the selected isotopes had to be used. The 

tollow111& are the main reactions which are currently beiJl6 

lnvestiga ted r 

(l) 40ca(d,a:)38x 

(2) 42ea(d,n)43sc 

(3) 43ea(d, n) 44sc 

(4) 48ca(d,n)49sc 

(5) 48ea(d,2n)48sc 

(6) 48ca(d,p)49ea 
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The results obtained tor reactions 3 and 5 are shown in 

F'ieure 5, where the relative cross sections are shown as a 

function Qt deuteron energy. 

It is notewortb¥ that the activity yield tor the (d,2n) 

reaction on 48ca is so high at comparatively low deuteron 

energies. In a tbree-body reaction such as this, activation 

is, to date, the onJ.7 method tormeailU.;rin& the cross section. 
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!rilLE I 

RADIONUCLIDES. EXPECTED FROM CAICIUM ISOTOPES 

IRRADIATED WITH PROTONS 

Produc.t Bali' Gemma-ray Target Reaction Q-value 
Nuclide Life Energies Nuclide Type (J.) MeV 

43sc 3.9h. (~), 0.37 42ea .• (p~ 'I·) 4.927 
I 

43ea . . . (p,n) -3.003 

44msc 2.4d. .. · 0.27 J 43ea (p, 'I) 6.705 
44sc 4.oh. ~+), l.16 44ea. (p,n) -4·431. 

46sc. 84d. . 1.12, 0.89 46ea (p,n) -2.165 -
47sc 3.4d. 0.16 46ca (p, 'I) 8.487. 

48so 44h. o.gg, 1.04, 48ea (p,n) -0.515 
1.31 

49sc 57o5m• 1.76 4Bea (p, 'I) 9.550 

43x . 22h. 0.37, 0.61 46ea (p, IX) -l.696 
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TABLE II 

RADIONUCLIDES EXPECTED _FROM CAICIUM ISOTOPES 

I:sRADIATED WITH DEUTERONS 

Product Half Gamma-ray Target Reaction Q-value 
Nuclide Life Energies · Nuclide Type (!) MeV 

43sc 3.9h. (~+), 0.37 42ca (d,n) 2.702 

44111gg 2.4d. 
o.27 { 

42ca (d,,l') 12.410 

44sc 4.oli. (~+). l.16 430& (d,n) 4.481 

46sc 
',:. 

44ca 84d. l.·12, 0.89 (d, J) 13.431 

46ea (d 1 2n) -4.390 

47sc J.4d. . 0.16 46ca (d,n) 6.262 
4Bsc 44h. 0.99, l.04, l.31 46ca (d,l') 14.493 

48Ca (d,2n) -2.740 

49sc 57.5m. 1~76 4Bea (d,n) 7.330 

47ca 4,74. l~ 31~ 0.81, 0.49 46c~ (d,p) 5.080 

48oa .(d,t) -3.670 

49ea 8.Bm. ).10, 4.05, 4. 70 48ca (d,p) 2.919 

38t 7.7m. (~+), 2.20 -40ea (d,u) 4,655 

42][ l2.4h. 1.52 42ea (d,2p) -4.972 

44ea (d,ci) 4.257 

43it . 22h. o. 37, 0;.61 43ca (d,2p) -3.259 

44x 22m. 1~16, 2.1 46ca (d,u) 2.930 
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TilLE III 

!rlmESHOLD E?raRGIES 01 (p,n) REACTIONS 

OJ cAI.CIUM ISOTOPES 

Measured Values (?lleV) 
Reaction 

Q-value 
(~) Threshold 

43ca(p,n)'43so · -2.998 3.075_ ! 0.003 

44ca(p,n)44so -40447 4.545 ! 0.003 

48ca(p,n)48So -0.534 l.16 ! 0.01 
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·~ l1-: 
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l'IGUD l 

Rotating sample holder cooled by ci:re~ati11& water 

A 1 Motor and gear box H I Cooling water stream 
guide 

B 1 :Nylon bearings 
I 1 Target clamps 

c 1 Water inlet 
J·: Target 

D 1 Water chamber& 
x t 12 flats :for mounti11& 

E I VaCUUlll seal targets 

p 1 Base plate L I Water and vacuum seals 

G 1 Rotating cooled Jrt Target holder support 
target holder 

II : Water outlet 
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Gamma spectra from proton irradiated natural calciWll 

fluoride Ep = 4.75 MeV 
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48ca(p,n) 48sc ~ 
I 

LIJ 104 
t-

2 
~ 

I 
I 
I 43Ca (p,n)43sc 

1 2 3 4 5 
PROTON ENERGY (MeV) 

Relative excitation· curves from proton activation 
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A: t= 0.15h. 

B: ta50.18h. 

1 2 3 4 
GAMMA-RAY ENERGY (MeV) 

Pigure 4 

Gamma spectra from deuteron irradiated natural calcium 

fluoride Ed ·a 4,75 MeV 

5 
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Relative excitation cilrves from deuteron activation 
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No. :lO 

ATTEMPTS AT ANALYSING VOLATILE ORGANIC 

COMPOUNDS BY NEUTRON TIME-OF-FLIGHT 

SPECTROMETRY 

by 

Max Peisach, Rene Pretorius and Paul J. Strebel 

ll)outhern Universities Nuclear Institute, P.O. Box 17, FAURE, C.P., South Africa. 

~eprinted from "Convention Handbook", South African Chemical Institute 20th 
convention, Durban (1967), p.311 
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AffD!P'.l'S AT ANALYSING VO.LttILB OiG.lnC 

C<JIFOUIIDS BY NDJTROl'l fDE-OP-n.tGm 

SPECHOME'fll!" 

Max Peisach, llenli Pretoriue aDl l'Bal. J. SU.be2 

Southern trDiversities ?luclear I11&U1ute. P.O. Bmc J.7. !'aure, 

C.P., Sou.th Unca 

Neutron time-of-fllpt spect:roscOJ17 proYid• a eensiUve 

means of elemental am.l,ysis. Carbon, nitrogen aDl oqgen were 

detenlined in the gaseous phase by uaiDg naaU'olle emitted frm 

(d,n) :reactiollB induced bf a beam of pal.aed detlterone of 3.0 

or 3.4 JlleV. Pill.sea were of 5 11Bec dlUlltioD aDl 400 Deec apart. 

The mmber of nwtrons in each eiaera group -ned l.iDearq 

w1 th the partial pressure of the pa unler iDVeeti.aaUon, 

provided the enera loss of the 1rre4ia1;1Dg 11-. 1D tile pa 

~le was negligible. Carbon 41oxicle, aethlme, o:iqgen, 

Di trogen and mixtures of D2o~o, C02"CO a.ad co~2 we2'e 

anal,yzed. MiDimwll sample size was about l.O pg aDl 1;lae re2aUve 

standard deviation -.a about :t '1'· 
!he vapours of moat organic cClllaJIOIUll• coaJ.4 DOt be 

a~zed in the gas irrad1ation cel.l. becauae 'tile Jd.61l 

temperatllres generated by the beam at 'tile ce2l. wi.lllow caeed 

deccmposition of the sample. l'lon-volati.J.e carboJacltOll8 
\ 

material, deposited on the cell wiDlolr 1D tile pa'Ul of 1;1ae 

beam, led to cmparativel7 hip neu.t:nm. pel4a 1'roa cartlon-l.2 

and made the cell umaable for n.baeqment --,pl.ea. lauible 

ways of overc~na this difficv.lv are cU.ecueaed &DI tbe 

UJ>eri.mental. apprcach deecribed. 
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2. 

IJl'!BOIIJC!IO• 

l.a.'troll &etiTation &Jlal7•i• ball aat;abliahed itae~ aa 

a aeuitiv• aethod tor detemimn& aoat elements, but th• 

uthod i• 1Dapplicable to th• aml.Jsi• of light elementa auch 

aa carbon, 111troaen aDd o:iqgen, ainoe Jl8Utron capture b7 

their aoat abluldant iaotopes leads to atable 111clidea. Th• 

uthod i• alao, W1 th t- uceptiou, l1m1 ted to solid and 

liquid 11&11plea, becauae the 1 rradia tion of peeou.a sample• 

with reactor ntr11tro.aa preaents serioua tecbllical ditticultiea. 

The a.dTaJl'tac•• ot 1111claar aetboda of aial.7ais 'lllA1 be extellded 

to theae tialda throllp uae ~ reactioJl8 illduced b7 cbarged 

particles, eapec1all7 thoae producin& neutroJl8, which lend 

th ... elvea to apectrometZ7 b7 time-of-flight tecbm.ques. 

The uae of Jl81ltron tiae-of-tligbt spectrometry for 

amlJ•i• waa first suggested at the 19th CoUYention of the 

South .ltrican Chem cal 1Jl8t1 tute in .PebruaJ"7, 1966 (!), alld 

baa alread7 been uaed tor solid S&lllJll•s <.V alld tor pee• 

which do not decoapoee at hip teq>eraturea (J,J)• The 

amlJaia r&J be carried out on a tew teJl8 ot micrograms of 

material 8lld bee&llse c, II am O are each aeparatelJ 

determizable (§), the method could be potent1allJ useflll tor 

the anal.Jsis of volatile organic raterial. UntortuD&telJ, 

most orpJlic -terials are not stable at the high temperatures 

which_, be generated b7 the charged particlea irradiation 

beau. fhis paper diacuaaes aoae 11.mitatiou of the tecbm.que 

and augseata an extention of the method to emble carbon, 

111trogen and O:Qpn to be determined in volatile organic 

aubatanoea. 

l'l&laed d811teron beams obtaiDed traa the 5. 5 JleY Van de 

Graaft accelerator at th• Southern Ull1veraitiea 1'uclaar 
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Inatitute were 11eed to generate JUNU'om '117 (4,D) :r.oU.ou 

1D gaseous samples at 111eaeured pree1111ree. Plala•• -re ~ meo 

locg am 400 118ec apart. The beam enero Wied ... lleW..D 

3.0 and l·S BeV am the anrage Cllrrem nncecS be\lr"a O.) 

am 0.8 µa. The nwtrone were uauall7 aeaeured at ~o aid 

their fli&h't pa the were &bClllt l •ten. 

The electron.i.c eq'llipment bae beea deecrl'Hd (.2,) aid 'the 

construction of the inadiation cell ueed for eampln wlaicb 

do not decompose under the inadia'tioD coDdlUou, le llllOWD 

in Pi8'U'• l. Nwtron time-of-flight apecua wen recorded 

on a lmlltichannel allll!¥ser. The f1J11~ duration of tile 

irradiation J>lll•• introd11cee a liaitation oa tile tiae-of

fiight resohltion of the neutron eaerg, ao tla't 11e11uom of 

a single energy are recorded ae a aeutroa P'O'lP lartng a 

d1strib1lt1oa with a 1111D1:lllwll f\lll width at balt peak height 

eq'll&l to the Pill•• duration. 

Por a particular llllClear reaction and at a •elected 

dellteron energy the llWllber of lll!lltroDB ai'ttecl will depend on 

the DW1Lber ot taraet llllclei in the path of 'tile beaa. la a 

sicgle eat of measurements the neutron cC111S per ~t beaa 

current at a fixed IUl.jJ].e will be directq proporU.o-1 to the 

partial preseure of the thel'lll&l.1¥ stable pa, proTided the 

beam cross section an~ cell lecgth rema1D co1111tant. l't ... 

tlllls poea1ble to calibrate the eq'llipment b7 a ••r1ea of 

meawrements 011 a S1Jl8l• gas over a zange of preeearea. The 

cali bra uon curves remained l111e&r prOYided Ute eDfl'O lna 

of the irracliaUcg beam in the pe aaaple ... -.rUgjble. 

The ~ent of the energ;r loee depended OD Ule CGllQIOllitioa and 

preaeure of the aaa aaaple. 

The eft1cienc7 of the meaauring a7at- decrMSed npidq 

for neu.trona below l.O Kev, fall1J16 to aero for Dell'U'on 

enerpea of about 700 lteV. Por th1a naaOD -.u-o1111 of 

enerpea between 700.am 1000 lteV were m't aaiabl.• for 
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quantikUTe aeasuremants. 

Su.plea 

fhe energies of some neu.trons from (d,n) reactions 

induced b7 J.O KeV-deuterons on C, ll and O, and measured at 

30° are listed in Table l where! refers to the ith excited 

atate i:n which the product mcleu.a is left after :neutron 

emission •. The values given suggest tilat ne11trons of some 

selected e:ne~gies ma.7 be counted to determine the correspond

ing DllClides in the target sample, q11&ntitativel7. 

f7pical spectra obtained frClll methane, oxygen and 

Ditrogen are given in Pig11re 2. The spectra have the 

following features 

(1) the spectra are baaed en tillle ::t1S.B11r8lD.ente with 

ollamlel DW11ber proportional to the neutron 

flight tillle, according!T the energy scale is 

:not linear. 

(ii) "the pealcs correapoJld. to ne11tron gro11Ps w1 th 

energies about 200 keV lower than those given in 

Tabl19 1 because this is the energy lost bT the 

beam i:n paasi.1J6 throllgh the nickel window (see 

Pigure 1). 

(11i) the spec"tra depict DO :neutron groups with energy 

lower tban 700 keV since.such groups are 

elilllinated b7 the Jllllae shape discrilll1nation in 

the electronic cireui t (,.2). 

The calibrations were performed on those :neutron gro11ps 

leaa'I; 11kel7 to be affected b7 neutron groups from other 

mclides. !tma 141'-calibratione used n
0 

az:id :n3 :neutrons 

because the ~ and ~ gl'OUps have energies c0111parable "to the 
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energ of neutrons from 12c, and the n4, ~ and ~ BJ"OllP• 

overlap th.oee from 160. 

Background 

The predominant feature in the bacqroum epectra was 

the peak corresponding to 2 •. 5 lleV neutrozis from 12c due to 

the residual vacuum oil.vapour in the beam ~be wbich 

deposited on the hot spot generated at the point of incid•DD• 

of the beam on the nickel window of the cell. fhe remainder 

of the background consisted of a contiZlllum of counts over the 

entire energy nnge due to gamma rays not entirely eliminated 

by the pulsed shape. diecrimination and neutroDS ecauered 

into the detector. 

LimUfIONS 07 fHE JD!'lllOD 

Prom sample components 

When the sample contains other ZlllClidee wbich 71eld 

neutrons with energies near to those or the Delltron sroupa 

being used for analytical purposes, these Zlllclidee would 

interfere with the precision of the analyses. Thus interfer

ence could be expected from gaeee contain1D6 enriched carbon-

13, ni trogen-15 and oxygen-17 al'ld 18. Interference from the 

same nu.elides could also be encountered when one element in 

the sample is present in very bigh concentratioDB relative to 

the other elements; for example, a sample contain1D6 ~ 

carbon and only one nitrogen atom per molecule mrrs contain 

carbon-13 in amounts comparable to the n1tr()6en content even 

though the carbon-13 ia not enriched.. 

Prom heating the sample 

Local heating of the gaa 1D the path of the beam cOlll4 

decrease the deneit;y of the gas and cause a deoreaaed rate of 
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6. 

neutron production. fhie effect wae, however, DOt obeerved 

at the low &Ttlra&e current deDSities used in this iz:rrestisa

tion. 

Proa heatiy: the container 

OD passi11& thro1.1gb. the Dickel willdow into the cell, a 
fn.ction of. the enera of the irradiatiD& beam ie diesipated 

as local beat111& on tbe window. At the tantalwll back111& the 

beam i• entirel.J' stopped causizig a very high temperature over 

a 8lll&ll area of the metal. fhe high temperature at these two 

hot apota wov.ld aeverel.7 restrict the use.f'ul.Dess of the method 

if the saa aample ullder &D&}¥ais contained a component which 

decomposed to non-volatile products at the temperatures 

coDCenied. fhe non-volatile products would tend to deposit 

in the path of the beam and bec0111e a source of neutroDS. The 

backgrowld wov.ld then become overahellll111& and wolll.d make 

accurate analyses difficul.t. fb.e cell would, moreover, be 

rendered UD11Sable for subsequent &D&l.J'ses. 

As an e:zample of thermal decomposition, the irradiation 

of acetonitrile vap01.1rs ma.1 be cited. A sample of liquid 

CH3cn was comi.ected directl.J' to the irradiation cell to build 

up the saturation vapour pressure. Durizig irradiation it was 

obeerved that the ne1.1tron count from the sample iDCreased 

rapidl.J', the increase bei11& due to neutroDS from carbon-l2. 

However, the peak caused b1 carbon in tb.e spectl'Wll was no

ticeabl.¥ displaced to an apparentl.J' lower enera, compared 

witb the correepoDdizig peak in tb.e methane spectl'Wll. !he 

apparent emra displacement of the peak was due to the fact 

tbat the 12c-ne1.1trorm from acetonitrile were mosti, generated 

at the backing whereas those from methane were generated about 

the middle of the cell. !he magnitude of displacement wae 

determined b1 the time taken b;r the deuteroIIS to traverse the 

extra distance. Ezamina.Uon of the cell ~ter irradiation 
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abowecl a car'boD 4epoa1 t on tbe 1u14• ot tbe ld.cltel window 

a:ad a tlaiclt t&lTJ residue OD tbe bacltin&• Clearq the_ UOWlt 

ot 4eooa,poa1 tiOD produota OD tbe bacltizic would baT• bHD 

oou14ezabl.7 lower, bad tbe cell been iaolated tram tb• · 

liqu14 4ur1n& the 1rra4i&Uon. 

APPLICAfIOJI fO ORGilIC VAMJIS 

U tbe aetbod 1• to be ot UH 1D the iuaJ.7a1• ot 

tbenall.7 'IUUltable ors,am.c vapoura, either decompoaUioza 

J11U1t b• ~ or tbe deleterioua ettecta of deocm,poai tioD 

mat b• a1D1111aed. 

PreTention ot decomposition 

.l poaaible approaob would be tbe uae of aateriala witb 

better beat co:aducuzic properties ill tile coutl\lotioD of tile 

oell, a:ad tbe -e ot ao- coolizic dnice. Sllcb &D approaob 

ia,. bowner, walik•l.7 to aolT• the problea since tile beatin& 

ettect pAeratea a teiq>erature ot Dearl.7 looo0c a:ad 1• Ter, 

lo0&11aed. .llao, &J!,7 ooollzic a7st .. would baTe to make 

contact with tbe Di.olcel wi:adOlf a:ad 7et DOt result ill enero 

desnMlatioD ot tile 4euteroza b .... 

A aeco:ad approaob would be to 4eore&H the b•tin& 

ettect ot tbe beam b7 4eoreasizic tile &Y•r&Be beaa CUJTen.t, 

blat tile Dll'l&troD cOUDt rate woul.4 then drop &D4 hence tbe tiae 

required tor &D &J11L178i9 would b&Te to be in.Creaaed. A.tta,pta 

to iDOreaH tbe lle'l&tron. count rate could tbeD be made b7 

iD.creasln& tbe leJ:IC1;b of tile irradiation cell, or b7 inoreaa

·il!C tbe croaa aectional area of the beam. However, an. 

1DOreaae in. th• cell lezictb would increase tbe UDOertaint)' ot 

tbe tligbt patb ot tbe Dlllltron, remltizic in. & broadenin& of 

tile apectral peaks. Cbazices ill the croaa section. ot the beaa 

are l.1111ted th• •Tim• aroe. aeotio:a&l ar.. obtainable trm 

tbe aooelarator. 
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Utilisation ot decomposition 

An entirely ditferent approach involves decomposition 

ot the sample under controlled conditions. Kon-volatile 

decomposition products may then be deposited over a •elected 

area and subsequently removed trom the path ot the b ... to 

make analyses o! the vol.a tile materials poaaible. Thi• 

procedure transforms the analysis into a tour-eta&e process 

and necessitates the construction o! a different irradiation 

cell shown in Figure 3. 

Firstly, the cell and its measured contents are 

irradiated for a short period with a d.c. beam of deuterone 

at a high current (8-12 µa) in tbe position shown in Figure 4. 

During this operation the high temperature geneNted at tile 

.tantalum backing causes decomposition of-moat organic vapOllra 

and the deposition of the non-volatile materials at the hot 

spot. Tbe tantalum backing is 0.01 inches thick, sufficient 

to stop the beam entirely, and its thermal conductivity is 

suitable to er.sure localisation of the carbonaceous deposit. 

The flanged adapter (see Figure 3) is used to more the point 

of incidence of the beam on tbe backing to a markedly off

centre position. Tbe dimensions of the dWlllllY cell were cbosen 

such that the deposit could be placed in tbe path of the 

beam durin& a subsequent irradiation • 

Secondly, the cell without its dwam,y is mounted in 

position B as shown in Figure 4 with the nickel window ellll 

attached to the adapter and tbe carbonaceone deposit on the 

tantalum backing in the path of the beam. A second irradie

tion is carried out with a pulsed deuteron beam of a cro•• 

sectional area large enough to cover the entire deposit. 

The time-of-flight spectrum recorded at this stage 

represents neutrons emitted both from the deposit and :troa 

8IJY vola-t1'.le ma~eriala in the cell am the b&cJtsrowd. 
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Thirdl)>, the cell le rotated thrw&b 180° abClllt it. 

length (Poeltlon C, PiSW'• 4). BecauH Uae carboD depoeH 

le not in the centre of the tantalua backlllg. tile zoaUOD 

of the cell eftectivel)> ruOYee the deposit f~ tile paib of 

the beaa. The time-of~flight epectrua recor4ed at \hie 

stage repreeenta ne1&trou emitted froa U. TOlaUl.e 

material alld the llack&r'Ol&Dll. 

l"ounhl)>, the cell 1e nacuated am Uae U..-Of-tligllt 

~ct?'Wll recorded at this stage repreeenta tile ~1111. 

Prom the data obtained at the eecollll. thir4 am foiartb 

lrrad1atioD1 ·the required aJJa)7tlcal re..iu ~lie COIDPlted. 

Adftntae• 
The main advantage of thie procedure 1• Uiat &11&1781• 

of volatile orl£&Dic material becoaee possible. In addition 

the cell le available for subsequent aaaJ7-• after replacinc 

the tantalum backil'IB• lfo deposit fo:nae on Ula lmlde of the 

Dickel window, beC1Wee at no stage does the 1rra41e.tlon 

beam strike it while decomposable aaterial le tbe cell. 

(l) PEISACH, •·, PRETORitJS, R.,. s. Atrican Illlluetrial 

Chemist l2• 5 (1966) • 

(2) McMURRAY, W.R., PEISACB, K., PRE!OllIUS. L. YaD der JIERWE, 

P., van HEERDEN, I • .J. (iA preparation for pabllcatton). 

()) PEISACB, M., Chem. Collll:llUllcatione, 6)2 (1966). 

(4) PEISACB, ••• PJWlORIUS, R., Anal. Chem. (ID pnea)(l967). 

(5) KcJIUBRAY, W.R., PEISACH, •• , PJmroBIUS. B •• 'lllll der JIEBWE. 

P., van BEEJU>EB, I.l., lfllcl. P&e. (ID preea)(1967). 

(6) RAtrl>E, W • .J., PEISACB, •• , PlmrORIUS, B. (ID prepuatlon 

for publication). 
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!DLB I 

SOllB Rm!KOlf ENERGIES· PROJI (d,n) JIEACTIO?fs 

34 • .).0 •..v 0 
eL •JO 

!arget 12 c 14.1 160 

Jllatm.l Abwldance 98.89 99.6.3 99.759 (~) 

~ Q (4,n
0

) ••V -0.281 5.066 -l.627 
llllllJ 

lfeutron Enera 
(KeV) n

0 2.582 7.932 l.22.3 

Di 2.m o.685 

~ 2.110 

D.) l.76.3 

D4 l.098 

n, i.033 

~ o.69.3 
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Isotopic Determination of Calcium-43 and 
Calcium-48 by Neutron Time-of -Flight Spectrometry 

W. Roy McMurray, Max Peisach, Rene Pretorius, Philip van der Merwe, and Izak J. van Heerden 
Southern Universities Nuclear Institute, P. 0. Box 17, Faure, C. P., South Africa 

Neutron time-of-flight spectrometry was used to de
termine the isotopic concentration of 43Ca and 4sca 
in calcium fluoride targets irradiated with a pulsed 
proton beam of 4.5 meV. For the determination of 
43Ca, neutron counts from 48Ca were used as an internal 
standard to represent total calcium, and vice versa 
for the determination of 48Ca. 43Ca was determined 
over the range 0.145 (natural) to about 2 atom 3 and 4sca 
over the range 0.18 (natural) to about 1.2 atom 3 with 
relative standard deviations of ±4.3 and ±5.83, re
spectively. The duration of an analysis was between 
30 and 60 minutes. The method can be extended to 
determine higher enrichments of either isotope. 
The effects of proton energy, measuring angle, and 
target thickness were investigated. 

THE HEAVIER ISOTOPES OF CALCIUM occur in such low concen
trations in nature that preparations enriched in them are 
suitable for stable isotopic tracing. However, the widespread 
use of this technique has been hampered by difficulties in 
determining the isotopic concentration of the tracer. Neu
tron activation methods have been used for determining 
calcium-48 (1-4) by measuring the generated calcium-49, 
but these methods require a separate determination of total 
calcium content. Recently a method using proton activation 
has been reported (5) in which the activity produced from 
calcium-43 and -44 served as a measure of the total calcium 
content and was used as an internal standard to obtain the 
ratio of calcium-48 to total calcium directly. The disad
vantage of this method (5) lies in the fact that the irradiated 
sample has to be counted over a long period to enable the 
shorter-lived activities to decay, so that the activity formed 
from calcium-48 may be measured with sufficient precision. 
For this reason it was desirable to develop a method which 
would retain the advantage of directly determining the ratio 

....._ of tracer to total calcium, but reduce the over-all duration of 
""?'" the .analysis. 

The duration of the analysis would be reduced if shorter
lived activities could be measured, but, in this case, no such 
activities can readily be generated by neutron or proton activa
tion. However, the half lives of the product cease to be the 
determining factor if prompt nuclear reaction products are 
measured during irradiation. When calcium isotopes are 
irradiated with protons, the prompt neutrons emitted from 
(p, n) reactions can conveniently be measured against high 
backgrounds of other prompt or delayed reaction products. 
The energy of neutrons emitted will be related to the Q-values 
of the reactions leading to the excited states in which the 
product nuclei are left, and their relative yields will depend on 
the reaction cross sections and the isotopic concentrations of 

(1) E. Junod and J. Laverlochere, "Proceedings of 3rd International 
Colloquium on Biology," Saclay, 1963. 

(2) F. W. E. Strelow and H. Staerk, ANAL. CHEM., 35, 1154 (1963). 
(3) S. Amie! and J. 0. Juliano, Israel Atomic Energy Commission, 

Rept. IA-933 (1964). 
(4) J. T. Corless, ANAL. CHEM., 38, 810 (1966). 
(5) M. Peisach and R. Pretorius, ANAL. CHEM., 38, 956 (1966). 

the calcium isotopes. The ground state Q-values for (p, n) 
reactions of the stable calcium isotopes are given in Table I, 
from which it is clear that no neutrons can be emitted from 
calcium-40 or -42 with proton energies below 6.7 meV. At 
such energies the only calcium isotopes from which a mea
surable neutron yield may be expected are those of mass 
number 43, 44, and 48; the low natural abundance of calcium-
46 makes it unlikely that the relative neutron yield from this 
isotope would be appreciable. 

The measurement of prompt neutrons by neutron time
of-fiight spectrometry has already been used for analytical pur
poses and the principles of the method have been discussed 
(6, 7). This paper describes the application of neutron time
of-flight spectrometry to the determination of calcium-43 
and -48 using proton irradiation. 

EXPERIMENTAL 

Preparation of Samples and Standards. Calcium carbon
ate enriched in calcium-43 or -48 was obtained from the Oak 
Ridge National Laboratory, United States of America. 
Calcium fluoride targets of samples and standards were 
prepared by the method described previously (5). The thick
ness of targets prepared in this way could be controlled and 
reproduced with a relative standard deviation of ±3.8% 
for target thicknesses ranging from 300 to 1000 µg per sq cm 
Targets analyzed in this investigation were about 600 µg 
per sq cm thick. The microevaporator shown in Figure 1 
was used to prepare targets from samples weighing between 
0.5 and 2.0 mg. A high temperature was achieved by 
bombarding the crucible containing the calcium fluoride 
with up to 0.5 A of electrons emitted from a heated 
thoriated tungsten coil around the crucible. A variable 
bombarding potential of up to 500 V enabled the tem
perature to be adjusted to a maximum of 3000° C. 

Irradiation and Measurement. Pulsed proton beams were 
obtained from the 5.5-mV Van de Graaff accelerator at the 
Southern Universities Nuclear Institute. Pulses were about 
4 nsec in duration and 400 nsec apart. Average beam cur
rents were between 0.6 and 3.0 µA. The tantalum backings 
on which the targets were deposited were cooled externally 
by compressed air. For convenience a current integrator, 
set to a predetermined value, automatically switched off the 
measuring system. On the average the measurements re
quired from 30 to 60 minutes per sample. 

The electronic equipment was the same as used previously 
(7) and is described in detail by McMurray, van der Merwe, 
and van Heerden (8). The time of arrival of the pulsed 
irradiating beam on the target was given by a signal from a 
pickup probe placed near the target in the beam tube. Neu
trons generated by the pulsed beam at the target were de
tected in an NE 213 liquid scintillation detector placed a 
distance d meters and at an angle () from the target. Pulses 
from gamma rays were rejected by pulse shape discrimina
tion. The difference in time, t nsec, between the signals from 

(6) M. Peisach, Chem. Commun., 1966, p 632. 
(7) M. Peisach and R. Pretorius, ANAL. CHEM., 39, 650 (1965). 
(8) W. R. McMurray, P. van der Merwe, and I. J. van Heerden, 

Nucl. Phys., A92, 401 (1967). 

Reprinted from ANALYTICAL CHEMISTRY, Vol. 40, Page 266, February 1968 
Copyright 1968 by the American Chemical Society and reprinted by permission of the copyright owner 
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Figure 1. Microevaporator used to prepare calcium 
fluoride targets from small amounts of material 

1. Tantalum crucible 
2. Tungsten filament, 0.25-mm diameter 
3. Tungsten crucible support, 2.0-mm diameter 
4. Brass filament support 
5. Target holder 
6. Insulator and system base 
7. Filament connections 
8. High voltage connection 

the detector and the pickup probe was converted by a time
amplitude converter and recorded by a multichannel analyzer. 
The neutron energy, En meV, may be obtained from the 
time-of-flight, t, by the nonrelativistic relationship: 

72.3 x d 
t=---

VEn 
(1) 

NEUTRON TIME-OF-FLIGHT SPECTRA 

Time-of-flight spectra of the neutrons emitted from 43Ca, 
48Ca, and natural calcium targets irradiated with a proton 
beam of 4.5 meV are shown in Figure 2. Neutrons of specific 
energy groups appear as peaks broadened by uncertainties 
in the measurement of the neutron flight time from the target 
to the detector and by the spread of kinetic energy of neutrons 
caused by the energy loss of the irradiating protons within 
the target thickness. The energy of the neutron group is 
related to the excited state in which scandium-43 or scandium-
48 is left. The nuclear level structure of these two product 
nuclei was deduced from such data and is reported elsewhere 
(9). 

The detection threshold for the measuring system was about 
700 keV, so that at proton bombarding energies below about 
4.7 meV, no neutron groups could be observed for the reac
tions 19F(p, n) 19Ne and 44Ca(p, n) 44Sc. These proton energies 
are also below the threshold for neutron emission from the 
tantalum backing. It thus follows that all the measured 
neutron groups originate from 43Ca and 48Ca. These are 
observed on a low background continuum in the time-of
flight spectrum, which can easily be subtracted. 

With a proton energy of 4.5 me V the highest neutron energy 
obtainable from the reaction 43Ca(p, n) 43Sc at 0°is1.477 meV 

(9) W. R. McMurray, M. Peisach, R. Pretorius, P. van der Merwe, 
and I. J. van Heerden, Nucl. Phys., A 99, 6 (1967). 

NEUTRON ENERGY (mev) 

300 
0.6 0.8 1.0 1.5 2.0 30 4.0 

Natural Ca 

200 

100 

0 

iil 4000 
z •lea 2500 

~ 
u 
a: 3CXXl 
~ 

~ 0 2000 

B 2000 
u 

1000 roo 
I 

0 i 1000 

•eca I 
isoo 

0 50 100 150 200 250 300° 
CHANNEL NUMBER 

Figure 2. Time-of-flight spectra of neutrons from (p, n) reac
tions on targets of natural calcium and enriched 43Ca and 48Ca 

Ep = 4.5 meV. IJ = 0°. d = 2.991 meters 

Table I. Ground-State Q-Values for (p, n) Reactions 

Natural 
Target nuclide abundance, 3 Q-value (10), meV 

40Ca 96.97 -14.680 
42Ca 0.64 -6.700 
43Ca 0.145 -3.003 
44Ca 2.06 -4.431 
46Ca 0.0033 -2.165 
48Ca 0.18 -0.515 
19p 100 -4.031 
lBOTa 0.0123 -0.083 

..-

.._ 

181Ta 99.988 +0.242 - ..- '"-

Table II. Neutrons with Energies above 700 ke V Emitted at 
0° in (p, n) Reactions on Calcium-43 and-48 by 4.5-meV Protons 

Energy Energy, 
Group 43Ca 48Ca Group 48Ca 

no 1.477 nu 1.327 
ni 1.325 3.806 nu 1.296 
n2 1.001 3.720 nis 1.232 
na 3.329 nie 1.181 
n4 2.818 n11 1.157 
n. 2.560 n1s 1.072 
ns 2.074 n19 1.037 
n1 1.877 n2o 0.988 
ns 1. 782 n21 0.936 
ll9 1.690 n22 0.907 
n10 1.577 n2a 0.811 
nu 1.449 n24 0.749 
n12 1.409 

(10) F. Everling, L. A. Koenig, J. H. E. Mattauch, and A. H. 
Wapstra, "Nuclear Data Tables," Part I, National Academy of 
Sciences, Washington, 1961. 
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Figure 3. Excitation curves for reaction 43Ca(p,n)43Sc, 
summed for no and n1 ·neutron groups, and reaction 
48Ca(p,n)48Sc, summed for n1 to n5 neutron groups, 
measured at 0 ° 

(see Table II), while from the reaction 48Ca(p, n) 48Sc neutron 
energies up to 3.966 meV may be expected. [The (p, n0 ) tran
sition to the ground state of 48Sc is not observable (J J), pre
sumably because of its very high spin value of 6+, so that 
under these conditions the highest neutron energy from the 
latter reaction is in fact 3.806 meV.] 

In this investigation the net integrated count for neutrons 
.. between 1.267 and 1.642 meV, corresponding to the no and 

n1 neutron groups from calcium-43 (see Figure 2) and in
cluding the n10 to nu neutron groups from calcium-48 (see 
Table II), is used as a measure of the calcium-43 concentration 
and is referred to as "the calcium-43 count" and is written 
as [43]. In the same way the net integrated count obtained 
from neutrons between 2.416 and 4.151 meV, correspond
ing to the n1 to ns neutron groups from calcium-48 (see Table 
II), is used as a measure of the concentration of this isotope 
and is referred to as "the calcium-48 count" and written as 
[48]. 

SELECTION OF EXPERIMENTAL PARAMETERS 

The excitation curves for calcium-43 and -48 summed for 
the neutron groups (no, n1) and (n1 to n5), respectively, as ob
tained from enriched targets, are shown in Figure 3. The 
sharp fluctuations (12) are characteristic of a reaction proceed-

(11) C. Chasman, K. W. Jones, and R. A. Ristman, Phys. Rev., 
140B, 212 (1965). 

(12) W.R. McMurray, M. Peisach, R. Pretorius, P. van der Merwe, 
and I. J. van Heerden, Nucl. Phys., A 99, 17 (1967). 
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Figure 4. Angular variation of neutron yield for (p,n) 
reactions on 43Ca, summed for n0 and n1 neutron groups, 
and 48Ca, summed for n1 to ns neutron groups, measured 
at 4.5 meV 

ENERGY LOSS IN TARGET (kev) 
0 50 100 150 200 
1.1-----~----~------r------. 

1.0 

Ep= 4.5mev 

eL = oo 

?:io.9 
0 
u 

0 0.5 10 1.5 20 2.5 3.0 
TARGET THICKNESS (mg/cm2) 

Figure 5. Effect of target thickness on ratio of neutron count 
from calcium-43 to that from calcium-48 in natural calcium 

Curve calculated from excitation curves and points experimentally 
determined 

ing through a highly excited compound nucleus satisfying the 
requirements of the Ericson fluctuation theory (13). From 
Figure 3 it is clear that the over-all trend in neutron yield varies 
little over the energy range studied, so that any selected proton 
energy in the range 4 to 5 meV could be suitable for analytical 
purposes. 

(13) T. Ericson and T. Mayer-Kuckuk, Ann. Rev. Nucl. Sci., 16, 
183 (1966). 
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Table III. Determinations of Calcium-43 
I II III IV v VI VII 

Known Found Relative error 
43Ca concn., Neutron Neta neutron count, 43Ca concn., Error, V-II, 100 VI, 3 

Sample No. atom% count ratio ratio per atom % atom% atom% II 

Nat. C 0.145 0.911 2.166 0.132 -0.013 -8.97 
Nat. D 0.145 0.945 2.400 0.146 +0.001 +0.69 
Nat. E 0.145 0.914 2.186 0.133 -0.012 -8.28 
Nat. F 0.145 0.940 2.366 0.144 -0.001 -0.69 
28-43 0.175 1.009 2.354 0.173 -0.002 -1.14 
30-43 0.266 1.292 2.613 0.292 +0.026 +9.77 

1.213 2.316 0.259 -0.007 -2.63 
31-43 0.320 1.330 2.291 0.308 -0.012 -3.75 

1.354 2.366 0.318 -0.002 -0.63 
27-43 0.354 1.523 2.616 0.389 +0.035 +9.89 

1.439 2.379 0.354 Zero Zero 
33--43 0.490 1.760 2.373 0.489 -0.001 -0.02 

1. 772 2.398 0.494 +0.004 +0.82 
32-43 0.505 1. 800 2.382 0.506 +0.001 +0.02 
34-43 1.058 3.057 2.325 1.034 -0.024 -2.27 

3.123 2.388 1.062 +0.004 +0.38 
35-43 1.216 3.642 2.504 1.280 +0.064 +5.26 

3.399 2.304 1.178 -0.038 -3.13 
36--43 1.430 3.884 2.299 1.382 -0.048 -3.36 

3.998 2.378 1.430 Zero Zero 
37-43 1. 794 4.850 2.371 1.788 -0.006 -0.33 

4.831 2.360 1.780 -0.014 -0.78 .. 38--43 1.990 5.483 2.455 2.055 +0.065 +3.27 
5.259 2.343 1.960 -0.030 -1.51 \ 

Mean value of net neutron count ratio per atom % = 2. 372 
Relative standard deviation = ±4.34% 
Mean error = -0.0004 atom% 

a Net value obtained from observed value (III) minus intercept value of calibration line (0.597). 

For this investigation a proton energy of 4.5 meV was 
chosen. At this energy, neutrons from the reaction 19F(p, n) 19 

Ne would not be recorded and the energies of the measured 
neutrons from the calcium isotopes would be above the value 
at which the detection efficiency (8) begins to decrease rapidly 
with decreasing neutron energy. 

Angular distribution curves for the appropriate neutrons 
at Ep = 4.5 meV are shown in Figure 4, from which it is clear 
that little can be gained by changing the measuring angle. 
In this investigation measurements were made at 0°. 

Effect of Target Thickness. From the excitation curves 
in Figure 3, it is obvious that the neutron yield changes 
appreciably with a small change in proton energy. If the 
target is sufficiently thick, such energy changes will take 
place within the target. For this reason it was necessary to 
investigate the effect of target thickness. 

From the excitation curves, the ratio [43]/[48] was cal
culated, for natural calcium, as a function of target thickness 
for an incident beam of 4.5 meV. The calculations were 
verified experimentally and the results are shown plotted 
over the calculated curve in Figure 5. The error bars shown 
in Figure 5 refer mainly to statistical errors in the measured 
neutron count from which the ratios were obtained. The 
calculated value of the neutron count ratio does not change 
rapidly with target thickness above 300 µg per sq cm, and 
for target thicknesses above 300 µg per sq cm a relative 
variation of ±43 will not introduce errors greater than 
± 13 in the determination. 

DETERMINATION OF CALCIUM-43 

Results of some determinations of calcium-43 with isotopic 
concentrations from 0.145 (natural) to about 2 atom 3 are 
listed in Table Ill. The value in column III is [43]/[48]. A 

calibration curve relating the neutron count ratio to the iso
topic concentration of calcium-43 was linear with a slope of 
2.378 ± 0.047 per atom 3 and an intercept value of 0.597 
at zero calcium-43 concentration. From this calibration 
curve, the values given in Table III (column V) were obtained. 
For each determination given in Table III the neutron count 
ratio per atom per cent was calculated and is shown in column 
IV. These values show that the relative standard error was 
±4.343. The mean error was negligibly different from 
zero. The mean value of the neutron count ratio, 2.372 per 
atom per cent of 43Ca, was in agreement with the slope of 
the calibration curve within the errors of the method. 

In the analyses mentioned above, each irradiation lasted & 
about an hour, during which time approximately 3000 net .. 
counts were accumulated with natural calcium for each of the 
numerator and denominator in the neutron count ratio. The 
relative standard error in the neutron count ratio due to 
statistical fluctuations of the counts obtained from the sample 
and in the measurement of backgrounds was calculated to be 
about ±43. This value is not appreciably different from 
the relative standard deviation of the method (see Table III), 
so that precision could be improved if larger numbers of neu-
tron counts are accumulated during an irradiation. Even 
with the present precision, however, the method is sufficiently 
sensitive to determine a relative variation of 103 in the iso-
topic concentration of calcium-43 at the level of natural 
calcium. 

With increasing calcium-43 concentration, the number of 
neutron counts obtained from this isotope increases, so that 
the relative standard deviation of the neutron count ratio 
decreases until limited by the precision with which the neutron 
counts from calcium-48 may be measured. The method is 
thus applicable to isotopic concentrations of calcium-43 far 
beyond the range of values analyzed in Table III. 
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Figure 6. Variation of ratio of neutron count from calcium-48 
to that from calcium-43 with isotopic concentration of 48Ca 

A. Ratio of observed counts 
B. Ratio corrected for contribution of calcium-48 neutron counts to 
calcium-43 count 

For semiquantitative purposes it would be sufficient to use 
the number of neutron counts from calcium-43 as a measure 

·~ of the concentration of this isotope. To use this approach 
for a precise determination, it would, in addition, require a 
knowledge of the irradiation current, the accurate calcium 
content of the irradiated material, and the area and thickness 
of the sample irradiated. Such an analysis would be sensitive 
to inhomogeneity in the target. Despite the increased statis
tical errors incurred by measuring ratios, the advantages 

. through the use of calcium-48 as an internal standard have ·l to be considered against the difficultiesinvolved in measuring 
...:....., the other parameters. 

DETERMINATION OF CALCIUM-48 

Unlike the case of calcium-43, where the denominator for 
calculating the neutron count ratio was independent of the 
calcium-43 concentration, the determination of the similar 
ratio or its reciprocal in the case of calcium-48 includes terms 
which are functions of the calcium-48 concentration in both 
the numerator and denominator. Accordingly, the curve 
showing the relationship between the neutron count ratio 
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and the isotopic concentration of calcium-48 is not expected 
to be linear. One such curve obtained from samples of known 
isotopic concentrations, analyzed under the experimental 
conditions used for the determination of calcium-43, is shown 
in Figure 6A where the neutron count ratio is [48]/[43]. 
At low isotopic concentrations of calcium-48 the rate of change 
of neutron count ratio with isotopic composition is high 
and hence the method promises to be useful for the determina
tion of this isotope in the concentration region up to about 0.4 
atom 3 calcium-48. At higher isotopic concentrations the 
curve levels off and tends to the value 1.675, which is the 
ratio of the counts obtained from calcium-48 in the two 
energy regions concerned, the calcium-43 contribution becom
ing comparatively smaller with increased enrichment of 
calcium-48. 

The relative standard deviation of the results shown in 
Figure 6A was about ±5.83 ,so that the determination 
of calcium-48 by this method is somewhat less precise than 
the determination of calcium-43. However, the compara
tively large relative errors of the more highly enriched cal
cium-48 samples tended to raise the value of the relative stan
dard deviation of the results. 

The contribution of neutrons from calcium-48 to [43] is 
proportional to [48] and the proportionality constant was 
0.597 under the conditions of the measurement. When [43] is 
corrected for counts contributed by calcium-48, the ratio 
Re = [48]/([43] -0.597 [48]) should be a linear function of the 
isotopic concentration of calcium-48. This correction is 
applied to the observed values in Figure 6B. At low isotopic 
concentrations of calcium-48 the measured isotopic concen
tration is in good agreement with the known value, but the 
agreement becomes poor at higher concentrations of calcium-
48. The deterioration is due to the fact that the relative size 
of the correction term increases, thus increasing the relative 
statisticalerrorof[43] - 0.597 [48]. 

The method of measuring ratios is clearly not suited for 
the determination of calcium-48 above an isotopic concen
tration of about 0.4 atom 3. For higher concentrations 
the method of neutron time-of-flight spectrometry can be used 
reliably if the calcium-48 count is used as a direct measure 
of the concentration of this 'isotope. Although this value 
would not be affected by other components in the sample, 
the total calcium content would then have to be determined 
separately, as is the case for neutron activation methods . 
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ABSTRACT 

The construction of a beryllium target for use with the 

internal beam from the Pretoria 110-cm. cyclotron, as a neutron 

source, is described. The beryllium is mounted on a copper 

support through which a rapid current of ~cooling water flows. 

The transfer of heat is improved by grooving the underside of 

the target and by spreading the charged particle be8.Ill over the 

entire surface. 

Samples for neutron irradiation are mounted in a 

cylindrical pipe in six positions from 6.5 to 23.6 cm. from the 

beryllium and at angles from 14° to 10° to the direction of 

incidence of the charged particle beam. The pipe protrudes 

through the vacuum lock so that samples can be irradiated 

outside the vacuum system of the cyclotron. 

Activation reactions with thresholds between 1.8 and 

... 20. 3 MeV. were used to calibrate the neutron flux. ·Ten· reac-
.· ... 

\ 

tions were so chosen that it was possible to use only 5 target 

materials, viz., KOH, Al, MgO, NH4F and C. Thus only 6 

irradiations were sufficient to measure the flux at each 

irradiation site. The activities were measured with a NaI(Tl) 

scintillation detector, the efficiency of which had been 

calibrated as a function of gamma-ray energy. 

Flux calibratio:qs were performed on the neutrons 

emitted in the re~ction 9Be(d,n)10B with 15.7 MeV. deuterons 

and the reaction 9Be(a,n) 12c with 31.8 MeV. alpha particles. 
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Total f~uxes, depending on the irradiation site, ranged from 

108 x 108 to 2.1 x 1010 neutrons/cm. 2-sec. The energy 

distribution was measured and found to be in excellent agreement 

with published ,data obtained from 15, 24 and 26 MeVo deuterons .. 
'I\." Ti ~ 

Agreement was also 

good when the angular distribution of the emitted neutrons was 

compared with previously reported values. Total fast neutron 

emission from .deuteron bombardment at 15.7 MeVo was 2.28 x 1012 

neutrons/sec. per 100 µA., which may be compared with the reported 

value of 1090 x 1012 neutrons/sec. at 15 MeV. --
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The Pretoria 110-cm. cyclotron (1) can produce internal 

and external' proton, deuteron and alpha-particle beams with 

maximum energies of about 8, 16 or 32 MeV. respectively, and is 
l ~ ~ •. ... : •• r . 

capable of producing internal beam currents of u~"'""'tcY 800 µA of 

hydrogen ions or 200 µA helium ions. External beams with well

defined energy ,(within :!: 0.3%) can be obtained at currents of a 

few microamp~reso The large difference between internal and 

external beam currents makes it attractive to use the internal 

beam for neutron productiono 

Measurements by other authors (~) have shown that- the 

total neutron yield obtainable from the irradiation of thick 

targets with accelerated deuterons or alpha-particles increases 

rapidly with decreasing atomic number of the target. Moreover, 

the angular distribution of the neutron flux from light elements 

has a pronounced peak in the forward directiono It follows that 

the optimum rayio of useful neutron flux to charged particle 

beam current is obtainable in a position as close-as possible 

to a light element target, in the direction of the incoming 

charged particle beamo 

Because the neutron flux obtainable from a target is 

directly proportional to the incident charged particle beam 

current, the practical limitation to the intensity of the neutron 

flux is imposed by the thermal properties of the target which 

determine the rate of removal of heat from the region irradiated. 

The light element, beryllium, has thermal properties which meet 
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the requirements for neutron production; it has very good 
' 

thermal conductivity, a comparatively high melting point and 

low vapour pressure over Ci wide temperature r'd.n.ge, thus making 

it useful for a tarbet material in.side the vacuum of the 

cyclotron. 

The paper describes the beryllium target used at the 

Pretoria cyclotron. and the calibration. of the flux and energy 

distribution. of neutrons obtained from it by irradiation with 

15o7 MeV. deuterons and 31.8 MeV. alpha-particles. 

DESCRIPTION OF THE TARGET AND IRRADIATION ASSEMBLY 

The target consisted of a block of beryllium soldered 

onto a copper plate (see Figure 1), by placing a foil of silver, 

0.1 mm. thick, between the copper and beryllium, and heating 

the system, under an· inert atmosphere, to 900°c. The copper 

plate was, in turn, s'ilver-soldered onto a copper block through 

which the cooling water circulated rapidly. To improve heat 

transfer from tbe copper plate to the water, the area of contact 

was increased by grooving the underside of the copper plate • 
.. - .. 

The entire target head could l,:>e fitted onto a standard target 

support, thereby making it a.simple operation to change target 

dimensions and materials. 

By selecting.the correct angle between ~he beryllium 

surface and the target .support, a well..;.;centred.cyclotron beam 

could be spread over the-entire surface of the beryllium target 

-
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SECTION A-A 

WATER OUT 

0 2 3 4 5 6 CM 

Figure 1. The construction of the beryllium. target hea~. 
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whereby the heat generated could be dissipated over a larger 

area
0 

The centering of the beam was achieved by adjusting the 

current through the first harmonic coils of the cyclotron so as 

to obtain equal beam currents onto the beryllium target and 

onto an auxiliary target placed at the same radius from the 

centre of the cyclotron, 180° away (see Figure 2)o When the 

auxiliary target was retracted a short distance, the entire 

internal beam fell on the beryllium. Erroneous measurements 

of the beam current due to secondary electron emission was 

prevented by copper shielding plates above and below the targetsa 

Samples for neutron irradiation -were positioned in a 

cylindrical brass pipe, closed at one end and situated 

immediately behind the beryllium target (see Figure J)o The 

open end of the pipe protruded t~ough the vacuum lock through 

which the entire assembly could be introduced into, and removed 

from, the cyclotrona The sample holder, into which the samples 

were mounted, fitted into the pipe and could be inserted into 

any depth required, and withdrawn rapidly. The advantage of 

such an assembly lies in the fact that the sample is irradiated 

at atmospheric pressure, thus simplifying sample preparation and 

irradiation procedure. A fast pneumatic transfer system can 

readily be incorporated. Since the 'brass pipe is situated 

within the radio frequency field of the cyclotron, and because 

tha danger exists that a small fraction of the circulating 

cyclotron beam may strike tl).e tube, a jet of compressed air was 
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Figure 2. The· position of the neutron facility in.the 

cyclotron. 
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usually directed onto the clo,sed end in order to cool t.he pipe 

and to provide air cooling for the irradiated samples, if 

-necessary. 

CALIBRATION OF NEUTRON FLUX 

The use of activation threshold detectors still 

represents a useful technique for measuring neutron fluxes and 

their e~ergy distribution. This method was used to determine 

the flux and energy distribution of neutrons produced by 15.7 

MeV. deuterons and 31.8 MeV. alpha particles incident on a 

thick beryllium target. 

Selection of reactions with suitable thresholds 

Neutrons with energies up to about. 20 MeV. were expected 

from bombarding the target with deuterons and up to about 35 

MeV·. from the alpha particle irradiation. It was thus 

necessary that the reactions select~d for calibrating the 

neutron flux should have thresholds ranging over as wide an . 

energy as possible within the expected neutron energy range. 

..,. Furthermore, reactions had to be selected for which the excita-

' tion curves were available, at least in part, and from which the 

activities that were produced were readily observable. The 

half-life of the products could not have been too short, as this 

. would have led to difficulties in transporting the activated 

sample to the counting assembly; nor too long, requiring a 
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comparitively long irradia'tion.time. In addition it was 

desirable that some target nu.elides should be chemically 

combined in stable and readily available pure compounds so that 

results of more than one reaction could be observed from a 

single irradiated sample. 

The reactions that were selected are given in Table I 

together with the half-life of the product concerned in each 

case and the energies of important gamma-rays that were used 

to measure the activities. The 10 listed reactions were 

selected because they met the requirements outlined above. All 

the reaction products could be observed by the irradiation of 

only 5 target materials, KOH, Al, MgO, NH4F and C, which were 

counted with a single counting assembly, at appropriate times 

after the end of the activation, even when all five target 

materials were simultaneously activated. Reference to Figure 3 

shows that the six irradiation positions could thus be simulta

neously calibrated, in a series of only six irradiations during 

which every target material was irradiated in every position·and 

a blank container could be accommodated in'every position in .... 
turn to allow for subtraction of unwanted activities generated ..,.. 

in it. 

The only drawback with the abovementioned set of 

reactions lies in the fact that no reaction is included with· 

its threshold between 5 and 11 MeV. However, the advantages of 

the. selected reactions in other ways were so great as to 

outweigh this disadvantage. 
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TABLE I 

NEUTRON THRESHOLD REACTIONS 

Approximate Half-life Energies of 
Reaction threshold of importa~t* 

(MeV) product gamma-rays 
(MeV) 

. 41K(n,p)41Ar 1.8 .1. 83 h. ·1.29 

27 Al( n, p )27Mg 1.9 9.5 m. 0.84, 1.01 
41K(n,a) 38c1 

t;·, 

3.3 37 I 3 m. 1. 62, 2.16 
27 Al ( n, a)24Na 4.0 15 h. 1. 37, . 2.75 

24Mg( n, P )24Na 4.9 15 h. 1.37, 2.75 

l9F(n, 2n)18F 11.0 110 m. ' ( f3+) 

l4N(n,2n) 13N 11.4 10 m. (f3+) 

39K(n, 2n)38K 13. 4 7.7 m. (f3+), 2.16 
16o(n,2n)15o 16.6 124 s. ( f3+) 

12c(n,2n)11c 20.3 20.5 m. ( '3+) 

* (f3+) refers to positron emission and hence the 
appearance of· ~.51 MeV. ganuna-rays. 
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irradiation and measurement 

Weighed quantities of the selected -target materials 

were irradiated in polyethylene vials of 3 cmo 3 capacity. The 

polyethylene qontainers were mounted in each of the_ six 

positions shown in Figu.Ye 3. These posi·t·ions correspond 
' 0 respectively to directions of 14,31, 40.5, 50, 60 and 70 

relative to the incident' charged particle beam, calculated 

with respect ~o the cent're of the beryllium target and the 

midpoint of the irradiated samples, and were at distances of 

605, 7.5, 8.7, 10.6, 14.5 and 23.6 cm. respectively. 

The beryllium target was irradiated with inter~a-1 beam 

currents of about 100 µA. for 10 minutes and the total current 

falling on it was measured with a current integrator. Addi

tional monitoring was carried out using cylinders of copper, 

placed about a meter from the beryllium target, in which the 

relative yields of both coJlper-62 and copper-64 from the 

reactions q3cu(n,2n) 62cu ~nd 65eu(n,2n) 64cu respectively, were 

compared with the current integrator values. For intercomparison 

between different irradiations, all values were normalised to a -total charge of 60 millicoulombs, but the normalisation factors ..,.. 

were always within ~ 10% of unity. The neutron-induced 

activities in the samples and the copper monitors were measured 

with a 3 x 3" -NaI(Tl) scintillator crystal the efficiency of 

which was calibrated using substandards of l37cs, 84Mn, 60co and 

Counting of the samples was in most cases continued for 

several half-lives of the product nuclide, from which, the 

· .. ·; 
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activities at the end of the irradiation were deduced. 

Flux calibrations 

The excitation curves for the reactions used for 

calibrating the neutron flux are shown in Figures 4 and 5, 

where the solid curv,es are based on published data (J.,.1) and 

the dotted lines are the assumed shapes in the region where 

experimental data were not available. The integral neutron 

flux, as obtained from the activation reactions on samples 

placed in positions 3 and 6 are given as examples, in Figure 6, 

..., and in position 1 in Figure 7, where deuterons and alpha 

particles were respectively used to generate the neutron flux. 

These figures both show the variation of the neutron flux, for 

• 

neutrons of energy greater than E, with neutron energy, E. 

The energy distribution of the neutrons from the reaction 

9Be(d,n) 10B is shown in Figure 8 for all the irradiation posi

tions, and for the reaction 9Be(a,n) 12c in Figure 9 for 

irradiation position 1. 

The results shown in Figures 6-9 were calculated by an 

i tera ti on process for which initially it was assumed, that the 

energy distribution of the neutrons was independent of neutron 

energy. Three iterations were sufficient to reproduce the 

reported values. 

The shape of the energy distribution curves in Figure 8 

is in excellent agreement with previous work (2,6,7) reported 

for incident deuteron beams of 15, 24 and 26 MeV., especially 
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when allowance is made for the difference in bombarding 

conditions. In the case of the reported data for 15 MeV. 

deuterons (2), the rate of flux decrease with neutron energy 

was somewhat greater than that observed in this work, but as 

the conditions of the deuteron bombardment were not defined, 

quantitative comparison between the reported (2)and observed 

results was not possible. 

The angular distribution of the neutron tlux can be 

deduced if correction is made for the different distances 

between the irradiation positions and the centre of the 

beryllium target. However, in this connection the errors in 

determining the mean angle between the target and the internal 

cyclotron beam incident on the beryllium, arising from the fact 

that neither the beryllium target, nor the irradiated samples, 

can be considered as points, become large, especially with 

decreasing angle. Furthermore, the uncertainty in the actual 

·distance between the sample and some mean point of neu.tron •. 

generation in the beryllium introduces very large errors in the 

relative neutron flux intensity at small angles. The sizes of 

the probable errors from these sources are marked in Figure 10 

where the experimental results are shown as points and are 

compared with the reported (.g) angular distribution of neutrons 
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from the reaction 9Be(d,n)10B, shown as a smooth curve. 

When the observed angular distribution from o0 to 90° 

(see Figure 10) and the reported data (£) from 90° to 180° were 

used to calculate the total neutron emission with. energy above 

1 MeV. from a thick target of beryllium by a deuteron'beam of 

15.7 MeV., the value obtained was 2.28 x 1012 neutrons/sec. 

per 100 µA. This value should be compared with the correspond

ing result (£) for 15 MeV. deuterons of 1.90 x 1012 neutrons/ 

sec. per 100 µA. 
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DISCUSSION 

Mr. MARKOWITZ 

It may not be quite fair to ask about the choice of experimental method 

after your fine work with threshold detectors, but I do wonder about the 

rejection of proton-recoil scintillation spectrometry in your work or 

that of the previous speaker, Dr. BRUNINX. Is gamma-ray interference the 

reason ? 

Mr. PEISACH 

The space in the irradiation pipe holding the samples was so limited that ,... 

proton-recoil detectors were difficult to mount. We also have little ex- "" 

perience with that kind of measurement. 

Mr·. KUIN 

Why do you use the internal and not the external beam ? 

Mr. PEISACH 

The external beam has already been adapted to high resolution physics 

experiments so that the total current obtainable externally was much 

smaller than the internal one~ We thus had very little choice. 
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--------·----- --- -·--- --

ANALYTICAL USE OF PROMPT NEUTRONS 

PRODUCED BY PULSES OF CHARGED 

PARTICLES 

Max Peisach 
Southern Universities Nuclear Institute, Faure, South Africa 

ABSTRACT. 

With accelerated protons or deuterons, nuclear reactions 

on light nuclides leading to the emission of prompt neutrons 

occur at relatively low energieso By measuring the neutron 

flight time from its point of generation to the point of detec

tion, the various neutron energies may be resolved and used to 

identify the target nucleus while their yield is proportional 

to the content of the nuclide in the irradiated sam1)le. 

Using 3 MeV deuterons, methods are described for the 

determination of deuterium, carbon1 nitrogen and oxygen in 

microgram quantities in gaseso The rel.ati.ve stan<'l.a:rd Jevtatio:n 

of the analytical resu1ts are between 3 and 4~. Se.ns:i.tivities 

are below a microgram of the correspon<ling elemento 

With protons, the Q-values cf the (p~n) reactions on 

the abundant' isotopes of carbon~ nitrogen <':J.nd oxygen f' .. re so low 

that a 5 MeV proton beam does not generate any neutrons from 

themo On the other hand· the heavier :i.sotopes undergo (p~ n) 

reactions thus enabling their i8otopic co:rwentration to be 

determinedo 

Similarly the time-of-f1ight spectrometry of neutrons 

from the reactions Ca(pjn)Sc on tbH various calciun iootopes 

has been used as a means of isotopic determination of calcium-43 

and 48. 

Possible extension of the technique to other analyses 

. -;~, 

. "5 
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Ever since 19 36 when Heve8y and Levi ( 1) u::>ed thermal 

neutrons to determine dysprosium in impure yttrium, the use of 

nuclear reactions to solve analytical problems hai:; increased 

rapidiy, especially those nuclear reactions which lead to a 

radioactive product. Activation analysis has become a field 

that is being studied widely and internrnly, so that its 

shortcomings and limitations are becoming better known. Some 

of the shortcomings become evident 

(i) when the half-life of the product is very long, 

because the irradiation time required to produce 

sufficient radioactivity will be long, unless the 

reaction has a high cross section; 

(ii) when the half-life of the product is very short, 

because special methods of faot trarwfer to the 

counting a8se.lllbly become necessary; 

(iii) - when the detection efficiency of the rad-ia ti on 

emitted by the product is poor. 

The limitations of activation analyeis make its ayylication 

impossible 

(i) when the sample under investigation~ contains other 91 
elements which yield the Barn.e radioactive product; 

(ii) when interfering radioactive nuclides cannot be 

separated and their radiation cannot be 

distinguished from that of the desired product; 

(iii) when the product is stable. 
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The measureillent of the r~te of Jecaj of a radioactive 

produ8 t is only one f orrn of us::. nb a nuc lcur reaction for 

analysis. Another method to arrive at the same result may be 

to measure the rate of .formation of a product :1 as .... ob.tained 

from measurement of the prompt rt:tdia ti on or particles .emitted 

in the nuclear reaction. This technique inereases the. scope 

of using m1clear ·reactions for elernent;:;_l anll isotopic analysis 

because it makes such methods independent cf the radioactive 

decay properties of the product and has the advantage that the 

rate of accumulation of data remains virtually conBtant with 

time. The energy of a particle er:i.i tted in n. nuclear reaction 

d.epend.sj amonc other parameters~ on. ~he energy of the incident 

particle so that charged particle beam.s; the energy of which 

can rnore readily be controlled a.nd selected, offer an a priori 

advantage over neutrons and t;o-:1.rn:o.a-ra;y:::>y for use in hDEi.lysis. 

They suffer from the obvious.disadvantage of lack of penetra

tion and the extent to which th·.=;y generate heat at the target o 

Reactions induced by charged pa:i:-ticles lead to the 

emission of a variety of prompt products~ any of vvhich can in 

principle be used for analysis. Frequently 9 however~ it 

happens that the e~itted product cannot conveniently be 

measured near its point of generation. It then becorn.es impor

tant to choose those that have sufficient penetration through 

matter to leave the irradiated region~ vizos gamma-ray photons 

and neutrons. In this paper the use of prompt neutrons for 
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analysis is described. 

The energy En of a neutron emitted from a nuclear 

reaction is determined by the Q-valu:e of the reaction, the 

energy of the incident particle, E, and the anglej 9, at which 

the neutron is emitted. . From the kineIDRtics'" of a nuclear 

reaction, the neutron energy is given by 

;v2 ~ v -t + w = - (1) 

where 

v 
vm.mn.E Cose 

= (2) 
mn + M 

and 

w = MQ + E(M-m~ 
mn +M 9 (3) 

and the masses m, mn and M refer respectively t~ the incident 
. '. 

particle, the neutron and the product nucleus;. In any 

specific case, the emitted neut:m:ms will have energies related 

to the Q-values pertaining to the corresponding excited states 

in which the product nucleus is left. It may then be possible 

to selec,t some neutron energy for determining the concentration 9· 
of a specific nuclide in an irradiated target, and any 

experimental method· by which neutron energies may be determined 

could be suitable for analysiso 

A convenient and accurate method for determining 

neutron energies is by the time-of-flight technique where the 
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time, t (n..':.l.noseconds), taken by a neutron to cover a distance:1 

~ (metres), is measured. Non-relat_ivistically the relationship 

between the time-of-flight and the neutron energy is c;iven by 

t = 12.3 x s 

~ ' 
(4) 

where the constant includes the ruas:.3 of the neutron and conver-

sion uni ts and En is given in Mev. 

energy resolution may be shown to be 

Rewriting equation 4, the 

AE n 
~ 

·= [( ;;. • At) 2 
+ (~)21 

36.1 x s .s J 
1/2 

(5) 

where .6Enj 6 t and As represent the uncertainties in the 

neutron energy, the flight ti1ae Hrnl the flight path respect-

ivcly. From equation 5 it r~i.a.y be deduced thu.t the energy 

resolution of the system will depe.nd on the uncertainty in the 

flit;ht path, which is usually small for paths of several metres, 

but largely on the precision .in measuring the flight time. For 

e a constant flight :i;:>ath,, the energ;1 resolution is best at lower 

energies. 

With recent development in fast cloctronics, · it----has 

now become possible to measure short time intervals with a fair 

degree of precision. The flight time can be given by the 

interval between two pulses~ uarking respectively the start and 

the end of the flight. The signal marking the .end of ; the flight 
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can be obtained from a pulse produced in a scintillation 

detector by the neutron. ~he signal marking the start of the 

flight may be obtained either from another prompt product of 

the reaction,~with the consequent loss of efficiency introduced 

by the additional measurement, or by using a beam for irradia

tion that is pulsed at a known frequency, when the passage of 

th.e beam itself may be used to generate the required pulse. 

The application of neutron time-of-flight spectroscopy to 

analysis was first discussed by Peisach and Pretorius (£,1) 

when the latter course was followed, despite the fact that the 

duration of the pulse introduced an uncertainty in the flight 

time and constituted a limitation of the method~ As a result, 

neutrons of the same energy, that should have taken the same 

flight time, arrived at the detector over a small time spread 

and were thus registered as an apparent group of neutrons. 

THE ELECTRONIC EQUIPMENT 

A block diagram of the electronic equipment (.~) is 

.shown in Figure 1. Neutrons generated by the pulsed beam at 

the target were detected in an NE 213 liquid scintillation 

detector placed at a distance, ~» and an angle, 9» from the 

target. The time of arrival of the pulsed.irradiating beam on 

the target was given by a signal from a pickup probe placed 

near the target in the beam tube. The difference in time 

between the signal from the detector and that caused by the beam 
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Block diagram of the electronic equipment. 
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pulse was converted by the time converter to a pulse with 

amplitude proportional to time, and recorded by the multichannel 
' 

analyzer. A current integrator (not shown in Figure l) was set 

to accumulate a predetermined total current, and automatically 

switched off the measuring system when this value was reached. 

Because the neutron detector was sensitive to gamma

rays as well as neutrons, signals caused by gamma-rays from 

whatsoever source were rejected by pulse shape discrimination 

(.2,) and low level electronic noise by the energy discriminator. 

The efficiency of the neutron detector was measured relative to 

that of a lOBF3-filled neutron counter and is shown in Figure 29 

from which it may be learnt that the relative efficiency falls 

rapidly for neutrons below 1 MeV and that the detection 

threshold for neutrons lies below about 700 keVo 

ANALYSES USING. PULSED DEUTERON BEAMS 

When solids or liquids are irradiated with charged 

particle beams, the entire energy of the beam is deposited 

within a relatively short distance in the sample, thus gen

erating high temperatures which are frequently sufficient to 

destroy the sample. Charged particle irradiations therefore 

usually require refractory target~ or targets with very good 

cooling. This problem does not arise in the case of gases, and 

irradiation with charged particles_can readily be carried out, 

provided the container has a suffic~ently thin window through 
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which the beam may entero A diagrammatic sketch of the gas 

handlin~ apparatus and the irradiation cell is given in 

Figure 3. 

Because most (d,n) reactions a.re exoergic, neutrons 

may be expected to be produced from all components of a 

deuteron-irradiated sample. The extent to which neutrons from 

other sources would tend to decrease the usefulness of any 

analytical method, would depend on their relative energy and 

intensity. At comparatively low incident energies of deuterons, 

the Coulomb barrier of only the lightest elements are exceeded, 

so that interference from (d,n) reactions on other elements 

would be much reducedo The very important light elements 

carbon, nitrogen and oxygen are also those for which activation 

analysis methods are not very suita.bleo The determination of 

these elements in gases, by time-of-flight spectrometry of 

neutrons produced by a pulsed deuteron beam, was -:;hus attemptedo

Neutron energies that may be expected from the 

irradiation of 2H, 12c, 14N and 160 with 3o0 MeV deuterons, a.re 

given in Table lo It is clear that the energies of neutrons 

from (d,n) reactions on deuterium, carbon-12 and oxygen-16 ~1 

differ sufficiently to enable the neutron groups to be resolved, 

but difficulties may be expected from neutrons of nitrogen-140 

Typical time-of-flight spectra obtained from mixtures of 

deuterium gas with hydrogen, oxygen.~ carbon dioxide and 

nitrogen with 3o0 MeV deuterons are shown in Figure 4 and from 
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TABLE I 

SOME NEuTRON ·ENERGIES FROM (d,n) REACTIONS 

Target 2H 120 14N 16 0 

Natural Abundance ~ 0.015 98089 99.63 99.759 

Q (d,n0 ) MeV. (§) 3.268 - 0.281 5.066 - 1.627 

Ne11tron Energy MeV. 

no 5. 738. 2.582 7.932 1.223 
--

nl 2.771 0.685 
J 

n2 2.710 

n3 . 1. 763 

n4 1.098 

n5 1.033 

n6 . o. 693 

~ 0.235 
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Figure 4 . • Typical time-of-flight spectra of deuterium gas. in 

hydrogen (A), oxygen (B), carbon dioxide (CJ) and 

nitrogen (D). \ 

, ~d = 3.0 JVIeV. s = 3 metres 
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methane, oxygen and nitrogen with 3.5 MeV deuterons are shown 

in Figure 5o Because the spectra are based on time measure~ 

ments, the channel number is proportional to the flight time, 

and hence the energy scale cannot be linear; as a conl:>equence~ 

peaks appear to be wider at lower energies. 

From Figures 4 and 5 the neutron groups with energies 

listed in Table I may be identified, but correction has to be 

made for the 160 keV energy lost by the beam in passing through 

the nickel window of the gas cell (see Figure 3). A convenient 

reference to "zero" flight time in the spectrum may be obtained 

from the position of a peak produced by pulses, from gamma-rays 

generated at the sam1)le, not entirely eliminated by pulse shape 

discrimination. Figure 6 shows such a peak in a s1iectrum 

obtained from a sample of pure nitrogen gas at about 100 mm. 

pressure. A spectrum obtained under the same conditions, but 

for which pulse shape discrimination was not used, is shown in 

the same figure, for comparison, and clearly illustrates that 

it would be futile to use such data for· analysing gas samples 
"' 

containing smaller amounts of elemental nitrogen. 

The curves in Figures 4 and 5 show that the· counts 

registered under.each peak in the spectrum can readily be 

integrated to be used as a measure of the content of the 

corresponding element in ·the bombarded sample. It should be 

noted that if nitrogen is present, the determination of carbon 

and oxygen will require "Correction for the inclusion of counts 
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Figure 5 : Neutron time-of-flight spectra from iaethane 11 oxygen 

and nitrogen. 
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14 •"( ) 14 ( ) from the N n1 ,n2 and .. N n4,n
5 

neutron groups respectivelyo 

Such correction can readily be determined; being proportional 

to the number of counts observed fro_m the l4N(n0 ) or 14N(n
3

) 

neutron groups. This type· of correc'tion is.needed for the 

analysis of mixtures of carbon-dioxide and nitrogen, when 

spectra su~h as shown in Figure 7 are obtained with 3.0 MeV 

deuterons and that shown in Figure 8 when the deuteron energy 

is 2.0 MeV. 

The yield of any neutron group is a function of the 

number of target nuclei in the path of the beam. Accordingly 

a calibration curve can be obtained from a single gas chosen 

as reference and measured over a range of pressures. Such 

calibration curves were linear for elemental analysis of 

deuterium, carbon and nitrogen. In the case of oxygen, devia

tion from linearity became noticeable at pressures above 25 mm. 

due to the energy lost by the deuteron beam in the gas sample, 

when the reaction cross section was lower and the lower energy 

neutrons.were measured with a lower efficiency. Figure 9 shows 

how correction for these effects yi,elds. a linear calibration 

line. 

The results of determinations of deuterium, carb9n~ 

nitrogen and oxygen in gas samples have been reported (7,8). 

A typical.set of results is given in Table II and a summary of 

different series of test analyses is given in Table III. The 

summary includes 'the value of the slope of the calibration line 

fo~ each test. and the observed mean neutron count per mm. 
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COJN2 mixture 

. • 

100 ' 200 300 
CHANNEL NUMBER 

Spectru.m from a mixture of carbon dioxide and 

nitrogen showing that carbon and oxygen 1>eaks are 

not resolved from (n1,n2 ) and (n4) neutron peaks 

of nitrogen respectively. Ed = 3.0 MeVe 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

40 
u 
:i_ 

8 -a: 
UJ 30 Q.. 

...J 
UJ z 
~ ::c 
u 20 
a: 
I.LI 
Q.. 

l!2 z 
5 10 u 

00 

e • 
12c<no> 

CO,/N2 ,~(flo) 
Ed =2.0 MeV 

("2) 

14NCr.,) 

.•. 
100 200 

CHANNEL NUMBER 
Figure 8 : Spect:iuw from co2/N2 mixture obtained Hi th 2.0 

MeV deuterons. 
I 

300 

co 
c..v 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

7000 

6000 

u 
::i. 5000 

0 
0 ..-

0:: 
UJ 
a.., 4000 
~ z 
:::> o. 
u 
z 3000 
0 
0:: 
I
=> w z 

2000 

1000 

- 84 - ' 

• 
• 
• 
• • 

• 
• 

cross-section,: 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 

50 100' 150 
PARTIAL PRESSURE (mm.) 

Figure 9 : The effect of energy losB on the neutron yield fro1n 

oxygen. Observed valuRs (::iolid line) are firstly 

corrected for decreased detection efficier~y 

(broken line) and then for decreaned reaction 

cross section (dotted). 
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TABLH II 

SOME DETERMINATIONS OF CARBON IN co2/CO 

Ed = 3. 0 MeV . Q = 30° 

Total Relative Neutron Neutron 
pressure Error error counts counts 

in cell (2000) per per 100 µC 
100 µC per mm. 

Sample 
Found* 

pressure 
number Known 100 x A B (B-A) (B-A)/A N N/A 

mm. mm. 

78 89.70 92.40 + 2.10· + J.01 16315 1.81088 

79 37.75 37.53 - 0.22 - 0.58 6453 170.95 

85 40.75 41.63 + o.88 + 2.16 7190 176.45 

86 82.60 85. 36 + 2.76 + j.J4 15046 182 .. 15 

87 40.17 39.33 - 0.84 - 2.09 6776 168.67 

88 91.92 92.45 + 0.53 + 0.53 16324 177.58 

, 89 41.55 41.19 - o. 36 - o.87 7111 171.15 

90 89.00 88.80 - 0.19 - 0.21 15669 176.06 

91 37.67 37.19 - 0.48 - 1.27 6391 169.65 

92 ' 89.85 88.35 - 1.50 - 1.67 15588 17 3o 49 

93 35.12 36.14 + 1.02 + 2.90 6202 176.57 

94 91.20 87.48 - 3.72 - 4.08 15432 169.21 

95 38. 70 38.17 - 0.53 - 1.37 6567 169.69 

• Determined from.'12c(n0 ) count 

Mean error = + 0.0038 mm. Hg. 

Mean neutron count per 100 µC p'er mm. = 174 •12 . total pressure 

Relative standard deviation = :!: 2.27~ 
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TABLE III 

SillMvlARY OF TEST AN.ALYS~C:S ON Gl~SbS 

WITH .3 MeV DEUTERONS 

Number * Mean Relative Gas Nuclide Cali bra- Mean 
Mixture Determined of 

ti on* Neutron pressure Standard 
Samples Count error mm. Deviation 

H2/D2 2H 15 421.5 419.2 - 0.020 + .3. 4% -

C02/D2 
2H 12 421.5 422.0 + 0.003 + ·-,, 5, - -. ~-

C02/CO 12c 1.3 179.8 174.1 + 0.004 + 2.Jf -

160 13 75.4 74.4 - 0.001 + .3 0 07~ -

C02/N2 
12c 9 174.3 168.9 - 0.003 + 2. 6~~ -
14N 13 23.3 24.2 + 0.004 + 4 6c'.' . /' 

160 11 68.9 69.8 - 0.002 + 3, 4% -

14N io** 23.7 23.0 - 0.046 + 3.3% -

Counts per mm. pressure per 100 microcoulombs 

Ed = 2.0 MeV. 
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lJressure per 100 microcoulo1ab1::.1, In all cases the agreement 

between the t1i·10 values is wi tl1..in the precision of the method~ 

It is satisfying to note that the precision of the method is 

comparable with that of most methods usint; activation analysis, 

The backe;round spectrum (see Fic;;ure 10) consists of 

a prominent peak due to neutrons generated from carbon-12~ from 

residual oil vapours deposited on the nickel window at the 

point of incidence of the beam. A small contribut:Lon·from 

neutrons from oxygen-16 is also identifia'Qle •. The remaining 

continm+m is produced by neutrons from a variety of sources and 

by those scattered into the detector. Heavy iuotopes of carbon 

and oxygen probably also contribute to the neutron background. 

Syectra obtained from carbon dioxide enriched in oxygen-18 and 

in carbon-13 are shown in Figure 11. 

The precision of a dete:ru.in.c'tt:l.0:1 will clearl:;r 

d eteriora tc as tbe sample size decreases. From a knowlede;e of 

the background count (see F~gure 10) and the values in Table III 

it is possible to calculate the size of the smallest sample for 

which the stanriard deviation of the integrated count will be 

• comparable with or a given multiple of the re la ti ve standard 

deviation of the method. Such values for carbon~, nitrogen and 

oxygen are given in Table IVj from which it iB clear that the 

method is capable of analysing microgram quantities o.f these 

elementso The limit for qualitative identification is 

considerably less; for example using 20 millicoulorn.bs, 60 ng12c j 
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TABLE IV 

PRECISION LIMITS FOR ELEf.lENTAL ANALYSES 

Total Micrograms per cm~ cross sectionaJ 
Relative Current area of beam 
Precision milli-

~ coulombs 12c 14N 160 

+ 3.0~ 1 5.18 28.40 16.79 

2 3.46 16.67 10.75 

10 1050 5.60 4.25 

20 1.06 3.67 2.92 

+ 10.0,t. 1 1.42 5.29 3.99 

2 0.98 3.49 2.71 

10 0.44 l, 43 1.18 

20 0.31 0.99 0.82 
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200 ng l4N and 170 ng 160 per cmo 2 cross sectional beam area 

can b.e detected~ 

ANALYSIS USING PULSED PROTON BEAMS 

Like deuterons, protons can be used for the anal,y:3is 

of gases, but unlike (d,n) reactions, most (p,n) reactions are 

endoergic. It thus becomes possible to u:-3e the energy of the 

irradiation beurn as an additional parameter, not only to vary 

the energy of the ern.i tte.d neutron9 but {1.lso to control the 

total neutron emission from the sample by preventing the 

occurrence of nuclear reactions of lower Q-value. In this way 

the number of neutrons scattered into the detector is decreased 

and the general background against which the measurements have 

to be made, is srnaller. A typical background neutron time~of-

flight spectrlim obtained with 5.0 MeV protons is shown in 

Figure 120 The general a11pearance of the spectrum is the same 

as that obtai.necl vdth deuterons, but its intensity is much less" 

The energies of neutrons that may be expected from 

• (p, n) react.ions on the isotopes of carbcn 9 nitrogen and oxygen 

are given in Table V. From the table it is clear that no 

neutrons can be generated from the abundant lighter isotopes 
12c, 14N and 100 by proton beallis of energy less than 5.931 MeV. 

It is also clear that in samples enriched in any of the heavier 

stable isotopes of these three elements~ suitable neutron 

energies are expected, which would make their determination 
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TABLE V 

NEUTRON ENERGIES FROM SOME (p,n) REACTIONS 

Natural 
Target Abundance 

% 

i20 98.89 
130 1.11 
14N 99.63 
15N 0.37 
160 99. 759 
170 0.037 

180 0.204 

0 e =-= o 

Q-value 
(p,no) 
MeV 
( 6) 

-18.390 

- 3.004 

- 5.931 

- 3.543 

:.16.431 

- 3.544 

- 2.450 

-· 

Neutron 
eners;y 

MeV 

-
1. 9·41 ( n0 ) 

-
1. 381 ( n0 ) 

-

1.390 (no) 

0.854 (nl) 

2.495 (no) 

1.555 (nl) 

1.445 (n2) 

1.406 (n3) 

10361 ( 114) 

0.744 (n5) 

0.288 (n6) 
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possible. Time-of-flight spectra of the neutrons obtained from. 

the proton irradiation of carbon dioxide enriched in oxygen-18 

and in carbon-13 and of ammonia gas enriched in ni trogen-15 

are shown in Figure 13. As before, the energy of each neutron 

group is about 160 keV lower than that given in the table. 

From the relative heights of the peaks in the spectra and from 

the neutron energies, little mutual interference is expected 

between oxygen-18 and carbon-13, nor is nitrogen-15 expected to 

cause interference in the determination of either of the other 

two nuclides (unless it is present in relatively enriched 

quantities in the sample. under investigation) o However, because 

the yield of l5N(n0 ) neutrons is so low relative to those of 

oxygen-18, comparatively small amounts of .oxygen-18 could 

seriously hinder the determination of nitrogen-15. 

The determination of the i~otopic concentration of 

oxygen-18 in gases has been fully re_ported elsewhere (.~) .- The 

relative standard deviation was found to be± 3.4~:'.. With a 

rnaxii11um total current of 20 millicoulombs, about 280 ng./cm. 2 

beam area could be measured. If a lower precision of ± 10% is 

acceptable, the lower limit may be decreased to 80 ng./cm. 2, 

but only some 900 ng./cm. 2 of carbon-13 could be si1ail4rly 

determined. The sensitivity l~mit for detecting oxygen-18 

qualitatively is about 16 ng./cm. 2 

To apply this technique to other elements, it may be 

useful to refer to the. diagrammatic representation of the 

( 
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t£UTRON ENERGY (MeV) 
eoo~----__=.;;os=-----------~1n;,__ __ ~----=2~D;.__ _____ 4~D----~ 

600 

400 

200 

cs.. a 0 

~ 
~ 10 

g 
~ 5 

~ z 
5 u 0 

30 

20 

10 

97.45 atom'/, oxygen-18 as C~ 

Ep = 5.0 MeV 

180(n5) 

95.0 atom'/, nitrQ9!n-15 as 15NH3 

Ep = 5.0 MeV 

:"'o Cn,) 

15NCno) 

13c(no) 

57.1 atom'/, carbon-13 ·as 13co2 

Ep = 5.0 M~V 
13c(no) 

100 200 
CHANNEL Nl)MBER 

300 

Figure 13 : Neutron time-of-flit;ht s,pectra from c;1:-i.rbon-13, 

nit;roc;en-15 and oxygen-18 irradiated with 5 r..TeV 
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Q-values (>-5 MeV) for the (p, ni) reactions on elements with 

Z < 20, shown in Figure 14. The calculated Coulomb barrier 

!'or each nuclide is shown as a wavy lineo Stable nu.elides that 

are not listed are those for which the Q-value of the (p,n0 ) 

reaction is less than -5 MeV. From this diagram many potential 

uses of this 'technique can be found, and possible sources of 

interference can be identified and avoided. Furthermore, 

provided suitable targets can be produced, the method may 

readily be adapted to the analysis of solids and to elements 

of higher atomi.c numbero 

of calcium i~otopes. 

One such case is the isotopic analysis 

With proton energies below 6.7 MeV the only heavy 

isotopes of calcium from which a measurable neutron yield may 

be expected are those of mass numbers 43, 44 and 48; the low 

natural abundance of calcium-46 (0.0033~) makes it unlikely 

that the relative neutron yield from this isotope would be 

appreciable. At proton energies below 4.7 MeV calcium fluoride 

targets could. be used for the isoto:pic determination ( 10) 

either of calcium-43 or 48, because the neutron detection 

threshold of about 700 keV is then too high for detecting 

neutrons from the reactions l9F(p~n) 19Ne and 44ca.(p,n)44sc. 

Time-of-flight spectra of neutrons emitted from natural calcium 

fluoride and from enriched targets of calcium-43 and calcium-48 

by 4.5 MeV protons are shown in Figure l5o By integrating the 

counts from 43ca(n0 ,n1 ) ~nd 48ca(n1-n
5

).neutrons the concentra-
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(p,n) REACTIONS 

Cl 37 I 111111 

s 36 I I Ill I II 
Mg 26 , I I 

Na 23 I I 

Ne 22 I I 'I 11 21 

F 19 I 111 

0 18 
I' 

1\0 
1
1 I 

17 . 

N 15 I I 
c 13 I I 

B 11 I I I I . 10 

Be 9 I I I 
Li 7 I I I 

I I I . I 

0 1 2 3 4 5 
,.(-Q) VALUE (MeV) . 

Fig-ure 14 : Q-values for (p, n) · re~ctions. to different excited 

levels in the produ·ct nucleusj for stable nuclides 

~d th Z< 20~ and. for Q-values > -5 MeV, The wavy 

line represents the calculated. Coulom.b .barrier for 

ea.ch nuclide. 
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NEUTRON ENERGY (me v) 
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Time-of-flight spectra of rie:.A.t:corm from (11~ n) reac-
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43ca and 
48ca. E.P = 4.5 EoVo f1 = o0
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tion o·f one isotope may be obtained relative to the other, The 

method can be used to determine either isotope when the other 

is present in known or natural concentrationso The method is~ 

however, limited to comparatively low enrichments of 48ca~ 
48 because the contribution of Ca(n10-n14 ) neutrons to the count 

representing the calcium-43 content could become overwhelining 

and rnake the determination open to large errorse 

An i~teresting application of (d 11 nJ. reactiOW3 to 

analysis of solids has recently been reported .< 11) in which 

light elements were determined in metals by neutron time-of

flight spectrometry. By using thick targets and measuring the 

neutron yield as a function of depth below the target surfa.ce, 
0 

a depth resolution of 4500 A was attained. 

This work was financially supported by the f.louth 

African Atomic Energy Board. 
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DISCUSSION 

Mr. FLEISCH~~R 

Have you ever looked at an impure or unknown sample ? 

Do you have any examples ? 

Mr. PEISACH 

It is difficult to understand what you mean by an impure sample. 

If the target contains nuclides that would produce neutrons above the 

detection threshold energy they would be observed and would be identified. 

If not, their presence could not be detected. 

Mr. ALBERT 

Pouvez-vous nous rappeler les sensibilites que vous avez obtenues car 

je n'ai pas bien pu les relever ? 

Mr. PEISACH 

With protons using 20 mCb current 16 ng 
18

o/cm2 

with deuterons under th~ same conditions 

12C 60 ng/cm
2 

, 14N 200 ng/cm
2

, 160 170 ng/cm
2 

Mr. TOUSSET 

J'ai cru comprendre que la principale limitation de votre sensibilite 

est due a l'existence du "fond" parasite. Est-ce que l'assez longue 

duree de VOS experiences ne' risque pas d 1 etre egalement une cause de 

limitation de sensibilite par suite de derives de l'electronique de 

l'acciler~teur ? 

Mr. PEISACH 

We did not observe any independent time factor in the background. 

The total current through the cell is the only important determining 

factor. The sensitivity would thus, at a constant total current, 

depend only on the background. The values cited were strained without 

special attempts to reduce background. That such reduction is possible 

is certainly true, but how far the sensitivity would be increased if 

this were done, I do not dare to guess at. 
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Mr. HOLM 

What is the effect of sample thickness ? In particular what happens with 

an infinitely thick sample ~ 

Mr. PEISACH 

In some cases, especially for calibration purposes we had gases up to 

150 mm pressure in a 3cm long cell. There was thus an appreciable amount 
. . 

of material i'n the beam path. Naturally with thin targets the pe~ks are 

expected to be sharp and they would appear wider with increased thickness. 

In the extreme case of an infinitely thick target,I would expect the 

spectrum to consist of a series of steps corresponding in energy to the 

peaks obtained for thin targets. 

Mr. QUAGLIA 

N'avez vous jamais ete ennuye par la formatidn de deuterium sur les 

fenetres et la reaction parasite d(d,n)T 1 

Mr. PEISACH 

12 
Yes. The neutrons from C are almost all due to the formation of a la_yer 

of carbon from the decomposition of oil vapours on the nickel window. 

Any oxydation of the nickel also showed up as a small peak due to neutrons 

from oxygen • 

. Mr. CUYPERS 

La sensibilite donnee par votre methode, tient-elle compte de la quantite 

d'oxygene et carbone presente sur la fenetre d'entree de la cellule ? 

Mr .. PEISACH 

The sensitivities are calculated as the weight of material necessary to 

give the number of counts equal to 3 tim~s the standard deviation of the 

integrated background count in the region where the spectrum peak is 

expected. 
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Isotopic Determination of Oxygen-18 in Gases by 
Neutron Time-of-Flight Spectrometry 

Max Peisach, Rene Pretorius, and Paul J. Strebel1, 2 

Southern Universities Nuclear Institute, P.O. Box 17, Faure, C.P., South Africa 

Oxygen-18 was determined in gases by time-of-flight 
spectrometry of the prompt neutrons from the reaction 
1so(p,n)1sf produced by a pulsed beam of protons of 
5.0 MeV. The analysis is nondestructive and, with a 
beam current of 0.5 to 1.5 µA requires from 5 to 30 
minutes per sample. The method is applicable to 
isotopic concentrations from 0.204 atom 3 (natural 
level) to 1003. The relative standard deviation was 
±3.8% and the sensitivity, 7.2 X 10-s g/cm 2• 

MANY NUCLEAR METHODS for determining oxygen-18 have been 
developed, not only because of the use of this isotope as a 
tracer for oxygen, but also as a means of determining oxygen, 
the most abundant isotope of which has less favorable nuclear 
activation properties. Activation analysis has been carried 
out using the activities of fluorine-18, generated either by 
proton irradiation (J) or by neutron-induced "knock-on" 
protons (2, 3), of oxygen-19, produced by thermal neutron 
capture (4), of carbon-15, generated by fast neutrons (5), or of 
nitrogen-17, produced by secondary tritons in the presence of 
lithium-6 by the successive nuclear reactions 6Li(n,a)3H and 
1so(t,a)17N induced by thermal neutrons (6). Analytical 
methods, in which the emission of prompt nuclear reaction 
products was measured, were developed using alpha particle 
emitted in the (d,a) reaction (7) or neutrons emitted in the 
(a,n) reaction (8). These latter methods have the advantage 
that the conditions of measurement are not determined by the 
decay properties of radioactive products. 

The technical difficulties connected with the irradiation of 
gaseous samples, with few exceptions, limit the use of methods 
such as described above, to liquids and solids. An attempt to 
determine oxygen-18 in carbon dioxide was reported ( 4) but 
the procedure involved the conversion of the gas to solid 
ammonium carbamate, which was then irradiated. There is 
thus need for an analytical method which could extend the 
advantages of nuclear methods to the determination of 
oxygen-18 in the gaseous phase. In this work an attempt was 
made to determine oxygen-18 nondestructively in gases by 
time-of-flight spectrometry of prompt neutrons emitted from 
the reaction 180(p,n) isp induced by a pulsed beam of protons. 
This method has already been applied to the determination of 
deuterium (9) and other elements (JO) using a pulsed deuteron 

1 Department of Chemistry, University of Cape Town, 
Rondebosch, C.P., South Africa. 

2 Present address, Graduate College, Princeton University' 
Princeton, N. 1. 08540. 

(I) B. A. Thompson, ANAL. CHEM., 33, 583 (1961). 
(2) L. H. Hunt and W.W. Miller, Ibid., 37, 1269 (1965). 
(3) D. C. Aumann and H. J. Born, Naturwisse11sc!wfte11, 51, 159 

(1964). 
(4) G. J. Fritz, I. Han, and W. H. Ellis, Intern. J. Appl. Radiation 

Isotopes, 16, 431 (1965). 
(5) V. P. Guinn, Trans. Amer. Nuc!. Soc., 9, 83 (1966). 
(6) S. Amie\ and M. Peisach, ANAL. CHEM., 35, 323 (1963). 
(7) G. Amsel and 0. Smulkowski, Compt. Rend., 251, 950 (1960). 
(8) S. Amie\ and A. Nir, "Radiochemical Methods of Analysis 

Vol I," J.A.E.A., Vienna, 1965, p 287. 
(9) M. Peisach and R. Pretorius, ANAL. CHEM., 39, 650 (1967). 

Table I. Neutron Energies from (p,n) Reactions 

E,, = 5.0MeV 

Q-value 
Natural (p, n0) MeV Neutron 

Target abundance, % (/2) energy, MeV 

''C 98.89 -18. 390 
1ac 1.11 -3.004 1. 941 (no) 
"N 99.63 -5.931 
t5N 0.37 -3.543 1. 381 (no) 
160 99.759 -16.431 
110 0.037 -3.544 1. 390 (no) 

0.854 (n1) 
180 0.204 -2.450 2. 495 (no) 

I . 555 (n1) 
I. 445 (n2) 
I. 406 (n~) 
I . 361 (n,) 
0. 744 (n,,) 
0.288 (n,) 

beam and isotopes of calcium (/ /) using a pulsed proton 
beam. 

Gaseous samples in which the isotopic concentration of 
oxygen-18 is to be determined frequently contain the elements 
carbon and nitrogen, in addition to oxygen. The nuclear 
properties of the stable isotopes of these elements under the 
conditions of proton irradiation are of considerable interest 
and are listed in Table I. The Q-values of the (p,no) reactions 
of the stable isotopes and the natural abundances are given in 
the table. Using proton beams with energies less than 5.5 
MeV, the highest energy attainable in this investigation, neu
tron emission from the very abundant nuclides 12C, 14N, and 
160 is energetically impossible. In the same table, values are 
given for the energies of neutrons expected to be formed by a 
proton beam of 5 MeV from the heavier isotopes of these 
elements, the neutron group n; corresponding to the i1

" 

excited state in which the product nucleus is left. The neu
tron energies given in the last column of Table I were calcu
lated from the kinematics of the nuclear reactions concerned, 
as were reported previously (9). Many neutron groups are 
obtainable from oxygen-18 and there is no a priori reason to 
prefer any one for use for analytical purposes, except that the 
n0 neutrons from carbon-13 and nitrogen-15 have energies 
relatively close to those of the n3 and Il4 neutrons from oxygen-
18 and hence could be a possible source of interference. 

EXPERIMENTAL 

Isotopically enriched oxygen-18, as chemically pure carbon 
dioxide containing 97.45 atom 3 180 and 0.27 atom 3 170 
was supplied by Yeda Research and Development Co., 

(10) M. Peisach, Chem. Communications, 1966, 632. 
(11) W. R. McMurray, M. Peisach, R. Pretorius, P. van der 

Merwe, and I. J. van Heerden, ANAL. CHEM. 40, 266 (1968). 
(12) F. Everling, L. A. Koenig, J. H. E. Mattauch, and A. H. 

Wapstra, "Nuclear Data Tables, Part I," National Academy of 
Sciences, Washington, 1961. 

Reprinted from ANALYTICAL CHEMISTRY, Vol. 40, Page 850, May 1968 
Copyright 1968 by the American Chemical Society and reprinted by permission of the copyright owner 
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t£UTRON ENERGY (MeV) 
eoo....-~~-=r0.6:._~~~~~1D:,__~~~~2,D~~~-4,D~~, 

600 

200 

~ 
a 0 

97.45 atom•/. oxygen-18 as C~ 

Ep = 5.0 MeV 

"<><ns> 

~(n,) 

~ 
95.0 atom91. nit!:Q9!n-15 as ~H3 

Figure 1. Neutron time-of-flight Ep :5.0, MeV 
spectra of enriched oxygen-18, 

I 10 
'5N(no) 

nitrogen-15, and carbon-13 

Proton energy (Ep) = 5.0 MeV 13t(n0) 
Flight path = 3.13 m 

~ 5 

~ 
(,) 0 

30 57.t atom •1. carbon-13 as °<:02 

Ep= 5.0 MeV 

20 

10 

Rehovoth, Israel. From this stock, samples were prepared 
containing known concentrations of oxygen-18 in natural 
oxygen, carbon dioxide, and nitrogen. 

The irradiation cell, 3 cm long with a volume of about 7 cc, 
and the gas handling apparatus, have already been described 
(9). A circular tantalum collimator, 3.5 mm in diameter, 
defined the cross-sectional area of the beam. However, 
the beam area is irrelevant because the number of counts 
recorded during an irradiation with a predetermined inte
grated quantity of charge, is independent of the beam area. 
The beam entered the irradiation cell through a thin nickel 
window and was stopped in the thick tantalum rear wall 
of the cell. Neither the nickel nor the tantalum could yield 
neutrons at the proton energies used in this investigation. 

Pulsed proton beams were obtained from the 5.5 MY 
Van de Graaff accelerator at the Southern Universities 
Nuclear Institute. Pulses were of 4-nsecond duration and 

13C(no> 

100 200 300 
CHANNEL NUMBER 

400 nseconds apart. Low average beam currents of be
tween 0.5 and 1.5 A were used to prevent damage to the thin 
nickel window. Most measurements lasted between 5 and 
30 minutes per sample. 

The electronic equipment was the same as was used previ
ously (9). Low level electronic noise was rejected by energy 
discrimination and pulses from gamma-rays by pulse shape 
discrimination. The neutron detection threshold was some
what below 700 keV so that neutrons below this energy 
could not be observed. 

NEUTRON SPECTRA 

Enriched Samples. Typical neutron time-of-flight spectra 
obtained from enriched carbon-13 as 13C02, nitrogen-15 as 
15NH3 and oxygen-18 as 18C02 with 5.0-MeV protons are 
shown in Figure 1. The energy of each neutron group is 

VOL. 40, NO. 6, MAY 1 968 • 851 
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Figure 2. Typical background spectrum 

Ep = 5.0 MeV 
Flight path = 3 13 m 

-about 150 keV lower than the corresponding values given in 
Table I because of the energy lost by the proton beam in 
passing through the nickel window. 

The spectrum obtained from oxygen-18 consisted of an 
isolated small single peak corresponding to the no neutron 
group and a large composite peak which included counts from 
the neutron groups ni, n2, n3, and n4 that could not be resolved 
under the conditions of the experiment. For analytical pur
poses it is not necessary to resolve these neutron groups, be
cause the relative number of counts obtained from each is 
constant at constant incident proton energy and constant 
measuring angle. The small peak due to ns neutrons is just 
detectable, but the detection efficiency for such low energy 
neutrons is much smaller than for neutrons of about 1 MeV or 
higher, so that the height of the peak is not a true reflection of 
the relative reaction cross section. 

Background. A typical background spectrum as obtained 
from the irradiation of an empty gas cell with a beam of 
5-MeV protons is given in Figure 2. This spectrum consisted 
of two relatively prominent peaks corresponding to 1.752-

9and 1.328-MeV neutrons from carbon-13 and oxygen-18, 
respectively, probably because of deposits formed from 
residual vacuum oil vapors in the beam tube which decom
posed at heated points of incidence of the irradiation beam 
on the cell window. In addition there was a low continuum 
of counts due to gamma-rays not entirely eliminated by pulse 
shape discrimination and neutrons scattered into the detector. 

Unlike the case for deuteron irradiation where all nuclidic 
components of carbon-, nitrogen-, or oxygen-containing gases 
generate neutrons at relatively low incident beam energies 
(13), proton irradiation at comparable energies does not 
generate neutrons in such large numbers because of the highly 
endoergic nature of the corresponding proton-induced reac
tions on the more abundant lighter isotopes. Accordingly, 
the total number of neutrons produced in the gas cell from 
sources other than the nuclide under investigation, does not 
vary appreciably with the composition of the gas unless the 
gas contains other enriched isotopes of carbon, nitrogen, or 

(13) W. J. Naude, M. Peisach, R. Pretorius, and P. J. Strebel, J. 
Radioa11al. Chem. (in press). 
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oxygen. Hence, the magnitude and spectral distribution of 
the background can be considered to be independent of the 
pressure and composition of the gas under analysis. 

CALIBRATION 

The n0 neutrons from oxygen-18 are readily resolvable from 
all other neutron groups that can be generated in gases con
taining only carbon, nitrogen, and oxygen and would there
fore appear to be most suitable for analytical purposes. How
ever, the neutron yield from the (p,no) reaction induced by 
5 MeV protons is so much lower than the yield from the com
bined (p,n) reactions leading to the first, second, third, and 
fourth excited states, that the integrated neutron count over 
the energy region covered by this combined group provides 
a better index of the oxygen-18 content of the gas. With 5 
MeV protons, the appropriate energy region for integration 
lies between about 1.0 and 1.58 MeV. The integrated count 
in this region was used as a measure of the oxygen-18 content 
despite the fact that neutrons from nitrogen-15 and oxygen-17 
might add to the total count. 

As the neutron count is proportional to the number of 
target nuclei in the path of the beam, it was possible to utilize 
the integrated neutron count obtained from a single gas sample, 
but measured over a range of pressures, as a calibration curve. 
The linear calibration curve obtained with a 5-MeV proton 
beam and approximately 10 atom % oxygen-18 as 18C02 over 
pressures ranging from 0.7 to 63.3 mm had a slope of 1080 
counts per millicoulomb for 1 µg per cm 2 cross-sectional area 
of the beam. 

RESULTS OF ANALYSES 

Table II lists the results of some determinations of oxygen-
18 in oxygen gas and in the presence of natural carbon dioxide 
and natural nitrogen with a proton beam of 5.0 MeV. The 
mean neutron count was 1091 counts per millicoulomb for 1 
µg per cm2, which agrees with the calibration value, quoted 
above, within the precision of the method. The mean error, 
-0.045 µg per cm 2, provides a measure of the accuracy of the 
method and the statistical analysis of the results shows that 
there is no bias. The relative standard deviation was 
±3.82%. 
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Table II. Some Determinations of Oxygen-18 

Ev= 5.0 MeV 

Neutron counts 
Oxygen-18 content µg/cm2 Relative per millicoulomb Gas mixed 

with C 1802 Known A Found B Error (B-A) error, % Observed N Per unit mass N/ A 

o, 4.44 4.08 
9.95 9.71 

15.09 15. 14 
20.69 21.40 

3.32 3.08 
6.85 6.89 

12.08 12.19 
19.66 19.44 
27.36 26.72 
31.46 32.51 

co, 3.88 3.66 
5.70 5.63 

17. 71 18.23 
24.54 24.35 
36.83 35.85 

Mean error -0.045 µg/cm 2 

Mean neutron count per µg/cm 2 = 1091 for 1 mC 
Relative standard deviation = ± 3. 82 % 

PRECISION 

From a knowledge of the background and the slope of the 
calibration line, the minimum amount of oxygen-18 for 
which the neutron count could be determined with a precision 
of ± 3 % by irradiating with a total charge of 1 mC was found 
to be 1. 76 µg per cm 2 cross-sectional area of the beam. By 
increasing the total charge to 20 mC thereby increasing the 
number of counts and hence reducing its statistical uncertainty, 
about 280 ng/cm 2 of oxygen-18 could be measured with the 
same prec1s1on. When a lower precision of ± 10 % was 
acceptable, this limit was reduced to 80 ng/cm 2• 

SENSITIVITY 

The background over the energy range of the n1, n2, n3, and 
Il4 neutrons from oxygen-18 amounted to about 700 counts per 
millicoulomb. Under these conditions the sensitivity limit 
for the detection of oxygen-18 with 1 mC total charge was 72 
ng per cm 2• The criterion selected for the calculation of the 
sensitivity was that weight of sample for which the net sample 
count was three times the standard deviation of the back
ground count over the relevant energy interval. 

INTERFERENCES 

When the determination has to be carried out in the presence 
of oxygen in which the oxygen-17 concentration is not en
riched, interference from this nuclide is unlikely. However, 
it frequently happens that preparations enriched in oxygen-18 

-0.36 -8.11 4639 1045 
-0.24 -2.41 10720 1077 
+0.05 +0.33 16584 1099 
+0.71 +3.44 23340 1128 

-0.24 -7.23 3555 1071 
+0.04 +0.58 7667 1119 
+0.11 +0.91 13399 1109 
-0.22 -1.12 21228 1080 
-0.64 -2.34 29088 1063 
+l.05 +3.34 35342 1123 

-0.22 -5.67 4187 1079 
-0.07 -1.23 6314 1107 
+0.52 +2.94 19921 1125 
-0.19 -0.77 26526 1081 
-0.98 -2.66 38944 1057 

are also enriched in oxygen-17, albeit to a smaller extent. 
In such cases interference from oxygen-17 is likely. 

In the presence of carbon, oxygen-18 can readily be deter
mined because none of the stable isotopes of this element can 
produce interfering neutrons. In the presence of nitrogen, 
interference from neutrons generated by nitrogen-15 may be 
expected when the concentration by weight of nitrogen-15 is 
about seven times that of oxygen-18, At the isotopic con
centrations of oxygen-18 and nitrogen-15 found in nature, 
neutrons from nitrogen-15 would introduce errors in the 
determination of oxygen-18 when the nitrogen-to-oxygen 
atom ratio is greater than about 4: 1. 

Other elements from which interference is energetically 
possible, when 5 MeV protons are used, are neon (from 22Ne) 
and sulfur (from 36S). The presence of neon in samples con
taining enriched oxygen-18 is improbable. Sulfur-36 occurs 
in nature in an isotopic concentration of 0.014 atom %; 
interference from this nuclide is thus expected to be small in 
unenriched samples. 
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THE DETERMINATION OF CARBON, NITROGEN AND OXYGEN IN 
GASES BY NEUTRON TIME-OF-FLIGHT SPECTROMETRY 

w. J. NAUDE*, M. PEISACH, R. PRETORJUS, P. J. STREBEL** 

Southern Universities Nuclear Institute P. 0. Box 17, Faure, C. P. (South Africa) 

(Received September 15, 1967) 

Carbon, nitrogen and oxygen were determined in gases by time-of-flight spectrom
etry of prompt neutrons from the respective reactions 12C(d, n)13N, 14N(d, n)100 
and 160(d, n)';F, produced by a pulsed beam of deuterons of 2 MeV (for nitrogen) 
or 3 MeY. The analysis is non-destructive and requires about 15 min. per sample. 
The relative standard deviation for all three elements was about ± 3 /{,. Detection 
limits, using a total irradiation current of 20 millicoulombs, for carbon, nitrogen 
and oxygen, respectively, were 6 · 10-s g, 2 · 1 o-; g and 1.7 · 10-; g per cm2 cross
sectional area of irradiating beam. 

Introduction 

Among the more common elements for which neutron activation analyses 
are not sufficiently sensitive, are carbon, nitrogen and oxygen. These elements 
are so important that attempts to extend the advantages of nuclear methods of 
analysis to their determination are justified. One such attempt, in which the 
radioactive products of photoactivation with high energy gamma-rays was used 
to determine microgram quantities, has recently been reported1. In this work, 
another attempt is described, in which the prompt neutrons from (d, n) reactions 
are measured by neutron time-of-flight spectrometry. 

When deuterons of energy, Ej, induce (d, n) reactions, the energy of thi~ emitted 
neutron, En, is determined by the Q-value of the reaction and the angle e at 
which it is emitted. From the kinematics of a nuclear reaction, the neutron energy 
is given by 

where 

Jmm,,Ect co.s e 
V= 

(mn + M) 

(1) 

(2) 

* The Merefisky Institute for Physics, University of Stellenbosch, Stellenbosch, C. P. 
(South Africa). 

**The Department of Chemistry, University of Cape Town, Rondebosch, C. P., (South 
Africa). 
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and 

' 

W= 
MQ+Ed(M- m) 

(mu+ M) 
(3) 

m, m0 and M, re~pectively, refer to the mass of the deuteron, the neutron and the 
product nucleus! 

The most acctirate' method available at present for neutron spectroscopy is 
the time-of-flight technique in which the time t (nanoseconds) taken by a neutron 
to cover a distance s (metres) is measured and related, non-relativistically, to 
the energy of th'e neutron, in MeV, by 

72.3 x s 
1=----

JEn 
where the consta:nt includes the mass of the neutron and the relevant conversion 
constants. The energy resolution of a time-of-flight spectrometer, obtained from 
Equation 4, is g/ven by 

iJEn = [(~-)2 + (2.ds }2]l/2 ' 
En 36.1 x s. s 

(5) 

where L1E, ,1 t and L1s ai"e the uncertainties in energy, time and distance, respec-
' . tively. ·The uncefitainty in a flight path of several metres is relatively small, so 

that the energy resolution of the system will ·depend largely ·on the precision 
in measuring the: flight time, the time interval between two pulses, marking the 
start and end of the neutron flight. 

When the irraqiating deuteron beam consists of pulses of short duration, the 
arrival of'a pulse: at the target may mark the instant of neutron. generation, and· 
the arrival of the :neutron at the detector may mark the end of the time-of-flight. 
Clearly, the dur~tion of the irradiating pulse will introduce an uncertainty .in 
the flight time~ arid constitutes a limitation of the method. 

This technique~ has already been applied to the determination of deuterium 
in gases3 and to ,the isotopic analysis of calcium in thin deposits4• The deter
mination of light elements in comparatively thick plates of metals has also been 
described using the same technique5

. This paper describes the use of neutron 
time-of-flight spe~trometry for the elemental determination of carbon, nitrogen 
and oxygen in g~ses. . 

The Q-values bf (d; n 0) reactions on carbon-12, nitrogen-14 and oxygen-16 
are given in Table I, together with the calculated energies of neutrons emitted 
in the (d, n;) reactions ·where the product nucleus is left in its i-t~ excited state. 
The detected neutrons· will, however, be measured· as a group ·with an energy 
spread about the calcul~ted value, the extent of which is determined by the energy 
resolution of the :,spectrometer. 

J. Radioanal. Chem. I (1968) 231-241 
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Table 1 

Neutron energies from (d, n) reactions 

Target 

-< 

E 0 = 3.0 MeV G = 0° 

Natural I 
abundance,. 

% 

-9~;;---1 
99.63 

99.759 

Q-value 
(d, n .. ) 
MeV" 

- 0.281 
5.066 

_ 1.627 I 

Experimental 

Neutron 
energy, 

MeV 

2.582(n 0) 

7.932(n 0) 

2.77l(n1) 

2.710(n2) 

1. 763.(n,1) 
l .098(n 4) 

1.033(n5) 

0.693(n,;) 
0.235(n7) 

l .223(n0) 

0.685(n1) 

The electronic equipment7 was the same as used previously3
. Because the 

neutron detector was sensitive to gamma-rays as well as to neutrons, signals 
caused by gamma-rays were rejected by pulse shape discrimination8 and low 
level electronic noise by the energy discriminator. The efficiency of the neutron 
detector fell rapidly for neutrons below 1 MeV, while the detection threshold 
for neutrons was somewhat below 700 KeV. 

The gas handling apparatus and the irradiation cell have been described3
. 

Irradiations were carried out with the 5.5 MV Van de Graaff accelerator at the 
Southern Universities Nuclear Institute. Deuteron pulses lasted for 5 nsec. and 
were 400 nsec. apart. Low average beam currents, ranging between 0.7 and 1.2 µA, 
were used to prevent damage to the nickel window of the gas cell, which could 

--. not be cooled. For improved resolution, larger flight paths are necessary (see 
- Equation 5), but as the count rate decreases with s2

, a compromise between 
resolution and the duration of the analysis has to be struck. At about 3 metres 
resolution was adequate, and the count rate sufficiently high to complete an 
analysis within 15 minutes. 

Neutron spectra 

Typical neutron time-of-flight spectra, obtained from methane, oxygen and 
nitrogen with 3.5 MeV deuterons, are given in -Fig. 1. The energy scale is not 
linear, because the spectra are based on time measurements with channel number 

3 J. Radioana/. Chem. I ( 1968) 231-241 
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I 

proportional to: the neutron flight time. For this reason, the peaks are spread 
over more channels itowards the low energy ends of the spectra. 

The peaks in [the spectra correspond to the energies listed in Table 1, provided 
correction is made for the difference in deuteron energy and for the 160 KeV 
energy Jost, by the d~uteron beam in the nickel window. Neutrons with energies 

i I 

: l 
400 

Methane 
,300 

200 

10

:~,-'····""···-·'·--'·~~~:-~_ ... r_o_un=-d-·-·_···_····_···._···,.:._·· ... _··-·-=-·-··_'··;:_;·•'.;,!,·•,... ·::.·--

800 

c '600 
c 

" .c . 400 

200 

n0 Oxygen 

" a.· 0 ................ . 

B~round 

~....... . ........ /\. ..... . 

c 
:J 
0, 

u1 

1 
I 

2000 

1000 

0 ······•···· 
n 100 

Nitrogen 

Ll no 

:\. .······ /\ ·········-
200 300 

Channel number 

Neutron energy 
1 

MeV 

Fig. l. Typical neutron time-of-flight spectra. E 0 = 3.5 MeV, G = 30°, s = 2.99 m 
I 
I 
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below 700 KeV could not be distinguished from gamma-rays by pulse shape 
discrimination. Accordingly, at lower deuteron energies, neutron groups which 
may have been expected from Table I, with energies below this value, were not 
observed. 

Carbon-12 produced only one characteristic neutron group which was used 
to provide a measure of the carbon content of the sample. By contrast, oxygen-16 
gave rise to two neutron groups of which the n1 groups had an energy below 1 
MeV. Because in this energy range the neutron detection efficiency decreased 
rapidly with decreasing neutron energy, the number of neutrons counted would 
vary appreciably with the fluctuations in neutron energy caused, for example, 
by the varying energy loss of the irradiation beam in samples of different pressure 
and composition. In addition, because of low detection efficiency, small changes 
in the neutron yield might not be reflected in the observed neutron count. For 
these reasons, the n1 neutron group from oxygen-16 was not suitable for mea
surement, and hence the n0 group was used. 

Nitrogen-14 generated seven neutron groups. The spectrum shows that the 
neutron group pairs (n1, n2) and (n 4, n5) were not resolvable under the conditions 
of measurement, but this did not detract from their potential use as a measure 
of nitrogen content. However, the n1 and n2 groups had energies comparable 
with the energy of neutrons from carbon-12, the n4 and n5 groups had energies 
similar to those of the n0 neutrons from oxygen-16, and the groups n6 and n; 
had energies near to the range of rapidly decreasing detector efficiency. Con
sequently the n0 and n:i groups were used for determining the nitrogen content 
of a sample. 

Calibration 

fhe integrated count from a characteristic neutron group is proportional to 
the pressure of the gas, and its variation with pressure served as a calibration 
curve for the determination of the nuclide concerned. The calibration curves 
for nitrogen (using N2) and carbon (using CH 4) remained linear up to pressures 
of 100 mm, despite the fact that the energy loss of the beam in a 3-cm sample 

-... was already significant above 50 mm. This is probably due to the fact that the 
- reaction cross section varies little with deuteron energy in that range. 

The oxygen-16 calibration curves obtained from measurements on carbon 
dioxide and oxygen are given in Fig. 2. The two curves (drawn as solid lines in 
Fig. 2) coincide and remain linear up to pressures of about 25 mm, but deviation 
from linearity occurs at higher pressures. The 160(n0) neutrons had an observed 
energy of 1.039 MeV. At this energy there is an appreciable change in detector 
efficiency with decreasing neutron energy, but when correction is made for the 
efficiency loss, the calibration curve still deviates from linearity as shown dashed 
in Fig. 2. It can thus be deduced that the effective cross section for the reaction 
160(d, n0)

17F decreases with decreasing deuteron beam energy near 3 MeV. This 
conclusion is compatible with the fact that the values for carbon dioxide lie below 

3* J. Radioana/. Chem. 1 (1968) 231-241 
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those obtained )from: oxygen because the energy Joss of the beam in the former 
I , 

is greater. 
It thus follo~s that when carbon and nitrogen are to be determined in thermally 

stable gas mixtures,~ analysis may be performed at any pressure over the range 
studied. If oxy!gen is also to be determined, the gas sample should be analyzed 
at a pressure beloW, 20 mm. After such an analysis it may be found that an 
elemental component present in low concentration cannot be determined with 
sufficient precton. 

1

If the component is carbon or nitrogen, the analysis may be 

1 
7000 

.. 
0. .. 
c , 
8 3000 
~ e 
~ I 

1000 j 

,,__Efficioncy 

. i 
0o 50 100 150 

1 

· Partial pressure, mm 

Fig. 2. Calibration curve for oxygen as measured with oxygen gas and carbon dioxide. 
Experimental c,Grves (solid) are corrected for detector efficiency variation (dashed) and cross 

! ' section variation (dotted) 

repeated at ~ higher gas pressure, but if the low concentration component is 
oxygen, unc6rrecied neutron counts measured at higher pressures will lead to 
inaccurate rbsults'. However, the energy lost by the irradiation ·beam can be 
calCLilated rrbm a~ knowledge of the. concentrations of the major elemental com
ponents, and hence correction for variations in detector efficiency and i:eaction 
cross sectiorl can i be made. · · · · 

Background 

The pred<;>minant feature in the background spectra (see Fig. 3) is the peak 
corresponding to/ 2.5 MeV neutrons from carbon~! 2 due to the residual vacuum 
oil vapour i

1n th~ beam tube, which deposited on the hot spot generated at the 
point of in4iden'4e of the beam on the nickel window of the cell. 

The backgrou~d spectrum includes widened peaks of unknown origirL Such 
pea'ks may arise :rrom neutrons pro.duced· by the interaction of the pulsed beam 
and materidl it strikes along the beam tube. Neutrons scattered !nto the' detector 
would yield tandom pulses, the i·ntensity of which w~ulci be a function of the 
total numb~r ·of'. neutrons' generated. In extreme cases· it may be necessary to 

J. Radioanill. Chein. 1 (1968) 231-241 
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correct for this background effect, which may be determined by irradiating a 
sample with approximately the same composition and pressure as the one under 
analysis, but in which the component to be measured is absent. 

80 
u 12ccn0) :i. 
0 
g 
~ .. 
Q. 

o; 60 
c 
c 

" L: 
v 
~ .. 
Q. 

"' 40 
c 
:> 
0 
u 

20 

Channel number 

Fig. 3. Typical background spectrum. Ect = 3.0 MeV; G = 30°; s = 2.93 m 

Analyses of gas mixtures 

A typical spectrum obtained from the irradiation of a C02/N2 sampJe is given 
in Fig. 4. The 14N(n1, n2) neutron groups have energies comparable with the 
energy of the 12C(n0) group, and the 14N(n 4, n5) neutron groups have energies 
comparable with those of160(n 0) neutrons. Under constant experimental conditions, 
the number of counts obtained from the 14N(n1' n2) and (n 4, n5) group pairs relative 
to the number of 14N(n 0) neutrons is constant and could be determined from 

- a spectrum of nitrogen gas. From a knowledge of these ratios and the number 
_... of n 0 neutrons from nitrogen-14, the net neutron counts from 12C(n 0) and 160(n 0) 

could be obtained. 
Some typical results of elemental analyses of gas mixtures containing carbon, 

nitrogen and oxygen are given in Table 2, and a summary of different series of 
test analyses is given in Table 3. The summary includes the value of the slope 
of the calibration line for each test and the observed mean neutron count per mm 
pressure per 100 microcoulombs. In all cases the agreement between the two 
values was within the precision of the method. The apparent variation in the 
slope of the calibration curves of carbon-12 and oxygen-16 from one set of gas 
mixtures to the other reflects variations in the counting conditions used for the 
different analyses. 

J, Radioana/. Chem. 1 (1968) 231-241 
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Table 2 

Some deterqiinations of carbon, nitrogen and oxygen in gas mixtures 

I ! Elemental concentration, 
Element Relative (µg per cm 2 of beam area) 

Ed Gas deter- composition 
mined (MeV) mixture (by pressure) 

I 
I Known Found Error 

I 
(A) (B) 

I 
(B-A) 

c 3.0 CO~/CO 0.366 : 1.00 

I 

79.7 78.6 -1.l 
; 1.10 : J.00 84.9 83.2 -1.7 

2.18 : 1.00 86.2 88.0 +1.8 

i 
0.365 : 1.00 188.2 187.8 -0.4 
0.117: 1.00 190.0 186.8 -3.2 
0.508 : 1.00 194.4 195.5 +1.l 

N 2.0 N2/C02 0.411 : l.00 58.5 59.6 +1.1 

I ' 
19.5 : 1.00 108.0 107.5 I -0.5 

' l.03 : 1.00 115.6 116.2 +0.6 

i 9.16 : l.00 166.4 163.7 -2.7 

I ! 25.1 : 1.00 220.6 222.6 +2.0 

cd.;co 
40.7 : 1.00 256.3 247.8 -8.5 

0 3.0 0.117: 1.00 109.4 108.1. -1.3 

I 
.• 0.021 : 1.00 109.8 113.9 +4.1 

0.508 : 1.00 156.7 156.5 -0.2 

i 39.8 : 1.00 210.3 213.0 +2.7 
0.366: l .00 

I 

318. I 319.1 +LO 

i 1.10 : 1.00 355.1 363.0 +7.9 
I 

Table 3 

Summary of test analyses on gases 

Ed= 3.0 MeV 

' 

Gas 
' 

Nuclide Number of I Cali-
mixture ! determined sampJes brati6n* 

i ' 
' 

C02/CO 
i 

12c I 13 179.8 
l6Q 13 75.4 

C02/N2 I 12c 9 174.3 
"N 13 23.3 

I mo 11 68.9 

r I 
14N 10** 23.7 

* Counts per mm per 100 microcoulombs. 
""' Ect = 2.0 MbV 

J. Radioana/. Che1~. 1 ( 1968) 231-241 

I 

Mean* 
Mean pressure 

neutron 
count 

error, mm 

174.1 +0.004 
74.4 -0.001 

168.9 -0.003 
24.2 +0.004 
69.8 -0.002 
23.0 I -0.046 

I 

Relative e rror 
% 

100(8- A) 

I 
(A} 

-1.4 
-2.0 
+2.1 
-0.2 
-1.7 
+0.6 
+l.9 
-0.5 
+0.5 
-1.6 
+0.9 
-3.3 
-1.2 
+3.7 
-0.l 
+l.3 
+0.3 
+2.2 

Relative 
standard 
deviation 

'/o 

I ±2.3 
±3.0 

±2.6 
±4.6 
±3.4 
±3.3 
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fig. 4. Neutron time-of-flight spectrum of a mixture of carbon dioxide and nitrogen. 
Ec1 = 3.0 MeV; e = 30°; s = 2.93 m; Pco, = 18.46 mm; PN, = 31.04 mm 

Precision and sensitivity 

The relative standard deviation of the method was about ± 3 % for all three 
elements. It is satisfying to note that this precision is comparable with that of 
most nuclear methods used for analysis. 

When nitrogen was present, the additional corrections required to obtain the 
net counts made a contribution to the total variance of the determinations 
resulting in a slightly higher relative standard deviation. The determination of 
nitrogen with a 2 MeV, rather than a 3 MeV, deuteron beam precluded the 
detection of neutrons from oxygen-16 (see Fig. 5), and resulted in a comparatively 
lower value of the 12C(n 0) count, but the background continuum in the energy 
range corresponding to n 0 neutrons from nitrogen-14 was also lower. At the 
lower incident deuteron energy the 14N(n1 ) and (n2) neutron groups were partially 
resolved. 

Since the method requires a measurement to be made of events that are statis
tically random, the precision of an analysis will deteriorate as the relative statistical 
errors involved in determining the count rate increase. From a knowledge of the 
background and the slopes of the calibration lines, the minimum elemental 
concentration in the gas for which the neutron count can be determined with 

J. Radioana/. Chem. ,I (1968) 231 -241 
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a precision of ± 3 % and ± 10 % has been calculated and is given in Table 4 
up to a maximum total current of 20 millicoulombs (requiring about 3 hours). 
When longer irradiations are practicable, the minimum quantity of these elements 
which can be determined without sacrificing precision, may be reduced. 

The sensitivities w~th which the three elements that can quantitatively be 
detected using a charge up to 20 millicoulombs, are given in Table 5. 

1 

"' 40 
::i.. 

0 
52 
:;; 

30 p-
<; 
c: 
c: 
0 20 -5 
:;; 
a. 
~ 10 :;: 
~ 
0 

0 

0 
0 300 

Channel number 

Fig. 5. Neutron time~of-flight spectrum of a mixture of carbon dioxide and nitrogen. 
Ed= 2.0 MeV; e = 30°; s = 2.93 m; Pco, = 11.66 mm; PN, = 19.61 mm 

Table 4 

Precision limits for elemental analysis 

Relative precision 
of neutron count 

±10% 

i Total current. 
i millicoulombs 
I 
I 

1 
2 

JO 
20 

1 
2 

10 
20 

Micrograms per cm 2 cross-
sectional area of beam 

"C 1•1N '"0 

5.18 28.40 16.79 
3.46 16.67 10.75 
l.50 5.60 4.25 
l.06 3.67 2.92 

1.42 5.29 3.99 
0.98 3.49 2.71 
0.44 1.43 1.18 
0.31 0.99 0.82 

Despite the comparatively high background in the energy region corresponding 
to neutrons from ca'rbon, this element could be determined with greatest sensitivity 
because the reactictm 12C(d, n0)

13N has a relatively high cross section. As the 
energies of their cl;taracteristic neutron groups were well resolved, the presence 
of both carbon a1.1d oxygen in the sample hardly reduced the sensitivity with 
which each could be determined. However, the presence of nitrogen in a sample 
affected the sensitivity with which the other two elements could be determined. 
Nevertheless, carbon and oxygen could be determined in microgram quantities 
with a 2 millicoulomb total current, even when the nitrogen to carbon ratio was. 
about 2500 : 1 by ,weight and the nitrogen to oxygen ratio was about 75 : 1. 

J. Radioana/. Chem. 1 J ( 1968) 231-241 
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Table 5 

Sensitivity of elemental analyses 

Total current, 
millicoulombs 

l 
2 

10 
20 

"C 

290 
210 

90 
60 

Nanograms per cm2 cross
sectiona1 area of beam 

"N 

900 
630 
280 
200 

Interferences 

"0 

770 
540 
240 
170 

When the sample contains other nuclides which yield neutrons with energies 
near to those of the neutron groups being used for analytical purposes, these 
nuclides would interfere with the precision of the analyses. Thus, nitrogen-14 
interferes with the measurement of carbon and oxygen. Similar interference 
could be expected from gases containing enriched carbon-13, nitrogen-15 and 
oxygen-17 and 18. Even in samples in which the heavy isotopes are not enriched, 
neutrons generated from them may still interfere with the determination of a 
minor component. For example, a sample containing many carbon and only 
one nitrogen atom per molecule may contain carbon-13 in amounts comparable 
to the nitrogen content even though carbon-13 is not enriched. 

If the gas under investigation contains components which decompose to form 
non-volatile products at high temperatures, these products could deposit at the 
heated point of incidence of the deuteron beam on the nickel window and at 
the back of the cell where high temperatures develop over small areas. The non
volatile material deposited in the path of the beam would become a source of 
neutrons and make accurate analysis difficult. 

* 
This work was financially supported by the South African Atomic Energy Board. One of 
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Research. 
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THE USE OF ALPHA PARTICLE SCATTERING FOR THE 

QUALITATIVE ANALYSIS OF ELEMENTS IN SOLUTION* 

By M. PEISACH 

•Preliminary presentation in "Convention Handbook", 20th Convention S. African Chem. Inst., 
Durban (1967), pp. 199-207. 

OPSO:MMING 

Ontleding deur elastiese verstrooiing van alfa-deeltjies, wat voorheen net van toepassing was 
tot oppervlaktelae en dun films, is gebruik vir die kwalitatiewe elementele bepaling van oplossings. 
'n Mikroverstuiweris beskrywe om die oplossing op dun selfondersteunende koolstoffolies neer te 
slaau. Die energiespektrum van die alfa-deeltjies wat deur 160° verstrooi is vanaf 'n bestralings
bundel van 5 MeV, is gebruik om die elemente te identifiseer. 

SUMMARY 

Analysis by elastic scattering of alpha particles, previously suitable only for surface films and thin 
layers, has been used for the qualitative elemental analysis of solutions. A micro-atomiser is 
described for depositing the solution onto a self-supporting thin carbon foil. The energy spectrum 
of alpha particles scattered through 160°-from a beam of 5 MeV is used to identify the elements. 

Although the elastic scattering of charged particles has been used for physical 
measurements for many years, it is only recently that the use of solid state detectors 
has so simplified the instrumentation for measuring the energy of charged particles, 
that the technique became readily available to chemists as a convenient tool for 
analysis. The potential value of the technique using surface barrier detectors 1 was 
demonstrated by the f~ct that a variety of charged particles at different energies 
could be used without any change in instrumentation. 

With films of heavy metals, proton scattering provided an easy method for 
determining film thickness, 2 and by increasing the proton energy, the penetration 
of the particle could be increased so as to give information of the target composition 
at some depth below the surface. 3 For most analytical investigations of surfaces, 
however, alpha particles appear to be more suitable because the energy loss that 
alpha particles undergo is relatively greater than that of protons at corresponding 
incident energies, and the penetration is less, thus restricting the analysis to a smaller 
depth of material. 4 The rate of change of energy loss with the mass of the target 
nucleus was shown to be a function of the mass of the bombarding particle 5 so that 
the optimum resolution attainable with incident particles of equal energy measured 
through the same scattering angle depended not only on t_he mass of the target 
nucleus but also on the appropriate choice of bombarding particle. For the deter~ 
mination of alumina film thickness, for instance, it was shown that singly charged 
helium ions were preferable to hydrogen or nitrogen ions. 6 

The emphasis on the use of thin targets to attain good resolution has mitigated 
against the use of this technique for qualitative analysis because of the difficulty in 
producing suitable surfaces. Recently an attempt was made to obtain thin films of 
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organic polymers on which drops of solu'tion could be evaporated. 7 Practical problems 
in preparing such samples have again emphasized the need for a technique more 
readily applicable to routine measurements and one which can readily be used by 
inexperienced personnel. This paper describes an attem;t to provide a technique for 
the qualitative elemental analysis of solutions that would meet these requirements. 

Principle of the Method. According to the classic theory of elastic scattering 8 when an 
incident particle of mass m and energy E is elastically scattered from a target nucleus 
of mass M, the energy of the scattered particle, E', is obtained from 

E' M - = 1 - 2(1-Cos 8) m. (1) 
E (M + m) 2 

where 8 is the scattering angle measured in centre-of-mass coordinates, which may 
be obtained from the angle cfo, in laboratory coordinates, by the relationship ..-. 

8 = cp + arc sin (; sin cp} (2) 

·From these equations it can readily be calculated that a light element such as carbon 
would be very suitable for a sample support because the maximum energy of an 
alpha particle scattered from the sample support would, for most elements,. be less 
than that scattered from an element in the sample and would thus not interfere with 
the detection of the element. Obyiously carbon would not be detectable in the sample, 
nor would the three lighter elements boron, beryllium and lithium be readily detected. 

PREPARATION OF THE SAMPLE 

Carbon foils. Self-supporting foils of carbon, in which alpha particles of 5 MeV lose 
less than 15 keV are available commercially, but can be made readily by sputtering 
carbon onto glass while striking an arc between carbon electrodes. The foils used in 
this investigation were made as follows: Microscope slides were thoroughly cleaned 
and mounted about 20 cm. above a tantalum boat containing barium chloride. 
The barium chloride was heated, in vacuum, by passing a current through the boat, 
and evaporated to· form a thin deposit on the glass slides. Thereafter an arc was 
struck between two carbon electrodes placed in a similar position under the slides. 
By sputtering, a thin layer of carbon was built up. When sufficient carbon had been 
deposited, the glass slide was removed and the carbon foil floated off onto the surface 
of a warm 30% v/v alcohol in water mixture containing a few drops of "teepol". 
The high solubility of barium chloride facilitated the removal of the carbon foil and 
the alcohol decreased the surface tension, thus enabling the foil to be floated onto a 
suitable mount with a smaller danger of rupture. Foils prepared in this way usually 
contained traces of barium salts. Where the presence of barium interfered with the 
analysis, foils free from this contaminant, but showing signs of sulphur contamination, 
were prepared using "teepol" to coat the glass before sputtering carbon on it. The 
foil was mounted on a brass plate to cover a hole of 1 cm. diameter. 
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Deposition of the solution. Self-supporting carbon foils cannot be subjected to a direct 
sprny from an atomiser, because the pressure from the jet is sufficient to destroy the 
foil. For this reason an afomiser of the design shown in Fig. I was used, in which 

2 

f 
Fig. 1. Micro-atomiser for prodJicing a mist of the solution to be analysed. 

small volumes of the liquid under investigation could be atomised into a jet impinging 
on the inner wall of the glass. The pressure of compressed air applied at the atomiser 
caused a slow-moving current of air to waft tiny droplets of the liquid through the 
wide chimney outlet. I,n this way, atomised droplets could be brought into contact 
with and deposited on the carbon foil clamped near the outlet of the chimney. 

With an applied 'pressure of 10 p.s.i.g., which was more tha~· enough to operate 
the atomiser, the air escaping through the chimney did not damage the carbon foil. 
Under such conditions a few tens of micrograms material were deposited during 
10 min. of spraying. 

IRRADIATION AND MEASUREMENT 

Foils were mounted at the centre of a hemispherical scattering chamber and irradiated 
in vacuum with a low intensity beam of 5 MeV alpha particles. The cross sectional 
area of the beam was 0·031 cm 2• The energy of scattered alpha partiCles was measured 
with a surface barrier-type silicon semiconductor detector placed at 160° to the inci
dent beam 20 cm. from the target foil. Pulses from the detector were amplified and 
t:r:ansmitted directly to a multichannel analyser. 

A typical spectrum obtained from a solution containing a mixture of sodium, 
aluminium and magnesium sulphates is shown in Fig. 2A. Each element is clearly 
resolved and the expected peak due to barium in the carbon foil is shown at the 
extreme right. The peak on the extreme left is that due to the carbon foil itself. The 
spectrum obtained from a solution of manganese and potassium sulphates on a foil 
prepared without the use of barium Chloride is shown in Fig. 2B. 
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As all measurements were made in vacuum, all volatile solvents and any volatile 
co!I}ponent would be removed. In Fig. 2A, barium. was shown to be present in the foil, 
bqt no trace of chlorine could be found, because the chloride evaporated as HCL 

. \Vhen the components are readily resolvable, an irradiation of a few minutes is 
sufficient to identify the components. 
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Fig. 2. Energy spectrum of 5-MeV alpha particles scattered through 160° from carbon foils 
on which solutions had been sprayed. 

(A) Sodium; magnesium and aluminium sulphates on foils prepared with Ba Cl2 . 

(~) Manganese and potassium ~ulphates on foils prepared with teepol. 

RESOLUTION 

The identification of an element depends on the precision with which the energy 
of the alpha particles can be determined. In th~ absence· of interfering elements, 
the energy corresponding to the spectral peak could be measured with a precision 
of ± 16 keV. The resolution of the entire measuring system, as given by the full 
width at half maximum height of the spectrum peak cbtained from the 5·48 MeV 
alpha particles from americium-241 was about 50 keV. It thus follows that the energy· 
of a scattered alpha particle can be measured ·with a precision of± 16 keV provided 
the sample does not contain a component, from which an alpha particle scattered 
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5,1 M.Pt. 

TABLE I 

Energies of Alpha particles scatte1·ed from .a beam of 5 Jl.leV through an angle of 160° 

I Energy 
Z i keV 

--6--'--l---c--j-·1301 

I 

7 N ! 1597 

I 8 0 1855 

9 F 

11 

12 

13 

14 

15 

16 

17 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

I 

I 
i 

I 
I 
I 
I 
I 
I 

I 
! 
I 
I 
I 

I 

I 

Na 

Mg 

Al 

Si 

p 

s 
Cl 

K 

Ca 

Sc 

Ti 

v 
Cr 

Mn 

Fe 

Co 

Ni 

Cu 

Zn 

Ga 

Ge 

2181 

2529 

I 2603 

I 
I 

I 
I 

I 
I 
I 
I 

2802 

2861 

3022 

3071 

3203 

3354 

3388 

3538 

3616 

3686 

3708 

I 3769 

I 3788 

l 
! 
I 
I 
I 
i 

I 
I 
I 

i 
' 

3842 

5825 

3907 

3922 

3992 

4053 

4065 

z 
34 

35 

37 

38 

39 

40 

41 

42 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

55 

I 
I 

I 
I 

I 
I 
I 

56 I 
57 

58 

59 

60 

62 

63 

i 
! 
' 

Element 

Se 

Br 

Rb 

Sr 

y 

Zr 

Nb 

Mo·· 

Ru 

Rh 

Pd 

Ag 

Cd 

In 

Sn 

Sb 

Te 

I 

Cs 

Ba. 

La 

Ce 

Pr 

Nd 

Sm 

Eu 
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Energy 
keV 

4118 

4108 

4165 

4191 

4199 

4208 

4231 

4267. 

4294 

4300 

43i9 

4325 

I 
4363 

4369 

4393 

4398 

4437 

4425 

4449 

4468 

4472 

4475 

4479 

4482 

4515 

4518 

z 
64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 

81 

82 

83 

84 

88 

90. 

92 

Element 

Gd 

Tb 

Dy 

Ho 

Er 

Tm 

Yb 

Lu 

Hf 

Ta 

w 

Re 

Os 

Ir 

Pt 

Au 

Hg 

Tl·. 

Pb 

Bi 

·Po 

Ra 

Th 

. U. 

I 

Energy 
kcV 

4532 

4535 

4549 

4551 

4554 

4561 

4573 

4576. 

4587 

4589 

4596 

4602 

4612 

4614 

4617 

4621 

4631 

4636 

4641 

4643 

4644 

l 4669 

4677 

4685 
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under the same experimental conditions, would have an energy within ± 50 keV. 
Table I lists the energies of. alpha particles scattered through 160° from the 

most abundant isotope of each natural element from carbon to uranium, but excluding 
the rare gases. The uncertainty in identifying a sample component and the list of 
elements interfering with the identification of each are given in Table II. An element 
in column 1 of that Table will be reported as being the element(s) in column 2 pro
vided no other element listed in column 3 is present in comparable concentrations. 
From Table II it may be seen that provided the elements in the solution to be analysed 
are present in comparable concentrations, a unique identification without interference 

TABLE II 

Uncertainties and interferences in qualitative identification 

Atoniic Atoniic 
Element Element(s) number(s) of Element Element(s) number(s) of 
Present Reported interfering Present Reported interfering 

element(s) element(s) 

N N - In Cd, In 46-51 
0 0 - Sn Sn, Sb 48-53 
F F - Sb Sn, Sb 48-55 
Na Na - Te Te, I, Cs 50-60 
Mg Mg - I Te, I 50-58 
Al Al - Cs Te,Cs I 51-60 
Si Si - Ba Ba, La, Ce, Pr, Nd 

I 
52-62 

p p - La Ba, La, Ce, Pr, Nd 52-62 
s s - Ce Ba, La, Ce, Pr, Nd 52-62 
Cl Cl - Pr. Ba, La, Ce, Pr, Nd 52-63 
K K 20 Nd Ba, La, Ce, Pr, Nd I 52-64 
Ca Ca 19 Sm Sm, Eu 55-69 
Sc Sc - Eu Sm, Eu, Gd 55-69 
Ti Ti - .. Gd Eu, Gd, Tb 59-71 
v v 24 Tb Gd, Tb, Dy 60-71 
er· Cr 23 Dy Tb, Dy, Hr, Er, Tm 61-74 
Mn Mn 26 Ho Dy, Ho, Er, Tm I 61-74 
Fe Fe 25, 28 Er Dy, Ho, Er, Tm 61-75 
Co Co, Ni 28 Tm Dy, Ho, Er, Tm, Yb, Lu 61-75 
Ni Co, Ni 26, 27 Yb Tm, Yb, Lu, Hf 64-78 
Cu ·Cu, Zn 30 Lu Tm, Yb, Lu, Hf, Ta 64-78 
Zn Cu,·zn 29 Hf Yb, Lu, Hf, Ta, W, Re 65-82 
Ga Ga - Ta Lu, Hf, Ta, W, Re 66-83 
Ge Ge, As 33 w Hf, Ta, W, Re, Os 66-84 
As Ge,As 32, 35 Re Hf, Ta, W, Re, Os, Ir 66-84 
Se Se, Br 33, 35, 37 Os Re, Os, Ir, Pt, Au I 70-84 
Br Se, Br 33, 34 Ir Re, Os, Ir, Pt, Au, Hg 70-84 
Rb Rb 34, 38-40 Pt Os, Ir, Pt, Au, Hg, Tl I 70-88 
Sr Sr, Y 37, 41 Au Os, Ir, Pt, Au, Hg, Tl 70-88 
y Sr, Y, Zr 37-41 Hg Pt, Au, Hg, Tl, Pb, Bi, Po 72-90 
Zr Y, Zr 37-41 Tl Au, Hg, Tl, Pb, Bi, Po 72-92 
Nb Nb 38-42 Pb Hg, Tl, Pb, Bi, Po 72-92 
Mo Mo 41, 44, 45 Bi Hg, Tl, Pb, Bi, Po 

I 
72-92 

Ru Ru,Rh 42, 45-47 Po Hg, Tl, Pb, Bi, Po 74-92 
Rh Ru,Rh 42, 44-47 Ra Ra, Th, U 78-92 
Pd Pd, Ag 44-49 Th Ra,Th, U 80-92 
Ag Pd, Ag 44-49 u 

I 
Ra,Th, U 

I 
80-92 

Cd Cd,In 46-51 
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is possible for the elements nitrogen, oxygen, fluorine, sodium, magnesium, aluminium, 
silicon, phosphorus, sulphur, chlorine, scandium, titanium and gallium. Furthermore, 
unique identification is also possible for the following elements, provided the elements 
mentioned in parentheses are known to be absent:- potassium (Ca), calcium (K), 
vanadium (Cr), chromium (V), manganese (Fe), iron (Ni, Mn), rubidillin (Se, Sr, Y, Zr), 
niobium (Sr, Y, Zr, Mo) and molybdenum (Nb, Ru, Rh). In all other cases there is an 
uncertainty in establishing the atomic number 'of the element ranging from ± 1 
for medium weight elements, such as the pairs (Co, Ni), (Cu, Zn) and (Pd, Ag) to ± 3 
for heavy elements such as Pt or Au, which could not be distinguished from Os, 
Ir, Hg or Tl. 

CONCLUSION 

The technique of analysis by elastic scattering of charged particles, which previously 
was useful only for the analysis of surface layers, has been extended to include the _ 
analysis of solutions. The method provides a rapid and sensitive identification of 
light and medium weight elements irrespective of the chemical fonn in which the 
elements occur. It suffers from the disadvantage that volatile components are lost, 
often before their presence can be noted. 

The same technique makes it possible to prepare thin targets of any element 
for nuclear studies, particularly of those elements for which targets could not readily 
be prepared by distillation in vacuum. 

Financial support from the South African Council for Scientific and Industrial 
Research is acknowledged . 

. 
Southern Universities NuClear Institute, 
P.O. Box 17, 
Faure, Cape. Received, September 13th, 1968. 
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lsotopi.c Determination of Calcium-48 by Deuteron Activation 

' Tielman J. de Waal,1 Max Peisach, and Rene Pretorius2 

Southern Universities Nuclear Institute, P.O. Box 17, Faure, C.P., South Africa 

The biological use of the stable isotope calcium-48 for 
tracing required the determination of isotopic concen
trations in calcium samples. The separated calcium 
was converted to fluoride and distilled in vacuum onto 
tantalum disks. After activation with 5-MeV deuterons 
the activities of 8.8-min 49Ca gave a measure of the 
calcium-48 content and the 4-hour activities of scan
dium-43 and -44 a measure of the natural calcium con
tent. By using the 42Ca and 43Ca of natural calcium as 
internal standard, the isotopic concentration of 48Ca 
was determined without the need for measuring 
fluxes, yields, or sample weights. Milligram quantities 
of calcium fluoride were analyzed with a relative 
standard deviation of ±2.0%. 

THE BIOLOGICAL half-life of calcium (J) is so long, 1.6 x 104 

days, that the use of the radiocalcium tracers, 45Ca or 47Ca, is 
frowned upon by the medical profession for studying calcium 

, 
metabolism in humans. This is especially true when healthy 

'patients such as young children or pregnant women. -are in
volved, because the effect of long-term exposure to even rela
tively small amounts of radiation is not yet fully understood. 
The availability of stable isotopes of calcium has made it pos
sible to carry out such investigations without exposing the 
patient to any radiation hazard. A calcium preparation en
riched in a selected isotope is administered and thereafter the· 
isotopic concentration in samples drawn from the patient 
has to be determined. 

The following conditions (2, 3) will determine whether a 

1 Formerly from the Department of Chemistry, University of 
Stellenbosch, C.P., South Africa. Present address, South African 
Titan Products (Pty) Ltd., Umbogintwini, Natal 

2 On leave at Activation Analysis Research Laboratory, Texas 
A & M University, College Station, Texas 77843 

(1) Health Phys., 3, 161 (1960). 
(2) M. Peisach and R. Pretorius, Proc. Symp. Med. Electron. Nucl. 

Instr., Johannesburg, 1965, Leech 37, 11 (1967). 
(3) W. F. Bethard, R. A. Schmitt, D. A. Olehy, S. A. Kaplan, 

S. M. Ling, R. H. Smith, and E. Daile Molle, "Nuclear Activa
tion Techniques in the Life Sciences," I.A.E.A., Vienna, 1967, 
p 533. 

stable isotopic tracer can usefully be applied: The isotope 
should have a relatively low abundance in nature; it should 
be available in adequate enrichment;. it should be reason
ably priced; and a method should be available whereby 
its isotopic concentration could be determined at the dilution 
pertaining to the experiment. 

The heavier isotopes of calcium occur in nature in such low 
isotopic concentrations that each can serve as a stable isotopic 
tracer. The extent to which each meets the first three of the 
above requirements may be judged from Table I. It is clear 
that calcium-46 has a far higher enrichment factor than the 
other isotopes and thus has a wider potential use. However, 
although calcium-43 and -48 have lower enrichment factors 
than that of calcium-46, they can nevertheless be diluted over 
a considerable range and their much lower cost makes their 
use as tracer more practicable. 

Calcium-43 cannot be activated with thermal neutrons be
cause neutron capture leads to a stable product. Neutron 
activation has, however, been used for the determination of 
calcium-48 (4, 5) even though the method was not applicable 
to the isotopic determination of calcium-48 unless the total 
calcium content was known or separately determined. This 
disadvantage has been overcome by using proton activation 
(6) or by measuring the prompt neutrons emitted during pro
ton irradiation (7) when the isotopic concentration of calcium-
48 was determined directly, by expressing the count obtained 
from this isotope relative to that obtained from some other 
stable calcium isotope representing the total natural calcium 
in the same sample. By using an internal standard in this 
way, there are further advantages because there is then no 
need to know the irradiation flux, the reaction yield, or the 
sample weight. 

(4) E. Junod and J. Laverlochere, "Proc. 3rd Intern. Colloquium 
on Biology," Saclay, 1963. 

(5) F. W. E. Strelow and H. Staerk, ANAL. CHEM., 35, 1154 (1963). 
(6) M. Peisach and R. Pretorius, ibid., 38, 965 (1966). 
(7) W.R. McMurray, M. Peisach, R. Pretorius, P. van der Merwe, 

and I. J. van Heerden, ibid., 40, 266 (1968). 
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Figure 1. Variation, with duration of irradiation, of growth 
factor of calcium-49 relative to that of scandium-43 and -44 

Proton activation (6)_ required the measurement of 4-hour 
scandium-43 and -44 to represent natural calcium and 44-hour 
scandium-48 to give the calchim-48 content. The disad
vantage of this method lies in the fact that the ii:radiated sam
ple has to be counted over a long period to enable the shorter
lived activities to decay, so that the scandium-48 can be mea
sured with sufficient precision. The time required for an 
analysis is thus relatively long, even though many samples 
may be analyzed over the same period. By contrast, the 
method using prompt neutrons (7) is rapid, but the activation 
method may often be preferred because the instrumentation 
is less sophisticated. 

When irradiations are carried out with deuterons of a few 
MeV, the cross sections of stripping reactions are usually 
higher than those of other reactions, _so that the products 
most likely to be formed are from (d,p) and (d,n) reactions. 
If it is assumed that the cross sections for corresponding reac
tions with the various calcium isotopes do not differ appre
ciably from each other, activities formed from calcium-46 
may be expected to be negligibly low because of the low nat
ural abundance of this isotope (see Table I). If the duration 
of the deuteron bombardment is relatively short, say a few 
hours, it is not expected that significant amounts of long-lived 
activities would be generated and activities with very short 
half-lives would not be observed in samples that have to be 
transported some distance to the counting assembly. Ac
cordingly, the main activities expected from the irradiation of 
na'turai calcium with deuterons are scandium-43 and -44 pro
duced by the respective reactions. 

42Ca(d,n) 43Sc and 43Ca(d,n)44Sc_ 

and calcium-49 and scandium-49 produced by the respective 
reactions 

48Ca(d,p)49di and 48Ca(d,n) 49Sc. 

As was the case with proton activation (6), the summed ac
tivities of scandium-43 and -44 could serve as a measure of 
the content of natural calcium in the irradiated sample. The 
activity of the short-lived 8.8-min calcium-49 could be used 
as a measure of the content of calcium-48, in contrast to the 
much longer-lived 44-hour scandium-48 used for the same 
purpose after proton activation. Deuteron activation could 
thus serve for determining the isotopic concentration of 
calcium-48 by a method which uses an internal standard and 
retains the simplicity of activation analysis, but requires less 
time than by proton activation because shorter-lived activities 
are involved. 

Table I. Stable Isotopes of Calcium 

3 
Isotopic 
concen-
tration 

Natural of 
abundance, Price (8), separated Enrichment 

Isotope 3 $per mga isotopea factor 
'°Ca 96.97 5.25 99.9 1 
42Ca 0.64 11.00 85 133 
°Ca 0.145 40.00 65b 45Qb 
44Ca 2.06 3.00 98 50 
46Ca 0.0033 640.00 31 12,000 
48Ca 0.18 24.00 95 500 

a Current prices for isotopic concentrations listed. Lower 
isotopic concentrations are considerably cheaper. 

b Isotopic concentrations of over 80 atom 3 have already been 
obtained from ORNL. For such samples, the enrichment factor 
is ...,.,550. 

If [m] denotes the activity produced from the calcium iso
tope of mass number m, the activity ratio, R, is given by 

[48) u 48a48 • F(t) 
<T 42'142 + <T 43'243 

(1) 
R = [42 + 43) 

where um and am refer, respectively, to the reaction cross section 
and to the fractional abundance of the corresponding calcium 
isotopes,in the irradiated target and 

1 - e->-,t 
F(t) = l _ e->-1- (2) 

gives the growth factor of the 8.8-min activity (subscript 1) 
relative to that of the 4-hour activity (subscript 2), when the 
decay factors are X and the duration of the irradiation is t. 
The variation of the growth factor with time is shown in Fig
ure 1. 

From Equation 1, it follows that for an irradiation lasting 
for a constant time, the activity ratio is proportional to the 
fractional isotopic abundance of calcium-48 if the abundance 
of calcium-42 and -43 are kept constant, or if it can be assumed 
that they are negligibly different from those in nature. This 
assumption is valid when the added tracer has been diluted 
with relatively large amounts of natural calcium and the start-
ing material is not appreciably enriched in calcium-42 ar 1 
-43. When the isotopic concentration of calcium-48 has ; 
be determined in samples where very little dilution has taken 
place and it is known that the fractional abundances of cal
cium-42 and -43 are different from those in natural calcium, 
Equation 1 cannot be usefully applied without a knowledge 
of the values ll42 and a4a in the sample itself. However, just 
as in the use of radioactive tracers, what is usually required 
with stable tracers is to know the percentage, p, of the tracer 
that is found per gram of the analyzed sample. The value 
may be calculated from the equation 

100 [k48° - L(k42° + k4a0)] 
p- ~ 

- [k4s0 - L(k42° + k4a0)] - [k48' - L(k48' + k43')] 

where 

and 

R 
L=-

F(t) 

(8) "Catalog Radio and Stable Isotopes," Oak Ridge National 
Laboratory, 4th Ed., Oak Ridge, Tenn., 1963, p 62. 
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CHANNEL NUMBER 

Figure 2. Typical gamma-ray spectra from deuteron irradiated natural calcium Ouoride 

A. t = 0.53 hours 
B. t = 3.95 hours 
C. t = 44.05 hours 

0 , 
k 0 = Umllm k , = Umllm (4) 

m - MO' m - M' 

f:'.'r? which the zero superscript refers to values in natural cal
?;!um and primed superscripts to values in the original un
diluted tracer. M 0 and M' are the average atomic weights of 
calcium in nature and in the tracer preparation, respectively. 

EXPERIMENTAL 

Preparation of Samples and Standards. From the chem
ical compounds of calcium. which are refractory enough to 
withstand the heating effect of the deuteron beam, calcium 
fluoride was selected as target material because of its rela
tively high melting point (1360 °C) and because the only 
activation product from the fluorine, 11-second fluorine-20, 
did not interfere because it did not survive the transportation 
time from the irradiation site to the counting equipment. 
Tantalum was chosen as the backing material because it 
could withstand high temperatures and, at the available 
deuteron energies, was inert to activation. 

Calcium samples were converted to fluoride by evaporation 
with HF in a platinum crucible, and distilled in vacuo from 
an electrically heated tungsten boat onto tantalum disks. 
Standards ranging from 0.18 to about 2 atom 3 calcium-48 
were prepared by adding natural calcium to the enriched 
calcium-48 obtained from the Oak Ridge National Labora
tory, U.S,A, converting them to fluoride and also distilling 
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onto tantalum. By maintaining a constant distance between 
the heated boat and the tantalum disk, and by using a con
stant rate of heating, the weight deposited over an area of 
about 3 cm 2 could be reproduced with a relative precision of 
about ±4 3, from equal weights of starting material. The 
recovery was about 10 3 and targets produced in this way 
had an average thickness between 300 and 1000 µg/crri 2• The 
variation of the thickness of the deposit did not affect the 
precision of the analyses. When small sai;nples of a few 
milligrams were available, the. microevaporator described 
previously (7) was used and yielded targets with an average 
thickness of about 150 µg/cm 2 and a recovery of about 25 3. 

Irradiation and Measurement. Up to 12 targets could 
simultaneously be irradiated on a rotating sample holder (6), 
cooled by circulating coolant, which fitted into a vacuum 
chamber on a beam tube of the 5.5 MV Van de Graaff ac
celerator at the Southern Universities Nuclear Institute. 
Irradiations with 5.0-MeV deuterons and .beam currents 
between 2 and 8 µA usually lasted 2 hours. . 

The samples were analyzed either by gross gamma-ray 
counting or by gamma-ray spectrometry. Because the ac
tivated samples were pure calcium fluoride, routine analysis 
could be carried out by gross gamma-ray counting, when 
a count, [ 48], was obtained with a discriminator in the counting 
assembly set to record only pulses from gamma-rays above 
2.90 MeV. The count, [42 + 43], was obtained with a single 
channel analyzer set to record pulses from positron annihila-
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tion radiation. The activities at the end of the irradiation 
were computed from the decay data by a program using the 
criterion of maximum likelihood (9). 

GAMMA-RAY SPECTROMETRY 

Typical gamma-ray spectra obtained from the decay of a 
deuteron irradiated sample of natural calcium fluoride are 
shown in Figure 2. Some minutes after irradiation, the most 
prominent peaks in the spectrum (Curve A) indicated the 
presence of 7.7-min potassium-38, 8.8-min calcium-49, and 
4-hour scandium-44. The large photopeak from positron 
annihilation was due to 38K, 43Sc, and 44Sc. Gamma-rays 
from sodium-24 were due to sodium impurity in the tantalum. 
Although 57.5-min scandium-49 was produced, its presence 
was not shown by gamma-ray counting because the intensity 
of its 1.76 MeV gamma-ray, 0.03 gamma-rays per 100 dis
integrations (10), is too low to be observed in the compara
tively high Compton continuum, and because its beta-particles 
could not penetrate the "Perspex" absorber of 1.5 g/cm2 

around the scintillation detector. 
After 3.95 hours, (Figure 2, Curve B), when the two short

lived components had decayed, the photopeak from scandium-
44 was still very prominent, and the presence of 3.9-hour scan
dium-43 was indicated by a smaller photopeak at 0.37 MeV. 
Potassium-42, from the nuclear reaction 44Ca(d,a)42K, was 
identified by gamma-rays of 1.52 MeV. 

The spectrum recorded 44.05 hours after irradiation (see 
Figure 2, Curve C), showed the presence of 44-hour scan
dium-48, formed by the reaction 48Ca(d,2n) 48Sc. Gamma
rays of 0.27 MeV were due to 2.4-day scandium-44m, the 
presence of which explains the persistence of the characteristic 
photopeaks of 4-hour scandium-44. 

The identity of each radionuclide was confirmed by half
life measurements and by irradiating targets highly enriched 
in the corresponding calcium isotope. The activities found 
by irradiating natural calcium fluoride with deuterons of 5.0 
MeV are summarized in Table II. 

ACCURACY AND PRECISION 

The value of [48] was expected to include only the counts 
obtain~d from the decay of calcium-49. However, because 
of the presence of both 38K and 24Na in the irradiated sample, 
random coincidences added to the measured count. Pulses 
from sodium-24, which decayed with a half-life long com
pared to that of calcium-49, merely served to raise the effec
tive background level somewhat, and could thus be eliminated 
by subtraction. The count rate of potassium-38 decayed at a 
rate comparable to that of calcium-49 and could not be simi
larly eliminated. Accordingly, the value of [48] always in
cluded counts from potassium-38. 

Calcium-40, the target isotope from which potassium-38 
is formed, makes up almost 97% of natural calcium and this 
value does not change appreciably, provided the extent of en
richment of calcium-48 is not too high-i.e., a40 can be con
sidered to be constant and, hence, from Equation 1 under con
stant irradiation conditions, 

[40] <T 4oll40 
----- · F1(t) =constant 
<T 42'142 + <T 4all43 [42 + 43] 

(5) 

(9) R. G. Monk, A. Mercer, and T. Downham, ANAL. CHEM., 35, 
178 (1963). 

(10) I. Rezanka, J. Frana, M. Vobecky, and A. Mastalka, J. Inorg. 
Nucl. Chem., 18, 13 (1961). 

Table II. Activities Observed in Natural 
Calcium Irradiated with Deuterons of 5 MeV 

Product 
nuclide 
aaK 
4DCa 
4BSc 
44Sc 
42K 
43Sc 
44mSc 

Half life 

7.7min 
8.8 min 
3.9 hour 
4.0 hour 

12.4 hour 
44 hour 
2.4 days 

Main gamma-ray 
energies (MeV) 

((J+), 2.20 
3.10, 4.05, 4. 70 
((J+), 0. 37 
((J+), 1.16 
1.52 
0.99, 1.04, 1.31 
0.27 

Reaction 
40Ca(d,a) 
48Ca(d,p) 
42Ca(d,n) 
43Ca(d,n) 
44Ca(d,a) 
43Ca(d,2n) 
43Ca(d,n) 

where Fi(t) Is the relative growth factor of the 7. 7-min potas
sium-38. The measured ratio of activities may then be writter 
as 

R = C
43J + C40J = C · ll4a + Co 
[42 + 43] 

1 

where Co and C1 are constants. 
This relationship was confirmed experimentally when t 

calibration plot of "activity ratio" against "atom per cent Cb 

cium-48" was linear, but had an extrapolated value of 1.2' 
at zero calcium-48 content. The absolute value of the inte1 
cept, Co, was a function of the irradiation and measuring co. 
ditions, and accordingly had to be determined with each set 
of analyses where experimental conditions may have been 
altered. These corrections, due to other activities in the 
sample, decreased the precision of determining [48]. 

The measurement of [42 + 43] as a single radioactive species 
did not increase the relative errors of the results. Also, be
cause of the relatively low total activities of the samples, 
photoproduction of positrons by high energy gamma-rays 
in shielding and other materials, was negligible. Added 
counts were, however, obtained from Compton-scattered 
gamma-rays of higher energy from longer-lived radionuclides 
in the target, but such counts were treated as an added back
ground and were eliminated by subtraction. 

Some typical results are shown in Table III, which. includes 
results obtained from five replicate analyses of a calchfri 
bonate sample (0.946 atom %). The slope of the cal.. 
line was 4.286 per atom per cent, which is in agreeme~\ 
the mean value in Table III, 4.270, within the precision d£. 
method. The relative standard deviation was ± 2.03 %. ;; . 
precision is sufficient to measure an increase of somewha'.'. 
than 10 % in the isotopic concentration of calcium-48 iri 1 

ural calcium. The accuracy of the method may be j1 ·,. 
from the low value of the mean error, -0.0006 atom %, ~ 
from the statistical evaluation of results which showed 
bias. 

ADVANTAGES AND DISADVANTAGES 

The method is comparatively fast, accurate, and nonde
structive. Like all methods using internal standards, the 
weight of the irradiated sample, the irradiation flux, or the 
reaction cross sections need not be known. It is, however, 
essential that samples and standards be irradiated at the same 
energy and measured under the same conditions. The 
method requires at least two standards of known calcium-48 
c.oncentration, but one of them could be natural calcium. 
The thickness of the sample does not have an effect on the 
precision of the result, ifit is between 300and1000µgpercm 2• 

The method is applicable to all concentrations of calcium-
48. The activity of calcium-49 in highly enriched samples 
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Table Ill. Some Results of Calcium-48 Determinations 
Known Net 

4BCa concn, activity ratio 
atom%, A Activity ratio per atom% 

0.180 1.981 4.261 
0.180 1.-972 4.211 
0.200 2.040 4.130 
0.403 2.895 4.171 
0.608 3.814 4.276 
0.802 4.553 4.163 
0.946 5.415 4.441 
0.946 5.277 4.295 

r 0.946 5.317 4.337 

'7Uff 0.946 5.198 4.211 
0.946 5.304 4.323 

./. 
!. 

1.024 5.583 4.267 
1.151 6.295 4.414 
1.604 8.161 4.331 
1. 786 8.811 4.254 
1.939 9.418 4.231 

'ean error = -0.0006 atom %. 
ean activity ratio per atom % = 4.27 ± 0.09. 

ielative standard error = ±2.03 %. 

·· y become very great compared to that of the 4-hour ac
. 'ty, thereby decreasing the precision with which the latter 

. be determined. In such cases the irradiation time may 
increased to obtain higher activities of 43Sc and 44Sc with

ut appreciably altering the yield of 49Ca. 
It is a disadvantage that microgram quantities cannot be 

analyzed. At least 1 mg of calcium fluoride is required to 
... make a target. 

POSSIBLE INTERFERENCES 

~ Apart from potassium-38, the generation of which is un
'· avoidable, no other radionuclide with approximately the same 
· "' half-life and gamma-ray energy can interfere with the measure
~· ment of calcium-49. 

' 

Many positron-emitting radionuclides with half-lives be
~·tween 1 and 6 hours can be generated with 5-MeV deuterons 

· . "' interfere with the measurement of the activities of 
.m-43 and -44. The number may be considerably re
if the nature and relative scarcity of target nuclides are 

1 into account. If inert gases and relatively rare ele
; and isotopes are excluded and if it is considered that 

. I 

.:r, 
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Found 
48Ca concn, Relative 
atom%, B Error, B - A error,% 

0.179 -0.001 -0.6 
0.177 ;-0.003 -1.7 
0.193 -0.007 -3.5 
0.392 -0.011 -2.7 
0.607 -0.001 -0.2 
0.779 -0.023 -2.9 
0.980 +0.034 +3.6 
0.948 +0.002 +0.2 
0.957 +0.011 +1.2 
0.929 -.0.017 -1.8 
0.954 +0.008 +0.9 
1.019 -0.005 -0.5 
1.185 +0.034 +3.0 
1.621 +0.017 +1.1 
1.772 -0.014 -0.8 
1.914 -0.025 -1.3 

the elements with high atomic numbers have such large 
Coulomb barriers that the reaction cross sections at relatively 
low deuteron energies become negligibly small, the serious 
non-isotopic contaminants remaining are nickel (60Ni) and 
tin ( 116Sn), and, to a lesser extent, zinc (70Zn), strontium 
( 84Sr), and cadmium ( 106Cd). If any of these elements is 
present in such amounts that the radioactive products can 
be detected by gamma-ray spectroscopy, correction for their 
contribution to the count, [42 + 43), can be effected. 

Contamination from other calcium salts constitutes the 
most serious danger. Such contamination will reduce the 
accuracy of the analysis without the analyst being aware of it. 

RECEIVED for review August 19, 1968. Accepted November 
12, 1968. Parts of this work were included in a Master's 
thesis (by T. J. de W.) and a doctorate thesis (by R. P.) pre
sented to the Chemistry Department, University of Stellen
bosch, and are published with their permission. The finan
cial assistance of the South .African Atomic Energy Board is 
acknowledged . 
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THE DETERMINATION OF STABLE CALCIUM 
ISOTOPES BY CHARGED PARTICLE IRRADIATION 

Max Peisach and Rene Pretorius1 

Southern Universities Nuclear Institute 
P. 0. Box 17,Faure, C.P. 

South Africa 

I. Introduction 

Calcium is not only the fifth most abundant element in the earth's crust 
[ 1], it is also the most abundant metal in the human body, where it makes 
up about J .5% of the body weight [2]. In many systems the role of 
calcium can best be studied by tracer techniques using either radioactive 
or stable isotopes but, in biomedical research, stable isotopes are 
pref erred due to the reluctance of the medical profession to administer 
radioactive material to humans. 

Because the heavier isotopes of calcium occur in such low 
concentrations in nature, preparations enriched in calcium-43, 46 or 48 
are suitable for tracing purposes. Neutron activation methods have been 
used for determining calcium-48 [3-6] and calcium-46 [7], but these 
methods require a separate determination of total calcium content. No 
activation method for the isotopic determination of calcium-43 has 
previously been reported. 

II. Experimental 

A. PREPARATION OF SAMPLES AND STANDARDS 

Calcium separated from biological material as oxalate or carbonate was 
dissolved in dilute hydrochloric acid and converted to calcium fluoride by 
evaporation with hydrofluoric acid in a platinum crucible. The calcium 
fluoride was evaporated in vacuum onto tantalum discs for proton or 
deuteron irradiation and on aluminium foils for alpha activation. Target 
thicknesses were approximately 1 mg/cm2• 

Standards were similarly prepared from enriched calcium isotopes as 
obtained from the Oak Ridge National Laboratory, U.S.A., and diluted 
with natural calcium to the required isotopic concentration. 

•Presently at Activation Analysis Research Laboratory, Texas A&M University, College 
Station, Texas 77843. 

802 
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803 CHARGED PARTICLES AND PHOTONS 

B. ACTIVATION 

Proton and deuteron activation was carried out with the 6 MeV Van de 
Graaff accelerator at the Southern Universities Nuclear Institute, and 
alpha activation at the cyclotron of the Council for Scientific and 
Industrial Research at Pretoria where energies up to about 32 MeV could 
be attained. Irradiations lasted up to 2 hours and beam currents between 2 
and 5 µA were used. 

Samples were mounted on a rotating target· holder (Fig. 1 ), cooled by 
circulating water or air. Up to .12 samples were irradiated simultaneously. 
After irradiations, samples were analyzed either by gamma-ray 
spectrometry or gross gamma-ray counting, with a 3 in. x 3 in. Nal(fl) 
scintillation detector. The enhanced resolution afforded by Ge(Li) 
detectors was not needed in this investigation. 

C. PROM?>T NEUTRONS 

The energy of the prompt neutrons emitted during irradiation was 
measured by the time-of-flight technique [ 8]. The neutron energy, 
En(MeV), may be obtained from the time (nanoseconds) taken by the 
neutron to traverse a fixed known distance a (meters), by the non
relativistic relationship; 

Proton beams in pulses of 4 nsec duration, 400 nsec apart were 
obtained from the Van de Graaff accelerator. Targets were irradiated 
singly with average beam currents between 0.6 and 3.0 µA. 

III. Results and Discussion 

The determination of isotopic concentrations as descnoed here is based 
on measuring a ratio of either activities or prompt neutron counts. It is 
thus unnecessary to determine the total calcium content separately. 
Furthermore, no yields, weights of targets, or irradiation fluxes need to be 
known. 

Flux variation during irradiation would affect the activity ratios in 
samples irradiated singly. However, when the samples and standards are 
irradiated together, flux variations would only result in a calibration line 
with a different slope. In the case of prompt neutron measurement (see 
below), the flux variation during irradiation produces no effect because 
the decay of the product nuclides is not involved. 
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Figure I. Rotating target holder. 

A. Motor and gear box H. Cooling water stream guide 
B. Nylon bearings 
C. Water inlet 
D. Waterchamber 
E. 
F. 
0. 

Vacuum seal 
Baseplate 
Rotating cooled target holder 

I. Target clamps 
J. Target 
K. Flats ( 12) for mounting targets 
L. Water and vacuum seals 

M. Target holder support 
N. Wateroutlet 

A. PROTON ACTIVATION 

804 

Activation of calcium samples, with 4.75 MeV protons leads to the 
formation of 44 hour scandium-48 and 4 hour scandium-44 and 43, from 
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(p,n) reactions on calcium-48, 44 and 43, respectively. The ratio of the 44 
to 4 hour activity gives a measure of the isotopic concentration of 
calcium-48. Activities from other calcium isotopes, fluorine, or from the 
tantalum backing do not interfere. 

Scandium-44 activity does not form at proton energies below about 
4.56 MeV and analysis of calcium-43 as tracer is possible at such energies 
[9]. Although at higher proton energies scandium-44 activity interferes 
with the determination of calcium-43, its formation is advantageous for 
the determination of calcium-48, as the precision with which the 4 hour 
activity representing total calcium is measured, is improved. 

Table 1 shows some results for the determination of calcium-48 and 43 
by proton activation at energies of 4.75 and 4.50 rvfeV, respectively. The 
relative standard deviation over the concentration range from natural 

Table 1. The determination of calcium-43 and 48. 

I Activity II 
Known ratio Measured Observed 

concentration Activity per unit concentration difference 
(atom 3) ratio (atom%) (atom%) m - n 

Calcium-48; Ep 4.75 MeV [8) 
(x 100) • ·· 

0.185 4.75 0.257 0.188 + 0.003 
0.192 4.83 0.252 0.191 -0.001 
0.375 9.32 0.249 0.369 -0.006 
0.825 21.57 0.262 0.854 + 0.029 
1.040 26.38 0.254 1.045 + 0.005 
1.370 33.15 0.242 1.313 -0.057 

Calcium-43; Ep 4.50 l\feV [9] 
(x 1) 

0.145 1.97 9.13 0.149 + 0.004 
0.379 3.98 8.79 0.376 -0.003 
1.004 . 9.56 8.87 1.006 + 0.002 
1.769 16.41 8.91 1.780 + 0.011 
2.010 18.46 8.86 2.012 + 0.002 

Calcium-48: Relative standard deviation = ::!: 2. 73 
Mean error = - 0.004 atom 3 

Calcium-43: Relative standard deviation = ::!: 3.23 
Mean error = + 0.003 atom 3 
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abundance to about 2 atom % was± 2. 7% for calcium-48 and± 3.2% for 
calcium-43. 

B. DEUTERON ACTIVATION 

When deuterons are used for activation, many radionuclides are 
produced from the stable isotopes of calcium. Of these, calcium-48 can 
be separately determined by measuring the high energy gamma rays of 
8.8 minute calcium-49 formed by the reaction 48Ca(d,p)49Ca. The 4 hour 
activity produced from calcium-42 and 43 served !lS a measure of total 
natural calcium and was determined by counting annihilation gamma 
rays [JOJ. 

A typical set of results for determining calcium-48 by deuteron 
activation is given in Table 2 where the activity ratio in column 2 
represents the ratio of the 8.8 minute activity to the 4 hour activity. The 
relative standard deviation for the determination of. calcium-48 
concentrations ranging from natural (0.18%) to about 2 atom % was 
about ± 2%. The advantage of deuteron activation analysis over proton 
activation is its shorter duration because shorter-lived radionuclides 
are involved. 

Table 2. Some determinations of calcium-48 by deuteron activation 

I II 
48Ca cone. 

known · 
(atom%) 

Activity 
ratio 

Activity 
ratio 

per unit 
(atom%) 

48Ca cone. 
found 

(atom%) 

0.180 
0.180 
0.200 
0.403 
0.946 
0.946 
1.604 
1.786 

1.981 4.261 0.179 
1.972 4.211 0.177 
2.040 4.130 0.193 
2.895 4.171 0.392 
5.415 4.441 0.980 
5.277 4.295 0.948 
8.161 4.331 1.621 
8.811 4.254 1.772 

Number of samples in test series 
Number of analyses in test series 
Mean activity ratio per atom 3 
Mean error 
Relative standard error 
Slope of calibration line 
Intercept of calibration line; 

Activity ratio 

Difference. 
<II-I> 

- 0.001 
. -0.003 
- 0.007 
- 0.011 
+ 0.034 
+ 0.002 
+ 0.017 
- 0.014 

= 16 
= 25 
= 4.27 ± 0.09 . 

Relative 
·error 

(%) 

-0.6 
- 1.7 
-3.5 
- 2.7 
+ 3.6 
+ 0.2 
+ 1.1 
-0.8 

= - 0.0006 atom 3 
= ± 2.033 
= 4.286 per atom % 

= 1.214 
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C. ALPHA ACTIVATION 

Alpha activation was found to be unsuitable for the determination of 
calcium tracers, because of the formation of intense activities of 
scandium-43 from the most abundant calcium isotope, calcium-40, by the 
reaction 40Ca(a,p)43Sc .. · 

However, this reaction could well serve for the determination of 
calcium-40. The variation of the yield of scandium-43 activity.formed by 
the reaction •°Ca(a,p}43Sc, with alpha particle energy is shown in Figure 2 
from which it can be seen that the most favorable energy at which total 
calcium could be determined would be at about J 4 Me V. 

1o'.-----~---~---~--. 

10' 

1a6 

1050 .... ------,0-----20 ____ 30......_ 

ALPHA ENERGY (MeV) 

Figure 2. The variationofscandium-43 activity, formed by the reaction <0Ca(a,p)43Sc, v.r. 
alpha irradiation energy. 
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D. PROMPT NEUTRON MEASUREMENT 

Time-of-flight spectra of neutrons emitted from calcium-43, calcium-48 
and natural calcium targets irradiated with protons of 4.5 MeV are shown 
in Figure 3. At this bombarding energy neutrons from sources other than 
calcium-43 and calcium-48 co_uld not be observed [ 11]. 

The net integrated counts of neutrons between 1.267 and 1.642 MeV 
(corresponding to the no and ni neutron groups from calcium-43 and 

NEUTRON ·ENERGY (MeV) 

300r-------o~s'--____ o~e'--__ ,To'------~1s;;-_..;2~0'----~30=-~4-~o---

Natural Ca 

200 

100 

0 

~ 4COO 
43Ca 2500 

g 
r 3CXX) 

.,, 0 4 2000 .... 
-~ 2000 
u 

1500 
mo 

0 3 1000 

41Ca 
5 500 

0 so lOC 150 200 250 
CHANNEL NUMBER 

Figure 3. Time-of-flight spectra of neutrons from (p,n) reactions on targets of natural
calcium and enriched 43Ca and 48Ca, Ep = 4.5 MeV, 8 = 0°; d = 2.991 meters 
[ 11 ]. 
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including lhe n10 to .'Z14 neutron groups from calcium-48, see Figure 3) 
is used as a measure of the .calcium-43 concentration. The net integrated 
count from higher energy neutrons with energies between 2.416 and 
4.151 MeV was used as a measure of calcium-48. 

Results for the determination of calcium-43 are given in Table 3. The 
value in column 2 is the ratio of neutron counts representing calcium-43 
to those representing caJcium-48. A relative standard deviation of 4.34% 
was found for calcium-43 concentrations ranging from 0.145 (natural) to 7 
atom of calcium-43 which represents total calcium, the internal ratio 
method is only applicable for comparatively low enrichments of calcium-
48 up to about 0.4 atom ratio method. Although the time required to 
analyze a single sample by prompt neutron measurement is cQnsiderably 
shorter than by activation, the method cannot be applied to more than one 
sample at a time. 

Table 3. Some determinations of calcium--43 by prompt neutron 
measurement. 

I Neutron n 
43Ca cone. Neutron count 43Ca cone. Relative 

known count ratio found Difference error 
(atom 3) ratio per atom 3 (atom 3> <II - n (3) 

0.145 0.945 2.400 0.146 + 0.001 + 0.7 
0.145 0.940 2.366 0.144 -0.001 -0.7 

. 0.320 1.330 2.291 0.308 -0.012 -3.8 
0.490 1.772 2.398 0.494 + 0.004 + 0.8 
1.058 3.123 2.388 1.062 + 0.004 + 0.4 
1.216 3.642 2.504 1.280 + 0.064 + 5.3 
1.430 3.884 2.299 1.382 -0.048 -3.4 
1.990 5.483 2.455 2.055 + 0.065 + 3.3 

Number of samples in test series 15 
Number of analyses in test series = 24 
Mean neutron count ratio per atom 3 = 2.372 
Mean error ... -0.0004 atom% 
Relative standard error = ± 4.343 
Slope of calibration line = 2.378 per atom 3 
Intercept of calibration line; 

count ratio - 0.597 
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SURFACE ANALYSIS OF MEDIUM WEIGHT 
ELEMENTS BY PROMPT CHARGED 

PARTICLE SPECTROMETkY 

Colenso Olivier 1 and Max Peisach 

Southern Universities Nuclear Institute 
P.O. Box 17, Faure, C.P. 

South Africa 

I. Introduction 

The limited penetration of charged particles with energies of a few 
MeV makes them suitable for the analysis of surface layers; Use has 
already been made of this property for the determination of surface 
concentrations of elements by the spectroscopy of elastically scattered 
charged particles [1-5]. Such methods have the advantage that small 
bombarding currents and short irradiations are sufficient for the analysis 
because charged particle scattering cross sections are usually large 
compared with reaction cross sections. However, the application is 
limited to the cases where the targets are light elements or the elements 
have widely differing mass numbers because the differential change of the 
energy of the scattered particle with the mass of the scatterer decreases 
with increasing target mass number [6]. In particular the method is of 
little use for the analysis of thick targets of the medium weight elements 
where both the surface element and the thick support have mass numbers 
between 50 and 70. 

When charged particles induce nuclear reactions in surf ace layers the 
prompt charged particle products can best serve for an analytical method 
to determine surf ace concentrations because the energy of the product 
particle at the detector is determined not only by the energy of the 
bombarding particle and the nuclear reaction concerned, but also by the 
amount of energy lost by the bombarding particle in the target material 
before the nuclear reaction occurs and by the energy lost by the product 
particle between the points of its formation and detection. If prompt 
neutrons are measured, only energy lost in the first part of the path is 
likely to play a role in depth resolution. In this investigation the method 
using prompt protons from (d,p) reactions was evaluated for the 
determination of nickel films on copper and chromium films on nickel. 
tPresent address: Department of Chemistry, University of Stellenbosch. Stellenbosch, C.P ., 

South Africa. This work forms part of the doctoral thesis to be submitted to the 
University of Stellenbosch by C. 0. and is published with permission. 
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ll. Experimental 

A. PREPARATION OF STANDARDS 

Standard thicknesses of nickel on copper and tantalum, of copper on 
tantalum and· of chromium on nickel and tantalum were prepared by 
electroplating and weighing. Surf ace film thicknesses ranging from 10 to 
SOOO p.g/cm2 were used. These targets were irradiated in a 75-cm 
scattering chamber with a current of 0.5 to 1 p.A of deuterons of 3.5 Me V 
obtained from the Van de Graaff accelerator of the Southern Universities 
Nuclear lnstitute. 

B. MEASUREMENT 

The energy of the protons fonned by (d,p) reactions on the target and 
emitted at an. angle, 6, to the bombarding beam =e measured with a 
silicon semiconductor detector with a depletion layer of 700 µm and a 
resolution of less than 45 ke V. This detector could measure protons up to 
7 MeV. Since all the (d,p) reactions concerned were highly exoergic, in 
most cases the protons were produced with energies in excess of the 
range over which the available detector could be used. It was thus 
necessary to reduce the energy of the protons by covering the.detector 
surface with a gold absorber of a suitable thickness. This absorber also 
served to eliminate relatively large fluxes of scattered deuterons. The 
appropriate thickness of absorber required for a detector was calculated 
from the known stopping power for protons [7]. A typical pair of curves 
showing the effect of gold thickness on the range of proton energies that 
could be measured with a detector capable of measuring up to 6 Me V 
protons, is shown as an example in Figure 1. 

m. Results and Discussion 

A. ENERGY SPECTRA OF PROMPT PROTONS 

Typical spectra obtained from thin films of Cr, Ni and Cu on tantalum 
backings and of the protons from the backing itself are shown in Figure 2. 
The proton groups, p1, refer to the ith excited state: in which the product 
nuclide was formed, and the nuclide labelled in the figure refers to the 
target nuclide. 

A common feature of the spectra in Figure 2 is the large extent to which 
the energy of each proton group had been broadened by the use of the 
absorber. However, the resolution was still sufficient to distinguish each 
target element. 
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Figure I.· The effect of absorber thickness on the proton energy range that could be 
measured with a silicon semiconductor detector capable of measuring up to 6 

· MeV protons. 

Tantalum backings were used because the Coulomb barrier for such a 
heavy element (Z = 73) was large. The cross section of the (d,p) reaction 
at 3.5 MeV was expected to be so small that prompt protons from it 
would-be undetectable. This was not quite the case (see Figure 2). 

The high energy peak from protons of the reaction s:icr(d,po) was 
observed, but was not included in Figure 2 for the sake of uniformity. The 
high abundance of chromium-52 and the comparatively large cross 
section of the reaction 52Cr(d,p0) gave rise to a prominent peak 
characteristic of this element and suitable for use. for analytical purposes. · 

The energy spectrum obtained from nickel shows peaks which could be 
ascribed to protons from the two most abundant isotopes of reactions 
leading to the ground states and the first few excited levels. The peak 
marked Z is from reactions leading 'to higher levels which were not 
resolved. 

No characteristic peak was found in the prompt proton spectrum of 
copper. The two unresolved peaks are due to protons from reactions 
leading to a large number of relatively closely spaced excitation states. 
The energy corresponding to the point X, refers to the maximum proton 
energy obtainable from G:1Cu under the conditions of the experiment, and 
Y to the corresponding energy for 65Cu. 
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Figure 2. Energy spectra of prompt protons obtained from the deuteron irradiation of thin 
layers of chromium, nickel and copper on tantalum. 

B. ANALYSES 

The analysis of surface nickel on copper was of prime concern. A 
typical spectrum obtained from a film of nickel, about 300 µg/cm 2 thick 
on copper is shown in Figure 3. The peaks due to protons from nickel can 
readily be distinguished from those of copper. A measure of the nickel 
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thickness was obtained by integrating the counts over the .. observed" 
proton energy range from 4.86 to 6.30 MeV, corresponding to "initial" 
proton energies between 9.36 and 10.32 MeV. 

The calibration showing the variation of proton counts with nickel 
thickness is shown in Figure 4. The curve reflects the decreased yield 

m 

.... 
5 200 • -... ... 
:; ... ... 
~ 100 ... ... 

150 200 250 300 

CHANNH NUMBER 
Figure 3. Energy spectrum of prompt protons obtained from a deposit of nickel on a 

copper backing irradiated with deuterons. 6=60°, Ed= 3.S MeV, Au absorber 
= 196 mg/cm2• 
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Figure 4. The variation of proton counts for nickel vs. nickel thickness. 
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obtained for thick films caused by the decrease~ in the cross section of the 
reaction with decreasing deuteron energy. However, it can be assumed 
that the calibration is linear up to 100 µg/cm2• Results of a typical series 
carried out over this thickness region are listed in Table 1. The standard 
error was ±2.2 µg/cm2 over the whole region. This corresponds to a 
relative standard error of 2.2% for films of about 100 µg/cm 2, but the 
relative error increases for thinner films. With a bombarding deuteron 
beam of 3 mm2 area used in this investigation and with a target inclined at 
30° to the beam, the precision attained is equivalent to a relative standard 
error of ±2.2% on 24 µg of nickel. 

Table 1. Some determinations of nickel films on copper by prompt 
proton counting. 

Known Integrated Measured 
nickel proton counts nickel 

thickness per unit thickness Error8 

(µg/cm2) beani ·current (µg/cm 2> (µg/cm2) 

13.3 250 rn.4 + 0.1 
17.8 418 20.6 + 2.8 
28.5 566 26.8 -1.7 
37.4 797 36.7 -0.7 
58.7 1233 55.2 -3.5 
76.5 1796 79.1 + 2.6 
97.8 2242 98.0 + 0.2 

8 Standard error ± 2.2 µg/cm2 

The determination of chromium on nickel is made possible by the fact 
that the peak due to Po protons from chromium-52 is so prominent (see 
Figure 5). By curve stripping this peak can be resolved from the peaks 
representing nickel. The calibration giving the variation of proton counts 
with chromium thickness is similar to that obtained for nickel. 

-
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IOO Oromium on Nickel Cr 

600 

1200 

~ 0 

I Nic:k•I bodcinQ 

600 

Figure S. Energy spectrum of prompt protons from a thin chromium film on nickel 
compared with that obtained from the nickel backing. Chromium thickness 
= 160 8g/cm2 (0.22 µm); 8=60°, E,,=3.S MeV, Au absorber= 196 mg/cm!. 
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ISOTOPIC DETERMINATION OF 
CALCIUM-43 BY PROTON ACTIVATION 

R. J. N. BRITS, M. PEISACH 

Southern Universities Nuclear Institute, P.O. Box 17, Faure, C.P. (South Africa) 

(Received January 4, 1969) 

An activation analysis method has been developed for the routine determination 
of 43Ca. The calcium is chemically separated and converted to fluoride. When acti
vated for 2 hours with 4.50 MeV protons, 43Sc and 4ssc are produced and the ratio 
of their activities is a measure of the isotopic concentrations of 43Ca. 48Ca serves 
as an internal standard to represent total natural calcium. The relative standard 
deviation is ± 1.5 % and the method can determine a change of + 0.004 atom % 43Ca 
in natural calcium. 42Ca may interfere, if present in enriched concentrations. 

The fact that 43Ca has a low isotopic abundance in nature, 0.145 %, indicates 
that it has potential use as an isotopic tracer of calcium, especially in those medical 
applications where radioactive tracers are undesirable. If a preparation enriched 
in 43Ca is administered to a biological system, the extent of its dilution with 
natural calcium may be determined by isotopic analysis of a sample drawn from 
the system under investigation. Although such studies1 have been carried out 
using 48Ca, no such investigation with ~3Ca has yet been reported, despite the 
fact that the abundance of 43Ca is almost 20 % lower than that of 48Ca. The lower 
natural abundance implies that an experiment involving dilution with natural 
calcium could be extended over a longer period of time. 

Another field in which attention has in recent years been paid to the isotopic 
analysis of calcium is the extent to which possible isotopic fractionation occurs 
in natural processes.2

•
3 Several workers have studied the isotopic composition of 

calcium by mass spectrometry.4-
9 Recently nuclear activation methods for such 

studies have been reported10 in which the ratio of 48Ca to natural calcium was 
obtained from the reactor activation of 48Ca, and the determination of total 
calcium by titration. A similar study has been reported in which the isotopic ratio 
of 44Ca to 48Ca was determined by proton activation,11 the concentration of 
44Ca serving as an internal standard for the determination of 48Ca. If isotopic 
fractionation is determined solely by the mass difference between the isotopes 
concerned, a study based on the isotopic ratio 43Ca/48Ca would be more likely 
to reveal isotopic fractionation than one based on the isotopic ratio 44Ca/48Ca. 
Jn addition, it should be noted that the natural isotopic concentration of 43Ca 

J. Radioa11al. Chem. 3 (1969) 
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is of the same order as that of 48Ca, so that the lighter isotope could possibly 
be a better internal standard than 44Ca, which is at least eleven times more.abundant 
than 48Ca in nature. 

It would thus be advantageous to develop a simple routine activation method 
for the isotopic determination of 43Ca, because to date no ·such method has been 
reported. The only nuclear method that has been described used the spectroscopy 
of prompt neutrons from proton irradiation.12 · 

By far the most common method of activation is to bombard a sample with 
·thermal neutrons in a reactor, but 43Ca cannot be activated in this way because 
neutron capture leads to a stable product. A possible method for determining 
43Ca by activation with fast neutrons is to follow the decay of 22-hour 43K, formed 
by the reaction 44Ca(n,p)43K, and to use its activity as a measure of the 43Ca 
content. The isotopic composition may then be obtained from a separate determi
nation of total calcium. 

An alternative method of activation is the· use of accelerated charged particles. 
When protons of a few MeV are used to activate stable calcium isotopes, the main 
activities are formed by (p,n) reactions,. The activity from the very abundant 
4°Ca and from .42Ca are short-Jived and can be allowed to,decay away within a 
few minutes, while the yield of 46Sc is expected to be very· small, because its half
life is very long and the target isotope from which it is produced has a low natural 
abundance. Thus the main activities expect~d. from proton activation are 43Sc, 44Sc 
and 48Sc produced from the corresponding.calcium isobars. 

The threshold for the reaction 44Ca(p,n)?4Sc is 4.532 MeV. It thus follows that 
activation with protons of energies just below 'the threshold value, say 4.50 MeV, 
cannot result in the formation of 44Sc, but both 4:isc and 48Sc can be produced in 
sufficiently high activities, be~ause the cross sections for both.reactions 43Ca(p,n)43Sc 
and 48Ca(p,n)48Sc are of the order of 100 mb, at this ener.gy.13 It would 'thus be 
possible to use the activity of the 44-hour 48Sc as an internal standard to indicate 
the total content of natural calcium in the sample, while the. 3.9-hour 43Sc can give 
a measure of the content of 43Ca. 

Experimental 
Sample preparation 

As charged particle irradiation may cau·se high temperatures at the target, 
the material selected should be sufficiently refractory. Calcium fluoride has already 
proved suitable14 and was thus used as target material.. ".fhe calcium standards 
and samples· for analysis were. converted to ·palcium :fluoride by evaporation with 
hydrofluoric acid in a platinum crucible. Tar.gets were obtained by evaporating 
calcium :fluoride in vacuum onto tantalum discs, when deposits 20 mm in diam
eter and ranging in thickness between 300 and 1000 11g/cm2 were obtained . 
. When equal weights of calcium :fluoride were ev.aporated under similar conditions, 
it was found that the target thickness could be reproduced with a relative standard 

J. Radioa11a/. Chem. 3 ( 1969) 
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error of ± 4 %- For maximal precision, the analyses had to be carried out on sam
ples and standards of equal thickness, but a thickness variation over the range 
300 to 1000 µg/cm 2 could be used if slightly lower precision was acceptable. In 
this investigation the targets were approximately of equal thickness and about 
800 µg/cm 2 thick. 

The standards of the required isotopic concentrations were prepared by adding 
natural calcium to an enriched 43Ca sample (81.12 atom %) obtained as calcium 
carbonate from the Oak Ridge National Laboratory, USA. 

Irradiation and measurement 

Twelve targets could simultaneously be irradiated on a rotating sample holder, 
cooled by circulating water or cooling gas, as previously described.14 For activa
tion, beams of 4.50 MeV protons in currents up to about 3 µA were used, as 
obtained from the 6 MY Van de Graaff accelerator at the Southern Universities 
Nuclear Institute. The beam diameter was between 8 and 10 mm; if larger diam
eter beams were available, higher beam currents could be used. Irradiations 
lasted for about 2 hours. The samples were measured either by y-ray spectroscopy 
using Ge(Li) detectors, or by gross y-ray counting with NaI(Tl) scintillators. 
Jn the latter case the individual activities were calculated from the decay data 
collected about 60 hours after irradiation using a computer programme based 
on the criterion of maximum likelihood.15 

Results and discussion 

y-ray spectroscopy 

A typical y-ray spectrum obtained from a sample of natural calcium fluoride 
irradiated with 4.5 MeV protons is given in Fig. l. It is obvious that very few 
radionuclides are generated in the activation; the only possible con.taminating 
activities being positron and negatron emitters which do not decay with accompany
ing y-emission. 

The presence of 43Sc was indicated by the gamma-ray of 374 ke V. Furthermore, 
it was found that the rate of decay of the positron activity was consistent with 
the formation of 3.9-hour 43Sc as the main product. In addition, small amounts 
of 13N and 18F were detected as components decaying with IO min and 110 min 
ha'f-lives. The origin of these two activities is not clear, but some 13N could have 
b( en formed by the nuclear reaction 13C(p,n)13N from carbon deposited on the 
t,crget by the decomposition of residual oil vapours at the p"oint of incidence of 
the irradiation beam. 18F could only have been produced from oxygen on the 
target primarily by the nuclear reaction 180(p,n)18F, but also to a small extent by 
the nuclear reaction 170(p,y)18F. The Q-value for neutron emitting reactions such 
as (n,2n), (y,n) and (p,pn) on 19F is -10.442 MeV, which is too low for any 18F 
to have been produced from natural fluorine. 

J. Radioanal. Chem. 3 (1969) 
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Fig. l. Gamma-ray spectrum of natural calcium fluoride activated with 4.50 MeV protons, 
measured 2.300 hours after the end of irradiation 

The presence of 48Sc was indicated by gamma-rays with energies of 178, 983, 
1040 and 1321 keV. Decay measurements confirmed the presence of this nuclide 
by its half-life of 44 hours. No other components could by detected even after 
the material has been decayed for several half-lives. 

Because so few radionuclides are formed in the activation and as their half-lives 
are so widely different, the activity of each component can readily be obtained 
by measuring the decay of the gross activity. Such measurement could be delayed· 
for a few hours to eliminate 13N and to reduce the unwanted 18F content. 

Calibration 

The activity ratio, i.e. the ratio of the measured activity of 43Sc relative to that 
of 48Sc, plotted against the known isotopic concentration of 43Ca in standard 
samples, resulted in a linear calibration curve with a slope of 10.534 per atom %. 
This value is dependent on the experimental conditions of irradiation and measure
ment, and should be determined anew if there are any changes in the conditions. 

The calibration line did not pass through the origin, b.ut had an intercept 
which corresponded to an activity ratio of 0.4458 at zero concentration of 43Ca. 

J. Radioana/. Chem. 3 (1969) 
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It '£hus implied that 43Sc was generated in the target material by another nuclear 
n :action, the most likely being 

If the subscript m refers to the mass number, and Am is the measured activity 
of the scandium isotope, it can readily be deduced that the activity ratio, R, is 
given by 

A4a 
R=--oc 

A44 
0) 

where F(t) is the time-dependent factor whose value is determined by the duration 
of the irradiation, and 

am is the isotopic concentration of the target calcium isotope, 
(J'm the cross section for the reaction mca(p,n), 

and u;,, the cross section for the reaction "111Ca(p~y)'. ' 

Hence, under fixed conditions of irradiation and measurements, and for samples 
in which the isotopic concentrations of 42Ca and 48Ca do not vary appreciably 
from their values in nature, it follows that the slope of the calibration line is 

. 1 h . u 43 d h . h 1 u~2 Th . f proport10na to t e ratio -- an t e mtercept to t e va ue -- · a 42 . e rat10 o 
(]' 48 (]' 48 

the cross sections for the two reactions leading to the formation of 43Sc can 
thus be calculated to be 

(]'~2 0.4458 
10.534 x 0.64 = 0·

0661 
. 

This value is in excellent agreement with the value 0.0641 ± 0.0040 that may be 
obtained from the ratio of the measured cross section13 of the reaction 43Ca(p,n)43Sc 
with 4.50 Me V protons and the extrapolated value of the cross section16 for radia
tive proton capture of 42Ca at the same energy. 

Precision and accuracy 

A test series of 36 analyses was carried out on 22 samples of known composi
tion to determine the precision of the method. The results showed that the relative 
standard deviation was ± 1.54 %. 

Some typical results of analyses are given in Table 1. From the values in the 
-table, the mean value of the net activity ratio was 10.550 per atom %. This value 

agreed with the slope of the calibration line, 10.534 per atom %, within the preci
sion of the method. The results in Table 1 also include replicate analyses of natural 
:alcium and of calcium enriched to 1.210 atom % 43Ca. The results of the replicate 

-malyses gave root mean square errors of ± 1.62% and ± 1.94 %, respectively, for 5 
;amples in each group. These results thus indicate that the method is capable or 

3* J. Radioanal. Chem. 3 (1969) 
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Table 1 

Some results of isotopic determinations of 43Ca 

Known °Ca Found 43Ca I Net activity concentration, Activity 
ratio per 

concentrations, Error 

I 
atom·% ratio atom % (B) - (A) 

(A) atom % (B) 

----
(I) Analytical results 

0.379 
1.004 
1.450 
1.769 
2.010 

(2) Natural calcium 
0.145 
0.145 
0.145 
0.145 
0.145 

(3) Enriched sample 

1.210 
1.210 
1.210 
1.210 
1.210 

4.419 
11.05 
15.55 
19.20 
21.64 

l.990 
1.967 
l.992 
1.949 
2.015 

13.37 
13.33 
13.29 
12.70 
13.25 

10.483 
10.562 
10.417 
10.602 
10.544 

10.650 
10.491 
10.663 
10.367 
10.822 

10.681 
10.648 
10.615 
10.J 27 
10.582 

Mean net activity ratio 
Slope of calibration curve 
Intercept of calibration cu_rve: :R.atio = 
Mean error 
Relative standard deviation 

0.3772 
1.007 
1.434 
1.780 
2.012 

0.1466 I 
0.1444 

0.1468 .·I 0.1427 
0.1490 

1.227 
1.223 
1.219 
1.163 
1.215 

-0.0018 I 
+0.003 
-0.016 

+0.011 I 
+0".002 . 

+0.00~6 I 
-0.0006 

+0.0018 I 
-0.0023 
+0.0040 · .. 

+0.017 
+0.013 
+0.009 
-0.047 
+0.005 

I 

I 
l 0.550 per atom % 
10.534 per atom % 
0.4458 

-0.00002 atom % 
± 1.54% 

--- . -··-

Error 

% 

-0.47 
+0.30 
-1.10 
+0.62 

· +o.rn. · 

+ 1.1,0 
-,-0.41 

. +l.24 
~1.59 

+2.76 

. +1.40 
+l:o? 
+0.74 
-3.88 
+0.41 

determining an enrichment of ± 0.004 atom % at the level of the natural 43Ca 
concentration. 

The precision of the method is not appreciably different from the expected preci
sion in determining the activity ratio when each activity is ineasured with a preci
sion of ±I %. It thus follows that prolonged counting to decrease the statistical 
error on the measured activity, or an increase in the irradiation period to -achieve 
the same result, may not be warranted. 

The· accuracy of the method may be deduced from the mean error, which is 
negligibly different from zero. The accuracy does, however, depend on the isotopic 
concentrations of 42Ca and 48Ca. It should be noted that the measurements deter
mine the ratio of 43Ca to 48Ca. For rriost tracer uses such a ratio is.s_ufficient: 
However, if the absolute isotopic concentration is required, this can readily be 
deduced if the concentration· of 48Ca is either assumed to be negligibly different 
from the value in nature, or is known. However, if the 42Ca concentration varies 

J. Radioanal. Chem. 3 (1969) 
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from sample to sample in a series of analyses, the accuracy of the determination 
of 43Ca will be seriously affected even though the precision remains unchanged. 
In such cases the contribution to the 43Sc activity from the lighter calcium isotope 
may be deduced if the samples, after decay, are reactivated with 3.0 Me V protons; 
all 43Sc will then be formed by the reaction 42Ca(p,y)43Sc, because the threshold 
for the nuclear reaction 43Ca(p,n)43Sc is 3.073 MeV. 

Conclusions 

A simple activation analysis method has been devised that is suitable for 
routine use for the determination of the isotopic concentration of 43Ca. Apart 
from relatively short-lived positron emitters, only two radionuclides are generated, 
and their half-lives are sufficiently different to enable each to be separately deter
mined from decay measurements. 

Any method for measuring /3, y-emitting radionuclides may be followed, because 
y-ray spectrometry is not really needed. In this investigation a scintillation detector 
was used because of its efficiency and convenience, but other y-ray detectors, or 
even beta-counters, could, in principle, serve equally well. 

This method thus provides an analytical tool which facilitates the use of 43Ca as 
an isotopic tracer for calcium. This isotope has an advantage over 48Ca because 
its concentration in nature is lower. 

* 
Financial assistance for this investigation was obtained from the South African Atomic 

Energy Board and from the South African Council for Scientific and Industrial Research. 
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INTRODUCTION 

The limited penetration of charged particles with 
energies of a few MeV makes them suitable for the anal
ysis of surface layers. · By measuring the energy spec
trum of the particles scattered from an incident beam of 
monoenergetic ions, the chemical composition of surfaces 
may be determined. Such measurements have been 
carried out with ions of hydrogen, helium and nitrogen 
using semi-conductor detectors to determine the energy 
of the scattered particle. 

Earlier work had been carried out with ions of 11f+ and 
2 H+ using magnetic spectrometers to analyze the energy 
spectra of scattered beams [ ~-4]. Nevertheless, despite 
the lower resolution obtainable with semi-conductor de
tectors, they have already been used to measure thin 
layers of gold by scattering of accelerated hydrogen ions 
1 ff+ [ 5], thin surfaces by the scattering of accelerated 
helium ions, 4 He+ [ 6], and geological samples by the 
scattering of alpha particles, 4 He++, emitted by a radio
active source [ 7]. 

In this paper the use of ion beams for the micro
analysis of surfaces is discussed. 

THEORY 

The Rutherford differential cross section P, per unit 
solid angle, at a mean scattering angle, 6, measured in 
centre-of-mass coordinates, for non-relativistic 

1195 
~eprinted from 'Electron and Ion Beam Science and Technology', 
~. Bakish (Editor), Proc. 2nd Instern. conf. 1966, Amer. 
nst. Mining, Metall. Petr. Eng., Gordon and Breach, New York 
1969), Vol II pp 1195-1213 . 
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bombarding ions is given by 

p = (Z, Z;ie2)2 

16 E2 Sin4 
(;) 

(1) 

where Zi, and~ are respectively the atomic number of 
bombarding ion and scattering atom, e is the electronic 
charge and E the energy of the bombarding ion. 

The energy of the scattered ion, E'.is given by 

E'_ M,Ma y- 1-2(1-Cose) (Mi +Ma )2 (2) 

where Mi. and Ma are respectively the masses of the in
cident ion and the scattering atom. To convert the centre
of-mass angle 6 to the laboratory angle BL, the value of 
e may be expressed as 

e = eL + arc Sin (~ SinOL) (3) 

When a monoenergetic beam of ions is scattered by a 
·target consisting of a monolayer of isotopic nuclei, the 
energy spectrum of the scattered particles measured at 
a selected angle is expected to consist of a single line. 
Due to the non-ideal behavior of the measuring apparatus, 
the line wili appear as a narrow normal distribution, of 
which the width at half its maximum height, is a measure 
of the resolution of the system. 

As the target thickness increases, more scattering 
nuclei are presented to the incident beam, so increasing 
the number of particles measured. However, the energies 
of the bombarding and scattered particles are degraded 
in traversing the target material, so that the energy spec
trum will spread to lower energies. With thick targets 
where the energy lost along the path length of the particle 
may be sufficient to stop the particle, the energy spec
trum will appear as a plateau ending with a maximum en
ergy E'. 

When attempting to ·differentiate between targets with 
different masses Ma and ~ ·it is desirable to have the 
energy difference between their corresponding values of 
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E' as large as possible, in order to overcome the inherent 
resolution limitations of the measuring system. It follows 
from equation (2) that the use of high energy ion beams is 
indicated. However, because the scattering cross section 
decreases with energy the increase in resolution has to be 
weighed against the decrease in count rate. Also, because 
the method is based entirely on elastic scattering, an up
per limit is imposed on the energy of the bombarding ion; 
it should not reach that level where inelastic scattering be
comes significant. 

Selection of Experimental Conditions 

Selection of Bombarding Particle 

The nature of the ion beam used for surface analysis 
determines the depth to which the ion of a fixed energy 
will penetrate, as well as the extent to which peaks from 
Ma and Mi will be resolvable. It is clear that a fixed 
energy E, penetration will decrease with increasing mass 
of the particle. Accordingly if information of composition, 
or composition changes, is sought at depths below the sur
face, lighter elements would prove more useful. Con
versely for the investigation of surfaces, heavy ions would 
a priori be expected to produce better results. 

The bombarding particle most suitable to distinguish 
between Ma and ~ may be selected by comparing the vari
ation of E' with the mass of the scatterer Ma for different 
particles. If the "mass sensitivity", S(:Mi) for the particle 
Mi, is defined as the variation of E'/E with unit mass in
crease, at constant angle B or BL we have 

S("" ) = -~- (E') = 2M,, (1-CosB)(M;i -Mi) (4a) 
n•i B - ~M:a E 9 (M1 +M:a )3 

S(Mi) ::--2... (E') = 2M,, (1-CosB)(M;i ·-M,,) 
BL -~M:; E BL (M1 + M.:i )3 

(4b) 
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from which the particle giving the greatest mass sensi
tivity for the mass number of the scatterer under investi
gation, may ·.be selected. A comparison between the mass 
sensitivities of singly charged hydrogen, helium and ni
trogen ions scattered at a laboratory angle of 135 ° is 
shown in Fig. 1 as a function of the mass number of 
scatter. At this angle, the use of hydrogen ions is ind
dicated for mass numbers less than 7, helium ions in the 
range 7 to 2 5 and nitrogen ions for mass numbers greater 
than 2 5 as determined by the points of intersection of the 
corresponding curves. 

The mass number corresponding to the intersection 
points, vary with the angle of scatter; at 90° for example, 
the curves of 8(4 He+) and 8(1 4 N+) intersection at about 16, 
whilst for angles approaching 180 ° (laboratory angles) 
the intersection is at about 30. In general inc. m. coor .. 
dinates the maximum mass sensitivity is obtained for 

, 
-.IP 
'wjui 

tc!!"' 

10·1 

9LAB .135• 

10~ 

10-3 

10 ... ._ __ _._ __ __._ ___ i..____;::,...____i 

0 50 100 
MASS NUMBER 

150 200 

Figure 1. Mass sensitivity of different ion beams calculated at 
0 

eL = 135 • 
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~ = 2M1 , but at a fixed laboratory angle BL the relation
ship is angle dependent. 

Selection of Angle and Energy 

Once the bombarding beam has been selected, the 
parameters that determine the experimental conditions 
are the scattering angle and the bombarding energy, · 
which in turn have to be chosen so that the E' values ob
tained from ~ and ~ are separated by an amount com
patible with the resolution of the detecting system. The 
selection of suitable experimental condi'tions would thus 
require repeatedly solving equation (2). For this purpose, 
the nomogram shown in Fig. 2 has been constructed. 

The lines in the nomogram are labelled e, E, B, 
AE/E and A. The angle e is the scattering angle in centre
of-mass coordinates, but for most practical purposes and 
especially so for heavy elements with light-ion beams, the 
value is sufficiently close to the laborat9ry angle. Where 
light elements or heavy-ion beams are used, adjustments 
may be made by using equation (3). E refers to the energy 
of the incident ion and 6E = E-E'. · Bis the difference in 
energy between the scattered particles from two target 
nuclei ~ and Mi as obtained from equation (2) thus, 

B = 1(~)~ -W:)~I (5) 

and represents the separation of two peaks in the energy 
spectrum. The mass factor, A, is defined by 

(6) 

For ease of operation extra scales have been included to 
convert ~ to A for Mi. values of 1, 2, 3 or 4, ·but more 
scales may be added to suit. 

The following two examples show how the nomogram 
may be used to select experimental conditions and to ob
tain qualitative data from experimental results, 
rapidly. 
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Figure 2. Nomogram for Selecting Experimental Conditions and for Rapid Evaluation of 
Experimental Data. The Lines Drawn Refer to Example 1 (see text). 
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Example 1 

Thin sandwiches of tin on gold on aluminum were to 
be measured with a beam of helium ions. The resolution 
of the detecting system was about 50 keV so that it was 
desirable to have B ~ 100 keV, ~ = 4, ~ = 197 (for 
gold), ~ = 119 (for tin). e was arbitrarily chosen as 
135°, being a convenient angle for measurement. To ob
tain the irradiation energy, the line joining e = 135° to 
the A value for each metal was drawn to obtain ~E/E. The 
difference between them was plotted on the same scale 
and connected with the point B = 100 keV. This line cut 
the E scale at 2. 5 MeV (see lines in Fig. 2). 

Example 2 

A geological sample was analyzed with 2. 5 MeV 
helium ions scattered through 135°. The energy spec
trum consisted of a series of plateaux with steps at~ 
values of 154, 497 and 920 keV. To identify the element 
associated with each step the energy of the scattered beam 
is comparedwith the incident beam energy, (or equivalent 
to an infinite mass for which (~)~ in equation (5) is 
zero). Under these conditions B = ~' so that by align
ing the B value with E = 2. 5 MeV a value of ~/Eis ob
tained. A second line joining this value toe= 135° gives 
the corresponding value of A and hence ~ . In this ex
ample it was found Ma had values of 204, 64. 5 and 32, 
being respectively Pb, Cu or Zn and S. 

EXPERIMENTAL 

Ion beams were obtained from the 5. 5 MeV Van de 
Graaf accelerator at the Southern Universities Nuclear 
Institute, from which beams of 1 H+ ions up to 2. 5 MeV, 
4 He+ ions up to 3 MeV and 14 W ions up to 1. 771 MeV 
were used for surface analysis. The upper energy for 
nitrogen ions was limited by the frequency measuring 
equipment which determined the magnetic field of the 
analyzing magnet of the accelerator. 
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A collimated beam with a cross sectional area of 
5 x 10-3 cm2 was used for surface analysis. 

Scattering was measured in an evacuated scattering 
chamber in which the relative directions of incident and· 
scattered beam could be externally adjusted, and in which 
the angle between the incident beam and the target sur
face could be pre-set. The scattered particles were · 
measured with se~i-conductor detectors which transmitted 
pulses to the c;ounting apparatus. 

2000 ohm-cm n-type silicon, as obtained from Messrs. 
Wacker-Chemie G.M. B.H., Munich, was used to con
struct surface barrier type semi-conductor detectors [8] 
with an active area of about 0. 2 cm2 • With 5. 48-MeV 
alpha particles from americium-241 these detectors gave 
resolutions of about 30 to 60 keV. The window thicknes~ 
was about 0. 05u which gave rise to an energy loss not ex
ceeding 50 keV for hydrogen and helium ions and about 
160 keV for nitrogen ions, but this energy loss varied 
with the energy of the particle falling on the detector in 
such a way that no deviation from linearity could be ob
served in the calibration line relating pulse height to 
particle energy for the three types of ions studied. How
ever, with increased detector bias, the pulse height in
creased as is shown for example in Fig. 3 for the 1166 
keV nitrogen ion scattered from cadmium at 120 ° (lab) 
from a beam of 1700 keV incident nitrogen ions. For 
most measurements the detector bias was 50 volts. 

MEASUREMENT OF METAL FILMS 

From equation (2) the maximum energy, obtainable 
from scattering at a selected angle, per unit energy of 
incident particle, E'/E, is a function of the mass of the 
scattering nucleus. This function is shown in Fig. 4 
calculated for helium ions for a laboratory angle of 135 °, 
about the largest angle of scatter that could conveniently 
be measured in the experimental scattering chamber. 
The resolution attainable with a detector of 50 keV reso
lution and an incident beam of 2. 5 MeV is shown for some 
elements. 

Calibrated gold films ranging from about 0. 2 to 40 
µ.g/ cm2 in thickness, were deposited on various backing 

-
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25 50 75 100 
DETECTOR BIAS (VOLTS) 

Figure 3. The variation of pulse height with detector bias. 
Measured with 1. 70 MeV nitrogen-ions scattered through 120° 
(lab) off cadmium. 

materials and measured with hydrogen [ 5] or helium 
ion [ 9] beams. The counts obtained from scattering off 
the gold, as obtained by integrating the counts under the 
peak due to gold in the energy spectrum, was used as a 
measure of the gold thickness. The results showed that 
the precision of the thickness measurement by scattering 
was better than ±3%, the precision with which the films 
could be calibrated by other means. The advantages of 
helium ion beams for such analyses have already been 
discussed [ 9]. 

Similar results were obtained with thin tin deposits, 
but for the analysis of tin plate, relatively thick tin de
posits on an iron backing, the same procedure could not 
be used. Instead, inspection of the measured energy 
spectra showed that the broad peak due to tin was sepa
rated from a plateau due to the underlying iron (see Fig. 5), 
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Figure 4. The variation of the energy of scattered helium ions 
with the mass number of the scattering nucleus; expressed as a 
ratio relative to the energy of the incident-ion and measured 
at 135° (lab). The error flags indicate resolution limits when 
a 2. 5 MeV beam is used with a detector of 50 keV resolution. 
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Figure 5. Energy spectrum of helium ions scattered from a 
thick tin coating on iron. The thickness of the tin may be obtained 
from the relative shift of the position for iron. 

and that the maxi.mum energy of the ion beam scattered 
from the iron had been degraded by energy loss of both the 
incident and scattered beams passing through the tin. 
This energy loss served as a means of measuring thick 
surface deposits. · In the case of nitrogen ion beams, the 
beams were not sufficiently penetrating to show the under
lying iron. 

When a film of an element has to be measured on a 
backing consisting of an element with larger atomic number, 
the expected peak in the energy spectrum would appear 
superimposed on the continuum corresponding to the back
ing (see Fig. 8 of reference 9). In such cases the preci
sion with which the film thickness can be measured is 
marred by the statistical errors inherent in the subtraction 
of large counts. Similarly the sensitivity of the analysis 
is expected to be somewhat less. 
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MEASUREMENT OF OXIDE FILMS ON ALUMINIUM [ 10] 

The anodization of aluminium results in the forma
tion of a uniform film of aluminium oxide over the metal, 
and the thickness of this film is a function of the anodiz
ing conditions. 

Standard thicknesses of aluminium oxide on alumin
ium were obtained by anodization of the metal, followed 
by a determination of the oxygen content by activation 
analysis using helium-3 beams. These standard films 
were analyzed by ion beam scattering. A typical spec
trum obtained with helium-4 ions is shown in Fig. 6. 

The spectrum clearly showed three plateaus, cor
responding to relatively thick layers of three entities. 
The energies corresponding to the· edges of two of these 
plateaus agreed with the energies calculated for surface 
atoms of oxygen and aluminium whilst the middle plateau, 
the energy corresponding to the edge of which varied with 
oxide film thickness, was identified as due to the ions 
scattered from the unanodized aluminium. As before, 
the energy difference between helium ions scattered from 
surface alumillium atoms in the aluminium oxide and 
aluminium atoms in the unanodized metal could be used 
as a measure of oxide film thickness. 

Some results are shown in Fig. 6 where the maxi
mum energy of helium ions scattered from the aluminium 
metal are shown plotted as a function of oxide film thick
ness .. From this figure it is clear that the thickness of 
oxide films from 10 to 100 µg/ cm2 thick could readily be 
measured with a precision of about ±3%. This procedure 
could generally be applied to oxide films on metals, pro
vided the film is thick enough to cause a moderate change 
in the -energy spectrum of the ions scattered from the 
backing material. 

When similar films were analyzed by nitrogen-ion 
scattering it was found that the low penetration of the 
beam made it impossible for ions scattered from the 
metal to be: observed. It was also observed that the ap
proXimate experimental data as obtained from the nomo
gram (Fig. 2) was grossly in error for the case of 
oxygen, owing to the fact that the mass numbers of 
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Anodized aluminium 
57.8 }Jg/cm2 Al2 03 

l
Aluminium 
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Energy loss 
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ENERGY OF HELIUM - 4 IONS (MeV) 

Figure 6. Energy spectrum obtained with 1000 keV helium ions 
scattered from anodized aluminium. 

nitrogen and oxygen were so close that the assumption that 
the centre-of-mass angle was approximately the same as 
the laboratory angle, no longer applied. 

Calculated values of E'/E for nitrogen-ion scatter 
from oxygen and aluminium are shown plotted in Fig. 8 
as a function of laboratory angle. From these two curves 
the corresponding variation of B(Al-0) with scattering 
angle was obtained. This showed a maximum at about 75 ° 
after which the value decreased to 180 °. However, even 
at 75 °, the energy of nitrogen-ions scattered from surface 
oxygen would only be some 165 keV per MeV incident 
energy. To obtain somewhat higher energies, it was found 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

1208 M. PEIBACH, D.O. POOLE 

550 Ecr.= 1000 KaV 

E1(KeV) 500 

450 

400:--~~~~~~~.L.....~~~-'---~~~-'-~~~..L..l 
0 25 50 75 100 125 

ALUMINIUM OXIDE FILM THICKNESS (JJ9/cm2) 

Figure 7. The variation of the energy of helium ions scattered 
from aluminium metal, as a function of the thickness of alumin
ium oxide on the surface. 

to be more convenient to measure nitrogen ions scattered 
through 60° (lab). The separation B(Al-0) is still suffi· 
ciently large at 60 ° to enable the elements to be resolved. 

Anodized aluminium with oxide films of about 30 
µ.g/ cm2 when measured at a laboratory scattering angle 
of 60° with an incident beam of 1. 70 MeV nitrogen-ions, 
appeared as an infinite layer of aluminium oxide. 

ANALYSIS OF SELF-SUPPORTING ALUMINA FILMS [10] 

Self-supporting alumina films ranging from 50 to 150 
ug/ cm2 in thickness were analyzed by helium-ion scatter. 
A typical energy spectrum is shown in Fig. 9. As was 
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Figure 8. The variation of energy of nitrogen-ions scattered 
from aluminium and oxygen with angle of scatter (lab). 

the case with metal films, the integrated count under the 
respective peaks coulti be used as a measure of the con
tent of the respective element. Results showed that the 
precision of the analyses were about ±3%. 

In Fig. 9 the shape of the peak for each element clear
ly shows it to be a double peak. As the number or particles 
scattered from a target of fixed mass at a fixed angle from 
a monoenergetic beam of fixed energy can only depend on 
the number of target nuclei per unit volume, the protrud
ing peak indicates a region of higher density within the 
film. The profile of the peak could thus serve to obtain 
density variations within a thin target, which could not be 
similarly analyzed by other methods. 
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Figure 9. Energy spectrum obtained from helium ion scatter off 
a self-supporting film of aluminium oxide. 

The same samples, analyzed by nitrogen-ion scatter 
appeared to be infinitely thick. 

ANAL YSIB OF FILMS OF COMPOUNDS 

Where the thickness of a thin film of a compound has 
to be measured on a backing material with atomic number 
less than that of the constituent elements of the film, the 
spectra that are obtained resemble those obtained from 
self-supporting films. An example of one such spectrum 
is shown in Fig. 10; the spectrum was obtained from a 
thin layer of cadmium sulphide evaporated onto aluminium 
and measured with an incident nitrogen-ion beam of L 70 
MeV at a scattering angle of 75° (lab). The peak due to 
cadmium is higher than that due to sulphur because the 
scattering cross section increases with increasing atomic 
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Figure 10. Energy spectrum obtained from nitrogen-ion scatter 
off a thin deposit of cadmium sulphide on aluminium. 

number (see equation (1)). Although the elements are 
clearly resolved, the thickness of the deposit causes the 
"peak" to appear squat and to merge into that due to sul
phur, which in turn merges with the continuum from the 
aluminium backing. It will be noted that the maximum 
energy of the nitrogen-ions scatte.red from aluminum is 
less than that calculated for surface aluminum. The dif
ference between the measured and calculated energy can 
again serve as a measure of the film thickness of CdS, 
which can be obtained either from calibration or from a 
knowledge of the rate of energy loss of nitrogen-ions in 
CdS, (dE/ dx)N'"· 
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ANALYSIS OF GEOLOGICAL SAMPLES 

Slice$ of geological samples when analyzed by ion
scattering appear as infinitely thick compounds and pro
duce spectra consisting of a series of plateaus each end
ing at an energy characteristic of the element under the 
conditions of the measurement. Such spectra have been 
obtained for helium-ion scatter (see Fig. 11) and for 
alpha particle scatter ['7]. With nitrogen-ions, the pen
etration is much less, so that local variations in the ore 
composition could have a marked effect on the analysis. 
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Figure 11. Spectra obtained from some geological samples 
analyzed by helium ion scatter. 
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THE DETERMINATION OF NICKEL ON METAL SURFACES 
BY PROMPT PROTON. SPECTROMETRY 

By C. OLIVIER* and M. PEISACH 

OPSOMMING 

77 

Die konsentrasie van nikkel in oppervlaklae van metale is nie-destruktief bepaal deur gebruik te 
maak van die spektrometrie van onmiddellike protone wat onstaan tydens 'n b"straling met 
3·5 MeV-deuterone. Die hoe-energie-protone van nikkel-58 is gebruik om die nikkelinhoud te meet. 
Die standaardfout van die. bepaling vir oppervlakkonsentrasies tot 100 µ.g/cm 2 is ±2·2 µ.g/cm 2• 

SUMMARY 

The concentration of nickel on surfaces of metals was determined non-destructively by the spectro
metry of prompt protons which are generated during an·irradiation ·with 3·5 MeV deuterons. The 
high energy protons from nickel-58 were used to measure the nickel content. For surface concentra
tions up to 100 µ.g/cm• the standard error in the determination was ±2·2 µ.g/cm 2• 

The limited penetration of charged particles with energies of a few MeV makes 
them suitable for the analysis of surface layers. Use has already beeri made of this 
property for the determination of surface concentrations of elements by the spectros
copy of elastically scattered charged particles. 1 - 6 Such methods are sensitive because 
charged particle scattering cross sections are usually large compared with reaction 
cross sections. However, the application is limited to cases where the targets are light 
elements, or the elements have widely differing mass numbers. 6 In particular, the· 
method is of little use for the determination of nickel on thick t·argets of the medium
weight elements having mass numbers between 50 and 70. 

To determine nickel on metal surfaces, it is a requirement that the prompt 
particles emitted from nickel should be distinguishable from those emitted by the 
elements in the substrate. However, unless some method is used to eliminate the effects 
of scattered particles, which usually exceed reaction products by at least one order of 
magnitude, it would be difficult ·to measure the prompt particles with sufficient pre
cision. One method of doing this is to measure the prompt products, from exoergic 
reactions, which have energies greater than those attainable by elastically scattered 
particles. 

If, however, the flux of scattered particles is very high, two (or more) seattered 
particles arriving coincidentally at the detector would be recorded as a single partiCle 
with a higher energy. In this way a low intensity continuum will build up in the spec
trum over the energy region where only prompt reaction products were expected. To 
eliminate such summation, the detector may be covered with an absorber thick enough 
to stop scattered particles, but sufficiently thin to allow the desired products to reach 
the detector. 

• Department of Cheillistry, University of Stellenbosch, Stellenbosch, South Africa. 
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Since most (d, p) reactions are highly exoergic, the ground state protons would be 
produced at energies far in excess of those ofthe scattered deuterons. This would have 
the ~dvantages that . · 

(i) the absorber thickness would not be very critical, and 
(ii) The energy spectrum of the transmitted particles would be relatively little 

disto.rted because of the low differential energy loss of energetic protons in 
matter. 

Furthermore, these reactions have relatively high cross sections even at compara
tively low bombarding energies of a few MeV, an<l hence offer a greater sensitivity 
when used for analysis. The Q-values of ( d, p) reactions on the nickel isotopes and those 
of several other elements of the same transition series are listed in Table I together with 
the maximum energy of protons obtained from a bombardment with 3·5 MeV deu
terons. The maximum energy of protons obtainable from the most abundant nickel 
isotope, ( 58Ni), is appreciably higher than that obtained from the most abundant iso
topes of the other elements listed in the table. Accordingly, an analytical metho<l for 

TABLE I 

Energies of ground state protons from (d, p)-reactions induced by 
3·5 Me V deuterons on some elements in the first transition series 

% I Maximum 
Target Natural Q-value7 Proton Energy 
Nuclide Abundance (l\IeV) i . MeV 

Cr-50 4·31 7·0451 10·537 
Cr-52 83·76 5·7169 9·217 
Cr-53 . 9.55 7·4967 10·988 
Cr-54 2·38 4·0294 7·529 

l\In-55 100 I 5·0459 8·546 

Fe-54 5·82 I 7·0742 10·567 
Fe-56 91·66 I 5·4170 8·914 
Fe-57 · 2·19 7·8179 11·308 
Fe-58 0·33 

I 
4·3603 7·860 

Co-59 100 5·2655 8·763 
I 

Ni-58 67·88 I 6·7788 10·272 
Ni-60 26·23 I 5·5962 9·093 I 
Ni-61 1-19 I 8·3749 l 1·864 
Ni-62 3·66 I 4·6149 8·118 
Ni-64 1·08 I 3·8779 3·441 

I 
I 

Cu-63 69·09 I 5·6914 9·l89 
Cu-65 30·91 I 4·8359 8·334 

i 
Zn-64 48·89 I 5·7636 9·261 
Zn-66 27·81 I 4·8289 8·327 
Zn-67 4· 11 7.9779 11·469 
Zn-68 18·57 

I 
4·2779 7.777 

Zn-70 0·62 3·8169 7·316 

J .:>URN AL ·oF THE SOUTH AFJl;ICAN CHE~flCAL. lNSTITUTE 1970, Vol. XXJII 
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determining nickel ba-,ed on prompt proton spectrometry, can be exrected to be refa
tively free from interference from nuclides with mass numbers in the range 50 to 70. 
Any interference which might occur would be ascribable to low abundance nuclides, 
the most likely of which are chromium-SO and 53, iron-54 and 57 and zinc-67. 

EXPERIMENTAL 

Preparation of standards. Standard thicknesses of nickel on coprer and tantalum, and 
· of copper and chromium on tantalum were prepared by electroplating and weighing. 
The surface film thicknesses ranged frc·m 10 to 5000 µg/cm 2, and the area of the circu
lar deposit was about 2 cm 2 on discs of 19·5 mm diameter. 

Irradiation. The standards, and sample discs of 20 or 25 mm diameter were irradiated 
in a 90-cm scattering chamber with a current of 0·5 to 4 µA of 3;5-MeV deuterons ob
tained fn,m the V~n de Graaff accelerator of the Southern Universities Nuclear Insti
tute. The collimated irradiation beam had a circular cross section of 3 min diameter. 
The current falling on the targets was measured with a currentintegrator. As it was not 
possible to cool the ·targets, low current densities were preferred even though the 
duration of an analysis was thereby increased. 

Measurement. The energy of the protons formed from (d, p) reactions on the target and 
emitted at an angle, 8, to the bombarding beam was measured in a silicon semi
conductor detector with a depletion layer of 700 p.m and a resolution of less than 45 
keV. This detector could measure protons up to 10 MeV. The scattered particles and 

Proton 1neigy cxcads detection limit 

Proton stopped In obsorblr 

100 200 300 400 500 600 
GOLD THICKNESS lmglcm'I 

Fig. 1. The effect of absorber thickness on the proton energy range that could be measured with a 
silico.n semi-conductor detector capable of measuring up to 10 MeV protons. 

JOERNAAL VAN DIE SUID-AFRIKA.ANSE CHEMIESE INSTITUUT 1970, Band XXIII 
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low energy protons were eliminated by placing a thin foil of gold as an absorber over 
the .detector. The appropriate thickness of absorber required was calculated from the 
known stopping power for protons. 8 A typical pair of curves showing the effect of gold 
thickness on the range of proton energies which could be measured with a detector 
capable of measuring up to 10 Me V protons, is shown as an example in Figure 1. 

RESULTS AND DISCUSSION 

Energy spectra of prompt protons. Typical spectra obtained from thin films of Cr, Ni and 
Cu on tantalum backings, and of the protons from the backing itself, are shown in 
Figure. 2. The proton groups Pi refer to the ith excited state in which the product 
nuclide was formed, and the nuclide labelled in the figure, refers to the target nuclide. 

A common feature of the spectra in Figure 2 is the large extent to which the 
energy of each proton group had been broadened by the use of the absorber. However, 
the resolution was still sufficient to distinguish each target element. 

loOOr-T~~--.~~~.--~~...-~~....-~~-.-~~ 

0 

'"cu 
ID 

40 la 

~ 

0 

20 

0 50 200 300 
OIAHNEI. NUMBER 

Fig. 2. Energy spectra of prompt protons obtained from the deuteron irradiation of thin layers of 
chromium, nickel and copper on tantalum. 

8 = 60°, Ed = 3·5 MeV, Au absorber = 196 mg/cm1• 
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Tantalum backings were u.;ed because the Coulomb barrier for such a heavy 
element, (Z = 73), was larg~. The cross section of the (d, p) reaction at 3·5 MeV was 
expected to be so small that prompt protons from it would be undetectable. This was 
not quite the case (see Figure 2). 

The high energy peak from protons of the reaction 53Cr(d, p0) was observed, but 
was not included in Figure 2 for the sake of uniformity. The high abundance of chro
mium-52 and the comparatively large cross section of the reaction 52Cr(d, p 0) gave 
rise to a prominent peak, characteristic of this element and suitable for use for 

· analytical purposes. . 
The proton energy spectrum obtained from nickel consisted of three prominent 

peaks which could be ascribed to the p0 and p2 groups from nickel-58 and a composite 
peak from nickel-60. These two nuclides are the most abundant nickel isotopes and 
would thus be the most likely ones to be measured for analytical purposes. The pe~ 
marked Z is from reactions leading to higher excitation states which were not resolved. 

No characteristic peak was found in the prompt proton spectrum of copper. The 
two unresolved humps are due to protons from reactions leading to a large number of 
relatively closely spaced excitation states. The energy corresponding to the point X, 
refers to the maximum proton energy obtainable from 6 3Cu under the conditions of the 
experiment, and Y to the corresponding energy for 6 5Cu. 

Analyses. Nickel is commonly electroplated on articles to improve resistance against 
corrosion, but objects made of iron or steel are seldom plated directly. Instead, the 
surface is first coated with a layer of copper from 6 to 70 mg/cm 2 in thickness before 
the nickel is deposited. It thus is most often necessary to determine nickel thicknesses 
on an underlying layer of copper. From Figure 2 no interference from copper may be 
expected when the counts under the high energy peaks in the nickel spectrum are 
integrated as a measure of the nickel content. 

300 

150 
CHANNEL NUMBER 

Fig. 3. Energy spectrum of prompt protons obtained from a deposit of nickel on a .copper backing 
· · irradiated with deuterons . 

. 8 = 60°, Ed = 3·5 MeV, Au absorber = 196 mg/cm1 • 

]OERNAAL VAN DIE SUID-AFRIKAANSE CHEMIESE INSTITUUT 1970, Band XXIII 
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Figure 3 show!. the spectrum obtained from a typical case where a film of r.ickel 
apJ?roximately 300 11g/cm 2 in thickness had been plated on copper. The peaks due to 
protons from nickel, as marked in the figure, can readily be distirguished from those of 
copper. The energy region over which the counts frcm nickel were integrated was from 
4·86 to 6·30 MeV whicb ~orresponded to energies between 9·36 and 10·32 MeV before 
the protons passed through the gold absorbers. 

30000 

10000 

00~~~-:-:;1000~~~~2~000~~..,-~3000'=-..,..._~-4000-'--~..,---Jsooo· 

NICKEL THICKNESS ( pglan') 

Fig. 4, the variation of proton counts from nickel, with nickel thickness. 

TABLE II 

Some determinations of 11ickel films on coppe; by prompt 
proton counting 

II .Integrated \ 
l{nown nickel . proton co~nts i 

thickness , per umt : 
(p.g/cml) I beam current I 

::: I ::: 
28·5 I S66 

I 
37.4 

58·7 

76•5 

97·8 

797 

1233 

1796 

2242 

Measured 
nickel 

thickness 
{11-1?/cm2

) 

13·4 

20·6 

26·8 

36·7 

55·2 

79·1 

98·0 

Standard error = ±2·2 p.g/cm2 

·JOURNAL OF THE SOUTH AFRICAN CHEMICAL INSTITUTE 

Error 
(p.g/cm2) 

+O·l 

+2·8 

-1-7 

-0·7 

-3·5 

+2·6 

+0·2 
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The calibration, showing the variation of proton counts with nickel thickness is 
shown in Figure 4. The, curve reflects the decreased yield obtained for thick films 
caused by the decrease in the cross section of the reaction with decreasing deuteron 
energy. However, it can certainly be assumed that the calibration is linear up to 
100 µg/cm 2. Results of a typical series, carried out over this' thickness region, are listed 
in Table II. The standard error was ±2·2 µg/cm 2 over the whole region. This corres
ponds to a relative standard error of 2·2% for films of approximately 100 µg/cm 2, but 
the relative error increases for thinner films. With a bombarding deuteron beam of 
3 mm 2 area used in this investigation, and with a target inclined at 30° to the beam, 
the precision attained· is equivalent to a relative standard error of ±2·2% on 24 µg 
nickel. 

Possible Interferences. From the Q-values givenin Table I, the only nuclides among th~ 
elements considered, which can yield protons with energies greater than those from 
nickel-58 are chromium-SO and 53, iron-54 and 57 and zinc-67. All the other nuclides 
have Q-values at least 1 MeV lower than that of nickel-58 and hence cannot produce 
protons which '\\ill interfere in the analysis. Although nickel-61 can also yield higher 
energy r-rotons, it is obvious'that this isotope cannot interfere with the determination 
of nickel. When the energy levels 'in the product nuclei are taken into account, it is 
found that the following proton groups have energies within the region of integration 
defined for the nickel analysis: · · 

soer(p1), sscr(P1· P2), s4 Fe(p1, P2), s'Fe(p2) and 87Zn(p1, P2· Ps)· 

Despite the fact th~t the possible sources of interference are nuclides wifo rela
tively low abundances in nature, their· presence, unless corrected for, can introduce 
serious errors in the determination of nickel. Thus, test samples containing the inter
fering element on the surface in concentrations equal to that of nickel gave uncorrected 
results about 20% high with chromium, about 12% with iron and about 2% with zinc. 
However, the more abundant isotopes of the interfering element produced proton 
groups about 15 to 20 times as interise as the interfering ones, but in a different energy 
region of the spectrum. Their presence could thus be detected readily, and from their 
intensities, the extent of any interference in the nickel determination could be calcu
lated and the required correction made. 

The presence of interfering nuclides in the substrate poses a more involved prob
lem, but it less likely because of the copper·undercoat that is plated over the metal 
surface, as a result of which the energy of the deuteron beam on the surface of the sub
strate is at most, 2·9 MeV. From the variation of the cross section of (d, p) reactions 
~>vith enetgy& the yield expected at this energy is at least 10 times less than at 3·5 
Me V, and the energy of the proton groups produced would be lowered by an equiva
lent amount. Interferences from elements considered here would thus not be serious, 
but if other elem~nts caused interference, the identity of the element would not be ob
vious and elimination of the interference would require separate investigation. 

JOERNAAL VAN DIE SUID-AFRIKAANSE CHEMIESE INSTITUUT 1970, Band XXII I 
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DETERMINATION OF CHROMIUM ON METAL SURFACES 

BY PROMPT PROTON SPECTROMETRY 

c. OLIVIER*' M. PEISACH 

Southern Universities Nuclear Institute, P. 0. Box 17, Faure (South Africa) 

Surface concentrations of chromium were determined non-destructively on copper: 
and nickel substrates by prompt proton spectrometry during irradiation with 1~,S,~Me;Y 
deuterons. Ground state protons from 52Cr ~ere used as a measure of the <;Jµ;pmium 
content. The analysis required 5 to 30 min: The relative precision obtained was::±::'l.8 % 
on copper and ± 2.4 % on nickel substrates, respectively. ·c: . . 

~ 

Introduction 

With the use of solid state detectors, procedures based on elastic scattering of 
charged particles have been developed to meet a variety of needs such as deter
mining the thickness of oxide films on aluminium1 or locating impurities in crystal 
channels.2

•
3 Such methods depend on the difference in energy between particles 

scattered from the element being analyzed and that from the matrix material in 
which the requited element is situated. 

When thin layers of chromium have to be analyzed on substrates of metals 
having medium atomic weight, such as iron, nickel or copper, scattering methods 
become difficult to use because the number of particles scattered from the sur
face chromium is usually small compared to the number of scattered particles of 
equal energy obtained from the sub-surface layers of the substrate. Furthermore, 
the mass numbers of the chromium and that of the substrate element are so close 
togeth'f[~·t]lat the particle~ scattered from the surface layers have almost the same 
energy.::and severe demands are made on the resolution of the measuring system. 
For example, the energy difference between protons scattered from chromium 
and from iron through 165° is only 5 keV per MeV of the incident particle. 

To overcome these difficulties, suitable nuclear reactions may be chosen such 
that the product particles obtained from the surface element and from the sub
strate may readily be resolved by the differences in their energies. The flux of 
particles falling on the detector will, however, not consist solely of particles 
produced in the nuclear reactions, but will also contain bombarding particles 

*Permanent address: Department of Chemistry, University of Stellenbosch, Stellenbosch 
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that were scattered in the direction of the detector. Since the cross-sections for 
elastic scattering are usually much larger than the cross-sections of the nuclear 
reactions concerned, the reaction products will be difficult to measure if their 
energies lie in the energy continuum. co.vered by the elastically scattered particles 
from the substrate. It is thus advantageous to use exoergic reactions from which 
product particles may be obtained with energies higher than attained by scattered 
particles. . 

The energy spectra as recorded by solid state detectors will show very high 
plateaux due to scattered particles, but in addition there may be a considerable 
continuum, caused by the summation of energies from two (or inore) coinci9ent 
particles, at higher energies in the region where nuclear products may be expected. """ 
To eliminate such summations, electronic pulse pile up rejection may be used, 
but it is simpler to cover the detector with an absorber just thick enough to prevent 
scattered particles from passing through and. yet to allow ,the product particles 
to, penetrate. Since (d, p) or (t, p) reactions. are usually ex9ergi~, these reactions 
would be suitable but most (d, a) reactions could not be used because of the 
limited penetration of alpha particles. In ·this investigation (d, p) reactions were 
used. 

Table l 

Ground state Q-values and product particle energies from (d, p) and (d, a) reactions 
on stable isotopes of Cr; Fe, Ni and Cu 

Target Natural Q-value,' MeV Maximum particle energy 

nuclide abundance, for Ed =3. 5 MeV and 0°, 
% (d, p) I (d, <1) · MeV 

I 
I 

I 
Ep E" 

socr 4.31 7.0451 4.9322 10.537 8.233 
s2cr 83.76 5.7169 4.5163 I 

9.217 7.840 
•3tr 9.55 7.4967 7.6294 10.988 10.825 
04Cr 2.38 4.0294 5.2167 7.529 8.521 

54Fe 5.82 7.0742 5..1677 10.567 8.474 
5GFe 91.66 5.4170 5.6578 8.914 8.951 
s7Fe 2.19 7.8179 8.2405 11.308 11.432 
ssFe 0.33 4.3603 5.4685 7.860 8.777 

ssNi 67.88 6.7788 6.5142 10.272 '9.782 
GONj 26.23 5.5962 6.0785 9.093 9.372 
GI Ni ' 1.9 8.3749 8.7232 11.864 11.915 
G2Ni . 3.66 4.6149 . 5.6145 8.118 8.929 

.G4Ni . 1.08 3.8779 
I 

5.1332 ·3.441 7.925 

G3Cu 69.09 5.6914 I 9.3481 9.189 12.524 
G5(;u 

I 30.91 I 4.8359 
I 8.9612 8.334 '12;161 
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Nuclear reaction kinematics 

When stable chromium, iron, nickel or copper nuclei are bombarded with 
deuterons of a few MeV, the most likely reactions yielding prompt charged 
particles are (d, p) and (d, oc) reactions. The relative Q-values and the maximum 
energies attained by the prompt charged particles from reactions induced by 3.5 
MeV deuterons are given in Table 1. Because the reactions are highly exoergic, 
many energy states can be excited in the product nuclei and the energy spectra 
of the prompt particles will thus extend from somewhat above 11 MeV to very 
low energies. 

The bombarding beam loses very little energy in traversing the surface layers so 
that the energy spectra from the surface elements may be expected to consist of a 

-, series of narrow peaks whose widths are determined by the resolution of the 
measuring system. By contrast, the bombarding beam may be entirely stopped 
by the substrate, and hence the energy spectrum obtained from reactions in it 
may be expected to consist of undulating plateaux caused by the broadening and 
overlapping of individual peaks. In this broadened continuum low energy peaks 
from the surface elements may be difficult to discern. Accordingly, low energy 
reaction products will be of little interest for analytical purposes and may be 
eliminated together with the scattered particles. 

Experimental 

Preparation of standards and samples 

Standard thicknesses ·of chromium were electroplated onto various metal discs 
usually over a circular area of 16 mm diameter. The thicknesses were obtained 
by weighing, but very thin deposits were also analyzed by neutron activation 
analysis. For comparison of spectra, thin films of nickel, iron and copper were 
electroplated onto tantalum. Metal discs thicker than the range of the bombarding 

' deuterons were cut from sheets with over 99.9 % purity. 

Irradiation and measurement 

Targets were irradiated inside a 90-cm scattering chamber with deuteron beams 
obtained from the 5.5 MV Van de Graaff accelerator of the Southern Universities 
Nuclear Institute. Beam currents ranged between 0.5 and 3.5 µA. 

Using 3.5-MeV deuterons, the energy spectrum of prompt protons from (d, p) 
reactions were measured with a silicon semi-conductor detector mounted on a 
rotating arm which enabled the angle of measurement to be changed as required. 
The resolution of the detector and the measuring equipment was better than 
45 keV. 

The detector was covered with gold foils, each of about 15 mg/cm2 thickness, 
to absorb the scattered deuterons and low energy protons. Four such foils were 
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sufficient to eliminate pulses from deuterons, but more foils were frequently 
used to enable the high energy protons, that would otherwise have passed through 
the detector volume, also to be stopped within the depletion layer of the detector. 
The effect of the absorber foils was to broaden the peaks obtained from each 
proton group and the broadening increased with absorber thickness. 

Results and discussion 

Energy spectra of prompt protons 

Typical energy spectra of the prompt protons obtained from thin films of chro
mium, iron, nickel and copper on tantalum backings and of the protons from the '
backing itself are shown in Fig. 1. The positions of expected peaks, each marked 
in the figure by an arrow labelled with the target m1clide from which the partic
ular proton group, P;, originates, are calculated according to the known nuclear 
energy levels of the product nucleus and reaction kinematics. The energy scale 
in the figure refers to the energy of the particle before passing through the absorber. 
This scale is not linear because the rate of energy loss of the protons in the ab
sorber decreases with increasing proton energy. 

In the spectrum obtained from chromium the peaks due to proton groups 
from 52Cr dominate because of the high abundance of this isotope. Of these peaks 
the two most prominent are those corresponding to the p0 and p 4 proton groups 
but the latter lies in an energy region where there is a greater likelihood of obtain
ing protons from other elements. The p0 group was accordingly preferred for 
analytical purposes and by integrating the number of counts under this peak, 
a value is obtained which is a quantitative measure of the concentration of chro
mium, while the energy of the protons indicates whether the chromium is in fact 
in the surface or below it. This integrated count is referred to as 'the chromium 
count'. 

Just as in the case of chromium, the proton energy spectrum obtained from 
iron is virtually that of a single isotope, in this case 56Fe. Each of the prominent 
peaks represents two or more proton groups that were not resolved under the 
conditions of measurement. The three proton groups with the highest energy, 
56Fe(p0, Pi. p2) sum to produce a spectrum peak which lies about 300 keV below 
that of 52Cr(p0). Although this separation exceeds the resolution of the measuring 
system, it can readily be seen that in samples containing a small surface concen
tration of chromium in the presence of a large surface concentration of iron, the 
chromium peak might be difficult to resolve as a result of overlapping by the tail 
of the composite peak from 56Fe. 

The proton energy spectrum from nickel consists of conveniently high energy 
peaks corresponding to 58Ni(p0) and 58Ni(p2) proton groups which enable nickel to 
be determined separately. 5 In addition the proton groups 60Ni(p0, Pi. p2) generate 
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Fig. I. Typical proton energy spectra obtained from thin films of chromium, iron, nickel and 
copper on tantalum irradiated with 3.5 MeY deuterons and measured at 60° 
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a composite peak lying within 200 ke V from that of the ground state protons 
from 52Cr. This composite peak probably also includes counts from the proton 
groups 58Ni(p 4, p5, p6) which have similar energies. In the event of both chromium 
and nickel being present in surface layers the direct determination of chromium, 
as indicated above, would be impossible. It would then be necessary· to use the 
number of counts obtained in the high energy nickel peaks as a means for calculat
ing the extent of the interference in the energy region of interest for the chromium 
analysis. 

The spectrum obtained from copper shows no major peaks. This is probably 
due to the fact that there are several proton groups which are produced with sim
ilar yields and with energies that cannot be resolved under the conditions of . 
measurement used here. It is thus unlikely that copper could seriously hinder 
determinations of chromium except when present in relatively high surface con- " 
centrations. 

The tantalum spectrum represents the background against which the measure
ments were made. Slight peaks appearing in the spectrum could be assigned to 

. protons from silicon and carbon deposits of which formed from residual silicon 
vacuum oil .vapours which decomposed at the heated point of incidence of the 
irradiation beam on the target. 

The effect of backing material 

1) Iron. Chromium is commonly electroplated on articles to improve their 
wear and appearance but objects made of iron or steel are seldom plated directly. 
Instead, the surface is first plated with a layer of copper fr.om 6 to 70 mg/cm2 

in thickness, and sometimes further plated with nickel before the chromium is 
deposited. When 3.5 MeV deuterons are used to measure the thickness of chro
mium, the energy of the deuteron beam at the surface of the iron is at most 
2.9 MeV, having lost the extra energy passing through at least 6 mg/c,m2 of ~op
per.6 It follows that the maximum energy o'f the 56Fe(p0) proton group would be 
at least 900 keV less than that of the 52Cr(p0) group from chromium o.n the sur- / 
face. Under these conditions the 52Cr(p0) peak can readily be resolved fro:tn the 
spectrum of iron. 

2) Copper. A typical spectrum obtained from a thick sample of copper is 
shown in Fig. 2. To facilitate comparison with the spectra in Fig. 1, the energy 
scales are the same in the two figures. 

From Figs 1 and 2 it can be .seen that the forward edge of the specfrum from 
thick copper just overlaps into the energy region covered by the peak from 52Cr(p0) 

protons. When the thickness of the chromium layer i~ less than about 100 µg/cm2 

it can be assumed that the deuteron beam undergoes a negligible energy loss when 
passing through it' and· that the energy spectrum of the protons from copper re
mains unchanged. The chromium count is then given by the difference between· 
that of the pure and coated cop·per. ' 
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When· the thickness of the chromium ·layer is between· 100 and 300 µg/cm 2 

this technique is no longer valid. The deuteron beam now loses at least 10 keV 
in the chromium surface layer with the result that the copper spectrum would 
undergo an apparent shift to the left equivalent to the energy lost in the chromium. 
Furthermore the yield of protons decreases with decreasing energy, so that the· 
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c 
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0 
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<fl 

c 
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Chromium on 
copper 

~--~-;:---~~~~2~5~0~.___, ... 

Chonnel number, 

._6,.....5_7,__,.~_a,__,~~_._9 ___ 10._ __ 1....1.1 __ _ 

Proton energy , MeV 

Fig. 2. Proton energy spectrum from a chromium film on copper compared with the spectrum 
from thick copper 

number of counts that have to be subtracted to obtain the chromium count is 
' now less than the value obtained from pure copper. Under these conditions the 

forward half of the peak representing the 52Cr(p0) proton group has the same 
shape as that obtained from a thin deposit of chromium and only the backward 
half is distorted by proton counts obtained from copper. By normalizing the known 
shape to the maximum and leading edge of the observed spectrum and integrating 
under the normalized curve a corrected value of the chromium count is obtained. 
Because of the added curve-fitting procedure larger relative errors are introduced 
but these are compensated for by the better statistical precision arising from the 
increased count from the thicker chromium layer. 
. When the thickness of chromium exceeds 300 µg/cm2 the energy lost by the 
deuteron beam in it is at least 30 keV. This would cause such an apparent shift 
of the copper spectrum as to make the region of overlap relatively small, and hence 
would not cause any difficulty in determining the chromium count. 
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3) Nickel. A typical spectrum obtained from a sample of thick nickel is shown 
in Fig. 3. Whenever nickel is present as an undercoat for the chromium, the pro
ton counts from the nickel ·will play the part of a large background-count the 
effect of which will be to reduce· the precision of the chromium determin~tion 
The analysis would be further complicated by the fact that just as was the case 
with copper, the f)ickel spectrum will undergo an apparent shift to lower energies 

' 4000 Thick nickel 

Qi 

'" 2000 c t/ 0 
..c 
0 
L 
Q) 
a. -$! 
c 
::; 
0 

(_) Chromium on 
nickel 

2000 

30 
Chonnel number 

6.5 7 8 9 10 11 11.5-

Proton energy, MeV ~ 

Fig. 3. Proton energy spectrum from a chromium film on nickel compared with the spectrum 
from thick nickel 

according to the thickness of the chromium outer layer, but, unlike copper, the 
contribution from nickel. does not become negligible. 

The high energy hump in the spectrum of thick nickel (see Fig. 3) is almost 
entirely due to the 58Ni isotope, and apart from a negligible contribution of counts 
from 5~Cr and 53Cr, is not affected by the chromium content. A selected region 
near the top of this hump is integrated as a measure of the nickel contribution. 
This valueis called 'the nickel count'. 

To obtain the chromium count, the spectra of thick nickel and chromium-. 
coated nickel are compared. The ratio of the two nickel counts is used to normalize 
the spectrum of thick nickel to that of the coated sample. Thereafter the normalized 
nickel spectrum is shifted an extend equivalent to the difference .in the ene~gies. 
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between the tops of the nickel humps in the two spectra. The chromium count is 
then given by the difference between the integrated counts of the spectrum from 
the sample and the normalized spectrum over the energy region of the chromium 
peak. A secondary check is given by the resultant shape of the spectrum obtained 
if the normalized spectrum is subtracted from the observed spectrum of the 
sample. 

This treatment of the analytical data is valid only if the nickel layer can be 
considered 'infinitely' thick. According to the extrapolation of the excitation curve 
for the (d, p) reaction on 58Ni (see Section below), the yield of protons falls to 
about 1 % of its value at 3.5 MeVwhen the deuteron energy is 2.2 MeV. Accordingly, 

'"'- if the energy of the bombarding deuteron beam falls below 2.2 MeV within the 
/ nickel layer, the nickel may be considered 'infinitely' thick. This corresponds to 

a nickel deposit of 12.5 mg/cm2
• Such a restriction was, however, shown to be too 

stringent, because in the energy region of interest, the spectra obtained from 
varying thicknesses of nickel on tantalum were indistinguishable from those of 
thick nickel when the nickel exceeded 4.4 mg/cm2

• When this value is compared 
with the nickel thickness (6 to 40 mg/cm2

) normally applied as an undercoat for 
the electroplating of chrol!lium, it follows that the undercoat can always be con
sidered 'infinitely' thick. · 

'\ 

The .effect .ofdeuteron.·energy 

The variation of proton counts with deuteron energy between 2.45 and 3.90 
MeV is shown in Fig 4, for thin targets of chromium, iron and nickel. In the case 
of chromium, only counts from the 52Cr(p0) group were considered but counts 

• cpm 

• cpm ! cpm 56Fe(p0-P4l 

104 104 104 

io2 . ~ I - 102 102 I -
. 2.4 2.8 3.2 3.6 4.0 2.4 2.8 3.2 3.6 4.0 2.4 2.8 3.2 3.6 4.0 

Deuieron energ~1,MeV Deu1eron energy, MeV Deuieron energy, MeV 

Fig. 4. The variation of p_roton cou·nt"rate from deuteron irradiated chromium, iion and 
nickel measured at 60° as a function of deuteron energy. Counts were summed for the proton 

groups indicated 
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were summed for the p0 to p 4 proton groups from 56Fe, the Po to ·p3 groups from 
58Ni and the Po to p2 groups from 60Ni. . 

Since the proton yield increases with deuteron energy, it appears on the o·ne 
hand that the higher the bombarding energy the more sensitive is the analysis 
likely to be. On the other hand the proton yield from heavier elements increases 
appreciably towards the end of the energy range studied, with the res.ult that the 
higher background would lead to poorer precision. The energy of 3.5 MeV was 
selected as, a reasonable compromise. · 

0 
:;::: 
0 
'-

c 
::> 
0 
(.) 0.8 

Ed = 3.522 MeV 

0
·
6 

45 60. 75 90 105 120 
Laboratory angle, degrees 

Fig. 5. The variation of the proton counts from chromium relative to that from nickel as a 
function· of measuring angle.- The data were arbitrarily normalized to unit ~alue at 90° . 

Tlie effect of the angle of measurement 
( . ' 

By comparing the counts obtained with 3.5 MeV deuterons from different 
metals at the same measuring angle, it was found that the yield of proton counts 
from chromium changed more rapidly than that from· nickel. The ratio· of the 
chromium count to that from nickel is shown in Fig. 5 as a function of the measur~ 
ing angle between 45° and :120°. These limits were imposed by the configuration 
of -the -measuring equipment. 

Not only is the absolute yield from· chromium nigher at for'wa·rd angles, but the 
yield relative to that of nickel is also much higher than at backward angles'. Thus 
at forward angles better sensitivity and precision may be expected. Optimum 
conditions were shown to prevail at 60° and this angle was consequently chosen 
for the analytical determinations. 
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Calibration 

Standard thicknesses of chromium on copper were used to calibrate the meas
uring system. The variation of proton counts obtained as a function of chromium 
thickness is shown in Fig. 6. The calibration curve deviates from linearity for film 
thicknesses exceeding 600 µg/cm 2

, as a result of a decrease in the energy of the 
deuteron beam within the chromium layer and hence a decrease in the average 
reaction cross section. In the linear part of the calibration the number of counts 
recorded was 40.27 counts cm2 per µg for an irradiation with 1 millicoulomb 
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"S 30000 
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<fl c 
:::> 
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10000 

/ 
,,.._"' 
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/ , , 

Chromium thickness, }Jg/cm2 

Fig. 6. The variation of proton counts with chromium thickness, which serves as a calibration 
curve 

current. A different calibration curve is, however, needed when the experimental 
conditions, such as measuring angle or bombarding energy are changed. 

If each calibration point is in turn taken·to be an analyzed sample and the chro
mium thickness determined in terms of the others, the relative standard deviation 
was found to be ± 1.83 %-

Precision and accuracy 

From the above discussion the method seemed to. be least precise when chro
mium films had to be measured over a substrate of nickel. This case was selected 
for determining the precision of the analysis with samples for which the chromium 
thickness was determined by weighing and checked by neutron activation analysis. 
Some results. obtained under the same conditions as pertained to Fig. 6 are given 
in Table 2. 

The standard error was ± 3.2 µg/cm 2 and the relative precision of the analyses, 
± 2.40 %, which was rather worse.than the precision attained for the calibration of 
the method. This was expected as a result of the enhanced interference of proton 
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counts from nickel, compared to those from copper. Some of the samples had 
chromium films thicker than the 600 µg/cm 2 limit of the linear relationship between 

Table 2 

Some typical results of chromium determinations on nickel 
-

Thickness, µg/cm' Counts Thickness Counts 

I 
per determined, per unit 

by weight 
by neutron millicoulomb µg/cm' thickness3 

activation 

988.8 984.5 
I 35,999 992.0 

I b 

490.9 498.5 19,711 489.5 40.15 
265.1 275.4 10,385 257.9 39.17 
166.6 157.4 6,716 166.8 40.31 • 
112.9 108.9 4,723 117.3 41.83 
- 73.5 3,003 74.6 40.86c 

I I 
• For 1 mCb current. 
b This value lies beyond the linear part of the calibration curve. 
c Calculated from thickness as obtained by neutron activation. 
No. of test samples: 16 
No. of test analyses: 41 
Relative standard deviation = ± 2.40 % 

Relative 
error. 
.% 

+0.32 
~.60 
-2.72 
+0.12 
+3.90 

-
I 

counts and thickness. In those cases the thickness was read off the.'q1.Ilbration 
curves. Jn other cases where the films were very thin, the test Sa1Dple{·Were not 
weighed and the proton counts were compared with the thickness as determined 
by activation analysis only. 

The ·accuracy of the method could be judged from the. mean error which was 
negligibly different from zero, and from the fact that the determinations showed 
no bias, whether compared with weighed standards or those analyzed by activation 
analysis. · ... : , · . t· 
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Activation Cross Sections for Deuteron-Induced Reactions on Calcium Isotopes up to 5.5MeV 

By TIELMAN J. DE WAAL*, MAX PEISACH and RENE PRETORIUS, Southern Universities Nuclear Institute, 
P. 0. Box 17, Faure, C. P., South Africa 

With 4 figures. (Received July 16, 1970) 

Abstract 

Calcium fluoride, of natural isotopic composition and isotopi
cally enriched, was activated with deuteron beams up to 5.5 Me V 
using a Van de Graaff accelerator. Activation cross sections 
were determined by gamma-ray spectrometry for the following 
reactions: 
•°Ca(d, cx)38K; 42Ca(d, n}43Sc; 43Ca(d, n}44Sc; 43Ca(d, n)••mSc; 
48Ca(d, p}49Ca; 48Ca(d, 2n}48Sc. 
The relative accuracy of the excitation functions is ± 8% 
except for the reaction 43Ca(d, n)••mSc, where the accuracy 
is± 15%. 

Zusammenfassung 

Kalziumfluorid von natiirlicher Isotopenzusammensetzung und 
mit Isotopenanreicherung wurde mit Deuteronen bis zu 5,5 Me V 
mit Hilfe eines Van-de-Graaff-Beschleunigers aktiviert. Die 
Aktivierungsquerschnitte wurden durch Gammastrahlungs
spektrometrie fiir folgende Reaktionen bestimmt: 
•°Ca(d,cx)""K; 42Ca(d, n)43Sc; 43Ca(d, n}44Sc; 43Ca(d, n)••mSc; 
48Ca(d, p}49Ca; 48Ca(d, 2n}48Sc. 
Die relative Genauigkeit der Anregungsfunktionen betragt 
±8% mit Ausnahme der Reaktion 43Ca(d, n)••msc, wo die 
Genauigkeit bei ± 15% liegt. 

Resume 

Al' aide d'unfaisceau de deuterons d'energie atteignant 5,5 MeV, 
obtenu grace a un accelerateur Van de Graaff, on a active du 
fluorure de calcium naturel en vue de la production d'isotopes. 
Les sections efficaces d'activation ont ere determinees par 
spectrometrie y pour les reactions suivantes: 
•oCa(d,cx)38K; 42Ca(d, n)43Sc; 43Ca(d, n}44Sc; 43Ca(d, n)44mSc; 
48Ca(d, p}49Ca; 48Ca(d, 2n}48Sc. 
La precision relative des fonctions d'excitation est de ±8%, 
saufpour la reaction 43Ca(d, n)••mSc, ou elle est de ± 15%. 

Activation analysis is a useful, sensitive and often 
highly specific method for determining a wide variety 
of elements and their isotopes. This technique is most 
often used with neutrons from reactors or generators 
where the energy distribution in the irradiation flux 
can be altered by the analyst only to a limited extent. 
Under such conditions the variation of the activation 
cross section with the energy of the bombarding particle 
is of minor importance. This is no longer the case when 
activation is induced by charged particle beams, the 
energy of which can readily be altered to suit the needs 
of the analyst. A knowledge of the relevant excitation 
functions would then enable the proper choice of the 
bombarding energy to be made, in order to produce the 
highest yield of the required activity but at the same 
time to suppress interfering activities as much as 
possible. Such information is also of importance for 
radionuclide production and for studies of nuclear 
reaction mechanisms. 

9* 

The increased interest shown by the medical profession 
in the use of stable calcium isotopic tracers has already 
resulted in the appearance of several nuclear methods 
for the determination of calcium isotopes [1-6]. One 
such method [6] uses deuteron activation and for it a 
knowledge of the excitation functions for the production 
of deuteron-induced radioactivities would be useful. In 
this investigation the activation cross sections were 
determined with a deuteron beam obtained from a 
Van de Graaff accelerator whose maximum energy 
was 5.5MeV. 

Experimental 

Preparation of targets 

Both calcium oxide and calcium fluoride have suitable 
thermal properties to withstand the high temperatures 
generated by charged particle beams. However, when 
targets of calcium oxide are exposed to the atmosphere 
they deteriorate as a result of chemical action. Further
more, fluorine is to be preferred to oxygen in targets 
irradiated with deuterons because the most likely 
deuteron-induced reactions on fluorine lead either to 
stable nuclides or to fluorine-20 which has a half-life 
of only 11 sec. For these reasons calcium fluoride was 
used. 
Enriched isotopes of calcium were obtained as car
bonate from the Oak Ridge National Laboratory, 
U.S. A. These were converted to the fluoride by fum
ing with hydrofluoric acid in a platinum crucible. The 
targets of calcium fluoride, in which the calcium was 
either of natural isotopic composition or enriched in a 
particular isotope were prepared by distilling the 
heated material in vacuum onto tantalum discs, 
0.25 mm thick. Deposits prepared in this way [5] had 
a thickness of about 200 µg/cm2 which could be 
reproduced with a relative precision of about 4%. The 
thickness of each target was determined by weighing. 

*Present address: S. A. Titan Products (Pty) Ltd., Umbo
gintwini, Natal, South Africa. 

1. E. JUNOD and J. LAVERLOCHERE, 'Proc. 3rd Intern. Collo
quium on Biology', Saclay, 1963. 
2. S. AMIEL and J. 0. JULIANO, Israel Atomic Energy Com
mission Rept. IA-933 (1964). 
3. M. PEISACH and R. PRETORIUS, Anal. Chem. 38, 965 (1966). 
4. w. F. BETHARD, R. A. SCHllHTT, D. A. 0LEHY, s. A. KAP
LAN, S. M. LING, R. H. SMITH and E. DALLE MOLLE, 'Nuclear 
Activation Techniques in the Life Sciences', I. A. E. A., Vienna, 
1967, p. 533. 
5. w. R. MCMURRAY, M. PEISACH, R. PRETORIUS, P. VAN DER 
MERWE and I. J. VAN HEERDEN, Anal. Chem. 40, 266 (1968). 
6. T. J. DE WAAL, M. PEISACH and R. PRETORIUS, Anal. Chem. 
41, 416 (1969). 
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Irradiation 

Samples were irradiated with deuteron beams of be
tween 1 and IO µA obtained from the 5.5 MeV Van de 
Graaff accelerator of the Southern Universities 
Nuclear Institute. The energy spread in the lieam was 
less than 0.1 %·Up to 12 sample discs could be mounted 
on a rotating sample holder [3], which fitted into a 
vacuum chamber attached to the beam tube of the 
accelerator, and rotated at about 100 rpm. 

Aluminium foils of different thicknesses were placed in 
front of each target thereby enabling data to be obtained 
simultaneously at 12 different deuteron energies. The 
energy of the beam in the middle of each target was 
determined from tabulated stopping powers [7]. The 
whole chamber was electrically insulated to obtain 
beam currents from readings with a current integrator 
[8], but these flux measurements were not sufficiently 
accurate for absolute determinations of cross sections. 
Activities formed in such multiple irradiations were 
however useful to obtain relative cross section values. 

Accurate flux measurements were obtained when single 
targets were irradiated in a Faraday cup at different 
bombarding energies. The construction of the Faraday 
cup was such that secondary electron emission was 
negligible. The relative precision of the current 
measurements was 0.1 % and its accuracy about 1 %· 
In these irradiations no aluminium foil was used to 
degrade the energy of the bombarding beam. 

Sets of relative cross sections obtained from the mul
tiple irradiations were normalized to all the absolute 
values obtained from the single irradiations by the 
method of least squares. · 

Measurement of radioactivity 

After irradiation, samples were analysed by gamma
ray spectrometry using a 3" X 3" NaI(Tl) scintillator 
or a 20 cc Ge(Li) detector, coupled to a multichannel 
analyser. Some of the radionuclides formed in the 
sample emitted beta-particles with appreciable energy. 
Because such negatrons tended to blanket lower energy 
photopeaks, it was found necessary to fit the detectors 
with a 'perspex' cap about 1.5 g/cm2 in thickness to 
prevent the beta-particles from being recorded and to 
minimize bremsstrahlung formation. 

The photopeak efficiency of the detectors was deter
mined with substandards of sodium-22, manganese-54, 
cobalt-57 and 60, yttrium-88, caesium-137 and mercury-
203, obtained from the National Physical Research 
Laboratory, Pretoria and the International Atomic 
Energy Agency, Vienna. The activities of the standards 
were known with an accuracy of about 1 %· 

Counting which started about 10 min after irradiation 
to allow time for very short-lived activities to decay, 
was continued periodically until sufficient data had 
been accumulated for the major components to be 
separately determined with the required precision by 
decay measurements. 

Calculation of cross sections 

The activity, A, produced in a sample containing N 
target nuclei by a bombardment with <P particles/s · cm2 

for a time ti is given by 

( -At·) A=a<PN 1-e i, (1) 

where a is the activation cross section and A. the radio
active decay constant. The cross section can then be 
calculated from 

M·C 
a=---------

.Afw an e <P (l - e-7.t)' 
(2) 

where 

.Al= Avogadro number= 6.0225 X 1023 molecules per g · mol 
C = number of counts recorded per unit time with a detection 

efficiency e, i. e. e A = C, 

and the target consists of w g of a compound with mole
cular weight M in which the number of atoms of tar
get element is n and the fractional isotopic abundance 
of the isotope concerned is a i.e. N = wan.Af/M. 
(In the case of both CaF 2 and CaO targets used here, 
n =I.) 
When using methods of gamma-ray spectrometry, the 
count ra~e, G, can more conveniently be replaced by G', 
the number of counts in the relevant photopeak of the 
gamma-ray spectrum recorded over a period tc, the 
middle of which is a time ta after the end of the irra
diation. Correction can then be made for decay, and 
eq. 2 can be rewritten in terms of the measured para
meters as 

M C' nd' ti x 1.6 x 10-1• 
a= . - . -- . --~c------

e pa.Al fc 4w Q 

/ta 
(3) X ( -1.t·) · 1024 barns, 

1 - e i 

where 

e = the efficiency measured in photopeak counts per gamma
ray, 

p = the gamma-ray intensity in gamma-rays per disintegra-
tion, 

w = the total weight of target material 
d = the diameter of the target area 
Q = the integrated irradiation current in coulombs. 

The third factor represents the surface concentration in 
g/cm2

• 

Results and Discussion 

Since the main stimulus for this investigation was to 
obtain data for isotopic dilution experiments and since 
in such investigations the isotopic composition of the 
samples is not much different from that of the natural 
element, only those reactions were considered from 
which measurable amounts of radionuclides were 

7. C. F. WILLIAMSON, J.-P. BouJOT and J. PICARD, Rept. CEA
R 3042 (1966). 
8. E. BLIGNAUT and J. J. KRITZINGER, Nucl. Instr. Methods36, 
176 (1965). 
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Fig. 1. Gamma-ray spectra obtained from the decayofanatural 
calcium fluoride target irradiated with 5.120 MeV deuterons. 
The 3088-ke V peak is the second escape peak from the 4110-ke V 
gamma-ray from 49Ca (not shown in the figure). Curve A: after 
0.168 h decay; Curve B: after 2.118 h decay; Curve C: after 

90.633 h decay 

generated in deuteron-irradiated calcium of natural 
isotopic composition. These radionuclides are listed 
in Table I. Some typical spectra obtained from a 
single sample during its decay are shown in Fig. I. 
Some of the activities could have been formed from 
more than one calcium isotope. One of the ways in 
which scandium-44 and 44m could have formed is by 

Table 1. Nuclear data of radionuclides detected in natural calcium 
fluoride irradiated with 5 .5 Me V deuterons [9] 

Main Relative 

Radionuclide Half-life 
gamma-ray gamma-ray 

energies intensity 
(keV) (%) 

••K 7.71 m 2170 100 
(fJ+) 200 

4zK 12.36 h 1524 18 
4•Ca 8.8 m 3103 89 

4110 10 
43Sc 3.92 h 374 22 

(fJ+) 176 
44Sc 3.92 h 1156 100 

({J+) 188 
44mSc 2.44 d 271 86 
4BSc 1.83 d 983 100 

1040 100 
1312 100 

({J+) refers to positron decay and hence the appearance of 
511 keV annihilation radiation. 

a (d, y) reaction on calcium-42, but (d, y) reactions are 
very unlikely. This was confirmed experimentally by 
irradiating an enriched 42CaF 2 target at different deute
ron energies up to 5.5 MeV. No scandium-44 or 44m 
was found. The same applied to the formation of scan
dium-48 from the reaction 46Ca(d, y)48Sc. The yield of 
scandium-48 by this reaction was also expected to be 
minimal due to the low natural isotopic abundance of 
calcium-46. The formation of scandium-43 by the 
reaction 43Ca(d, 2n)43Sc was ignored because the highest 
energy used in this investigation (5.456 MeV) is below 
the calculated threshold of the reaction (5.472 MeV). It 
can thus be seen from Table 2 that each activity formed 
in a target of natural calcium, irradiated with deuterons 
having energies up to 5.5 MeV, could have been formed 
from only one reaction, except in the case of potassium-
42 at bombarding energies somewhat above 5 MeV, 
when this nuclide could have been produced by the 
reactions 42Ca(d, 2p)42K and 44Ca(d,1X)42K. 

Table 2. Possible reactions leading to observed radionuclides in 
deuteron-irradiated natural calcium 

Target 
Radio- Nuclear reaction 

Q-value abundance 
nuclide MeV [10] in nature 

% 

••K 4°Ca( d,<X )38K 4.6496 96.97 
42K 42Ca( d, 2p )42K -4.972 [11] 0.64 

4•Ca( d,<X )42K 4.2676 2.06 
49Ca 48Ca( d, p )49Ca 2.9189 0.18 
43Sc 42Ca( d, n)43Sc 2.6988 0.64 

43Ca( d, 2n)43Sc -5.229 0.145 
44, 44mSc 42Ca( d, y )44Sc 12.4092 0.64 

43Ca( d, n)44Sc 4.4816 0.145 
••Sc 46Ca(d,y)48Sc 14.5029 0.0033 

48Ca(d,2n)48Sc -2.718 0.18 

There are two nuclides, potassium-42 and scandium-43, 
for which the most intense gamma-ray has a low rela
tive intensity (see Table 1). 
Analytical methods for the determination of isotopic 
concentrations based on counting potassium-42 would 
thus have poor precision except for very enriched 
specimens. Interest in the determination of cross 
sections for its production is thus lacking. Scandium-
43, on the other hand, can be determined by counting 
positron annihilation gamma-rays instead of the weak 
375-keV photons it emits. When this alternative 
method is resorted to, it should be borne in mind that 
scandium-44 also emits positrons and is indistinguish
able from scandium-43 by its decay rate. When both 
of these scandium radioisotopes are present in an acti
vated sample, as was the case in all samples measured in 

9. C. M. LEDERER, J. M. HOLLANDER and I. PERLMAN, 'Table 
of Isotopes', 6th Ed. Wiley, New York (1968). 
10. C. MAPLES, G. W. GOTH and J. CERNY, Nuclear Data 2, 
429 (1966). 
11. F. EvERLING, L.A. KOENIG, J. H. E. MATTAUCH and A.H. 
W APSTRA, 'Nuclear Data Tables', Part I, National Academy of 
Sciences, Washington (1961). 
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Table 3. Cross sections of deuteron-induced reactions 

Reaction cross sections (millibarns) 

Radiochimica 
Acta 

(MeV) 4°Ca( d, ex }38K 42Ca(d, n)43Sc 43Ca(d, n)44Sc 43Ca(d, n)••mSc 48Ca( d, p }49Ca 4•Ca(d, 2n)48Sc 

5.456 4.77 ± 0.19 80.1 ± 7.5 76.6 ± 3.8 22.4 ± 4.5 134 ± 27 98.0 ± 3.9 
5.120 3.57 ± 0.19 76.5 ± 7.6 74.8 ± 3.9 llO ± 17 73.2 ± 5.1 
4.954 3.52 ± 0.25 57.8 ± 3.6 66.1 ± 2.7 8.7 ± 2.9 92.8 ± 8.9 46.5 ± 3.7 
4.787 3.70 ± 0.19 67.l ± 6.7 76.0 ± 7.6 94.1 ± 9.4 43.0 ± 4.3 
4.450 2.76 ± 0.11 64.3 ± 6.0 78.5 ± 3.2 11.8 ± 3.9 88.2 ± 3.6 35.9 ± 2.8 
4.404 2.81 ± 0.16 63.9 ± 6.5 81.1 ± 5.9 91.0 ± 9.1 32.2 ± 2.5 
4.026 2.20 ± 0.15 50.0 ± 5.0 68.9 ± 6.9 72.0 ± 7.2 14.0 ± 2.7 
3.950 2.05 ± 0.21 48.0 ± 3.2 73.4 ± 3.0 7.6 ± 2.4 63.1 ± 3.8 7.5 ± 1.0 
3.612 1.86 ± 0.10 47.0 ± 4.7 58.8 ± 4.9 56.0 ± 5.5 
3.440 2.03 ± 0.12 40.9 ± 3.9 54.7 ± 2.6 9.8 ± 2.9 62.6 ± 2.5 
3.156 1.32 ± 0.10 24.8 ± 2.5 41.5 ± 8.2 35.0 ± 3.5 
2.937 1.03 ± 0.o7 20.1 ± 2.0 28.8 ± 1.3 2.45 ± 0.70 33.6 ± 1.4 
2.675 0.4 78 ± 0.043 12.4 ± 1.2 21.2 ± 1.9 19.1 ± 1.9 
2.426 0.356 ± 0.023 6.37 ± 0.54 11.3 ± 0.6 1.34 ± 0.43 16.0 ± 2.5 
2.150 0.138 ± 0.011 2.66 ± 0.27 10.6 ± 2.0 7.15 ± 0.89 
1.910 0.044 ± 0.002 1.56 ± 0.13 2.53 ± 0.84 1.10 ± 0.31 4.98 ± 0.45 

this investigation, the contribution of scandium-44 to 
the yield of positron annihilation radiation can be deter
mined from the intensity of the l.159 MeV gamma-ray 
photopeak in the spectrum, thereby enabling scandium-
43 to be determined by difference. The precision of this 

method of determining scandium-43 was checked using 
calcium which was isotopically enriched in calcium-42 
(94.42 atom%, but still containing 0.06 atom% cal
cium-43) and calcium-43 (81.12 atom%, but with 
0.65 atom% calcium-42). The activity of scandium-
44m was obtained from the intensity of the 271-keV 
gamma-ray and of the 1.159 MeV gamma-ray of its 
.daughter, scandium-44g. The activities of potassium-
38 and calcium-49 were respectively determined from 
the intensities of the 2.170 and 3.10 Me V gamma-rays, 
while scandium-48 was determined from the intensities 
of all three gamma-rays listed in Table 1. 
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The cross sections at various deuteron energies below 
5.5 Me V were determined for the nuclear reactions 

4°Ca( d, ex )38K 
42Ca(d, n)43Sc 
43Ca(d, n)44Sc 
43Ca(d, n)••mSc 
48Ca( d, p )49Ca 
48Ca(d, 2n)48Sc 

and the results are listed in Table 3 and plotted in 
Figs. 2, 3 and 4. As was expected, the cross sections for 
(d, p) and (d, n) reactions were of comparable magni
tudes, because both types proceed through a 'stripping' 
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mechanism. The slightly higher cross sections for the 
( d, p) reaction is explained by the Oppenheimer
Phillips process. The low cross section of the (d, n) 
reaction on calcium-43 leading to the metastable state 
of the scandium-44 nucleus can be ascribed to the high 
spin value (6+) of this state, the 271 keV level, as 
compared to that of the ground state, (2+). 
Although the shape of the excitation function for the 
(d, ex) reaction on calcium-40 is similar to that of (d, p) 
and (d, n) reactions on the other calcium isotopes, the 
absolute values of the cross sections at corresponding 
energies are very much lower because of the increased 
Coulomb effect experienced by the emitted alpha
particle. 
The reaction 48Ca(d, 2n)48Sc is the only reaction 
studied which is endoergic. This is also the reason why 
the excitation function falls more rapidly than those 
of the other reactions, as the bombarding energy 
decreases. 

Accuracy and precision 

The energy of the beam from the Van de Graaff 
accelerator could be selected within ± 2 ke V. However, 
the energy spread within the irradiated sample depend
ed on the thickness of the target and the energy of the 
bombarding deuteron beam. For targets of 200 µg/cm2 

a beam of 2 Me V will lose about 35 ke V while a beam 
of 5.5 MeV will lose 20 keV. If the bombarding energy 
is considered to be at the middle of the target, the 
energy spread would be between ± 17 ke V and ± 10 
keV, which is negligible. 
The parameters that affect both the accuracy and the 
precision of the cross sections can be inferred from 
eq. (3). These are: 

(i) errors in the bombarding flux. 

The current integrator that was used to measure the 
bombarding current was calibrated immediately before 
and after use with a standard mercury cell and a 
standard resistance of about a megaohm. The inte
grated current falling on samples irradiated singly was 
measured with a relative accuracy of± 1 %·In addi
tion to this source of error, variations in the beam 
current could introduce detectable errors in the ac
tivity generated in the target. These errors were less 
serious for multiple than single irradiations because 
changes in the bombarding beam current occurring 
over periods of about 1 sec and longer were spread over 
all the targets and affected all· the activity yields 
similarly. The relative precision for multiple activations 
was thus very much better. 

(ii) errors in determining the thickness of the target. 

Since the area of the deposit could be well defined, the 
error in determining the average thickness was the 
error in weighing, which was not more than 1 % . The 

uniformity of the target was determined by autoradio
graphy and it was found that the thickness variation 
was within ± 3%. 

(iii) errors in determining the activity. 

The integrated counts in the photopeaks could readily 
be determined from the gamma-ray spectra, and the 
errors involved in measuring them were purely statisti
cal as determined by the number of events counted and 
the relative importance of the subtracted background. 
In view of the fact that the cross sections decrease 
rapidly with decreasing energy, cross sections measured 
at lower energies involved larger precision errors that 
could exceed ± 15%. In the case of the reaction 
43Ca(d, n)44mSc, still larger precision errors of up to 
± 33% were incurred due to the added uncertainties 
introduced in subtracting large backgrounds. The half
lives as given in Table 1 were accepted as correct. 

(:iv) errors involved in the absolute calibration of the 
spectrometer. 

The activities of the sub-standards used to calibrate 
the spectrometer were known with a relative precision 
of ± 1 %- Special care was taken to ensure that the 
sub-standards had the same geometrical form and a 
similar activity distribution as the irradiated samples. 
The automatic sample changer delivered samples to 
the counting position in" a reproducible manner, there by 
minimizing geometrical errors. The relative accuracy 
of the absolute calibration of the spectrometer was 
within 3%. 

The above errors contributed to the uncertainties in 
the cross sections listed in Table 3. Every cross section 
was considered as a separate determination and each 
error value listed in the table is the root mean square 
error calculated from all the relevant experimental 
conditions pertaining to the measurement. Since the 
curves drawn in Figs. 2, 3 and 4 are obtained from several 
separate determinations and are influenced by values 
at adjacent energy points, values read off the curves 
can be accepted with an accuracy of± 8%, except the 
excitation function of the reaction 43Ca(d, n)44mSc, 
where an accuracy of± 15% can be accepted. 
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ACTIVATION CROSS SECTIONS FOR 
PROTON-INDUCED REACTIONS ON CALCIUM 

ISOTOPES UP TO 5·6 MeV 

TIELMAN J. de WAAL*, MAX PEISACH and RENE PRETORIUS 

. Southern Universities Nuclear Institute, P .0. Box 17, Faure, C.P., South Africa 

(Received 23 October 1970) 

Abstract-Calcium fluoride, of natural isotopic composition and isotopically enriched, was activated 
with proton beams up to 5·6 MeV using a Van de Graaff accelerator. Activation cross sections were 
determined by y-ray spectrometry for the reactions: 

43Ca(p, n)43Sc; 44Ca(p, n)44Sc and 48Ca(p, n)48Sc. 

The relative accuracy of the excitation functions is· ±5 per cent except for the reaction 43Ca(p, n)43Sc, 
where the accuracy is ±8 per cent. . ' 

INTRODUCTION 

NUCLEAR methods have been used to determine 48Ca by neutron activation 
[ 1, 2] and recently methods using charged particle activation have been developed 
[3-5] to determine the relative enrichment of 43Ca and 48Ca. To utilise this latter 
technique to its best advantage, a knowledge of activation cross sections would 
be essential. In addition, the variation of cross section with particle energy has to 
be known, because unlike neutrons, charged particles undergo a rapid change of 
energy within the sample. Although activation cross sections for deuteron
induced reactions have recently been reported [6], information on reactions 
induced by protons is not available. Such information is also of importance for 
radionuclide production and for studies of nuclear reaction mechanisms. 

For target materials irradiated with a constant current of particles at a fixed 
energy, the specific activity produced would be directly proportional to the 
reaction cross section. At the end of the irradiation, the activity in the sample 
would be the sum of all the activities produced by various reactions on the 
components of the targets. By y-ray spectrometry and decay measurements the 
various radioactivities may be resolved and hence individual cross sections may 
be determined relative to one another. Absolute values may be obtained if the 
activities are determined absolutely or by comparison with a reaction of known 
cross section. 

*Present address: S.A. Titan Products (Pty) Ltd., UMBOGINTWINI, Natal, South Africa. 

I. E. Junod and J. Laverlochere, Proc. 3rd Intern. Colloquium on Biology, Saclay (1963). 
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In this investigation, the activation cross sections were determined with a 
proton beam obtained from a Van de Graaff accelerator with maximum energy 
of 5·6 MeV. 

EXPERIMENT AL 

Preparation of targets 

Enriched isotopes of calcium were obtained as carbonate from the Oak Ridge National Lab
oratory, U.S.A. (see Table 1). These were converted to the fluoride by fuming with hydrofluric acid 
in a platinum crucible. The targets of calcium fluoride, in which the calcium was either of natural 
isotopic composition or enriched in a particular isotope were prepared by distilling the heated material 
in vacuum onto tantalum discs, 0·25 mm thick. The thickness of each target was determined by 
weighing. 

Table 1. Isotopic composition of calcium targets 

Main enriched isotope 
(atom-%) Natural 

Isotope •aca 44Ca 48Ca Ca 

••ca 12·78 1 ·35 15·67 96·97 
42Ca 0·65 0·04 0·31 0·64 
•aca 81-12 0·05 0·07 0·145 
44Ca 5·40 98·56 2·02 2·06 
46Ca 0·05 0·01 0·05 0·0033 
48Ca 0·05 0·01 81·90 0·18 

Irradiation 

Samples were irradiated with proton beams of between I and I 0 µ,A obtained from the 5·6 MeV 
Van de Graaff accelerator of the Southern Universities Nuclear Institute. Up to 12 sample discs 
could be mounted on a rotating sample holder[3], which fitted into a vacuum chamber attached to the 
beam tube of the accelerator, and rotated at about I 00 rev/min. Aluminium foils of different thick
nesses were placed in front of each target thereby enabling data to be obtained simultaneously at 12 
different proton energies. The energy of the beam in the middle of each target was determined from 
tabulated stopping powers [7]. The whole chamber was electrically insulated to obtain beam currents 
from readings with a current integrator[8], but these flux measurements were not sufficiently accurate 
for absolute determinations of cross sections. Activities formed in such multiple irradiations were 
however useful to obtain relative cross section values. 

Accurate flux measurements were obtained when single targets were irradiated in a Faraday cup 
at different bombarding energies. The construction of the Faraday cup was such that secondary 
electron loss was negligible. In these irradiations no aluminium foil was used to degrade the energy 
of the bombarding beam. 

Sets of relative cross sections obtained from the multiple irradiations were normalised to all the 
absolute values obtained from the single irradiations by the method of least squares. 

Measurement of radioactivity 
After irradiation, samples were analysed by y-ray spectrometry using a 3 in. x 3 in. NaI(Tl) 

scintillator or a 20 cm3 Ge(Li) detector, coupled to a multichannel analyser. The detectors were fitted 
with a "Perspex" cap about 1 ·5 g/cm2 in thickness to prevent beta-particles from being recorded and 
to minimise bremsstrahlung formation. 

The photopeak efficiency of the detectors was determined with substandards of 22Na, 54Mg, 
57Co, 6°Co, 88Y, 137Cs and 263Hg, obtained from the National Physical Research Laboratory, Pretoria 

7. C. F. Williamson,J.-P. Boujot and J. Picard, Rep. CEA-R 3042 (1966). 
8. E. Blignaut andJ. J. Kritzinger, Nucl. Jnstrum. Meth. 36, 176 (1965). 
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and the International Atomic Energy Agency, Vienna. The activities of the .standards were known 
with an accuracy of about 1 per cent. 

Treatment of data 

When a target of w g, material with molecular weight M, deposited over a circular area of diameter 
d, is irradiated for a total integrated current of Q coulombs, the activity of a product radionuclide 
for which C counts are measured in the photopeak of the spectrum over a counting period 10 is a 
measure of the activation cross section, u which is obtained from 

M C 7Td2 I; X l ·6 X 10-19 e~'d 
<T = epa. 6·0225 X 1023 • 4,. 4w · Q (1-e-~'1) X 

1024 

where t1 =duration of the irradiation 
td = the time between the end of the irradiation and the middle of the counting period 
e = the counting efficiency in photopeak counts per y-ray 
p = the intensity of they-ray per disintegration 

. a= the fractional isotopic abundance of the target isotope 
A= decay constant of the radionuclide concerned. 

The cross section measurements 

When isotopic concentrations are determined in isotope dilution analysis, the values obtained 
do not usually differ much from those of the natural element. Accordingly, only those reactions were 
studied from which measurable amounts of radioriuclides were generated in proton irradiated calcium 
of natural isotopic composition. The nuclear data of these radionuclides are given in Table 2. Some 
typical spectra obtained from the decay of a sample of natural composition irradiated with 5· l MeV 
protons are given in Fig. 1. 

The yields of scandium isotopes were obtained from integrating the counts under the appropriate 
photopeak and fitting the respective half-lives to the observed decay data. y-Rays of 1156 keV from 
44Sc and each of they-rays of 983, 1040 and 1312 ke V from 48Sc were used to determine these radio
nuclides. The 374 keV y-ray of 43Sc was not used because of the unfavourable peak-to-background 
ratio for. its photopeak (see Fig. 1 ). The yield of this isotope was obtained from the positron annihila
tion radiation. At proton energies below the threshold of the reaction 44Ca(p, n )44Sc, positron emission 
is due solely to 43Sc (see Fig. 2), but above 4·530 MeV positron emission is due to both 43Sc and 44Sc 
and the two are not resolvable by decay measurements. Under these conditions the contribution of 
44Sc was determined from the intensity of the 1156-keV y-ray photopeak in the spectrum, thereby 
enabling 43Sc to be determined by difference. 

Accuracy and precision 

Bombarding energy. The uncertainty in the energy of the proton beam was ±2 keV. For targets of 

Table 2. Nuclear data ofradionuclides detected in natural calcium fluoride 
irradiated with protons up to 5·5 MeV 

Radionuclide •asc 44Sc • 8sc 

Half-life 3·92 hr 3·92 hr 1·83 d 
Main y-ray energies (ke V) 374 (22) 1156 (100) 178 (6) 

and intensities (%) (.8+) (176) 983 (100) 
1506 (0·8) 1040 (100) 
(.8+) (188) 1312 (100) 

Method of production 43Ca(p, n) 44Ca(p, n) 48Ca(p, n) 
Q-value ofreaction (keV) -3004·3 -4429·0 -493·4 
Reaction Threshold (ke V) 3074 4530 504 

(.8+) refers to decay by positron emission and hence, the observation 
of 511 ke V annihilation radiation. 
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Fig. I. ·rRay spectra from natural calcium fluoride irradiated with 5· 1 MeV protons. 
A-2·7 hr after the end of the irradiation; B-5·1 hr; C-23 hr. 

200 µ.,g/cm2 the energy spread within the target would be± 11 keV at 2 MeV and ±5 keV at 5·5 MeV, 
which is negligible. 

Bombarding flux. The current integrator was calibrated before and after use and the relative 
precision of current measurements in single irradiation was ±0:1 per cent with a relative accuracy of 
± 1 per cent. In addition to this source of error, variations in the beam current could introduce detec
table errors in the activity generated in the target. These errors were less serious for m1,1ltiple than 
single irradiations because changes in the bombarding beam current occurring over periods of about 
1 sec and longer were spread over all the targets and affected all the activity yields similarly. . 

Target thickness. Since the area of the deposit could b.e well defined, the error in determining the 
average thickness was the error in weighing, which was not more than I per cent. The uniformity of 
the target was determined by autoradiogtaphy and it was found that the thickness variation was within 
±3 percent. 

Activity determination. The errors involved in measuring the integrated counts were purely statis
tical as determined by .the number of events counted and the relative importance of the subtracted 
background. c'ross 'sections measured at lower energies involved larger precision errors that could 
exceed ±9 per cent. In the case of the reaction 43Ca(p, n)43Sc, still larger precision errors of over 
± 15 per cent were incurred due to the added uncertainties introduced in subtracting the positron 
activity of 44Se. The half-Jives as given in Table 2 were accepted as correct. 

Absolute calibration of the spectrometer. The activities of the sub-standards were known with 
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Fig. 2. -y-Ray spectrum from natural calcium fluoride, 2·3 hr after being irradiated with 
4·5 MeV protons. The absence of 44Sc is clearly evident. 
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a relative precision of ± 1 per cent. Special care was taken to ensure that the substandards had the 
same geometrical form as the irradiated samples. The automatic sample changer delivered samples 
to the counting position in a reproducible manner, thereby minimising geometrical errors. The relative 
accuracy of the absolute calibration of the spectrometer was within 3 per cent. 

The above errors contributed to the uncertainties in the cross sections listed in Table 3. Every 
cross section was considered as a separate determination and each error value listed in the table is 
the root mean square error calculated from all the relevant experimental conditions pertaining to the 
measurement. Since the curves drawn in Fig. 3 are obtained from several separate determinations and 
are influenced by values at adjacent energy points, values read off the curves can be accepted with an 
accuracy of ±5 per cent, except the excitation function of the reaction 43Ca(p, n)43Sc, where an 
accuracy of ±8 per cent can be accepted. 

RESULTS AND DISCUSSION 

The cross sections at various proton energies below 5·6 MeV were determined 
for the nuclear reactions 

43Ca(p, n)43Sc 
44Ca(p, n)44Sc 
4BCa(p, n)4BSc. 

The results are listed in Table 3 and the excitation curves are plotted in Fig. 3 .. 
It is interesting to note that the 2·4d 44"'Sc was not detected from proton 
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Table 3. Cross sections of proton-induced reactions 

43Ca(p, n)43Sc 

E,, 
(MeV) 

5·574 
5·474 
5·183 
5·000 
4·792 
4·570 
4·340 
3-870 
3·610 
3-350 

.§ 
u 
GI .. 
ll: 
~ 
U· 10 

Millibams 

243·6±24·0 
198·8± 19·9 
227-3±22·9 
130·2±13· 1 
131·3± 13-4 
73·9± 10·1 
52·6±6·0 
30·3±4·0 
26·0±3-8 
14·3±2·9 

44Ca(p, n)44Sc 

E. 
(MeV) Millibarns 

5·574 81·9±7·1 
5-474 75·6±6·9 
5·394 67-8±6·0 
5·183 45·7±3·6 
5·000 28·3±2·1 
4.993 34·7±2·9 
4·792 26·0±2·1 
4·570 6·1±0·7 

Proton energy , MeV 

48Ca(p, n)48Sc 
E,, 

(MeV) Millibarns 

5·474 . 254-1±18·2 
5·284 255·1±18·1 
5-083 214·5± 14·8 
4·973 173-3±20·1 
4·883 196·1±15·1 
4-672 178·8± 12·6 
4·470 159·9± 11·9 
4·239 158·2± 11·8 
4·209 143·5± 10·5 
4·008 123·5±9·8 
3.755 91-9±7·6 
3·504 78:7±6·0 
3-464 71·1 ±4·9 
3·222 48·4±3·5 
2·888 30·8±2·2 
2·615 18·6± 1·7 
2·575 15·7± 1·2 
2·230 6·8±0·5 
1·895 5·1±0·6 
1·864 3·4±0·4 

Fig. 3. The theoretically calculated excitation function (dashed) for the formation of a 
compound nucleus from a target with a nuclear radius R = 1·3. A 113 x 10-13 cm and Z = 

20 is compared with the experimentally obtained excitation functions. 
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activation, although it was produced by deuterons of equal energy[6]. This is 
probably due to the high spin, 6+, of the metastable state, which can be populated 
from the very highly excited compound nucleus produced during deuteron irradia
tion, but which cannot be formed during proton irradiation because the compound 
nucleus is in a much lower state of excitation. 

In addition to the listed reactions, some of the observed radionuclides may 
have been formed by the reactions 42Ca(p, y )43Sc and 43Ca(p, y )44Sc. The latter 
reaction was not observed, since samples activated at energies below the threshold 
for the formation of 44Sc by the (p, n) reaction, showed no indication of the 
presence of this radionuclide in the y-ray spectrum (see Fig. 2). 43Sc, however, 
was formed at proton energies below the threshold of the reaction 43Ca(p,n)43Sc, 
and the cross section for its production by the 42Ca(p, y )43Sc reaction has been 
measured [9]. From t.he known concentration of 42Ca in the activated samples 
and from an extrapolation of the excitation curve of the (p, y) reaction, correc
tions were made to the measured yield of 43Sc to obtain the required cross section. 
Such corrections were usually small. 

· In .the energy region under investigation, (p, n) reactions on calcium isotopes 
proceed through a compound nucleus mechanism[lO].The excitation functions 
could thus be compared with a theoretical curve calculated from the theory for 
compound nucleus formation[l 1]. Such a comparison is shown in Fig. 3 where 
the measured curves are shown in relation to the calculated one (shown dashed), 
which approaches the value 1TR 2 asymptotically as the bombarding energy in
creases. At bombarding energies above 2 MeV the cross section of the (p, n) 
reactions on 48Ca approaches the theoretical· value because, apart from proton 
decay, neutron emission represents the only major mode of de-excitation of the 
compound nucleus, and the degree of excitation of the compound nucleus is 
sufficiently high to meet the requirements of the theory[l l] on which the calcula
tions were based. Thi.s state of affairs is reached at a bombarding energy of 
about 5 MeV for the (p, n) reaction on 43Ca and not at all for 44 Ca in the energy 
region studied, because the corresponding (p, n) reactions have relatively high 
thresholds. 

Since proton emission from the compound nucleus is. always a competing 
process, espedally at lower energies, the cross sections of the (p, n) reaction will 
be less than the theoretical value, as. is clearly illustrated by the curve for. the 
reaction 48Ca(p, n)48Sc in Fig. 3. At high energies the cross sections may be 
expec,:ted to decrease because the compound nucleus may be de-excited by the 
emission of otht;r particles when such emission becomes energetically possible. 
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The prompt gamma-rays from triton-induced reactions on 
oxygen were used for ~nalysis. The method had a relative 
precision of 2 to 3.5% for surface oxygen concentrations 
from so to 3 µg/cm2, The sensitivity with 1900 keV tri
tons was 0.13 µg/cm2 on surfaces of steel or copper but 
0.45 µg/cm2 on aluminium where interfering gamma-rays 
were emitted-. 

INTRODUCTION 

Triton-induced activation has been used for several 
I 

years as a means of determining Oxygen. In reactors the triton 

flux may be obtained by incorporating lithium-6 in the system, 

so that the primary reaction 6Li/n,a/t produces an in situ 

flux of 2.7 MeV tritons. A detailed study of this method has"' 

recently been reported. 1 With triton beams from accelerators, 

metal surfaces can be irradiated directly and the induced acti-

vity of fluorine-18 can be used as a measure of the oxygen 

content. By this method a sensitivity of Sxlo-3 µg,oxygen/cm2 

has been claimed. 2 

By measuring prompt y-rays with a relatively large detec-

tor placed near to the target, sufficient data can be obtained 

over a period which is frequently short compared ~ith the time 

xPresent address: Southern Universities Nuclear Institute, 
P.O.Box 17, Faure, C.P., South Africa. 

U9 .. ' 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

PEISACH: DETERMINATION OF OXYGEN 

needed for counting. Furthermore, if the triton beam has ·a 

relatively low energy, it may be possible to select conditions 

such that the count rate from oxygen is acceptable, while th~ 

yield from the matrix may be reduced by the Coulomb barrier 

effect! 

The most likely reactions induced by tritons with ener

gies up to 3 MeV, the highest energy available in this investi

gation, are /t,n/, /t,p/ and /t,a/ reactions. In the case of 
160 relatively few levels are available in the product nuclei 3 

so that simple y-ray spectrometry becomes feasible. 

We can use a convention to label they-rays: S/a,b/, 

where s is the identity of the light nuclei product particle 

and a and b are the level numbers between which the transition 

occurs. The two y-rays from the reaction 16o/t,p/18o are thus 

p/l.O/ and p/2.1/, and all /t,p/ reactions that do not produce 

180 in its ground state, have to be accompanied with the 

emission of p/l.O/ of 1982 keV. The more intense y-rays from 

the reaction 16o/t,nt18F will be n/l.O/ of 940 keV, n/2.0/ 

of 1043 keV and n/3.0/ of 1085 keV. De-excitation of higher 

excited states frequently occurs in stages thus adding to the 

intensities of these three y-rays._ The more intense y-rays 

from the reaction 16o/t,a/15N a~e expected to be a/l.O/, 

5271 keV, a/2 •. 0/, 5299 keV and a/3.0/, 6324 keV. These y-:i::ays 

of high energy are thus expected to be found in an energy 

region where the intensities of y-rays from other reactions 

are likely to be rather low, thereby making their use for 

analysis more attractive. 

120 
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Only a single peak from the reaction 16o/t,p/18o was 

detected, corresponding to they-ray p/l.O/, thus indicating 

that the cross-section for the reaction leading to the second 

excited state of 180 is probably low. 

When the peaks from the reaction 16o/t,a/15N are com-

pared with the other peaks in the spectrum, the poorer re

solution becomes obvious. No attempt was made here to isolate 

y-rays corresponding to any particular direction of emission 

of the a particle. The integral curve shows the broadening 

expected from the D8ppler effect. Because of the decreased · 

resolution it became impossible to resolve the y-rays a/l.O/ 

and a/2.0/. Qualitatively, y-rays involving transitions from 

the 5th excited state of 15N can still be identified, but 

for higher states the cross-sections are low because the ener-

gy available for the outgoing a particle becomes small rela

tiv& to the Coulomb barrier. Each of they-rays n/1.0/, 

n/2.0/, n/3.0/, p/l.O/ and the pair a/l.O/ - a/2.0/ cari be 

used independently for analysis. 

One set of counts obtained from a gaseous sample of oxy

gen, bombarded with tritons having a mean energy of 1900 keV 

and normalised to 1 me is respectively 1175.6; 1282.7; 303.3; 

725.9; 401.8; for 1 µg oxygen per cm2 or, 312.2; 340.7; 80.6; 
16 . 2 

192.8; 106.7 for 10 oxygen atoms per cm • These values re-

fer to measured counts and are not corrected either for absolute 

or for relative counting efficiencies. 

Accuracy and precisio~ 

Examples of analyses using tritons of different ~nergies 

are shown in Table 1. The results were based on the yield of 

123 
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TABLE 1 

Effect of bombarding energy 

Triton p/l.O/ counts measured Ratio energy 
/keV/ Aluminium 2 Aluminium 1 

2400 4752 4237 1.122 

2300 4678 3803 1.230 

2200 3970 3039 1.306 

2100 3333 2811 1.186 

2000 2433 2163 1.125 

1900 1758 1440 1.221 

Mean ratio by /t,py/ reaction: 1.198 ± 0.029 
Mean ratio by /d,p/ reaction 1.204 /ref. 4/ 
Relative standard deviation = 5.8% 

p/l.O/ y-rays, because i.t was expected that these values would 

be least precise as small gain changes in the measuring sys-

tern could result in the inclusion of counts from 2032 keV 

27Al n/2.0/ y-rays. 

The accuracy of the method was tested by comparing. the 

results with analyses using prompt-proton spectrometry from 

deuteron-induced r~actions. 4 The ratio of the surface con-

centrations of oxygen on the two aluminium samples was in ex-

cellent agreement with the corresponding value from the /d,p/ 

method •. It may thus·be concluded that the two methods are 

comparably accurate. 

The results given in Table 1 show a relative standard 

deviation of.±5.8%. This value is somewhat higher than expected 

from the statistical counting errors only, each count having 

124 
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been measured within a statistical error of between 2 and 

3.5%. The poorer precision may probably be accounted for by 

some interference from reac~ions induced in aluminium. 

Results of analyses of two other metal surfaces contain-

ing more oxygen are given in Table 2. In the case of the steel 

sample, two additional peaks were observed corresponding "'to 

TABLE 2 

Analyses with l~OO keV tritons 

y-ray 
used 

counts 
per 

100 lJC 

Copper 

Surface con
centration 
/atoms per cm2 / 

Steel 

counts 
per 

100 µC 

Surf ace con
centra~ion 2 /atoms p~r cm I 

1016 1016 
~-

n/1.0/ 1020 32.67 x 486 15.57 x 

n/2.0/ 1148 33.70 x 1016 542 15.91 x 1016 

p/1.0/ 640 33.20 x 1016 316 16.39 x 1016 

a/1+2.0/ 342 32.05 x 1016 158 14.81 x 1016 

Mean: 32.91 x 1016 15.67 x 1016 

By /d,p/ analyses 46.4 x 1016 15.6 x 1016 

12c n/2.1/, 1632 keV, and 12c n/l.O/, 2313 keV y-rays. The high 

intensity of these peaks points to the possibility of using 

them for determining surface concentrations of carbon. 

The surface concentration of oxygen qn the steel agreed 

well with the result obtained by prompt proton spectrometry. 

The large discrepancy between the results obtained by triton 

and by deuteron bombardment of the copper sample clearlly indi-
~-

cates that the surface had undergone a change during thk seve-
1 
; 

ral weeks that elapsed between the analyses. 

,/ 
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Sensitivity 

Elements such as iron or copper contribute little to t.he 

radiation background when bombarded with tritons below 2 ·MeV, 

but aluminium, generates an appreciable amount of radiation. 

Using the criterion that the sensitivity of the method is the 

surface concentration of oxygen that would yield a count equi-

valent to three times the standard deviation of the background 

count, the sensitivity, for an irradiation current of 1 me of 

1900 keV tritons, is about 0.13 µg/cm2 /5 x 1015 atoms/cm2 / for 

iron and copper, but only 0.45 µg/cm2 /or 1.7 x 1016 atoms/cm2 / 

when aluminium is analysed. Clearly, the sensitivity can be 

improved if longer irradiations are acceptable, and if adequate 

screening against outside radiation is provided. 

Thanks are due to Madame D.Magnac-Valette, of the Faculty 

of Sciences, Strasbourg for permission to use their facilities 

and to Madame I.Link and Mr.L.Kraus for their help with the 

electronic and measuring equipment. Mr.B.Vialatte assisted with 

some of the.measurements and Dr.J;Siegka and Dr.G~Amsel of 

Ecole Normale Superieure, Paris kindly performed the /d,p/ 

analyses. 

Financial support from the Pierre sue Laboratory of the 

C.N.R.S. at Saclay made the investigation possible. 
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viously sticked to metal planchets. The average thickness of 

the paper was 7.2 t 0.2 rrq/cm2 and th.e pipetted droplets were 

spread over a circular area about 8 to 15 mm in diameter. The 

resulting samples had an effective thickness between 18 and 

32 rrq/cm2• over this range of thicknesses, no change in count 

rate~ due_to self•absorption, could be observed., in agreement 

with· previously reported results. 3 The aliquot samples were 

measured.with a Ge/Li/ y-ray spectrometer to determine the 

ilodium-24 activity so as to be able to correct for pipetting 

errors, and the bromine concentrations were expressed relative 

to the activity of 24Na. 

Irradiation 

Samples were irradiated for periods .ranging from 10 sec 

to 5 min. Two reactor facilities wen! used, one in OSIRIS, 

where the thermal flux was 2~sx1018 m-2s-1 , ancl the other in 

the EL3 reactor with a thermal neutron flux of 6.6x1016 m-2s-1 • 

Measurement 

When bombardment• were carried out in EL3,· counting usual

ly started at about 2 min after the end of the bombardment. In 

the case of samples irradiated in.OSIRIS the recovery system 

inv6lved a manual transfer stage which increased the dealy to 

about 6 min after the end of the bombardment. 

The samples were mounted_ in a geometrically reproducible 

position below a thin Hal crystal 3 cm in diameter and 3 111111 in 

thicknesa, covered with .a- 20 rrrg/cm2 beryllium window. The 

crystal was 9ptically connected to a photomultiplier and pulses 

were transmitted through a preamplifier to a multi-channel 

analyzer. 

269 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

PEISAC81 ACTIVATION ANALYSIS OF BROMINE 

When relatively high bromine activities were mea•ured, 

counting lasted for about 2 min. For routine analyses, sample• 

were counted for a live time of 4 min, but because most 

samples were very active, the added decay of the bromine activi• 

ty caused by the dead time of the counter could not be neglected, 

and for this reason clock time was also recorded. Most counts 

lasted about 5 to-6 min. 

-RESULTS AND DISCUSSION 

X-Ray spectromet:!Y 

A typical spectrum obtained from a ·~i.~ie containing on-. 

ly aqueou• AllllllOniuni bromide solution is shown in Fig.l. Short

ly after the end of the bombardment, the spect~ consisted 

of a single peak corresponding to 11. 9 keV an4. '.~ slowly undu-

_ 1000 

" c 5, 500 
~ 
u 
&.. 

" 200 Q. 

UI 
100 -c 

:J 
0 

50 u 

0 20 40 60 80 100 120 140 160 180 
Channcil numbcir 

i";' t 

-~ • ..It 

Fig.l. Energy spectrum of bromine activity from the neutron ir
radiation of ammonium bromide for 10 sec at a flux of 
about 2x1014 m-2.- , taken 13 min and 33 s after bom
bardment· /upper curve/ and 74 min arid 37 s after the 
end of the bombardment ': 
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lating continuum. However,· as the decay proceeded and the inten

sity of the continuum decreased another peak became more pro

nounced, corresponding to 37 keV y-rays from aboUt sot of the 

decays of 80nlar that were not internally converted. The initial 

10000 

5000 
Bra1&33 µg /ml 

2000 
• c 
5 1000 J;; 
u ... • 4 500 

"' 2000 
I I I e I a Ir I et e Io I I It I•!. I -
~/ml 

c 
~ u 1000 

soo 
I I ft I I I ft I I a p I It I ft I.! t I I 

1000 ~µ~/ml. 
500 

0 20 40 60 80 100 
Channel number 

Pig.2. Energy apectra of natural blood'. J>lasma samples contain
ing 16~33, 3.0 and 0.84 µq bromine J)er ml. ~l! ir
radiated 1 min in' a neutron flux of' 6xlol2 m-;z.~ • ' 

very sharp peak, which appear1 to be caused by 2 keV.radiation, · 

Hems to be purely inst~ntal in origin, it• in.tensity vary

·ing with the total -acti•1ty of the sample. 

The resolution of the brc>mine K X-ray p98k, as given by 

the full width of the pHk at one half Of its maximum heiqht 
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/FWHM/ was about 6.3 keV and hence waa insufficient to resolve 

the 11.2 keV s~lenium·K X-ray, obtained from the electron cap

ture decay mode of 80sr, from that of bromine. It may thus be 

expected that the rate of decay of the spectral peak would con

sist of terms referring to 6.1 min 82lllsr and 4.4 hr 8°111sr, both 

of which yield K X-rays of bromine and to 17.6 min 80sr which 

yields selenium X-rays. 

Examples of spectra from blood plasma samples with dif

ferent bromine concentrations.are shown in Fig.2. 

Decay curve 

Decay curves of ammonium bromide samples, synthetic blood 

plasma solutions containing various amounts of bromine, and 

of high-bromine natural blood plasmas were measured, after 

activation for different periods of time at different neutron 

fluxes. The decay rate was measured over lonq·periods, depending 

on the activity of the samples, but all samples showed 4.4 hrs 

decay rate without indication of the presence of longer-lived 

radioactivity. 82s~ does not decay by X-ray emission, and was 

not observed. 

The relative activities of the isotopes A, indicated by 

subscripts, were calculated using the.nuclear data in Table 1. 

This ratio is time-independent for the conditions prevailing 

here. However, this relationship implies that the total decay 

proceeds through the emission of the R X-rays, since only K 

X-rays were measured to determine A. To correct for this simpli

fication with the values in Table 1, the ratio becomes: 

A80 : A80m : A82111 • 7 79 : 443 : io.ooo 
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TABLE 1 

Bromine radioisot~pes produced by th~~Jl!Jl~;neutron capture2 

Isotope &omar 

Half-life 4.4 h 

Abundance of 
target nuclide 

,,, 50 • 52 

a /n,y/ barns 2.9. 

Main y-rays · l7 
/keV/ 49 

Electron cap
ture /£/ 
relative inten
sity ,,, 

80sr 

17.6 min 

( 

so . 52 

8.s ... 

1a+1• t. 
618 
666 f 

s. 

.a2111sA • ~ -·82· . . . . r '-""Br 
~""., . ., .' .., ' 

.. ,,, 
. ..._i;,..,.,,..·;··t .. '!:m : ~t\ t 

.. 6.1.min-. -.-· .35. S . ..h.~. 

')\ j, (; • -,. t~ .... 

4JH •• i.48 ·49 . 48 

3:-@': .c. 'f o. 26 

~{;~ ,(_ .;;554 
777 619 

1475· ,. 
'· - .. ..,t <:: 698 

777 
ii .. (~~ 828 

1044 
i. ~- .. \ l 1317 

1475 
r,!· ... ~;, 

.. 

"' 

Internal con
version of 
y-rays 

/1/ 49 keV 
Cl - 400 

46 keV neqliqible 

K 
L • 3 

/2/ 37 keV 
<lg • l 

Cl - 382 
a: :.t.;,;: 268 '; ,. 

K 

/a/ , •• , refers to the emission of positrons and hence the 
presence of 511 keV-annihilation radiation 

·• ~ ·.~f 

Experimental values obtained for a variety of conditions, 

and expressed relative to 10.000 counts of 82lllsr were in good 

agreement for 8°lllsr, but somewhat high for 80ar. 

Precision 

Sami>les of •synthetic• blood plasma solutions containing 

known amounts of bromine were used to determine the precision 
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TABLE 2 

Precision of analyses 

Sample JCnowrC Activity Found Br Error Relative 
Br cone. ratio cone. IHJ/'lfll error 
µ9/ml measured 119/ml ,,, 

A 3.024 o.5170 3.012 - 0.012 - o.4o 

E 2.875 0.4965 2.903 +0.028 + 0.97 

B 2.419 0.3991 2.383 - 0.036. - 1.49 

c 2.268 0.3799 2.280 + 0.012 + 0.53 

G 2.195 0.3632 2.191 - 0.004 - 0.18 

D 2.016 0.2656 

F 1.512 0.240fi 1.536 + 0.024 + 1.59 

B o.826 0.1055 o.815 - 0.011 - 1.33 

r.m.a.error • t0.0226 µ9/ml 
relative std • H.15' 
deviation 

of the method. The results are expressed as a ratio of bromine 

X-ray counts to counts from the 1369 k~V y-ray of 24Na. 

Some of the analytical results are listed in Table 2. 'l'he 

root mean square error of the method involve• a concentration 

error of 0.023 µ9/ml and a relative precision of tl.2,. As on

ly 10 µl were used for analysis, the data show a root mean 

square error of t0.23 ng for b~omine contents between 10 and 

30 n9. 

Sensitivity 

In samples where the total radioactivity is small, the 

sensitivity of the method is high. Fig.3. shows a spectr~ ob

tained from such a low-activity sample containing 11.59 ng 
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bromine, irradiated in OSIRIS for 10 attc· and c:bWited for 

5 min. 

The integrated net count for thf~ 'sailipi~ waa···54i7 ~counts 

over a background of 2985 counts:• It.:~ acee~t tliii: the IMinsiti-

1000 

500 .. 
c 
c 
a 
s:. 
u 200 
a.. • Q. 

"' 100 -c 
::I 
0 u 

50 

20 

• 

0 

6t Smin. 
n.6ng.Br 

f-""'"" 

• 
-:rfJ.:. ,~ 

' 
• :"° 

CID @ .. ·~ •• -

• "- . • • -, •• 
0 :· 0. 

t•9308 min. :•\9\\ .. ' 

0 20 40 60 80 100 
Channel number 

.,,.f :t.. --r..l;. 

:W~,. t ,,C 
. ·~a \ 

Fig.3. Spectrum of sample with low total activity, containing 
11.6 ng bromine, 9.31 min after the end of the bombard
ment. 6t • 5 min. SaUll)le irrediated for 10 sec at a -
neutron flux of 2xlol~ m-2.-1 

vity of the method is the weight of bromine required to produce 

a count equal to three times.the standard deviation of the 

background count, the sensitivity of this Jnethod can be shown 

to be o.35 nq. 

When the sensitivity was determined in synthetic blood 

plasma solutions, the very high activity of the sample generated 
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a high background' which made it difficult to discern,peak• in 

samples containing leH than o.a pg/ml bromine /see Fig.2/ •· .. In· 

the presence of high radloaetivities, the· experimentally deter• 

mined sensitivity was thul[J t.akeil·h 7 ngbromine~ 
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Activation Cross Sections for Deuteron-Induced Reactions on some Elements 
of the First Transition Series, up to 5.5 Me V 

By PAUL P. COETZEE* and MAX PEISACH, Southern Universities Nuclear Institute, 
P. 0. Box 17, Faure, C. P., South Africa 

With 12 figures. (Received December 21, 1970) 

Summary 

Deuteron activation was carried out with deuteron beams up 
to 5.5 MeV with a Van de Graaf! accelerator. Absolute cross 
sections were determined by gamma-ray spectroscopy using 
a Ge(Li)- and/or NaI(Tl)-detector. Excitation functions were 
obtained for the nuclear reactions: 
5°Cr( d, p )51Cr; 55Mn( d, p )56Mn; 58Ni( d, n)59Cu; 
64Zn( d, n)65Ga; •°Cr( d, lX )48V; 54Fe( d, n)55Co; e 60Ni(d,n)61Cu. 

energy. However, as the yield is a function of target 
weight it is necessary to compromise between the 
uncertainty in the bombarding energy and the amount 
of activity obtained. In this investigation the target 
thickness ranged from 400-1000 µg/cm2 which corre
sponded to a energy loss of between 50 and 125 ke V 
for 2 Me V deuterons and between 30 and 70 ke V for 
5.5 MeV deuterons. 
Targets of natural isotopic composition were electro
plated on tantalum backings. 

e 

Zusammenfassung 

Mittels eines Van-de-Graaff-Generators wurde mit Deuteronen 
van maximal 5,5 MeV eine Deuteronenaktivierung durch
gefiihrt. Die absoluten Wirkungsquerschnitte wurden mit Hilfe 
van Gammaspektroskopie an einem Ge(Li)- bzw. NaI(Tl)
Detektor bestimmt. Fiir folgende Kernreaktionen wurden An
regungsfunktionen ermittelt: 
5°Cr(d, p)51Cr; 55Mn(d, p)56l\fo; 58Ni(d, n)59Cu; 
64Zn(d, n)65Ga; 5°Cr(d, cx)48V; 54Fe(d, n)55Co; 
60Ni(d, n)61Cu. 

Resume 

L'activation de deuterons a ete effectuee a !'aide de faisceaux 
de deuterons d'energie atteignant jusqu'a 5,5 MeV et produits 
dans un accelerateur Van de Graaff. Les sections efficaces 
absolues ant ete determinees par spectroscopic gamma avec un 
detecteur Ge(Li) et/ou NaI(TI). Les fonctions d'excitation ant 
ete obtenues pour Jes reactions nucleaires suivantes: 

socr(d, p)51Cr; 55Mn(d, p)56Mn; 58Ni(d, n)59Cu; 
64Zn(d, n)65Ga; 5°Cr(d, cx)48V; 54Fe(d, n)55Co; 
•oNi(d, n)61Cu. 

Introduction 

As a result of the rapid advances being made by charg
ed particle activation analysis, the need is being felt 
for data potentially of use to the analyst. Much of the 
existing data was obtained using cyclotrons, with the 
result that information in the low energy region is 
often lacking. For this reason the systematic study of 
activation reactions on the isotopes of calcium [1, 2] 
was continued with the heavier elements. In this 
investigation the deuteron activation of some elements 
of the first transition series, up to zinc (Z = 30) was 
measured. 

Experimental 

Target preparation 

Targets suitable for charged particle cross section 
measurements should be as thin as possible in order 
to reduce uncertainty in the effective bombarding 

1 Radiochimica Acta, Band 17, Heft 1 

When targets of enriched isotopes were required and 
only milligram quantities of material were available, 
other techniques were used such as molecular plating 
[3, 4], electrospraying [5, 6] vacuum deposition from 
a tungsten microcrucible [7] and the evaporation of 
small droplets [8]. Since the irradiation beam bombard
ed a portion of the total target area only targets of 
uniform thickness were accepted. The uniformity of 
the targets was checked by autoradiography after the 
samples had been activated. 

Irradiation 

Deuteron beams of between 0.5 µA and 12 µA were 
obtained from the 5.5 MeV Van de Graaff accelerator 
of the Southern Universities Nuclear Institute. 
Several targets could be irradiated simultaneously on a 
rotating sample holder [9] which was cooled by 
circulating compressed air. Up to 12 samples could 
be accommodated and irradiations at different 
energies were carried out simultaneously by inter-

* Present address: Department of Chemistry, University of 
Stellenbosch, Stellenbosch, C. P., South Africa. 
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posing aluminium foils in front of each target to 
reduce the beam energy. The beam energy at the 
midpoint of the target was calculated from tables [10]. 
Under these conditions targets were activated with 
the same total current at different energies, thereby 
enabling relative cross sections and the shape of the 
excitation curve to be obtained experimentally. 
Single samples were irradiated. inside a Faraday cup 
which permitted the accurate measurements of the 
total current falling on the target. In this way absolute 
determination of cross sections could be made at 
selected bombarding energies, and all the single 
irradiations obtained; in this way were used to nor
malize the relative ~alues by the method of least 
squares. 

Activity measurement 

The irradiated samples were counted and analysed by 
gamma-ray spectrometry using a 3" · 3" NaI(Tl) 
scintillation detector or a 30 cc Ge(Li) detector. 
The efficiency of the detectors was determined with 
standard activities of sodium-22, cobalt-60, yttrium-SS, 
caesium-137 and americium-245, obtained from the 
National Research Laboratory, Pretoria and the Inter
national Atomic Energy Agency, Vienna. 
The spectra were recorded for a preset time. However, 
a preset count single channel analyser connected in 
parallel was used to limit the counting period of 
very active samples. Spectra were automatically 
stored on magnetic tape. 

Calculation of cross sections 

The cross sections were calculated [l] from the equation 

M 0 nd2 t; · 1.6 · 10-1• e;. ta 
a = · - · - · · · ---- · 1024 barns 

nspaN tc 4w Q (1 - e-Ati) · 

M = molecular weight, 
a = fractional isotopic abundance, 
s = detection efficiency, 
p = gamma-ray intensity in gamma-rays per disintegration, 
n = number of atoms of target element per molecule, 
N =Avogadro's number, 
0 = number of counts in the relevant photopeak, 
tc = counting time (live time), 
d = diameter of target area, 
w =total weight of target material, 
ti = irradiation time, 
Q = integrated irradiation current in coulombs, 
ta = decay time 

Results and Discussion 

The reactions 5°Cr(d,p)51Cr and 5°Cr(d,lX)4SV 

Enriched chromium-50 as Cr20 3 , was used for the 
study of these two reactions. One-hour irradiations 
of the samples produced sufficient activity but the 
measurements were started approximately 5 days after 
the end of the irradiation to reduce interference from 
short-lived products. 
In the case of the 5°Cr( d, p )51Cr reaction, the 319 ke V 
photopeak (Fig. 1) was integrated. Only the spectra 

were used in which the intensity of the 511 ke V photo
peak was comparatively low to avoid contributions 
from the Compton edge of the 511 ke V photopeak being 
included in the count representing the activity of 

· chromium-51. 

105 

s1Cr 
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(3+ 
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Fig. 1. Gamma-ray spectrum obtained from deuteron irradiated 
5°Cr20 3 • Ea= 5.5 MeV 

The activity of vanadium-4S was given by the inte
gration of the counts forming the 1311-7 keV photo
peak, as this peak was sufficiently resolved from all 
other activities. 
The caleulated values of the cross sections for these 
reactions are given in Table 1 and their corresponding 

\ 

excitation functions in Figs. 2 and 3. e 
Table 1. Cross sections for the deuteron-induced reactions on 5°Cr 

Ea Reaction cross sections (Millibarns) 
(MeV) socr( d, p )•1cr socr( d, (X )4ev 

5.468 247 ± 11 7.1 ± 0.4 
4.847 180 ± 9 4.1 ± 0.2 
4.471 175 ± 8 3.4 ± 0.4 
3.959 139 ± 6 2.8 ± 0.2 
3.631 96 ± 5 1.34 ± 0.13 
3.091 30.9 ± 2.5 0.42 ± 0.03 
2.939 24.7 ± 2.0 0.37 ± 0.07 
2.674 13.6 ± 1.0 0.12 ± 0.04 
2.349 7.1 ± 0.4 0.06 ± 0.02 

The reaction 55Mn(d,p)56Mn 

The deuteron irradiation of manganese produced only 
one radioactive product, 2.5S h 56Mn, whose activity 
could conveniently be measured. The simple gamma-ray 
spectrum obtained from it (Fig. 4) showed the intense 

10. C. F. WILLIAMSON, J.-P. Bou.JOT and J. PICARD, CEA 
R-3042 (1966). 
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Fig. 2. The excitation function for the reaction 5oCr(d,p)5ICr 
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Fig. 3. The excitation fonction for the reaction 6°Cr{d, <X)48V 
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l!'ig. 4. The gamma-ray spectrum of manganese-56 obtained 
with a Nal(Tl) detector. Ed= 5.51\foV 

l* 

846.9 ke V photopeak which was integrated to obtain a 
measure of the activity. The excitation function is 
given in Fig. 5 while the corresponding values of the 
cross sections are given in Table 2. 

Table 2. Cross sections for the reaction 55Mn(d,p)66Mn 
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Ed 
Reaction cross sections 

(Millibarns) 
(MeV) 651\'.ln( d, p )60Mn 

5.471 208 ± 10 
5.469 209 ± 10 
5.191 174 ± 9 
4.897 142 ± 7 
4.868 153 ± 10 
4.589 125 ± 6 
4.462 140 ± 7 
4:267 91 ± 4 
3.925 83 ± 4 
3.863 86 ± 5 
3.575 40 ± 2 
3.449 52 ± 3 
3.184 . 28 ± 1 
2.762 12.8 ± 0.6 
2.451 6.4 ± 0.6 
2.284 3.6 ± 0.2 
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l!'ig. 5. The excitation function for the reaction 551\1n(d,p)66Mn 

The reaction 54Fe(d,n)55Co 

Most radioactive products which are produced in the 
deuteron activation of natural iron, have long half 
lives, and long irradiations would have been necessary 
to produce sufficient activity. Since such irradiations 
are impractical, short irradiations were carried out 
and 18.2 h cobalt-55 was the only product determined. 
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Table 5. Cross sectfons for the rerwtfon uzn{d,n)esQa 

Ea 
(MeV) 

4.894 
4.483 
3.955 
2.949 
2.345 

R.eaction cross sections 
(Millibarns) 

64Zn{d,n}65Ga 

64 ± 3 
37 ± 2 
20.1 ± 1.1 
3.1 ± 0.2 
0.39 ± 0.03 

Accuracy and precision 

The largest error aff~cting the precision of the cross 
section values arises from the determination of radio
activity. The errors involved in measuring them are 
statistical as determined by the number of events 
counted and the relative importance of the subtracted 
background. The relatjve precision was less than 0.5% 
when high activities \vere measured but reached up 
to 20% in the case of.low activities. 
A second important error lies in the absolute cali
bration of the spectrofneter. The activities of the sub
standards used to calibrate the spectrometer were 
known with a relati~e precision of ± 1 % while the 
relative accuracy of the absolute calibration was less 

I 
than3%. 

1 
I 

l 

Since the area of the target could be well defined the 
error in determining its average thickness was the 
error in weighing which was within 2.5%. 

The integrated current falling on samples irradiated 
singly was measured with a relative accuracy of · 
± 1.5 % . The energy of the beam from the Van de 
Graaff accelerator could be selected within ± 2 ke V. 
The above errors contributed to the uncertainties in 
the cross sections listed here. Every cross section was 
considered as a separate determination and each error 
value is the root mean square error calculated from all 
the relevant experimental conditions pertaining to the 
measurement. 
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THE USE OF CHARGED NUCLEAR PARTICLES FOH ANALYSIS 

by 

M. PEISACH and R. PRETORIUS 

Southern Universities Nuclear Institute 

SAMEVATTING 

In aktiveringstudies kan die ligte elemente en elemente 

soos yster, waarvoor neutronaktiveringsanalise nie gevoelig 

genoeg is nie, bepaal word deur aktiveringsanalise· met 

gelaaide deeltjies te gebruik. Pront deeltjiespektrometrie 

brei die aktiveringstegniek uit en stel 'n mens in staat om 

isotoopkonsentrasies vir die meeste ligte elemente temeet. 

Gelaaide deeltjies se tempo van energieverlies na 

gelang van afstand is baie groter as die van neutrone. Hulle 

kan dus gebruik word om die elementinhoud van opp1~rvlakke 

te bepaal asook die wisseling in die konsentrasie van 'n 

komponent ae 'n funksie van diepte onder die oppervlak 

deur die energiespektrum· van elasties. verstrooide gelaaide 

deeltjies en van die prom gelaaidedeeltjie-produlcte van 

kernreaksies te gebruik. 

Elementlc:onsentrasies van oppervlaklae kan met die 

opwekking van ltenmerlc:ende X-strale vanaf oppervlakatome 

met gelaaide deeltjiestrale bepaal word. In geskikte .toe

stande kan oppervlakkonsentrasies van 1015 atome per cm2 

opgespoor en ondeed word. Deur goedgekollimeerde strale 

van gelaaJde deeltjies te gebruik en dit al langs die kanale 

·van 'n ltristal te rig, kan die aard en ligging van onsuiwer

hede vanaf die verstr~ide deeltjies verkry word wat die 

kristal langs ander kanaalrlgtings verlaat. 

ABSTRACT 

In activation studies the light elements and elements 

such as iron, for which neutron activation analysis is not 

sufficiently sensitive, may be determined using charged 

particle activation analysis. Prompt-particle spectiometry 

extends the activation technique· and enables isotopic con

centrations to be measured for most light elements. 

The rate of energy loss with distance in matter is 

much greater for charged particles than for neutron's. They 

can thus· be used to determine elemental compositions of 

surfaces and the variation of the concentration of a com-

ponent as a function of depth below the surface, using the 

energy spectrum of elastically scattered charged particles 

and of the prompt charged particle products from nuclear 

reactions. 

Elemental concentrations of surface layers may bC' 

determined by the excitation of characteristic X-rays from 

surface atoms with charged particle beams. l :nder suit able 

conditions, surface concentrations of 1015 atoms per .:m2 

can be detected and analysed. Using well-collimated beams 

of charged particles directed along the channels of a 

crystal, the nature and position of impurities may he obtained 

from the scattered particles leaving the cry st al along 

other channel directions. 

1. INTRODUCTION 

At the present state of acceleratortechnolog~. charged 

particle beams are obtainable which rarely penetrate more 

than a few millimetres in solids. Analyses carried out 

using charged particle beams are thus limited to thin 

samples, or other materials where the interest is in obtaining 

information about· regions near to the surfaceofthe sample. 

Bulk analyses can only be performed when the composition 

of the surface and near-surface region is assllmed to 

represent the bulk composition. At first sight this rest rin ion 

seems to be a disadvantage. but when charged partk :e 

beams are .used correctly, they can provide information 

not obtainable with other analytical techniques. Indeed, the 

nature of information obtainable is truly unique and many 

institutions have obtained accelerators spedfically for 

analytical use. The more recent such facilities include: 

Type Energy 
Location (MeV) 

Van derGraaff 2 l::cole Normale Superieure, 
Paris, France 

" 3 LARN, Namur, Belgium 

.. 3 University of Sussex, England 

.. 5,5 Aarhus University, Denmark 

" 5,5 Bell Telephones, llSA 

Cyclotron 30 AERE Harwell, England 

" 40(undet CNRS, Orleans, Fran..:e 
construe-
··~--\ 
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All thei;e facilities are used Jn close cooperation with 

industries and research p;roups connected with such fleldii 

as metallurgy, electrochemlstry. semiconductor materials, 

solid-stare physics and chemistry. 

In a short review paper such as this it is clearly 

cases, however, the presence of lnterferinp; activities in 

the sample necessitates rhc ui;e of ch('mical 8f~pararlnn 

after anlvatlon. Conramlnarlon ('auscll rlurinv: ··hcml<'al 

processing, frequently a problem in rirher ana /yr wa I mcth0cl11, 

is negligible as such contamination is non~radloactlve. 

impossible to deal adequately with each important application. Care must, however, be taken to prevent contamination 

Instead, the different aspects of 4harged particle usage will, before activation. In many cases the surface contamino·ms 

be discussed, starting with radioactivation analysis and may be removed by etching the sample before activation. 

thereafter dealing with (a) prompt techniques used during Of all the light elements, the analysis of oxygen has 

the bombardment, viz. scatterin~ methods when no nuclear probably attracted most attention. Schweikert and Rook(J) 

reactions are involved, and (b) prompt-product epectrometry in the USA have determined oxygen in very pure silicon 

from nuclear reactions. Thereaft~r mention will be made of samples by charged particle activation analysis, for con-

two special techniques, viz. X-ray .spectrometry from centrations ranging from 10 ppb to 20 ppm. Their work is 

charged particle bombardment and the use of channeling of mirrored on the other side of the Atlantic by several 

charged particles in single cryst~Js. groups carrying out oxygen analysis on so-called "pure" 

materials(S l. These studies in Europe are closely connected 

2. RADIOACTIVATION ANALYSIS 
! 

The . analysis of lighter elements such as oxygen; 

carbon, nitrogen, boron and berYillium, has a long history 

Of high cost and technical diffic1.1lty. These elements have 

consequently been largely disregarded in reports on analyti

cal data of so-called "pure" matetials, even though modern 

technology has found that their presence, even in trace 

amounts, can have a most deleteriofs effect on the properties 

Of materials. Neutron activation analysis has proved to be 

an unsuitable method for determfoing the light elements<n 

as no r.eadily measurable activi,ttes are formed during 

.irradiation, while the sensitivitie$ attained by most other 
(2) 

analytical techniques have also proved to be inadequate . 

Charged particle activation anal~sis has, however, been 

found to be a promising technique for determining most of 

the lighter elements in the ppm1 and ppb concentration 

ranges<3>. 

An important feature of charged pantcle activation 

analysts is the fact that the t~chnique lends itself to 

automation. Large nwnbers of samples can be irradiated 

simultaneously by using a rotar~-type target holder<4>. 
After irradiation the samples are removed from the 

irradiation chamber and packed into an automatic sample 

changer for measurement, by garntna-ray spectroscopy, of 

the induced radioactivity. The digiCal pulse height spectral 

data obtained from gamma-ray de~ectors and pulse height 

analysers, are stored on magnetic tape and processed by 

computer. Large numbers of samples may thus be analysed 

with a minimum amount of sample processing. In some 

with recent developments in metallurgy and the drive. to 

manufacture more highly purified metals, and the high 

scientific activity in this field is shown by the fact that 

regular six-monthly conferences are held to evaluate 

progress. 

In 'analysing geological specimens, the urgency of the 

problem was less acute. Applications of radioactivation 

analysis by charged particle beams in this field thus 

started rather late. However, relatively shon irradiations 

and the use of short-lived radionuclides makes this technique 

attractive for routine analysis of light elements. Figure I 

shows a series of spectra obtained(6) from a deuteron

bombarded sample of tourmaline measured at different stages 

of its decay. The prominence of gamma-ray peaks from 
7se, llc, 28Al, 24Na and 56Mn points to the ready use of 

this method for determining Li, B. Al, Na and Mn respective

ly as well as others such as Mg and Fe which were not 

present in the example. 

3 PROMPT MEASUREMENT 

Prompt particle spectrometry from charged particle 

bombardment is being used increasingly because of the 

development of technology requiring an accurate knowledge 

of surfaces and of variation of composition near the surface. 

The techniques being adopted can be divided into two 

classes, those in which a nuc !ear reaction does not occur, 

and those in which it does. The former group makes use 

of nuclear or Rutherford scattering of the bombarded 

particle, a process which occurs with relatively large 
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104 • td = 4,6min 
"c 
0.51 
11· 

·-1·. 

' 
,\ 

104 

104 
~, 

... 
'I· 'I.. 

102 

Figure 1 •. Gamma-niy spectra measured at various times 
after activation of a geological sample (tourmaline} with 
5,5 Me V dev.terons. The. unmarked P,aks in the last spectrum · 
are due to activities from tantalum which was used as a 
backing material/or mounting the Powdered sample. 

" .. . ... :: •.. 
'v. 

cross section. With particles of fixed bombarding energy, 

the energy of the scattered particle, measured in a pre

selected direction, is determined solely by the mass of the 

panicle causing scatter while the intensity of the scattered 

beam is determined by the surface concentration of the 

scatterer. 

The technique using scattered panicles for surface 

analysis was first described by Rubin·(?) but the form in 

which it is at present applied, using solid-state detectors 

to detect and measure the scattered particle, was described 

\ . 

\ 

·~ . ' 
'Be 
0,477 

""'"' · .. .,-., .. ~. . ~,,, ... , ,,.-- . 
" 

24Na 
... 

1,734 56 
Mn 

1,811 

~ 
\ 

0,5 

\ 

\~ 

1,0, 
ENERGY (MaV) 

·~. 

""' ~' ._;~_,,._ __ . ,..;:_ ,. .. ' . . ... . ' . .. .. . 

j. l ... .. ,, \ : 
\ ~ :•: 

: '· ... 
f. • • ••• -··· 

1.5 

. -..:· .. _. . :· .. . . ·. .· .. 

by Peisach and Poo1e<B>. Since then this technique has been 

used for a wide range of analyses, especially in connection 

with the construction of semiconductor devices. More 

recently, it was reported thai: glass samples are being 

analysed on a routine basis to determine elemental con

centrations of various metals that had been implanted into 

the glass to change its optical properties. A similar 

application to determine elemental compositions of thih 

glass films is being studied by Peisach and Pretorius<9>. 

In this study the energy spectrum of scattered alpha 
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particles is used to determine' most of the elements and 

the thickrless of the sample, whi~e a simultaneous measure

ment of prompt protons from (a.;Pl reactions gives a proton 

energy sj>ectrum from which ti'le concentrations of boron, 

sodium and aluminium can be o!btained. Typical scattering 

spectra are shown in Figure 2, and prompt proton spectra 

in Figure 3. It is of course! well kno~n that the most 

spectacular use of scattering w)ls the very first analysis 

of the moon's surface, when thej work of Turkevich and his 

team00) resulted in the placing on the moon of a radioactive 
I 

alpha-particle emitter, curium-242, together with the 

necessary detectors, by Surveyot-V. A schematic represen

tation of the apparatus is giv~n in Figure 4. The entire 

apparatus weighed only 13 kg and measured about 15 cmx 

15 cm x 13 cm. The absence of atjnosphere on the moon was 

a marked advantage since vacuum equipment usually con-
, ! . 

Stitutes an essential part of the apparatus. 

A recent report(l l) descri~ed the use of scattering in 

connection with the printing indhstry. The major problem 

was to get information on thie distribution in depth of 

various components, but elemertal quantitative analyses 

were also of importance. Commercial paper is usually 
I 

coated with a pigment, which also serves as the filler, and 
I . . 

a binder. The interaction between the coating and the paper 

substrate gives rise to technol~gical problems and it is 

important to obtain information Ion· the distribution of the 

various components in the coating. Using 1,5 MeV alpha

particle beams, information was obtained as to the different 
. . . I 

behaviour of Zr and Pb siccatives used as additives to 
! 

paper coatings, as well as differences between coated 

papers and polyesters. In additio1

n, cases were found where 

Pb siccatives act differently depending on the presence or 

absence of Cu pigments. I 

I 
There is much more scope 

1

for analytical applications 

if nuclear reaction products are measured, due to the 
I 

wide range of nuclear reacti<!Q types and the range of 
i 

bombarding energies and particles available. Since in any 

particular nuclear reaction tttel energies of the product 

particles are determined by kinematic relai:ionships, spec

trometry can frequently provide! highly specific analyses. 

As before, the energy lost by a' particle in escaping from 

the bombarded material may a~o be used to obtain informa

tion avout the depth distribudrln of the target nuclide. 

Obviously, no such information tan be obtained where the 

measured product is a gamma i:ay (which loses intensity 

but not energy) but such analyses have advantages of 

specificity due to the high precislon with which )l;amma-ray 

energies can be measured. Thus a very easy and rapid 

nondestructive procedure was developedll 2l 10 determine 

the carbon content of steels over the carbon concentration 

range 0 04 to 0,69'fo. By bombarding the steel samples with 

deuterons carbon-12 produces carbon-13 in an excited 

state, which prompi:ly decays with the emission of a gamma 

ray of 3 082 keV. This gamma ray is sufficiently intense to 

allow analyses to be carried out in a few minutes. 

Attention may be drawn to another type of analysis 

where gamma-ray spectrometry is used to obtain information 

on concentration profiles. This is the case where the cross 

section for producing a particular excited state, followed by 

decay and with the emission of a characteristkgamma ray, 

shows a strong resonance and has negligible value on either 

side of the narrow resonance energy. The bombarding 

energy of the charged particle inducing the reaction may be 

selected above the resonance energy, so that when the 

energy of the particle falls to the resonanc.e value as a 

result of energy loss within the material, the characteristic 

gamma ray is· emitted. The yield of this radiation is thus a 

measure of the target-nuclide' concentration at the depth 

where the bombarding particle attains the resonance energy. 

Such a case is the measurement of fluorine-concentration 

profiles through the use of the nuclear reaction l 9F(p,e;vyl16o 
which has a sharp resonance at a proton energy of 872 keV. 

Use of the above technique was made for the study 

of oxygen selfdiffusion in. various oxides as a. means of 

investigating point defects. Improvements in oxidation 

resistance of high-temperature alloys can be effected 

through the study of oxygen diffusion in the growing oxide 

scales. These investigationsU3> used the resonance occur

ring at proton energies of 1 765 keV for the reaction 
180(p,a)l5N, but the particle measured here was the 

emitted alpha particle. A double check on the depth profile 

measurements is available through a comparison between 

the energy loss in the proton beam and the loss of the 

alpha-particle energy emerging from the sample. Depth 

profiles up to 4 µ.m can be measured with a resolution 

of 0,1 µ.m. 
A similar application, but one not making use of :i 

resonance, has been reported0 4> for the determination .of 

chromium and nickel on metal surfaces. In this case prompt 

protons from (d,p) reactions ai.e used. A typical spectrum 

9· 
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(Figure 5) shows how readily the presence of chromium on 

a copper surface can be observed and measured. 

4. X-RAY MEASUREMENT 

Although the phenomenon of ·x-ray production by 

charged particle bombardment has been known for several 

years, interest in its possible use for analytical purposes 

has only recently been aroused by a paper published in 1970 

by T.B. Johannesson, R. Akselsson and S.A.E. Johan

nessonU5>. The rriain advantage of X-ray production with 

heavy charged particles, as opposed to electrons, is due to 

the fact that the measured spectra are almost completely 

Pl~ - p5 

l'"igure 2. Energy spectra of alpha particles scattered 
from thin glass samples. The large peak due to Si com
pletely overlaps the smaller peaks from Al, Mg and Na. 
The peak due to B can also hardly /le seen, as tllis element 
has a very small scattering cross section. 13, Na and Al 
can fortunately be determined l>y proton spectrometry. 

Al . 
SI 

.......... 

" ' 

free of interfering brehmstrahlung. Also, the cross section 

.for X-ray production by this method is extremely large, . 

typically 100 to 10000 barns, which areordersof magnitude 

greater than that of charged particle induced nuclear 

reactions whiqh rarely exceed a barn. Such cross sections 

are directly proportional to the square of the charge of 

the bombarding projectile, and reach a maximum at energies 

where the velocity of the incident charged particle is 

comparable to that of the electron which is to be excited. 

The· technique is extremely sensitive, and sensitivities of 

- 12 d be . . 10 g an tter are readily. achieved. 
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CHAMEL NlleER 
Figure 3. Spectra of prompt protons emitted during bom
bardment of soda and pyre:x: glass. The large difference 
in the boron and sodium content of the glasses is obvious. 

The very high cross section frqm X-rays produced by of about 3 micronsU6>, with which samples can be scanned 

charged particles, makes it possible to use extremely small 

beams of less than 1 nano-ampere. The serious heating 

problem that is associated with chalfged particle bombard

ment is thus obviated, thereby enabling biologicalmaterials 

to be analysed without decompositibn of the sample. The 
I 

X-ray yield from beams of extreme:lY small dimensions is 

also usually sufficient for analysts and has led to the 
I 

development of a proton microprobe, with a beam diameter 

over a limited area of 100 100 microns. 

At Brookhaven National Laboratory, measurement of 

X-rays produced by charged particles is being useJ! in 

pollution studiesCl7l_ The potential of this method for the 

determination of pollutants . is ·so promising that the IA EA 

has organised a study group, of which SUNI is a member, 

to investigate the use of this technique in pollution control. 

..... 
"'911 
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alpha 
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........ i---..-detector 

Figure 4. Schematic diagram of the apparatus used for 
the first chemical analysis of the moon's surface, during 
the landing of Surveyor-V. Analysis was carried out by 
measuring the e1t1rgy of alpha particles scattered from 
the lunar surface. Protons from (ll:,PJ reactions were also 
detected as a measure of Na, Al and B. 

5. CHANNELING 

When one looks at a ball-and-stick model of a single 

crystal, its transparency in certain directions becomes 

obvious. In these directions the regular arrangement of 

atoms seems to form open "channels" which, upon rotation 

of the model, alternate with planes or straight columns of 

atoms. A beam of charged nuclear particles aimed at a real 

crystal in the direction of such a channel will penetrate 

the crystal without colliding with the atoms forming the 

walls of the channel, as the positively charged nuclear 

particles are repulsed by the positive potential of the 

nuclei of these atoms and become steered down the channel 

by successive gentle collisions. The channeling effect thus 

prevents violent collisions with individual lattice atoms, 

and the yield of nuclear reaction products in a channeling 

direction will be drastically reduced from that observed 

when bombarding the crystal in a random direction. 

The first experiment illustrating the channeling pheno

menon was carried out approximately ten years ago and, 

since then, the effect has proved to be a useful tool to 

nuclear analytical chemists for determining the location 

of impurities within crystal lattices(lS). Figure 6 shows 

the principles involved for a simplified two-dimensional 

lattice, with the cross representing an impurity atom in a. 

substitutional position, while the square and triangle re-

present impurities in two different interstitial positions. If 

analysis by charged particle scattering is carried out with 

a well-aligned (divergence < 0,1°) beain, the direction in 

which the scattered particles from the impurities are 

Pl3 " p7 

measured can also be accurately defined by suitable 

collimation of the detector, thereby achieving a double 

alignment. It is clear from the figure that scattered 

particlt:r from two of the impurities, designated by a cross 

and a square will be "blocked" by the row of atoms between 

it and the detector, ·resulting in a decrease in the yield of 

measured scattered particles, while the scattered yield 

from the third type of impurity is unaffected. The yield of 

scattered charged particles is thus first measured with 

the incident beam aligned with a channeling direction, and 

thereafter with alignment of the detector thereby enabling 

the lattice position of each type of impurity to be determined 

(see Figure 6). 

Channeling has opened the w~y for many technical 

innovations. For example, electrical engineers can· implant 

a desired impurity in a semiconducting crystal by ion 

bombardment along a channeling direction, thereby causing 

a minimum of radiation damage. Ion implantation of im

purities into crystals in this way also permits penetration 

to greater depths; and can be used to control the distribution 

of such impurities in ways not possible with conventional 

diffusion techniques. After implantation the amount c:if 

implanted ions and their lattice· positions may be deter

mined as described . above. A further advantage of ion 

implantation is that atoms of any element may be introduced 

into the substrate, whereas diffusion techniques are limited 

to those e}ements only which are soluble in the host 

material. 
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interstitial (•,A) positions. By measuring the yield of 
scattered particles .as a junction of the alignment of the 
incoming beam and measuring directian, the position of 
the impurities may be determined. 

Pl3 - p9 

AMSEL, G. and D. Samuel: Anal. Chem. 39, 1689 (1967>. 

AMSEL, G., B. Beranger, B. de Gelas and P. Lacombe: 

J. Appl. Phys. 39. 2246 (1968). 

AMSEL, G., J.P. Nadai, E. D' Artemare, D. David, 

E. Girard and J. Moulin: Nucl. Instr. Methods, 92, 481 

(1971). 

6. PRETORIUS, R., F. Odendaal and M. Peisach: Proc . 

Intern. Conf. Chemical Analysis by Charged Particle 

Bombardment, Namur, Belgium. paper 4 (1971). 

7. RUBIN, S. T.O. Passell and L.E. Bailey: Anal. Chem. 

29, 736 (1957). 

8. PEISACH M. and 0.0. Poole: Proc. Intern. Conf.; 

Modern Trends in Activation Analysis, College Station, 

Texas, p. 206 (1965). Anal. Chem. 38, 1345 (1966). 

9. PEISACH, M .. and R. Pretorius: Preprints Modern 

Trends in Activation Analysis, Paris, paper M 92 (197 2). 

10. PATTERSON, J.H. A.L. Turkevich and E. Franzgrote: 

J. Geophys. Res. 70, 1311 (1965 ). 

11. ERIKSSON, L. and G. Fladda: Proc. Intern. Conf. 

Chemical Analysis by Charged Particle Bombardment, 

Namur, :Belgium, paper 16 (1971). 

12. PIERCE, T.B., P.F. Peck and W.M. Henry: Analyst90, 

339 (1965t. 

13. AMSEL,' G:, J.P. Nadai, E. D'Artemare, D. David, 

E. Girard and J. Moulin: Nucl. Instr & Meth. 92, 481 

(197 l). 

CALVERT, J.M., D.G. Lees, D.J. Derry and D. Barnes: 

Proc. Intern. <:;onf. Chemical Analysis by Charged 

Particle Bombardment, Namur, Belgium paper.3 (1971 ). 

14. OLIVIER, C. and M. Peisach: J. of Radioanal. Chem. 2· 
39 (1970). 

15. JOHANSSON, T.B., R. Akselsson and S.A.E. Johansson: 

Nucl. Instr. Meth. ~. 141 (1970). 

16. COOKSON, J.A •. and F.D. Pilling: A.E.R.E. Harwell 

rept., AERE•R, 6300 (1970). 

17. GORDON, B.M. and H.W. Kraner: Proc. Intern. Conf. 

Chemical Analysis by Charged Particle Bombardment, 

Namur, Belgiurr. paper 17 (1971). 

18. MACKINTOSH, W.D. and J.A. Davies: Anal. Chem. i_!, 

26A (1969). 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

ELSEVIER SEQUOIA S. A. 
Lausanne 

AKADEMIAI KIAD6 
Budapest 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

Journal of Radioanalytical Chemistry, Vol. 11 (1972) 105-122 

PROMPT PROTON SP_ECTROMETRY FROM HIGH Q-VALUE 

(d, p) REACTIONS AND ITS USE FOR DETERMINING 10B 

C. OLIVIER,* M. PEISACH** 

*Department of Chemistry, University of Stellenbosch (South Africa) 
**Southern Universities Nuclear Institute, Faure (South Africa) 

(Received September 8, 1971) 

The analysis of boron in ore and glass samples was attempted by prompt proton 
spectrometry. A deuteron bombarding energy of 2.7 MeV was chosen to coincide 
with a region where the excitation function of the 10B(d, p)11B reaction did not vary 
appreciably with the energy. The intensity of the ground-state protons, emerging 
at an angle of 30°, was used as a measure of the boron content. Targets were prepared 
by a technique whereby approximately 300 µg/cm2 deposits of powdered samples were 
centrifuged from a methanol suspension onto tantalum discs. Concentrations down 
to 0.2 % were determined. Possible interference by other elements, particularly nitrogen, 
magnesium and titanium, was investigated but found to be of little consequence mainly 
because of the high Q-value of the 10B(d, p)ll B reaction. 

fotroduction 

To date, the use for analysis of prompt charged particles from nuclear reactions 
induced by charged particles has been limited to the determination of 14N, 160 
and 180, 32P, 58Ni and 60Ni and 52Cr.1 

-
5 It is thus evident that the full potential 

of this field has not yet been realized and that there exists scope for detailed study 
to extend the use of these methods. to other elements and their isotopes. 

The most likely reactions yielding prompt charged particles when stable nuclei 
are bombarded with deuterons of a few MeV are (d, p) and (d, a) reactions. 
The maximum energies attained by prompt protons from reactions induced by 
2.7 MeV deuterons on isotopes with high Q-values for such reactions are given in 
Table I. The energies of prompt a-particles are also included in the table. Since 
the isotopes of the rare gases are not expected to be components of other than 
gaseous samples, they are excluded from the table. 

Because the reactions are highly exoergic, many energy states can be excited in 
the product nuclei and the energy spectra of the prompt protons will thus extend 

-from somewhat above 12 MeV to very low energies. Since it could be expected 
--that the bombarding beam will lose little energy in traversing very thin targets 

of the elements concerned, the energy spectra of prompt protons from such targets 

J. Radioanal. Chem. II (1972) 
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Table 1 

Ground state Q-values and product particle energies 
from (d, p) or (d, a) reactions on stable isotopes having Q-values 

for (d, p) reactions in excess of 8.0 MeV 

Maximum particle 
Natural Q-value, MeV 6 energy for 

Target nuclide abundance, Ed = 2.7 MeV and 0° 
% 

(d, p) (d, <X) EP, MeV Ea, MeV 

47Ti 7.28 9.403 6.845 12.074 9.232 
ioB 19.78 9.231 17.819 11.811 16.362 
33S 0.76 9.198 8.566 11.858 10.692 
43Ca 0.145 8.911 7.868 11.584 10.167 
s7Sr 7.02 8.876 8.002 11.562 10.498 
2sMg 10.13 8.870 7.049 11.524 9.145 
soy* 0.24 8.830 9.979 11.507 12.224 
49Ti 5.51 8.720 6.480 11.397 8.897 
14N 99.63 8.610 13.575 . 11.233 14.046 
29Si 4.70 8.393 6.014 11.059 8.254 
s1Ni 1.19 8.375 8.724 1 l.048 11.093 
77Se 7.58 8.266 9.141 10.953 11.569 

* Radioactive. 

may be expected to consist of a series of narrow peaks whose widths are deter
mined by the resolution of the measuring system. Alpha-particles, which may be 
considered as a possible source of interference in the analysis of boron by prompt 
proton spectrometry, can be eliminated together with the scattered deuterons by 
an absorber placed in front of the detector. 

The variation in energy of ground-state protons as a function of the angle of 
measurement is presented in Fig. 1 for some of the above-mentioned isotopes. 
47Ti and 33S have very low cross-sections for ground-state proton emission 7

•
8 

and for this reason they are excluded from the figure. Because of their low abun
dance in the natural elements, 43Ca (0.145 %) and 50V (0.24 %) are also excluded, 
since the yields of protons emitted from targets containing even relatively high 
concentrations of calcium and vanadium are expected to be very low. Accordingly, 
attention was paid to the study of the possible analytical use of prompt ground
state protons for the determination of 10B. The energy of the 10B(p0) proton group 
decreases rapidly with angle, and will, at wide measuring angles, overlap those 
of many proton groups of other elements. It is thus advantageous to measure at 
small angles, where least interference from other proton groups will then be 
experienced. '" 

J. Radioanal. Chem. 1 I ( 1972) 
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Fig. 1. The variation in energy of prompt ground-state protons, from (d, p) reactions induced 
by 2.7 MeV deuierons on some isotopes having high Q-values for this reaction, as a function 

of the angle of measurement 

Experimental 

Preparation of standards and samples 

A technique similar to that used for preparing deposits of barium carbonate9 

for the routine counting of 14C was used for preparing powdered deposits of 
elemental boron, boron nitride, glass, tourmaline and other inorganic compounds 
on tantalum discs. 

Reference materials used were NBS standard glass samples Nos 92 and 93 and 
a tourmaline sample of which a complete analysis (NIM Report No. 939) was 
obtained from the National Institute for Metallurgy, Johannesburg, South 
Africa. 

The apparatus used was a specially prepared centrifuge bucket, the design of 
which is shown in Fig. 2. It consisted of an aluminium centrifuge tube, the lower 

J. Radioana!. Chem. 11 ( 1972) 
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Aiuminium 
centrifuge tube 

Neoprene washer 

Tantalum target 
~--+-----""'~backing 

~-_,._ _ __,·f---...__A1uminium spacer 

Nylon screw-on cap 

Fig. 2. Centrifuge bucket for preparation of the target deposits 

end of which was a flat circular aluminium disc on which the tantalum disc 
rested. These discs were held in position by a base of nylon making a tight seal 
on a neoprene washer. The outer diameter of the centrifuge tube was made to fit 
the head of a 'Christ' centrifuge. The tantalum discs were 25 mm in diameter 
and 0.1 mm thick, while the inside diameter of the 2 mm thick neoprene washer 
was 20 mm, which was smaller than the inside diameter of the centrifuge tube. 
The area of deposition was 3.14 cm2

, and the average thickness of the deposits 
approximately 300 µg/cm 2

• 

Samples of the materials to be irradiated were ground to fine powders using 
a Siebtechnik mill with a Widia barrel and grinding stone. The particle size of the 
powders was about 0.5 µm and smaller, as measured by the average settling veloc
ities of the suspended powders in distilled water. 

Approximately 1 mg quantities of the powders were weighed out into 20 ml 
portions of methanol. High-frequency sound waves from an ultrasonic generator 
were used to bring the powders into uniform suspension. The suspension was 

J. Radioanal. Chem. 11 (1972) 
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then poured into the aluminium bucket with a weighed tantalum disc in position, 
and centrifuged for 5-10 min at 3000 r.p.m. 

After centrifugation the supernatant liquid was sucked off through a pipette, 
the tip of which rested on the edge of the neoprene washer to prevent the deposit 
being disturbed and to prevent the removal of part of the deposit from the tan
talum disc during suction. The remaining methanol in the volume between the 
edges of the washer was evaporated with an infra-red lamp. Thereafter the tan
talum disc was removed, dried in an oven at 120 °C and weighed. 

The deposits thus prepared adhered sufficiently strongly to the tantalum for 
no loss in weight to be observed after irradiation. The preparation of evenly 
deposited targets was found to be successful in approximately 50 % of cases. 

Irradiation 

The targets were irradiated inside a 90-cm scattering chamber with deuteron 
beams obtained from the 5.5 MV Van de Graaff accelerator of the Southern 
Universities Nuclear Institute. Rotation of the sliding rod sample mount around 
its own axis made possible variations of the target angle relative to the direction 
of incidence of the beam. A target angle of 20° was chosen. By moving the target 
holder in a small changing chamber, it was possible to change samples without 
breaking the vacuum in the large volume. 

The collimated irradiation beam had a circular cross-section of 3 mm diameter. 
Although the small target angle of 20° resulted in an irradiated area of elliptical 
shape having a major axis of about 8.8 mm, this broadening was still sufficiently 
narrow for the beam to fall entirely within the boundaries of the target deposit 
of 20 mm diameter. 

The beam current was measured with a current integrator which was connected 
to the target holder and a cylindrical tube which enclosed the target holder. The 
tube acted as a Faraday cup and thus corrected for secondary electron loss expe
rienced with an open target. The beam entered through an aperture in the cup, 
while another hole of the same size in the same plane, but at an angle of 30° to 
the direction of incidence of the beam, allowed the prompt products to be 
measured. 

Measurement 

The energy spectra of the protons formed from (d, p) reactions on the target 
were obtained by means of a semiconductor detector and amplifier coupled to 
a pulse-height analyser. The detector could measure protons of up to 10 MeV 
and had a resolution of less than 45 keV. It was mounted on one of the two rotat
ing arms of the scattering chamber and was covered with nine gold foils, each of 
about 15 mg/cm2 in thickness, to absorb the scattered deuterons, low energy pro
tons and a-particles. Since the (d, p) reactions of interest are highly exoergic, the 
absorber thickness is not very critical, because the ground-state protons will be 

J. Radioanal. Chem. 11 ( 1972) 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

llO C. OLIVIER, M. PEISACH: PROMPT PROTON SPECTROMETRY 

produced at energies far in excess of that of the scattered deuterons. The only 
restriction is that the protons must be stopped in the sensitive region of the 
detector. The appropriate thickness of the absorber required was calculated 
from the stopping power for protons. 10 

Effect of the angle of measurement 

It has been pointed out that it is advantageous to measure the 10B(p
0
) protons 

at small angles. It was also established experimentally11 that, for an incident 
deuteron beam of an energy in the region 1.45-3.15 MeV, the yield of 10B(p

0
) 

protons reaches a maximum in the vicinity of 30°. To obtain higher sensitivity, 
this direction was consequently chosen for analysis. 

The effect of deuteron energy 

The variation of proton counts with deuteron energies between 1.7 and 3.0 MeV 
is shown in Fig. 3 as obtained with a thin (114 µg/cm 2

) target of boron nitride. 
Counts from the 10B(p

0
) and 14N(p

0
) groups are given separately. In both cases 

little variation in the proton yield occurs in the energy region 2.0-3.0 MeV. 
Thus, when targets of an appropriate thickness are bombarded with deuterons 

i 
c 10s 
::J 
0 
u 

c 
0 

2 a. 

J 
l ~ 
! 

2.4 

Deuteron energy, MeV 

Fig. 3. The variation of proton counts measured at 30°, with deuteron energies between 
1.7 and 3.0 MeV, as obtained with a thin target of boron nitride. Counts from the 10B(p0) 

and 14N(p0) groups are given separately 

J. Radioanal. Chem. 11 (1972) 
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of 3 MeV or less in energy, very little variation in the count rate, if any, will 
be encountered while the deuterons traverse the target deposit, providing the 
energy does not fall below 2.0 MeV. Subject to this restriction, the count rate will 
be a function of the target thickness, which simplifies the analysis considerably. 
A bombarding energy of 2.7 MeV was selected in an attempt to decrease inter
ference from heavy elements which already yield an appreciable count rate of 
protons above about 3 MeV. As far as the 14N(p0) group was concerned, no 
decrease in the relative yield could be achieved by changing the energy. 

Effect of the target angle and the thickness of the deposit 

The length of the path which the deuterons have to follow in traversing the 
target deposit depends on the angle which the target forms with the direction of 
incidence of the beam. It follows that the peak width increases with a decreasing 
angle, since the deuterons lose more energy through the longer path length and 
suffer more straggling. The energy loss of the prompt protons, however, is neg
ligible. Most of the broadening of the peaks is caused by the absorber foils, so 
much so that by increasing the thickness of a boron target from 100 to 350 µg/cm2 

the peaks were only broadened from approximately 240 to 310 keV (full width 
at half height). 

The deposit was usually about 300 µg/cm 2 thick, and the beam had to penetrate 
an effective thickness of about 880 µg/cm 2

• For an elemental boron target the 
bombarding energy would be reduced to about 2.5 MeV,10 which is still sufficiently 
high to ensure a constant rate of prompt proton production (see Fig. 3). Because 
of their lower stopping powers the same will apply to targets of other elemental 
compositions. 

Effect of the distance between target and detector 

The best distance for measurement was obtained by measuring prompt protons 
from an irradiated boron nitride target. Using the relative depth of the valley 
between the 14N(p0) and 10B(p0) peaks (see Fig. 4) in the spectra as a criterion, 
it was found that 55 mm between the detector and the centre of the target gave 
optimum results. 

Effect of beam current 

Boron counts, observed from the same target but irradiated with different 
beam intensities, showed a standard deviation of ± 3.23 % for a beam current 
between 0.3 and 1.0 µA. Higher beam currents resulted in a decrease in the boron 
count, caused by the loss of the deposited material accompanying the higher 
temperature involved. 

J. Radioanal. Chem. 11 (1972) 
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Results and discussion 

Energy spectra of prompt protons 

Typical energy spectra of the prompt protons obtained from thin deposits 
of boron, boron nitride, titanium dioxide, cadmium sulfide, calcium fluoride, 
strontium chromate, magnesium oxide and vanadium pentoxide on tantalum 
backings, and of the protons from the backing itself are shown in Figs 4 - 7. 
The positions of expected peaks, each marked in the figures by an arrow labelled 
with the target nuclide from which the particular proton group, P;, originates, 
are calculated from the known nuclear energy levels of the product nucleus and 
reaction kinematics. The energy scale in the figures refers to the energy of the 
particle before passing through the absorber. One effect of the absorber foils was 
to broaden the peaks obtained from each proton group; the broadening increases 
as the energy of the proton groups decreases. 

The spectrum obtained from boron is characterized by the prominence of two 
peaks and the virtual absence of background counts in the energy region of inter
est. The peaks correspond to the p

0 
and p1 proton groups from 10B. The high

yield p
0 

group which lies in the high-energy region, where there is the least chance 
of obtaining protons from other elements, was accordingly chosen for analytical 
purposes. By integrating the number of counts under this peak, a value is obtained 
which is a quantitative measure of the concentration of boron. This integrated 
count is referred to as the boron count. The highly energetic ix-particles also pro
duced (see Table 1) are not detected, since their maximum range in gold10 is less 
than 90 mg/cm2

, and they are therefore completely stopped in the 2.bsorber 
(135 mg/cm2

) placed over the detector. 
In the spectrum obtained from boron nitride, the peak due to the p0 proton 

group from 14N dominates because of the high abundan~e (99.63 %) of this isotope 
and the large cross-section of the reaction concerned. In spite of the large yield 
of this proton group and the fact that the leading edge of this peak overlaps to 
some extent with the trailing edge of the peak from the 10B(p

0
) proton group, 

the latter peak is still clearly resolved from that of the 14N(p
0

) peak. 
In the energy region of the 10B(p

0
) proton group, practically no counts were 

obtained in the spectrum from titanium dioxide. However, a prominent peak cor
responding in energy to the 47Ti(p1) group is clearly distinguished and a small 
contribution by the 49Ti(p

0
) group is also observed. The 14N(p

0
) and 47Ti(p1) 

groups, which differ in energy by only about 50 keV, cannot be resolved from 
each other under the present experimental conditions. The presence of nitrogen 
was verified by changing the detecting angle from 30° to 90°, thereby increasing 
the energy difference between the two proton groups to approximately 500 ke V. 
The integrated count under the 47Ti(pJ peak proved to be less than 10 % of that 
under the 14N(p0) peak. 

In the spectrum obtained from cadmium sulfide, the 33S(p
0

) proton group was 
not observed. The prominent peak near the energy region of the 10B(p0) group is 
once again ascribed to the presence of nitrogen, which arises from the low con-

J. Radioanal. Chem. 11 (1972) 
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Fig .. 4. Energy spectra of prompt protons obtained from the deuteron irradiation of thin 
deposits of boron and boron nitride on tantalum. 0 = 30°, E" = 2.7 MeV, 

Au absorber = 135 mg/cm2 
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Fig. 5. Energy spectra of prompt protons obtained from the deuteron irradiation of thin 
deposits of titanium dioxide and cadmium sulfide on tantalum. 6 = 30°, Ed= 2.7 MeV, 

Au absorber = 135 mg/cm2 
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Fig. 6. Energy spectra of prompt protons obtained from the deuteron irradiation of thin 
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Ed= 2. 7 Me V, Au absorber = 135 mg/cm 2 
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Fig. 7. Energy spectra of prompt protons obtained from the deuteron irradiation of thin 
deposits of magnesium oxide, vanadium pentoxide on tantalum. 6l = 30°, Ed= 2.7 MeV. 

Au absorber = 135 mg/cm2 
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centrations of ammonium sulfide still present in the precipitate, even though it 
had been repeatedly washed with distilled water. In the lower-energy region the 
other two prominent peaks observed correspond to the 32S(p0, p 1) proton groups. 

For the spectrum obtained from calcium fluoride a target was prepared which 
was 81.12 % enriched in 43Ca. The peaks corresponding to the ground and first 
few excited states of the product 44Ca, pr'oduced by the irradiation of 43Ca, are 
clearly perceptible. The presence of nitrogen is again indicated. 

In the spectrum obtained from strontium chromate the 87Sr(p0) proton group 
was not observed. Since the Coulomb barrier is relatively large for strontium 
(Z = 38), the cross-section of the (d, p) reaction at 2.7 MeV is apparently so small 
that prompt protons from it were not detected. On the other hand, a peak cor
responding to the 14N(p0) proton group was again prominent. 

In the spectrum obtained from magnesium oxide, peaks corresponding to the 
25Mg(p

0
, PI> p2) proton groups are evident. A peak corresponding to the 14N(pJ group 

overlaps that of the 25Mg(p0) group. Depending on the method of preparation12 

this impurity might have been introduced in the magnesium oxide as either the 
nitrate or nitride. 

In the spectrum obtained from vanadium pentoxide what may be 50V(p1, p2) 

groups are just recognizable. Since the count rate was in any case very low, the 
presence of vanadium would not have a marked effect on the determination 
of boron. 

Tantalum was used as backing material since the Coulomb barrier for such 
a heavy element (Z = 73) was large, and therefore the cross-section of the (d, p) 
reaction at 2.7 MeV was expected to be so small that prompt protons from it 
would be undetectable. This was not quite the case. The undulating plateau in 
this spectrum, whose leading edge corresponds to the peak of the 14N(p0) proton 
group, might have been caused largely by prompt protons from atmospheric 
nitrogen still present in the evacuated scattering chamber. 

Analysis 

Tourmaline and glass samples of known boron contents were used to deter
mine the accuracy of the method. The reference material used was boron nitride 
Typical energy spectra obtained from tourmaline, borosilicate glass and low-boron 
glass are shown in Figs 8 and 9. The 10B(p0) peak is clearly perceptible in each 
spe:::trum, although it is dwarfed by the 14N(p0) peak in the spectrum obtained from 
the low-boron glass. Nitrogen seems to be a low-concentration component of 
each sample even though no analytical results were available for this element. 
As was expected, the high content of silicon in every sample caused the very 
prominent peak corresponding to the proton group 28Si(p0). In the tourmaline 
samples, which contain aluminium, the spectra show a composite peak represent
ing the 27Al(p

0
, p1) proton groups. 

To obtain the boron count in the boron nitride spectrum, a curve-fitting pro
cedure had to be followed. By normalizing the shape of the leading edge of the 

J. Radioana/. Chem. 11 (1972) 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

118 C. OLIVIER, M. PEISACH: PROMPT PROTON SPECTROMETRY 

109 

Tourmaline 

' 
! fi " 2sM9 Po 

i 
q; 

250 ~ P, Po c .. c 
0 205i 

.i::. 
u 200 -
~ 

~ .. 
a. 150 
"' c 
:J 100 0 
u 

50 

0 -140 200 220 240 260 280 300 320 340 
Channel number -8 9 10 11 12 

Proton energy, MeV 

l 
109 

q; 

500~ ' ! 
c 

~ Po c 
0 

.i::. 450 u Borosilicate glass 
<; 

400 a. 

"' c 
350 :J 

0 
u 

300 

250 
205i 

I 
l 

200 Po 

150 

100 

50 

-160 180 200 220 240 260 280 300 320 340 
Channel number -8 9 10 . 11 12 

Proton energy, MeV 

Fig. 8. Energy spectra of prompt protons obtained from the deuteron irradiation of thin 
deposits of ·tourmaline and borosilicate glass on tantalum. 0 = 30°, Ed= 2.1 MeV, 

Au absorber= 135 mg/cm2 
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14N(p
0

) peak, a value is obtained which, after subtraction from the total integrated 
count of both peaks, gives the boron count. The forward edge was used for nor
malizing, since its shape is determined by protons detected from the surface of 
the target where little energy loss is experienced by the bombarding deuterons. 

l 14N 

o; 200 I 
c ' c Low-Boron glass Po 0 180 ..: 
u 
... 

160 ., 
Q. 

2 140 c 

" 0 
205j u 120 I 

' 109 

100 Po I 

' 80 Po 

60 

40 

20 

~ 
160 180 200 220 240 260 280 300 320 340 

Channel number -8 9 10 11 12 
Proton energy, MeV 

Fig. 9. Energy spectrum of prompt protons obtained from the deuteron irradiation of a thin 
deposit of low-boron glass on tantalum. B = 30°, Ed= 2.7 MeV, Au absorber= 135 mg/cm 

In contrast, the shape of the trailing edge may vary, because it is determined by 
protons from the back of the target deposit, and their energy is dependent on the 
amount of energy lost by the deuterons in penetrating the target material, and 
therefore on the sample thickness. A secondary check is given by the resultant 
shape of the boron peak obtained if the normalized 14N(p

0
) peak is subtracted 

from the observed spectrum. The same procedure is applicable for cases where 
the interfering peak has a higher count rate than that of the boron peak, as is 
the case with low-boron glass (see Fig. 9). In cases where the boron count was 
higher, for example with tourmaline and borosilicate glass (see Fig. 8), no great 
error is introduced when the shape of the trailing edge of the boron peak is nor
malized to that of other peaks in the same spectrum. 

J. Radioanal. Chem. 11 (1972) 
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Calibration, precision and accura[;y 

Since little varhtion in the proton yield exists in the energy region concerned 
(see Fig. 3), a linear relationship was expected between 'the boron count' and 
'concentration'. This assumption was tested by comparing the boron counts 
obtained from all samples after normalization to boron counts per unit percentage 
of boron. These results are given in Table 2. 

Table 2 

Some typical analytical results 

Counts• per 300 11g/cm2 Boron, % 

Thick- I 
Known I 

Determinedb 
Relative 

Target ness, Meas- I mean error, % 
µg/cm 2 

ured Mean in 

I 

value 
I target for 

I sample 

I 210.4 480.2 45.95 +5.49 

I 214.9 450.3 43.09 -1.08 
Boron nitride 220.9 473.9 455.2±20.9 43.56 45.35 43.56b I +4.11 

305.6 435.2 41.65 -4.38 
329.1 436.4 41.76 -4.13 

222.5 422.6 3.02 -7.08 

Tourmaline 
273.7 468.7 

450.1± 19.6 3.25e 3.35 
3.22 

+3.08 
283.3 457.3 3.26 +0.31 
291.6 451.9 3.23 -0.62 

267.4 474.2 4.13 +4.29 
Borosilicate glass 269.9 440.2 464.2± 21.0 3.961 3.83 4.04 -3.28 

299.2 478.5 4.16 +5.05 

197.3 388.9 0.19 -13.64c 
Low-boron glass 244.1 381.6 396.8±20.3 0.221 0.18 0.19 -18.18 

262.6. 419.9 0.20 - 9.09 

224.7 330.3 72.56 -27.44d 
232.0 424.8 93.32 - 6.68 

Boron powder 
241.0 320.7 

363.6± 37.5 100 
70.45 

79.88 
-29.55 

246.0 355.4 78.07 -21.93 
332.0 372.5 81.83 -18.17 
349.8 377.8 83.00 -17.00 

I 

a Expressed as counts per 300 µg/cm 2 target per unit percentage boron (by weight) as 
obtained from an irradiation with 0.1 mC current. ~ 

b Mean count from boron nitride used as calibration value for all these analyses. 
c These values seem to indicate that the reported boron content of 0.22 % is too high 

(see text). 
d These values indicate large deviations for this sample (see text). 
e Analysis supplied by National Institute for Metallurgy, Johannesburg, South Africa 

(NIM Report No. 939). 
1 Analyzed samples Nos 92 and 93 from U.S. Bureau of Standards. 

J. Radioanal. Chem. 11 (1972) 
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The normalized count, expressed as the count that would have been obtained 
from a sample of standard thickness of 300 µg/cm 2 if irradiated with 0.1 mC 
current and normalized to unit percentage of boron by weight, is given in Column 3 
of Table 2. These values, for the first three types of sample, have a mean value 
of 455.8 ± 19.4, i.e. a relative precision of 4.3 %, and are in good agreement with 
the value 455.2 obtained from boron nitride for the slope of the linear calibration 
line correlating the boron content (in percentage by weight) to the observed nor
malized count. The mean value for each sample type, (Column 7) agrees very well 
with the known values. Relative errors are given in Column 8. 

The marked increase in the relative error of the determination for the low-boron 
glass sample, and the appreciable discrepancy between the mean value determined 
by this method and the known boron content, seems to imply that the reported 
value of 0.22 % is somewhat high. The value of 0.19 % would have to be used to 
bring these results into line with those of other samples. The poorer precision for 
this sample can be ascribed largely to the relatively small numbers of counts that 
were obtained at the low level of boron. In the absence of interfering elements, 
when resolution becomes of minor importance, an improved precision may be 
obtained by placing the detector as near the target as is geometrically possible. 

Clearly, the sample that had been accepted to be pure boron could not have 
been corre::tly described, because it would require an impurity amounting to 
more than 20 % by weight to obtain agreement between these results and those 
from other samples. 

Possible interferences 

When the energy levels in the product nuclei are taken into account, it is found 
that the following proton groups have energies within the region of integration 
defined for the boron analysis (see Figs 4 - 7) 

47Ti(p0, P1), 

zsMg(po), 

33S(po), 43Ca(po), 87Sr(po), 

50V(po), 49Ti(Po), 14N(po). 

Of these the 25Mg(p0) group has the highest possibility of interfering, mainly 
because of its relatively high cross-section and the difficulty of resolving it from 
that of the required boron group. A test sample of magnesium oxide, containing 
magnesium and boron in equal concentrations, gave an uncorrected result about 
0.6% high, which is well within the accuracy of the method. The proton groups 
47Ti(p0), 

33S(p0), 
87Sr(p0) and 50V(p0) were not observed under the experimental 

conditions described, and the presence of natural elements containing these iso
topes will therefore not affect the analysis. Although the 43Ca(p0) group was 
observed from a test sample containing about 40 % 43Ca, the presence of natural 
calcium will little affect the boron determination, because the count rate observd 
was low and because the natural abundance of 43Ca is small (0.145 %). As far as 
the presence of titanium is concerned, the small contributions from the 47Ti(p1) 
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and 49Ti(p
0

) groups, which could not be determined accurately because of the 
presence of nitrogen in the test sample, may be ignored with confidence because 
of the very low count rates involved. The presence of nitrogen in the sample to 
be analyzed is easily coped with by the curve-fitting procedure described. As far 
as the backing is concerned, practically no counts were observed in the region 
of integration. 
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DEUTERON ACTIVATION ANALYSIS OF GEOLOGICAL SAMPLES 

R. PRETORIUS, F. OoENDAAL, M. PEISACH 

Southern Universities Nuclear Institute, Faure, C. P. (South Africa) 

Deuteron activation was found to be suitable for analysing geological samples, as no 
interfering activities are formed from oxygen, silicon and aluminium, which together 
make up more than 80 % by weight of the earth's crust. To test the applicability of this 
m'ethod to geological samples, the mineral tourmaline was activated with 5.5 MeV 
deuterons obtained from the 6 MY van de Graaff accelerator at the Southern Univer
sities Nuclear Institute. The induced activities were measured and analysed by gamma
ray spectrometry and the elements Al, Mg, B, Mn, Na, Fe and Li could readily be 
determined. 

Introduction 

Neutron activation has proved to be an excellent method for multi-elemental 
analysis of geological samples.1

-
5 By combining chemical separation techniques6 

with sophisticated y-ray spectrometry using high resolution lithium drifted ger
manium detectors2

•
3

'
5 more than 60 elements may readily be determined.4

•
5

•
7 For 

the analysis of rock samples retrieved from the moon, extensive use was made of 
neutron activation analysis.7 The most attractive feature of this technique is its 
excellent sensitivity and specificity for determining most of the elements. 8•

9 Sample 
preparation is usually minimal and in most cases the analysis can be carried out 
non-destructively. Certain elements, especially the lighter ones8

•
9 can, however, not 

readily be determined by neutron activation analysis. It was consequently decided 
to investigate the possible use of charged particle activation as a complementary 

~technique to neutron activation for the analysis of geological samples. 
-.i' Deuteron activation should be particularly suitable for the analysis of geological 

:Samples as no large amounts of long-lived interfering activities are expected to be 
formed from oxygen, silicon and aluminium, which together make up more than 
80 % by weight of the earth's crust. The activities which could be formed from these 
elements during deuteron irradiation at an energy of 5.5 MeV are shown in 
Table l. The short-lived activities 17F, 28AI and 30P will decay almost completely 
within twenty minutes after the irradiation. The longer-lived activities 18F (110 
min) and 31Si (2.6 hrs) could possibly cause problems. 18F, however, is only a 
positron emitter and is formed from 170 and 180, both of which have very low iso
topic abundances in nature, wtile the longer-lived 31Si only emits a 1.27 MeV 
y-ray for 0.07 % of its disintegrations and is also formed from a nuclide with a 
rr-elatively low isotopic abundance (see Table l). 

J. Radioanal. Chem. 12 (1972) 
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Table 1 

Activities expected to form from the main elements* in the earth's crust 

Target I Isotopic I I Half-life I abundance, Nuclear reaction Main y-rays, MeV 
nuclide atom% of product 

160 99.759 I rno(d, n)11p 
I 

66 s / fJ+ (200) 
170 0.037 17Q(d, n)lBp 

110 m I fJ+ (194) 
180 0.204 lBQ(d, 2n)18p 110 m fJ+ (194) 
29Si 4.70 29Si( d, n)3op 2.6 m p+ (200); 2.24 (0.5) 
3os1 3.09 3DSi(d, p)31Si 2.6 h 1.27 (0.07) 
aosi 3.09 30Si(d, a)28AI 2.3 m 1. 78 (100) 
27Al 100 27Al(d, p)2BAI 2.3 m 1.78 (100) 

*Oxygen= 46.7%, silicon= 27.7%, aluminium= 8.1 %. 

The applicability of deuteron activation analysis to geological investigations 
was examined by activating tourmaline samples. Tourmaline is a very interesting 
mineral occurring in granitic pegmatites and metamorphic rocks and its chemical 
composition is typical of most geological samples. The main compositional 
varieties of this mineral arc the magnesium tourmalines or dravites, the iron 
tourmalines known as schorl and the alkaline tourmalines or elbaites which are 
usually rich in lithium. The chemical formulas of these three groups are: 

Dravite Na [Mgh 

Schor! 

Elbaite Na [Li, Al];i 

There is a continuous series between dravite and schorl and between schorl and 
elbaite, but there appears to be an immiscibility gap between elbaite and dravite. 
Jt can be seen that the tourmalines are characterised by their Mg, Fe, Mn, Li and 
Al contents. 

Irradiations were carried out with deuteron beams obtained from the 6 MV .a. 
Van de Graaff accelerator at the Southern Universities Nuclear Institute. 

Experimental 

Preparation of samples and standards 

Geological samples were prepared in a suitable form for irradiation by grinding 
to a fine powder and centrifuging a suspension of the powder in methanol onto 
tantalum or aluminium discs. This technique is described more fully else
where.10 .Standards were prepared from suitable compounds of the elements 
determined. A list of the standards used are given in Table 2. Targets from the 
standards were made either by the centrifuging technique mentioned above or by 

J. Radioana/. Chem. 12 (1972) 
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Table 2 

Compounds used as standards 

Element determined 

Lithium 
Boron 
Sodium 
Magnesium 
Aluminium 
Manganese 
Iron 

I 

Standard 

LiF 
BN. 
NaF 
MgF2 

AI20 3 

Std. Mn ore 
F~03 

Method of target 
preparation 

Evaporation 
Centrifuging 
Evaporation 
Evaporation 
Centrifuging 
Centrifuging 
Centrifuging 

141 

e evaporation in vacuum onto tantalum or aluminium discs for those compounds 
having suitable melting points. The thickness of all targets were determined by 
weighing and varied between 200 and 300 µg/cm 2• 

---

Irradiation and measurement 

Targets were mounted on a rotating holder (see Fig. 1) which could be cooled 
by circulating water. The target holder fitted onto a vacuum chamber was 
connected to the beam tube of the accelerator. Irradiations were carried out with 
deuterons of 5.5 MeV and beam currents up to about 10 µA were used. 

After irradiation, samples were placed in an automatic sample changer and 
analysed by y-ray spectrometry using a Ge(Li) detector. Spectra were recorded 
on a 4 000 channel analyzer and transferred onto magnetic tape which could be 
read into an IBM 360- 50 computer. Counting was repeated periodically until 
sufficient data had been accumulated to allow the major components to be sepa
rately determined. 

Results and discussion 

Gamma-ray spectrometry 

y-Ray spectra recorded during the decay of an irradiated schorl sample are 
shown in Fig. 2. Shortly after irradiation, the presence of 28 Al was proved by the 
photopeak at 1.78 MeV. The peak at 0.51 MeV was found by half-life measure
ments to be due mainly to 11C (T = 20.5 min) which is a strong positron emitter 
formed from boron by the 10B(d, n)11C and 11B(d, 2n)11C reactions. 'After 1.7 hrs 
photopeaks from 24Na (1.369 and 1.734 ·MeV) and 56Mn (0.847 and 1.811 MeV) 
became prominent. The 1.734 MeV peak· is the second escape peak from the 
2.756 MeV y-ray emitted durlng'the decay of 24Na. The last spectrum recorded 
·15 days after the end

1

iof the irradiation shows a peak at 0.477 MeV due to the 
decay of 7Be (T = 53.4 days). All the other photopeaks in this spectrum were 

J. ·Radioana!. ·Chem. 12 (1972) 
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..,_ ___ A 

L B 
0 c 
M 
N 0 

E B 

0 8-F 

-G 

Fig. 1. Rotating sample holder cooled by circulating water. 
A - motor and gear box, B - nylon bearings, C - water inlet, D - water chambers, 
E - vacuum seal, F - base plate, G - rotating cooled target holder, H - cooling water 
stream guide, I - target clamps, J - target, K - 12 flats for mounting target, L - water 

and vacuum seals, M - target holder support, N - water outlet 

attributed to the tantalum backing and are formed from 182Ta (T = 115 days) by 
the 181Ta(d, p)182Ta reaction. ~ 

Spectra recorded from an activated dravite sample are shown in Fig. 3. The~ 
first spectrum is for a sample on a tantalum backing while aluminium backings 
were used for the last two spectra recorded 44 hrs and 17 days after irradiation. 
Apart from radioisotopes already identified in the schorl sample, activities due 
to 27Mg (9.46 min), 55Co (18.2 hrs) and 22Na (2.60 years) were also formed. The 
activities measured in tourmaline samples and the elements from which they are 
formed are listed in Table 3. 

From Figs 2 and 3 it is clear that aluminium is more suitable than tantalum as a 
backing material for determining the longer-lived activities which are formed. 
Targets of each sample were thus. p~epared on aluminium as well as tantalum 
backings and irradiated for 30 min and 4 hrs, respectively. 

J. Radioanal. Chem. 12 (1972) 
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Fig. 2. y-Ray spectra recorded during the decay of a schorl sample mounted on a tantalum 
backing and activated with a deuteron beam of 5.5 MeV 
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Table 3 

Activities found and elements determined in tourmaline 

I I 
I I Radio I Percentage 

nu- Half-life Nuclear reaction Q value Main y-rays* I Element determined inter-
di de ference 

I ml 

I 

2sA1 2.3 27 Al(d, p) 5.499 1.78 (100) Aluminium 
30Si(d, a) 3.121 (Silicon) 0.8 

27Mg 
I 9.46 m 26Mg(d, p) 4.212 0.84(70) Magnesium 

1.01(30) 

nc 20.5 m 10B(d, n) 6.466 p+ (200) Boron 
11B(d, 2n) -4.990 

56Mn 2.58 m 55Mn(d, p) 5.046 0.84(99) Manganese 
58Fe(d, a) 5.455 1.81(29) (Iron) 6.19 e 

2.11(15) 

24Na 15.0 h : 3Na(d, p) 4.734 1.37(100) Sodium 
27 AI(n, a) -3.139 2.75(100) (Aluminium) 6.00 
26Mg(d, a) 2.909 (Magnesium) 0.3-9 

55Co 18.2 h 54Fe(d, n) 2.832 p+ (160) Iron 
0.48(12) 

0.93 (80) 

7Be 53.4 d 6Li(d, n) 3.385 0.48(10) Lithium 
7Li(d, 2n) -3.868 
10B(d, an) -1.077 (Boron) 30-90 

22Na 2.60 y 24Mg(d, a) 1.964 p+ (180) Magnesium 
1.28(100) 

* Percentage of disintegrations leading to a specific y-ray is given in parentheses. 

Interferences 

Some of the activities listed in Table 3 can be formed from more than one ele- ~ 
ment in the tourmaline sample. The contribution of such interfering activities to -
the measured activity in the sample can, however, be.determined by irradiating a 
known standard of the interfering element. Because both the sample and inter
ference standard are irradiated simultaneously on the rotating target holder 
(see Fig. 1) the amount of interfering activity is given by the simple relationship: 

thickness (sample) 
Interfering activity = ac,tivity (standard) · 

thickness (standard) 

... '' Wt.% element '(sample) . 
Wt.% element (standard) 

J. Radioanai: chem. ·12 (1972) 
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Fig. 3. y-Ray spectra recorded during the decay of a dravite sample activated at a deuteron 
energy of 5.5 MeV. For the first spectrum (ta= 22.3 ~in) the sample was mounted on tan

talum, while aluminium was used as backing material for the last two spectra 
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The magnesium, boron and iron content of the samples can be uniquely determined 
(see Table 3) and the interfering activities formed from these elements for the 
determination of sodium, lithium and manganese, respectively, can be calculated 
by using the above-mentioned relationship. No activity is formed from silicon only, 
but fortunately the weight% of silicon in tourmaline11 is practically constant, 
namely 17 % and this value was used to calculate and subtract the silicon contri
bution to the measured 28Al activity which was used as a measure of aluminium. 
24Na was detected in the aluminium backing material and is thought to have 
formed by the 27Al(n, o:)24Na reaction caused by neutrons originating in the 
aluminium backing itself during irradiation. An aluminium blank was irradiat
ed to correct for such interference. 

In the last two columns of Table 3 the interfering activities (in parentheses) as 
well as their percentage contribution to the measured activity are listed. The most a 
serious interference is caused by boron when lithium is determined. For samples • 
which have a relatively low lithium content as much as 90 % of the measured 7Be 
activity can be due to boron. Although the boron interference may be subtracted 
the statistical error which this entails can become prohibitively large. The inter
ference of iron for the determination of manganese may also be quite serious 
depending on their relative abundances in the sample. Interference due to magne
sium and the aluminium backing for sodium and of silicon, when determining 
aluminium, is small. 

Quantization of measurements 

The amount of radioactivity measured in the sample, Asample is directly propor
tional to the weight, Wsample• of the particular element. By irradiating a standard 
simultaneously with the sample in the rotating target holder, a comparator 
technique is used, whereby both are subjected to the same irradiation flux. The 
weight of the unknown element in the sample can thus be given by 

A sample 
Wsample = Wstandard • -A -

standard 

where Wstandard - weight of the standard, 
Astandard - activity in standard. 

The concentration of a certain element in the sample is then given by 

(I) 

Wt. % of element in sample = N · A Welement 

MWstandard 

dstandard • _ A sample_ • I OO% (2) 
dsample A standard 

where N - number of atoms of the element per molecule of standard, 
AW - atomic weight, 
MW - molecular weight, 

d - thickness, g/cm2• 

J. Radioana/. Chem. 12 (1972) 
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Table 4 

·· Some determinations of elements in tourmaline· 

Element determined I Mea_sured I Sample Wt.% I- Wt.% 
actt_v1ty known found 

Aluminium 
I 2BAJ St. Tourm. 17.9 17.6 ±0.4 

(short irr.) (2.3 m) Dravite 17.4 ± 1.1 17.1 ±0.5 
Schor! 17.5 ± 1.0 11.9 +o.4 
Elbaite 21.7 ± 1.1 120.6 ±o.4 

Magnesium 27Mg St. Tourm. 6.42 6.49±0.18 
(short irr.) (9.46 m) Dravite 5.51± 1.84 4.71±0.20 

Schor! 1.37± 1.02 l.94±0.18 
Elbaite 0.20±0.18 0.30 

Magnesium 22Na St. Tourm. 6.42 7.20±0.31 
(long irr.) (2.6 y) Dravite 5.51± 1.84 7.10±0.40 

Schor! 1.37± 1.02 2.45±0.21 
Elbaite 0.20±0.18 0.37 

Boron uc St. Tourm. 3.24 3.28±0.16 
(short irr.) (20.5 m) Dravite ~.11±0.15 3.00±0.14 

Schor! 2.95±0.23 3.10±0.12 
Elbaite 3.28±0.D7 3.40±0.17 

Manganese ssMn St. Tourm. 0.1 0.19 
(long irr.) (2.58 h) Dravite 0.15±0.15 0.20±0.02 

Schor! 0.65± 1.12 1.42±0.12 
Elbaite 0.59±0.42 0.98±0.07 

Sodium 24Na St. Tourm. 1.08 1.76±0.11 
(long irr.) (15 h) Dravite 1.48±0.33 1.68±0.08 

Schor! 1.71±0.21 1.76±0.11 
Elbaite 1.82±0.19 1.51±0.12 

Iron ssco St. Tourm. 2.19 2.10±0.16 
(long irr.) (18.2 h) Dravite 2.6 ±2.5 2.85±0.21 

Schor! 9.9 ±2.5 9.50±0.48 
Elbaite 1.5 ± 1.3 2.79±0.25 

Lithium 7Be St. Tourm. 0.01 0.09 
(long irr.) (53.4 d) Dravite O.D7 0.09 

Schor I 0.16±0.16 0.12 
Elbaite 0.68±0.D7 0.50±0.08 

The y-ray energies underlined in Table 3 were used as a measure of the various 
activities formed in the samples. Some determinations of elements in tourmaline 
are given in Table 4. The standard tourmaline sample was analysed at the National 
Institute of Metallurgy using various analytical methods, but unfortunately the 
accuracy of their determinations were not known. The dravite, schorl and elbaite 
samples were not analysed by other methods and the known weight percentage 
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for the various elements in them are average values for typical samples of each 
tourmaline group.11 The given errors for these samples thus indicate the typical 
concentration range for a specific element in each group. Except for sodium, the 
found concentrations for the standard tourmaline sample agree within the errors 
of our method. Good agreement is also found between the typical values for the 
dravite, schorl and elbaite samples. It is, however, interesting to note that the 
found value for magnesium by measuring 22Na is too high. The reason for this 
discrepancy has not yet been determined. 

Advantages and limitations 

The elements Mg, Al, Mn, Li, Na, Fe and B can readily be determined in typical 
geological samples by deuteron activation analysis. The method could play an e 
important role as a complementary technique to neutron activation analysis since 
the latter method is not particularly suited for the determination of lithium, iron 
and boron.8

'
9 The procedure can readily be automated so that large numbers of 

samples can be analysed on a routine basis. The rotating sample holder used in 
this experiment could only hold 12 samples but larger holders can be designed 
enabling many more samples to be irradiated simultaneously. Because the 
samples and standards are irradiated together irradiation time and flux need not 
be measured. Flux variations also have no effect on the analysis. This analytical 
method is, however, not ·generally suited for the determination of trace elements 
in geological samples but can be used for determining the major elements 
which have concentrations greater than approximately 0.1 weight%. 

* 
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PROMPT GAMMA RAYS FROM TRITON-INDUCED REACTIONS 

ON OXYGEN AND THEIR USE FOR ANALYSIS 

M. PEISACH* 

C.N.R.S., Laboratory Pierre Sue, C.E.N., Saclay, Gif-sur-Yvette (France) 

Triton-induced reactions on oxygen were studied with a view to using the prompt 
y-rays for analytical purposes. Fivey-rays were found to be potentially useful, of which 
three had a high intensity, the n(l, 0), n(2, 0) and p(l, 0) y-rays, the other two being 
the n(3, 0) and the unresolved pair a(l, 0) - a(2, O). They-rays are labelled according 
to the convention s(a, b), wheres is the light prompt product and the y-photon is 
emitted by de-excitation from level a to b in the heavy product nucleus. The method 
had a relative precision of 2 to 3.5 % for surface oxygen concentrations from 50 to 
3 µg/cm 2

• The sensitivity with 1 900 keV tritons was 0.13 µg/cm 2 on surfaces of steel or 
copper which did not yield interfering y-rays, but 0.45 µg/cm 2 on aluminium where 
interfering y-rays were emitted. 

Introduction 

The determination of oxygen on metal surfaces has been studied by a large 
variety of nuclear methods, most of which use charged particles to induce the 
nuclear reaction. When activation methods are used, the activity most often de
termined is 18F, but when the prompt nuclear products are measured, the spec
troscopy of prompt protons1 from the reaction 160(d, p)170, and of prompt neu
trons2 from the reaction 160(d, n)17F offer sensitivities not easily attained by other 
methods. 

Recent studies of the effect or'the bombarding beam on the concentration of 
oxygen on metal surfaces have shown3 that the oxygen concentration decreases 
during the bombardment and the extent of decrease is a function of the total 
amount of charge used in the irradiation. It thus follows that, to· prevent oxygen 
Joss, irradiations have to be carried out over a short period with low-intensity 
beams, a condition which presupposes that reactions with sufficiently high cross
sections are used to obtain the required precision. 

Triton-induced activation has been used for several years as a means of deter
mining oxygen. In reactors the triton flux may be obtained by incorporating 6Li 
in the system under investigation, so that the primary reaction 6Li(n, o:)t produces 
an in situ flux of 2.7 MeV tritons for the secondary activation reaction 160(t, n)18F. 
A detailed study of these consecutive reactions and the conditions under which 

* On leave from Southern Bniversities Nuclear Institute, Faure C.P., South Africa. 
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they can be used have recently been reported.4 With triton beams from accelerators. 
metal surfaces can be irradiated directly, and the induced activity of 18F can be 
used as a measure of the oxygen content. By this method a sensitivity of 5 · 10- 30 

µg oxygen/cm2 has been claimed.;; Both these approaches thus indicate to what 
extent triton-induced reactiom. on oxygen can meet the above requirements. 

By measuring prompt reaction products instead of radiation from radioactive 
decay, sufficient data can be obtained over a period which is frequently relatively 
short compared with the time ne1~ded for counting, but this advantage is often 
lost as a result of the small measuring solid angle that is needed to attain sufficient 
resolution. When, however, prompt y-rays are measured with a relatively large 
detector placed near to the target, a high count rate may be obtained without 
appreciable loss of resolution. Furthermore, if the triton beam has a relatively low 
energy, it may be possible to ~:elect conditions such that the count rate from oxy
gen is acceptable, while the yield of y-rays from the matrix elements may be com
paratively low as a result of the Coulomb barrier effect. 

For this reason the present study was undertaken using accelerator-produced 
triton beams below 3 MeV for measuring the oxygen concentration on surfaces 
of aluminium, iron and copper. 

Prindple of the method 

The most likely reactions !:nduced by tritons with energies below 3 MeV are 
(t, n), (t, p) and (t, a:) reactions, but for most target nuclides these reactions are so 
exoergic that they could take place even at low bombarding energies, provided the 
triton can penetrate the Coulomb barrier. The product nucleus could then be pro
duced in an excited state with many energy levels available for its decay, and the 
y-rays emitted would then be expected to have a complex energy spectrum. How
ever, a closer study of the case of 160 shows that relatively few levels are available 
in the product nuclei so that simple y-ray spectrometry becomes feasible. 

Some nuclear data of the three reactions under discussion are given in Table I. 
in which the Q-value refers to the ground state mass difference between 160 and 
the heavy reaction product, 6 l;;,, is the energy difference between the excited nuclear 
level and the ground state taken as zero, E~ is the energy of the emitted y-ray, and 
the branching ratio7 refers to the probability of de-excitation by means of the 
stated transition, expressed as a percentage. Where the different branching 
ratios for the various modes of decay of a particular level do not sum to 100 %, 
minor transitions, resulting in low-intensity y-rays, have been omitted. Since, for 
analytical purposes, especially at low oxygen concentrations, only the more 
intense y-rays would be of interest, these are the only ones that have been listed. 
For the same reason the reactions of the two heavier isotopes of oxygen, which 
are present in relatively very low concentrations, have been ignored. 

From Table 1 it is strikingly obvious that very few y-ray energies are expected 
from (t, p) reactions with tritons in this energy range. We can use a convention 
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Table 1 

y-Rays from (t, n), (t, p) and (t, a) reactions on 160 

No. " ra 10, 0 

Level, I E keV I Transition I Bratnchi%ng 

------'-----·--------- ··-------'- -- -----

Reaction 160(t, n)18F Q = 1.2696 Me V 

1 940 (1,0) 100 
2 1 043 (2, 0) 100 
3 1 085 (3, 0) 100 
5 1 700 (5, 0) 30 

(5, 2) 70 
6 2104 (6, 0) 30 

(6, 1) 35 
(6, 2) 35 

7 2 525 (7, 0) 80 
(7, 1) 20 

8 3 063 (8, 0) 25 
(8, 1) 75 

Reaction 160(t, p)1so Q = 3.7068 MeV 

1 1 982 
2 3 550 

(1, 0) 1· 100 
(2, 1) 100 

Reaction 160(t, a)15N Q = 7.6882 MeV 

2 
3 
4 
5 
6 
7 

8 

9 
10 
11 

5 270.6 
5 299.2 
6 323.5 
7 155 
7 301 
7 566 
8 312.6 

8 576 

9 053 
9 151.8 
9 154.9 

(1, 0) 
(2, 0) 
(3, 0) 
(4, 1) 
(5, 0) 
(6, 1) 
(7, 0) 
(7, 2) 
(7, 3) 
(8, 0) 

. (8, 1) 
(9, 0) 

(10, 0) 
(ll, 0) 
(ll, 1) 
01,2) 

. (11, 3) 
(ll, 4) 
(11, 5) 

100 
JOO 
100 
100 
100 
100 
80 
JO 
8 

33 
63 
92 

100 
9 
8 

10 
20 
45 

8 

940 
1043 
1 085 
1 700 

657 
2104 
1 164 
1 061 
2 525 
1 585 
3 063 
2 123 

1 982 
1 568 

5 271 
5 299 
6 324 
1 885 
7 301 
2 295 
8 313 
3 013 
1 989 
8 576 
3 305 
9 053 
9 152 
9 155 
3 884 
3 856 
2 831 
2 000 
1 854 

253 

to label the y-rays: S(a, b), where Sis the identity of the light nuclear product 
particle and a and b are the level numbers between which the transition occurs. 
The two y-rays from the reaction 160(t, p)180 are thus labelled p(l, 0) and p(2, 1), 
and it is clear that all (t, p) reactions that do not produce 180 in its ground state 
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have to be accompanied by the emission of they-ray p(l, 0) of 1 982 keV, and the 
photopeak of this y-ray is expected to be readily observable in the spectrum. 

As the likelihood of producing an excited product nucleus generally decreases 
with the extent of excitation, it may be expected that the more intense y-rays from 
the reaction 160(t, n)18F will be n(l, 0), n(2, 0) and n(3, 0). It should be noted too 
that de-excitation of higher excited states frequently occurs in stages thus adding 
to the intensities of these three y-rays. Following the same reasoning, the more 
intense y-rays from the reaction 160(t, a)15N are expected to be a(l, 0), a(2, 0) 
and a(3, 0), but for this reaction it should be noted that the first excited level of 
15N is exceptionally high. These relatively intense y-rays of high energy are thus 
expected to be found in an ener,gy region where the intensities of y-rays from other 
reactions are likely to be rather low, thereby making their use for analysis more 
attractive. 

Experimental 

Rectangular samples to be analysed, measuring about 10 x 17 mm and a few 
millimetres thick, were mounted on the sliding arm of a target holder placed at 
the end of one of the beam tubes of the 3 MeV Van de Graaff accelerator of the 
Centre Recherches Nucleaires at Cronenbourg, Strasbourg. These could be pushed 
into the path of a beam .of tritons usually between 30 and 50 nA, but sometimes 
reaching 100 nA, as supplied by the accelerator. Gamma-rays from the nuclear 
reactions were measured with an 80 cm2 Ge(Li) detector, the face of which was 
about 30 to 40 mm from the target, at 90° to the direction of the beam. 

Physical and calibration data were obtained from oxygen gas in a gas cell, the 
centre of which was placed at the irradiation position for metal samples. A nickel 
window 2.54 mg/cm2 in thickness allowed the beam to enter the cell with a loss 
of 310 keV for an incident beam of 3.3 MeV tritons, 355 keV for a beam of 2.6 
MeV and 391 keV for a beam of 2.1 MeV. By varying the pressure in the cell, the 
amount of oxygen in the path of the beam could be varied. 

Pulses from the detector were amplified and stored in a multichannel analyser 
during the analysis. After the spectrum had been obtained, the data were trans
ferred to an off-line computer for processing. 

Each irradiation was continued until data had been collected to obtain peaks. 
in the spectrum with acceptably small statistical errors of counting, or until a total 
current of l 00 µC had been used. In most cases 50 µC or less were sufficient. 

RE:sults and discussion 

Gamma-ray spectroscopy 

A typical y-ray spectrum obtained for a sample of gaseous oxygen at 280 mm 
pressure, equivalent to a surface concentration of 526 µg/cm 2

, is shown in Fig. 1. 
The total beam current used was 2:0 µC and the average bombarding energy as. 
calculated from range-energy tables8 was 2.069 MeV. As expected, the number 
of peaks is relatively small and most of the peaks can readily be identified. 

J. Radioanal. Chem. 12 (1972). 
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Fig. l . Spectrum of prompt y-rays, measured at 90° to the beam direction, during irradiation 
of an oxygen gas sample with tritons having a mean energy of 2 069 keV. Peaks are labelled 
with the energy in keV and according to the convention s(a, b), where s is the prompt light 
p~rticle product of the reaction, and the y-ray quantum is emitted by de-excitation of the 
heavy product nucleus from level a to b. When the target nucleus is 16d' it is omitted 

in the figure 

The very high yields obtained- for· the y-rays n(l, 0), n(2, 0) and, to a lesser ex
tent, n(3, 0), emphasize the well-known fact that the cross-section for the forma
tion of 18F by the reaction 160(t,'n)18F is high, but also show that these peaks can 
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be used for analytical purpmes. Most of the y-rays from this reaction listed in 
Table 1 are readily detectable in the spectrum, and are marked in Fig. 1 with an 
arrow indicating the calculate:! position of the peak. They-ray n(6, 2), which is a 
relatively weak y-ray falling between the intense y-rays n(2, 0) and n(3, 0), would 
be difficult to detect under the present experimental conditions. The value of the 
branching ratio for the y-ray n(7, I) is small and it would thus be difficult to observe 
in the relatively high continuum; it is expected to be only some 25 % as intense as 
the y-ray n(7, 0) whose low photopeak is shown in Fig. 1. 

The only other listed transitions which have not been observed but which are 
energetically possible, are those involving the 8th excited state of 18F. At the bom
barding energy used here, the. energy available for this reaction to produce the 
required excited state is not much above the threshold and hence the cross-section 
is expected to be low. 

Only a single peak from the: reaction 160(t, p)180 was detected, corresponding 
to the y-ray p(l, 0). Although the photopeak from this y-ray is low compared to 
that of n(l, 0), it can still be used for analytical purposes because it falls in a region 
-0f the spectrum where the co:11tinuum is much lower. The photopeak from the 
y-ray p(2, I) was not observed; thus indicating that the cross-section for the reac
tion leading to the second excited state of 180 is probably low. 

When the peaks from the reaction 160(t, a)15N are compared with the other peaks 
in the spectrum, the poorer re:solution, as shown by the comparative widths of 
the peaks, becomes strikingly obvious. Under the conditions of analysis, no at
tempt was made to use a-particle spectroscopy to isolate y-rays corresponding to 
any particular direction of emission of the a-particle. The integral curve, which 
was the one measured here, shows the broadening expected from the Doppler 
·effect. 

Very few of the y-rays listed in Table 1 were detectable. Furthermore, because 
-0f the decreased resolution it became impossible to resolve the y-rays a(l, 0) and 
a(2, 0) even though the levels involved in the transitions have a,relative energy 
difference of almost 30 keV. However, the two y-r.ays now produce a more intense 
peak which adds to the sensitivity of analysis. Qualitatively, y-rays involving tran
sitions from the 5th excited statie of 15N can still be identified, but when the higher 
states are involved, the energy available for the outgoing a-particle becomes small 
relative to the Coulomb barrier. Even from tile 4th state the y-ray yield is too 
small for analytical use as· a rf'.~mlJ of the marked depression of the cross-section 
by Coulomb effects .. 

Attention should be drawnfo two small photopeaks of y-rays of 1 632 and 2 313 
keV. These are due to the reaction 12C(t, n)14N induced on carbon deposited from 
traces of vacuum oil that decomposed on the nickel window at the point of in
cidence of the triton beam, and correspond to n(l, 0) and n(2, 1) y-rays from 12C. 

The possibility thus exists for using y-ray spectrometry to measure the radia
tion from the three expected reactions of 160 for analytical purposes. lf each of 
the y-rays n(l, 0), n(2, 0), n(3, 0), p(l, 0) and the pair,a(l, O)-a(2, O) is used in
dependently, it becomes possiblie to obtain 5 inter-related numerical values, each 
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of which is a measure of the oxygen content of the sample, but the relative values 
of which are fixed under constant conditions of measurement and at constant tri
ton bombarding energy. 

One such set of respective values obtained from a gaseous sample of oxygen, 
bombarded with tritons having a mean energy of I 900 keV and normalised to 
l mC of total bombarding current, is: 1 175.6; 1 282.7; 303.3; 725.9; 401.8 for 
I µg oxygen per cm2

, or 312.2; 340.7; 80.6; 192.8; 106.7 for 1016 oxygen atoms per 
cm2

. These values refer to measured counts and are not corrected either for ab
solute or for relative counting efficiencies. 

Accuracy and precision 

Excitation functions were measured for each of the 5 y-rays of interest for bom
barding energies between 1100 and 2 800 keV in steps of about 100 keV. In all 
cases the yield increased steadily with bombarding energy. 

For analytical purposes, beams of any energy could be used, provided there 
was no interfering radiation from the matrix. Examples of analyses using tritons 
of different energies are shown in Table 2. The results were based on the yield of 
p(l, 0) y-rays, because it was expected that these values would be least precise 
due to the fact that small gain changes in the measuring system could result in the 
inclusion of counts from the 2 032 keV n(2, 0) y-rays from the (t, n) reaction in
duced on 27AI. 

Table 2 

Results using tritons of different energies 

2 400 4 752 4 237 1.122 
2 300 4 678 I 3 803 1.230 

I 

2 200 3 970 I. 3 039 1.306 
2 100 3 333 2811 1.186 
2 000 2 433 2 163 1.125 
1 900 I 758 I 440 1.221 

Mean ratio by (t, py) reaction: 1.198±0.070 (±5.8%). 
Mean ratio by (d, p) reaction: 1.204 (Ref. 1). 

Pure aluminium foil with its oxide layer intact was analysed as Aluminium 1, 
and the thickness of the oxygen layer was compared with that of Aluminium 2, 
a sample which had been cleaned and re-oxidised by heating in air between 460° 
and 5QO "C for 24 hi:s. The thickness of the oxide film of Aluminium 2 was. found 
to be 145 A, in agreement With the expected value, as determined by the condi-
tions of oxidation.9 ·- .. · 
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The accuracy of the method was tested by comparing the results with analyses 
using prompt proton spectrometry from deuteron-induced reactions.1 The ratio 
of the surface concentrations of oxygen on the two aluminium samples was found 
to be 1.198 ±0.070, in excellent agreement with the corresponding value of 1.204 
using the (d, p) reaction. Furthermore, a statistical analysis of the results indicated 
no bias. It may thus be concluded that the two methods are comparably accurate. 

The results given in Table 2 show a relative standard deviation of± 5.8 %. This 
value is somewhat higher than expected from the statistical counting errors only. 
Each count had been measured within a statistical error of between 2 and 3.5 %, 
so that the relative standard error of the ratio was expected to be somewhat below 
5 %. The poorer precision may probably be accounted for by some interference 
from reactions induced in aluminium. 

Results of analyses of two other metal surfaces containing more oxygen are 
given in Table 3. In the case of the steel sample, two peaks featured strongly in 
the spectra, namely those corresponding to 12C n(2, 1) and 12C n(l, 0) y-rays, 
from triton-induced reactions on i·

2c. The high intensity of these peaks points to 
the possibility of using these y-rays for determining surface concentrations of 
carbon. 

y-Ray used 

Table 3 

Analyses with 1 900 keV tritons 

Copper 
---

per concentration, 
100 µC atoms/cm' 

Counts 
per 

IOOµC 

Steel 

Surface 
concentration, 

atoms/cm 2 

Counts _I__ Surface 

------ ---~--~------

n(l, 0) 
n(2 ,0) 
p(l ,0) 
a(l+2, 0) 

1 020 
1 148 

640 
342 

Mean: 
By (d, p) analyses: 

32.67 . 1016 

33.70 · 1016 

33 20 · 1016 

32.05 . 1016 

32.91 . 1016 

46.4 . 1016 

486 
542 
316 
158 

15.57 · 1016 

15.91 • lQlG 

16.39 . 1016 

14.81 . 1016 

15.67 • lQlG 

15.6 . 1016 

The surface concentration of oxygen on the steel agreed well with the result -
obtained by prompt proton spectrometry. The large discrepancy between the re-
sults obtained by triton and by deuteron bombardment of the copper sample 
clearly indicates that the surface had undergone a change during the several weeks 
that elapsed between the analyses .. 

Sensitivity 

The sensitivity ofthe method depends on the extent to which the matrix.inter
acts with the bombarding beam. Elements such as iron or copper contribute little 
to the radiation background when bombarded with tritons below 2 MeV, but 
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aluminium generates an appredable amount of radiation. Using the criterion that 
the sensitivity of the method is the surface concentration of oxygen that would 
yield a count equivalent to three times the standard deviation of the background 
count, the sensitivity for an irradiation current of 1 mC of 1 900 keV tritons is 
about 0.13 µg/cm 2 (5 · 1015 atoms/cm2

) for iron and copper, but only 0.45 µg/cm2 

(or 1.7 · 1016 atoms/cm2
) when aluminium is analysed. Clearly, the sensitivity can 

be improved if longer irradiations are acceptable. 

* 
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the Faculty of Sciences, Strasbourg, for permission to use their facilities and to Madame 
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B. VIALATTE assisted with some of the measurements and Dr. J. SrnGKA and Dr. G. AMSEL 
of Ecole Normale Superieure, Paris, kindly performed the (d, p) analyses. 
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THE DETERMINATION OF 10B BY PROMPT PROTON 

SPECTROMETRY 

C. OLIVIER,* M. PEISACH** 

*Department of Chemistry, University of Stellenbosch, Stellenbosch (South Africa) 
**Southern Universities Nuclear Institute, Faure, C.P. (South Africa) 

Boron was analysed in ore and glass samples by prompt proton spectrometry, using 
deuterons of 2.7 MeV to coincide with a region where the excitation function of the 
10B(d, p)11B reaction did not vary appreciably with energy. 

Targets of approximately 300 µg/cm2 thick of powdered samples were prepared by 
centrifugation. Concentrations down to 0.2 % were determined. Possible interference 
by other elements, particularly nitrogen, magnesium and titanium, was investigated. 

Introduction 

To date the use for analysis of prompt charged particles from nuclear reactions 
induced by charged particles1

-
5 has been limited to determination of 14N, 160, 

180, 32S, 58Ni, 60Ni and 52Cr. It is thus evident that the full potential of this 
field has not yet been realised. 

Table l' 

Ground state Q-value and product particle energies from (d, p) or (d, <X) reactions on stable 
isotopes having Q-values for (d, p) reactions in excess of 8.0 MeV 

Target 
Natural Q-value,• MeV 

nuclide 
abundance, 

% 
(d, p) 

47Ti 7.28 I 9.403 
lOB 19.78 9.231 
aas 0.76 I 9.198 
4aca 0.145 8.911 
s1sr 7.02 8.876 
2sMg 10.13 8.870 
soyb 0.24 8.830 
•9Ti 5.51 ~.720 
uN 99.63 8.610 
29Si 4.70 8.393 
Gt Ni 1.19 8.375 
77Se 7.58 8.266 

a Isotopes of rare gases are excluded. 
b Radioactive. 

I (d, IX) 

6.845 
17.819 
8.566 
7.868 
8.002 
7.049 
9.979 
6.480 

13.575 
6.014 
8.724 
9.141 

Maximum particle 
energy for Ect = 2.7 MeV 

and 0° 

Ep, MeV I E«,MeV 

12.074 

I 
9.232 

11.811 16.362 
11.858 10.692 
11.584 10.167 
11.562 10.498 
11.524 9.145 
11.507 12.224 
11.397 8.897 
11.233 14.046 
11.059 8.254 
11.048 11.093 
10.953 11.569 
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314 C. OLIVIER, M. PEISACH: DETERMINATION OF 10B 

· The 'most likely reactions yielding prompt charged particles when stable nuclei 
are bombarded with deuterons of a few MeV are (d, p) and (d, a) reactions. The 
maximum energies attained by prompt protons from reactions induced by 2.7 
MeV deuterons on isotopes with high Q-values 'for such reactions are given in 
Table I. 

Because the reactions are. highly exoergic, many energy states can be excited 
in the product nuclei and the energy spectra of the prompt protons will thus 
extend from somewhat above 12:MeV to very low energies. Since it could be 
expected that the bombarding beam will Jose little energy in traversing very thin 
targets of the elements concerned, the energy spectra of prompt protons from 
such targets may be expected to consist of a series of narrow peaks whose widths 
are determined by the resolutio:n of the measuring system. Alpha-particles, which 
may be consid~red as a possible source of interference in the analysis of boron 
by prompt proton spectrometry, can be eliminated together with the scattered 
deuterons by an absorber placed in front of the detector. 

Experimental 

Preparation of standards and samples 

A technique similar to that used for preparing deposits of barium carbonate 
for the routine counting; of 14C was used for preparing powdered deposits of 
elemental boron, boron nitride, glass, tourmaline and other inorganic compounds 
on tantalum discs. 

Reference materials used were NBS standard glass samples Nos 92 and 93 and 
a tourmaline sample of which a complete analysis (NIM Report No. 939) was 
obtained from the National Institute for Metallurgy, Johannesburg, South 
Africa. 

Samples of the materials to be irradiated were ground to fine powders with a 
particle size of about 0.5 µm as measured by the average settling velocities in 
water. Approximately one-milligram quantities of the powders were centrifuged 
onto tantalum discs producing a layer of about 300 µg/cm2

• 

Irradiation 

The targets were irradiated inside a 90 cm scattering chamber with deuteron 
beams obtained from the 5.5 MV Van de Graaff accelerator of the Southern 
Universities Nuclear Institute. 

The collimated irradiation beam had a circular cross-section of 3 mm diameter. 
The target angle of 20° resulted in an irradiated area of elliptical shape having a 
major axis of about 8.8 mm, but this broadening was still sufficiently narrow for 
the beam to fall entirely within the boundaries of the target deposit of 20 mm 
diameter. 

J. Radioa11a/. Chem. 12 (1972) 
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The beam current was measured with a current integrator which was connected 
to the target holder and a cylindrical tube which acted as a Faraday cup and thus 
corrected for secondary electron losses that were experienced with an open target. 

Measurement 

The semiconductor detector could measure protons of up to IO MeV and had a 
resolution of less than 45 keV. It was covered with gold foils to absorb the scat
tered deuterons, low energy protons and a-particles. Since the (d, p) reactions of 

. ! 
-105 
c 
::;J 
0 
u 

c 
0 
0 
6:: 

10 4 

2.0 2.2 2.4 2.6 2.8 3.0 
Deuteron energy, MeV 

Fig. 1. The variation of proton counts measured at 30°, with deuteron energies between 1. 7 and 
3.0 MeV as obtained with a thin target of boron nitride. Counts from the 10B(p0) and 14N(p0) 

groups are given separately 

interest are highly exoergic, the absorber thickness is not very critical.. The only 
restriction is that the protons must be stopped in the sensitive region of the detec
tor. The appropriate thickness of absorber required was calculated from the 
known stopping power for protons.8 

The effect of the angle of measurement 

It was advantageous to measure the 10B(p0) protons at small angles. It was also 
established experimentally9 that, for an incident deuteron beam of energy in the 
region 1.45- 3.15 MeV, the yield of 10B(p0) protons reaches a .maximum in the 
vicinity of 30°. To obtain higher sensitivity, this direction was consequently 
chosen for analysis. 

J. Radioanal. Chem. 12 ( 1972) 
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Fig. 2. Energy spectra of prompt protons obtained from the deuteron irradiation of thin 
deposits of boron and boron nitride o·n tantalum. e = -30°, Ed= 2.7 MeV, Au absorber= 

= 135 mg/cm2 

The effect of deuteron energy 

The variation of proton counts with deuteron energy between 1.7 and 3.0 MeV 
is shown in Fig. 1 as obtained with a thin (114 µg/cm 2

) target of boron nitride. 
Counts from the 10B(p0) and 14N(p0) groups are given separately. Jn both cases 
little variation in the proton yield occurs in the energy region 2.0-3.0 MeV. 

Providing the energy does.not decrease below 2.0 MeV, the count rate will be 
a function of the boron content which simplifies the analysis considerably. A bom
barding energy of 2. 7 Me V wa~: selected in an attempt to decrease interference from 
heavy elements which already yield an appreciable count rate of protons above 
about 3 MeV. No decrease ii1 the relative. yield of the 14N(p0) group could be 
achieved by changing the energy. 

J, Radioanal. Chem. 12 (1972) 
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Effect of distance between target and detector 

The best distance for measurement was obtained by measuring prompt protons 
from an irradiated boron nitride target. Using the relative depth of the valley 
between the 14N(p0) and 10B(p0) peaks (see Fig. 2) in the spectra as a criterion, it 
was found that 55 mm between detector and the centre of the target gave optimum 
results. 

Effect of beam current 

Boron counts, observed from the same target but irradiated with different beam 
intensities, showed a standard deyiation of ±3.23 % for a beam current between 
0.3 and 1.0 µA. Higher beam currents resulted in a decrease in the boron count, 
caused by the loss of the deposited material accompanying the higher temperature 
involved. 

Results and discussion 

Energy spectra of prompt protons 

The spectrum obtained from boron is characterized by the prominence of two 
peaks and the virtual absence of background counts in the energy region of interest. 
The peaks correspond to the Po and p1 proton groups from 10B. The high yield p0 

group which lies in the high energy region, where there is least chance of obtaining 
protons from other elements, was accordingly chosen for analytical purposes. 

In the spectrum obtained from boron nitride the peak due to the p0 proton 
group from 14N dominates because of the high abundance (99.63 %) of this isotope 
and the large cross section of the reaction concerned. In spite of the large yield of 
this proton group and the fact that the leading edge of this peak overlaps to some 
extent the backward edge of the peak from the 10B(p0) proton group, the latter 
peak is still clearly resolved from the 14N(p0) peak. 

Tantalum was used as backing material since the Coulomb barrier for such 
a heavy element (Z = 73) was large, and therefore the cross section of the (d, p) 
reaction at 2.7 MeV was expected to be so small that prompt protons from it 
would be undetectable. This was not quite the case (see Fig. 4). The undulated 
plateau in this spectrum whose leading edge corresponds to the peak of the 
14N(p0) proton group, might have been caused largely by prompt protons from 
atmospheric nitrogen still present in the evacuated scattering chamber. 

Analysis 

Tourmaline and glass samples of known boron content were used to determine 
the accuracy of the method. The reference material used was boron nitride. Typical 
energy spectra obtained from tourmaline, borosilicate glass and low boron glass 

J. Radioanal. Chem. 12 (1972) 
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Fig. 3. Energy spectra of prompt protons obtained from the deuteron irradiation of thin 
deposits of tourmaline and bornsilicate glass on tantalum. e = 30°, Ed= 2.7 MeV, 

Au absorber = 135 mg/cm2 

are shown in Figs 3 and 4. The 10B(p0) peak is clearly perceptible in each spectrum, 
although it is dwarfed by the 11N(p0) peak in the spectrum obtained from the low 
boron glass. As was expected, the high content of silicon in every sample caused 
the very prominent peak corresponding to the proton group, 28Si(p1). In the 
tourmaline samples, which contain aluminium, the spectrum shows a composite 
peak representing 27 Al(p0, p1) proton groups. 

To obtain the boron count in the boron nitride spectrum a curve fitting procedure 
had to be followed. By normalising the shape of the leading edge of the 14N(p0) 

peak a value is obtained, which after subtraction from the total integrated count 
of both peaks gives the boron count. The forward edge was used for normalising, 
since its shape is determined by protons detected from the surface of the target 
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where little energy loss is experienced by the bombarding deuterons. A secondary 
check is given by the resultant shape of the boron peak obtained if the normalised 
14N(p0) peak is subtracted from the observed spectrum. The same procedure is 
applicable for cases where the interfering peak has a higher count rate than that 
of the boron peak, as is the case with low-boron glass (see Fig. 4). 

14N 

' I 

i'~~ ' 
2160 Low- boron glass 
u 

~140 285; 

i1120 I 
:J ' 109 
8100 Po 

I 
80 ' fl 60 

40 :1 ·1 
20 'so 
0 I I I -a; 

' 285; 
14N 

~ 30 
I 

I Tantc.ium 

' .c 
u ' ~ 20 .. 
a. 
"' 10 c 
:J 

0 • -0 
140 160 180 200 220 240 260 280 300 320 340 u 

Channel number 
u_____L_ __ ~--~-_J__-· 
8 9 10 11 12 

Proton energy
1 

M<V 

Fig. 4. Energy spectra of prompt protons obtained from the deuteron irradiation of a thin 
deposit of low-boron glass and from the tantalum backing. B = 30°, Ed = 2.7 MeY, 

Au absorber = 135 mg/cm2 

Calibration, precision and accuracy 

The normalised count, expressed as the count that would have been obtained 
from a sample of standard thickness 300 µg/cm2 if irradiated with 0.1 mC current, 
and normalised to unit percentage of boron by weight, is given in column 3 of 
Table 2. These values, for the first three types of samples, have a mean value of 
455.8± 19.4, i.e. a relative precision of 4.3 %, and are in good agreement with the 
value 455.2, obtained from boron nitride for the slope of the linear calibration 
line correlating the boron content (in percentage by weight) to the observed 
normalised count. 

The marked increase in the relative error of the determination for the low
boron glass sample, and the appreciable discrepancy between the mean value 
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'' Table 2 

Some typi~al analytical results 
-··-· 

I 

i 
Countsa per 

Boron, % 

Thickn~ss: I 

3C•O µg/cm' 

Target Determinedb Relative 
µg/cm' 

I Measured I Mean value 

error, % 
Mean Known 

I 
Jn target 

I I I for sample 

Boron nitride 210.4 480.2 45.95 I + 5.49 
214.9 450.'.i 43.09 - 1.08 
220.9 473.9 455.2 43.56 45.35 43.56b + 4.11 
305.6 435.~: ±20.9 41.65 - 4.38 
329.l 436.L'. I 41.76 - 4.13 

' ----
I 

222.5 422.6 

I 
3.02 - 7.08 

273.7 468.~' 450.l 3.35 + 3.08 
Tourmaline 283.3 457.~· ±19.6 3.25° 3.26 3.22 + 0.31 

291.6 451.5' 3.23 - 0.62 
----· 

Borosilicate 267.4 474.2 4.13 
I + 4.29 

glass 269.9 440.2 464.2 3.961 3.83 
! 

4.04 - 3.28 
299.2 478.5 ±21.0 4.16 + 5.05 

----
Low-boron 197.3 388.9 0.19 -13.64c 

glass 244.l 381.6 396.8 0.221 0.18 0.19 -18.18 
262.6 419.9 ±20.3 0.20 

I 
- 9.09 

--------
Boron powder 224.7 330.3 I 72.56 I -27.44d 

I 232.0 424.8 

I 

93.32 - 6.68 
241.0 320.7 363.6 100 70.45 79.88 -29.55 
246.0 355.4 ±37.5 78.Q7 -21.93 
332.0 372.5 

I 
81.83 -18.J 7 

349.8 377.8 83.00 -17.00 

I 

a Expressed as counts per 300 µg/cm 2 target per unit percentage boron (by weight) as 
obtained from an irradiation with 0.1 mC current. 

b Mean count from boron nitride used as calibration value for all these analyses. 
c These values seem to indicate that the reported boron content of 0.22 % is too high. 

See text. 
ct These values indicate large deviations from this sample. See text. 
e Analysis supplied by National Institute for Metallurgy, Johannesburg, South Africa 

(NIM Report No. 939). 
1 Analysed samples Nos 92 and 9.3 from U.S. Bureau of Standards. 

determined by this method and the known boron content, seem to imply that the 
reported value of 0.22 % is somewhat high. The value of 0.19 % would have to 
be used to bring these results into line with those of other samples. The poorer 
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precision for this sample can .be ascribed largely to the relatively Small number of 
counts that were obtained at the low level of boron. In the absence of interfering 
elements, when resolution becomes of minor importance, an improved precision 
may be obtained by placing the detector as near the target as is geometrically 
possible. 
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Fig. 5. Energy spectra of prompt protons obtained from the deuteron irradiation of a thin 
deposit of magnesium oxide and calcium fluoride (43Ca enriched) on tantalum. e = 30°, 

Ed= 2.7 MeV, Au absorber= 135 mg/cm2 

Clearly the sample that had been accepted to be pure boron could not have 
been correctly described, because it would require an impurity amounting to over 
20 % by weight to obtain agreement between these results and those from other 
samples. 

Possible interferences 

When the energy levels in the product nuclei are taken into account, it is found 
that the following proton groups have energies within the region of integration 
defined for the boron analysis: 47Ti(p0, p 1), 

33S(p0), 
43Ca(p0), 

87Sr(p0), 
25Mg(p0), 

50V(Po), 49Ti(po), 14N(po). 
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Of these the 25Mg(p0) group has the highest possibility for interfering mainly 
because of its relatively high cross section and the difficulty of resolving it from 
that of the required boron group (see Fig. 5). A test sample of magnesium oxide 
containing magnesium and boron in equal concentrations, gave an uncorrected 
result of about 0.6 % which is well within the accuracy of the method. The proton 
groups 47Ti(p0), 

33S(p0), 
87Sr(p0) and 00V(p0) were not observed under the experi

mental conditions described. 
Although the 43Ca(p0) group was observed from a test sample containing about 

40 % 4~Ca (see Fig. 5) the presence of natural abundance of 43Ca is small (0. I 45 %). 
The presence of nitrogen in the sample to be analysed is easily coped with by 
the curve fitting procedure described. As far as the backing is concerned, practi
cally no counts were observed in the region of integration. 
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(Received February 17, 1972) 

An activation analysis method has been developed for the routine determination of 
48Ca. The calcium is chemically separated, converted to the hydroxide, carbonate or 
chloride and activated for 30 min in the y-ray flux generated by a primary electron 
beam between 40 and 57 MeV and a current of about 50 µA. A large number of samples 
can be activated simultaneously and the ratio of activities of 47Ca and 43K gives a 
measure of the isotopic concentration of 48Ca. Naturally-occurring 44Ca is used as an 
internal standard. The relative standard deviation is ±3.3 %. 

Introduction 

Isotopic dilution analysis has been used for some time to study the biological 
role of calcium. Preparations enriched in 48Ca are administered to the biological 
system and information is obtained by measuring the isotopic dilution that 
results from the admixture of natural calcium.1 To meet the need for a useful 
technique to determine isotopic concentrations of calcium isotopes, numerous 
nuclear methods have been developed, most of which make use of charged
particle ·beams to induce the required reaction. The methods that are based on 
the measurement of the prompt particles emitted from the nuclear reaction, such 
as neutron time-of-flight spectrometry from (p, n) reactions,2 have the disad
vantage that the full beam can be directed at only one sample at a time. To some 

-._ extent this disadvantage is alleviated when activation methods are used,3 by 
_,. mounting the samples on a rotating sample holder so that many samples can be 

activated during a single irradiation, but then the beam is spread over all the 
samples and each receives the benefit of only a small proportion of the beam. It is 
only when penetrating radiation is used, as for example when thermal neutrons 
are used to activate 48Ca by neutron capture,4 that large number of samples can be 
activated together without appreciably decreasing the flux available to other 
samples in the same batch. However, the convenient use of another calcium 
isotope in the same sample as an internal standard, which is a marked advantage 
of charged particles, cannot readily be adapted to thermal neutron activation. 

*On sabbatical leave from the Southern Universities Nuclear Institute, P.O. Box 17, 
Faure, C.P., South Africa. 
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Activation analysis using energetic photons combines both advantages. The 
radiation is highly penetrating, thereby allowing many samples to be placed in the 
same flux, and suitable radioactive products are generated from several calcium 
isotopes simultaneously, making a choice of an internal standard possible. 

The nuclear reactions most likely to occur with photons of up to 50 MeV are 
(y, n) and (y, p) reactions and some properties of the radioactive products that 
may be expected from the photoactivation of calcium isotopes are listed in Table 1. 

Table I 

Products from (y, n) and (y, p) reactions on calcium isotopes 

(y, n) Reaction (y, p) Reaction 

Target 
Natural ----- ------

nuclide 
abundance, Main y-ray 

% Product Half-life energies, Product Half-life 
keV 

-~:c-:--J I 

I 
I 

96.97 39Ca 880 ms ((J+) a9K stable 
42ca 

I 
0.64 41ca 8 . 104 y I 41K stable 

I 
no y 

I 
43Ca 0.145 42ca stable 42K 12.36 h 
44Ca 2.06 43Ca stable I 43K 22 h 

I 

4"Ca 0.0033 4sca 165 d 

I 

12.5 asK 16.3 m 

4sca 0.185 I 
47Ca 4.54 d 1 296 a;K 17.5 s 

810 
I i 

490 I ! I I I 
I I 

({J +) indicates decay by positron emission, and hence the presence 
of 511 keV annihilation radiation. 

I Main y-ray-

· I energies. 
keV 

1 524 
372 
617 
175 

1 710 
2 000 
2 600 

I 

Nuclear reactions that occur with smaller probability need not be considered, 
because isotopic analyses are usually performed on separated samples of pure 
materials. Reference to Table 1 shows that the major isotope, 4°Ca, does not 
produce any activity except the very short-lived 39Ca that decays before the sample 
can reach the counting apparatus. In addition, activities from 42Ca and 46Ca can 
be ignored, the former because its (y, p) product is very long-lived and hence 
would be produced in small amounts, and the latter because of its low natural 
abundance. Thus, essentially only three radioactive products are present in 
photon-activated samples of calcium a few minutes after the end of the irradiation; 
42K and 43K from (y, p) reactions on 43Ca and 44Ca, respectively, and 47Ca from 
the (y, n) reaction on 48Ca, and their activities can be used to determine the cor
responding calcium isotopes. 

In this work the activity of 47Ca was measured to determine the isotopic con
centration of 48Ca. The results were expressed relative to the activity of 43K used 
as a measure of the isotopic concentration of 44Ca, which was selected as the 
internal standard. 

J. Radioanal. Chem. 13 (1973) 
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Sample preparation 

Samples for analysis were dissolved and the calcium was separated by pre
cipitation. The precipitate was washed by centrifugation and transferred as a 
suspension in acetone to weighed foils of aluminium, which were then heated to 
evaporate the volatile liquid. Afterwards tl:e foils were weighed and wrapped 
round the calcium deposit to form the target for irradiation. In the early experi
ments the calcium was precipitated as hydroxide because 2-min 150 was the only 
other expected activity, but when it was established that irradiated samples could 
be stored for several hours before counting, the carbonate was used as the longer
lived activity from carbon could also be tolerated. Later it was found that the 
post-irradiation treatment was simplified if the calcium was in a water-soluble 
form. Consequently, after precipitation the calcium was converted to chloride by 
dissolution in hydrochloric acid, the excess acid evaporated and the residue dis
solved in a drop of water that was then deposited onto the aluminium foil, evap
orated to dryness and wrapped for irradiation. 

Standards of the required isotopic concentrations were prepared by adding 
natural calcium to two enriched 48Ca samples, obtained as calcium carbonate 
from the Oak Ridge National Laboratory, USA. The enriched samples consisted 
of 48Ca (95.64 and 97.16 atom%, respectively) and 4°Ca, with negligible con
centrations of the other stable calcium isotopes. 

Irradiation and measurement 

The samples were placed in the standard irradiation caps used at the Linear 
Accelerator facility at Saclay. These caps allow somewhat more than I cm:~ of 
space for the samples at the front of the pneumatic container which is used to 
deliver the samples to the irradiation position. The photon flux is generated by 
accelerated electrons impinging on a metal target and is anisotropic. The com
paratively small volume of the irradiation caps ensures that all samples in it are 
irradiated with virtually the same flux. Up to 30 samples could readily be irradiated 
simultaneously. 

Samples containing a few milligrams of the calcium compound were irradiated 
for about 30 min in the photon flux obtained from a 50 µA beam of electrons with 
energies between 40 and 50 MeV, but small samples and samples with low isotopic 
concentrations of 48Ca were irradiated up to a maximum of 2 hrs. 

After irradiation, samples in which the calcium was in a water-soluble form 
were unwrapped, sprayed with water and the solution acidified with hydrochloric 
acid to give a ION solution. Other samples were completely digested in hydro
chloric acid, but had to be evaporated just to dryness and redissolved in acid to 
obtain a solution with the correct acid concentration. The JON acid solution was 
then passed through a 1-cm column of hydrated antimony pentoxide to remove 
24Na activity formed from sodium contamination and from (n, a) reaction on 

13* J. Radioanal. Ch£'m. 13 ( 1973) 
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aluminium with the fast photoneutrons generated by the photon flux. The e!Uate 
was made up to 5 ml, allowed to stand for sufficient time to eliminate positron 
activity by decay, and counted with a Ge(Li) y-ray spectrometer some 12 to 24 hrs 
after irradiation, and thereafter at daily intervals if required. 

Results and discussion 

Gamma-ray spectroscopy 

A typical y-ray spectrum obtained from .a sample of natural calcium carbonate 
irradiated in the photon flux produced by a primary electron beam of 45 Me V and 
measured about 5 days after irradiation is shown in Fig. I. The shape of the 
spectrum changed little with decay. Spectra taken much earlier showed all the 
peaks found in Fig. I, with the exception that the relative intensity of the peak 
from 160-keV y-rays of 47Sc gradually increased as the decay of 47Ca generated 

-.; 
c 
c 
_g 
u 

101 

0 

47Sc 

160 

200 

47ea 

3K 488 
396 

400 

43K 
617 

600 800 

65zn 
(impurity) 

1115 

1000 1200 

47ca 
1296 

1400 1600 

Channel number 

Fig. 1. y-Ray spectrum from natural calcium carbooate ~easured for 60 min, 122.89 hrs after 
irradiation in a photon flux produced by a primary electron beam of 45 MeV. Peaks are 

identified by the radionuclide and the energy in keV · 

J. Radioana/. Chem. 13 (1973) 
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more daughter activity, and the peak from I 524-keV y-rays of 4~K, which had 
already decayed in the spectrum of Fig. I, could be identified around channel 
l 665 in spectra taken within the first few days after irradiation. 

Despite there being several peaks, the spectrum was essentially a simple one 
showing the presence of only two major components, 43K and 47Ca, the y-rays of . 
which were identified by the peak positions in the spectrum and by their rates of 
decay. The intense peak corresponding to I 115-keV y-rays was due to 65Zn 
formed from zinc impurities in the container which were not removed by the 
chemical treatment after irradiation. This impurity was relatively so long-lived 
that it could be treated as part of the background. Because few radionuclides 
were formed in the activation and as their half-lives were widely different, 
22 hrs and 4.54 d, the activity of each component could readily be obtained by 
measuring the decay of the gross activity, and spectroscopy need not have been 
used. 

In addition to the above radioactivities, the samples contained relatively high 
concentrations of 150, 11C and other short-lived positron emitters, which were 
not removed but allowed to decay. As a result, the 16-min 45K, most of which 
decayed away during the delay period, was seldom detected. However, separate 
irradiations performed specially to observe the formation of this product showed 
that readily measurable yields of 45K were obtained despite the low abundance of 
the 46Ca target isotope. It thus appears to be possible, in principle, to determine 
isotopic concentrations of 46Ca if preparations enriched in this isotope are used as 
tracers in patients or other biological systems, provided the dead-time corrections 
caused by the high activities from the light elements do not introduce unacceptably 
high errors. 

Calibration 

It can readily be shown that under constant conditions of irradiation and 
measurement the ratio, R, of the activity of 47Ca to that of 43K is proportional to 
the relative concentrations of 48Ca and 44Ca, i.e. 

R = A47 =k_!~ 
A4a P44' 

(I) 

where A 43 and A 47 are the activities of 43K and 47Ca, respectively, at the end of the 
irradiation, and P44 and P 48 are the isotopic concentrations of 44Ca and 48Ca, 
respectively, in the analysed sample, expressed in atom%. The proportionality 
constant k, which is obtained from the slope of the calibration line, includes 
values of the relevant cross-sections, half-lives, the time-dependent build-up factor 
for the activity growth during irradiation and the relative efficiencies of detection 
of the radiations measured. 

If the isotopic concentrations of 44Ca and 48Ca are not much different from 
their values in nature, the activity ratio R can be used directly as a measure of the 
isotopic concentration in the sample. This simplification is valid for samples con-

J. Radioana/. Chem. 13 (1973) 
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taining up to 2 atom% Qf 48Ca, for which the error introduced by the linearity 
assumption is about half the experimental error of the method. Generally, how
ever, if an enriched tracer with isotopic concentrations of 44Ca and 48Ca, S 44 and 
S 48, respectively, is diluted in the course of an investigation with natural calcium, 
the isotopic concentration of 48Ca in the analysed sample is given by 

p48 = 
S 48 (o.18.5 - 2.06 · f) - 0.185 {s4s - S 44 • f) 

(0.185 - 2.06 · ~)-(s4s - S 44 • ~) 
(2) 

Seleciion of the primary beam energy 

The effect of varying the energy of the primary electron beam was found to be 
relatively small. Many replicate samples of natural calcium were activated in the 
photon fluxes from electron beams of energy ranging from 35 to 57 Me V. The 
variation of·the mean activity ratio with the primary beam energy is shown in 
Fig. 2. 

Although the physical threshold for the reaction 44Ca(y, p)43K is about 12.2 
MeV, electron beams of about 35 MeV produced relatively low yields of 43K and 
the yield varied rapidly with comparatively small changes in energy. In this energy 
region the determination of the activity ratio was difficult, due to the low activity 
of 43K, and the results were erratic. However, when the primary beam energy 
exceeded 40 MeV the relative yields of 43K and 47Ca changed slowly, while the 
absolute yields of these activities increased with increasing energy. It thus follows 

0 
:;::; 

e 
c 
:J 

8 0.2 

0.1 

o.os30>n------t,40,------.50='::-------=so'=-
Energy of primary beam , MeV 

Fig. 2. The variation ·of the mean activity ratio with the primary beam energy 
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that for primary beams between 40· and 57 MeV, small changes in beam energy 
during an irradiation will have little effect on the activity ratio, and hence introduce 
negligible errors in the results. 

Analyses of samples 

They-ray spectrum (see Fig. 1) shows that the most intense spectral peak from 
47Ca is due to they-ray of 1 296 keV. The counts under this peak were integrated 
and used as a measure of the 47Ca activity. 

The two more prominent peaks from 43K were those due to y-rays of 372 and 
617 ke V. Both of these were used to determine the 4:iK activity, but results from 
the former were more precise. 

A test series of 24 analyses was carried out on 14 samples of different isotopic 
concentrations of 48Ca. Some of the results in which the 44 Ca content was cal
culated from the counts of the 372-keV y-ray are given in Table 2. The relative 
standard deviation was about ± 3.3 % for 48Ca concentrations between 0.185 
(natural) and 4.371 atom%. A similar series of results, but using the counts from 
the 617-ke V y-ray had a relative standard deviation of about ± 6 %. 

Table 2 

Some isotopic. analyses of 48Ca 

Atom% 
Atomic 

ratio 
Samples 4sca 

48Ca/44Ca 
(known) 

(calculated) 

Enriched 4.37.1 I 2.213 
4.047 I 2.042 
3 . .172 1.587 
2.208 1.094 
1.993 0.985 
1.710 0.843 
1.417 0.697 
l.118 0.548 
0.847 0.414 
0.412 0.20.1 
0.388 0.189 

Natural 0.185 0.0898 

Number of analyses 
Number of samples analysed 
Relative standard deviation 

Activity 
ratio 

"1Ca: 4aK 

(measured) 

0.6088 
0.5434 
0.4298 
0.2858 
0.2614 
0.2265 
0.1969' 
0.1399 
0.1134 
0.0548 
0.0508 

0.0242 
0.0243 
0.0227 
0.0236 
0.0231 

24. 
14. 

±3.3%. 

---·----

Atomic I Atom% Relative 
ratio 4sca error, 

(found) I (found) % 

' 
2.277 4.502 +3.0 
2.032 4.038 -0.2 
1.608 3.221 +J.5 
1.070 2.166 -1.9 
0.978 

I 

J.985 -0.4 
0.848 1.725 +o.9 
0.738 1.503 +6.1 
0.525 1.074 -3.9 
0.426 0.873 +3.1 
0.206 0.425 +3.2 
0.192 0.395 +2.1 

0.0921 b.190 +2.7 
0.0923 0.191 +3.2 
0.0866 0.179 -3.3 
0.0898 0.185 -

I 
0.0881 0.182 -1.7 

J. Radioanal. Chem. 13 ( 1973) 
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Conclusion 

A simple activation analysis method has been devised that is suitable for the 
routine determination of the concentration of 48Ca relative to that of 44 Ca. The 
activities produced can be measured easily, even without y-ray spectrometry. 
Large numbers of samples can readily be activated simultaneously and the activ
ities are sufficiently long-lived to allow time for measurement, even from milli
gram samples. A relative precision of ±3.3 % is attainable using an irradiation of 
only 30 min. 

The irradiations were carried out at the Linear Accelerator facility of the Physics Division 
at Saclay, France. Financial assistance from the C.N.R.S. through Laboratoire 'Pierre Siie' 
is gratefully acknowledged. Special appreciation is expressed to the South African C.S.I.R. 
for a senior bursary held during the period of these investigations. 
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With thick targets, improved definition of spectral energies and improved 
precision in determining elemental surface concentrations have resulted from 
the use of arithmetic diff eretitiation_ of the spectra. 

A large number of pure compounds in pellet form were bombarded with 
beams of protons and 4 He+ ions up to about 4 MeV, and singly charged 14N+ 
beams up to 1.6 Me V. Spectra were measured with surface barrier detectors 
and analysed by a programme which first smoothed the data before differentiation. 

The method was tested on thin films, glass films of intermediate thickness, 
layers of powdered ore deposited on carbon foils and thick geological samples. 

IN1RODUCTION 

It has been the experience in other fields of spectrometry, such as in the 
early days of y-ray spectrometry or, more recently, Auger spectrometry, that 
the use of some form of differentiation increased the scope of that spectroscopic 
method. Usually differentiation was achieved by a development of the measuring 
technique but, in principle, differentiation achieved by other methods could 
serve equally well. It was difficult at this stage to predict the type of development 
that would occur in charged particle measuring devices which would enable us 
to differentiate back-scattering spectra as they were measured. However, the 
advent of computers as an accepted tool in the laboratory has now made it 
practical to effect mathematical differentiation of spectral data, either on-line 
or in a batch-wise process, while the data are being recorded. Over the past few 
years, arithmetic differentiation of back-scattering spectra has been used in our 
laboratory. In this paper, we describe some of the results we have obtained and 
discuss the implications of the method. 

Back-scattering has been used for many years for analysing surface layers 
of materials1

. When the bombarding beam does not lose an appreciable amount of 
energy in the target material, such as is the case for thin targets or surface layers, 
the back-scattered energy Eis given by 

*Paper presented at the International Conference on Ion Beam Surface Layer Analysis, Yorktown 
Heights, New York, U.S.A., June 18-20, 1973. 
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- = i cos e+ - 2 -sin2 e E ( M )1 [ {(M )1 }i12J2 
E0 Mi +M2 Mi 

(1) 

where E0 is the energy (in laboratory coordinates) of the incident particle of mass 
Mi and charge Zi being scattered off a target atom of mass M2 and atomic 
number Z2, and e is the scattering angle. 

The Rutherford cross section u for elastic scattering is given by 

_ Zi Z~ e4 (Mi+ M 2\2 {(Mi/M 2) cos 8 +k}2 

u - 4E M 2 ) k(2- k2 - k cos 8)2 (2) 

where 

{ (
M ~1·}i12 

k = 1 - M ~ sin e) (3) 

In the case of a thin target the energy spectrum of the back-scattered particles 
consists of peaks, each of which corresponds to an element in the target, the 
area under the peak being a measure of the elemental concentration. When 
targets of intermediate thickness are used, i.e. targets in which the bombarding 
beam undergoes appreciable energy loss but from which the minimum energy 
of the detected particles is still quite large, the spectra consist of elongated flat
topped peaks which may frequently overlap. 

When thick targets are bombarded, the incident beam loses energy along 
its path through the material to the scatter site, after which the scattered particle 
again loses energy until it escapes from the target. The energy of the detected 
particle can thus range from E to almost zero, depending on the depth of the 
scatter site below the surface of the target. The spectra appear as a series of 
plateaux separated from each other by steps, the heights of which are used to 
determine the surface concentrations of the elements while the inflection point 
for each step is used to determine the energy at which the step occurs and hence 
to identify the element. 

A method frequently used for analysing experimental results is shown in 
Fig. 1. Two straight lines are fitted to the plateau slopes on either side of the spec
tral step. The intersections between these lines and a third one, fitted to the step 
itself, are calculated. These intersections are denoted by (xi, Yi) and (x2, Yz) in 
Fig. 1. The spectral step height is given by Yi -Yi and the channel number at 
which the step occurs by 4 (xi +x2). This latter position is near, but usually 
does not coincide with, the inflection point. 

THICK TARGETS 

When a stepwise spectrum obtained from a thick target is arithmetically 
differentiated, ideally the result will consist of a line of zero slope, separated by 
a series of approNimately gaussian peaks, in this case in the negative direction. 
The area between the zero line and each peak is a direct measure of the height of 
the corresponding step in the observed spectrum. However, by differentiation, 
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CHANNEL NUMBER 

Fig. I. The method often used for determining step height and step position. The step height is 
given by y 1 -y2 and the position by 4(x1 + x2). 

we have converted the stepwise spectrum to one whose shape is far more familiar 
to the analyst, and the analyses of such curves can be carried out using well
known and well-tried computer programmes. An additional advantage lies in 
the fact that most steps obtained on thick target spectra are sharp and their 
derivative therefore results in a well-defined turning point, the energy corres
ponding to which can much more readily be determined than that of an inflection 
point. 

In the case of material in which the mass numbers of the elements concerned 
are widely separated, very little is gained by using the differential method since 
both the heights of ijhe steps and the energies at which they occur can readily 
be deduced from the experimentally measured spectrum. An example of this is 
shown in Fig. 2, which is for a thick sample of manganous sulphate bombarded 
with 4 MeV et-particles; the differential below it clearly shows the three peaks 
corresponding, respectively, to the elements manganese, sulphur and oxygen in 
decreasing order of energy. 

Figure 2 also clearly shows the Z~ dependence of the scattering cross section. 
The yield obtained from sulphur is markedly lower than that obtained from 
manganese, even though the two elements are in equal atomic concentrations 
in the compound. Furthermore, oxygen and sulphur have approximately the 
same yield, although the atomic concentration of oxygen is four times that of 
sulphur. 

To obtain these data, the original observed spectrum was smoothed and 
differentiated by a simplified least-squares procedure2

. The smoothed count 
1}* in channel j may be obtained in a region defined by m consecutive channels 
on either side ofj from a polynomial fx of degree n < 2m +I, where 

(4) 

.and the coefficients ak are obtained by the method of least squares. The final 
expression can then used to get the "best" value at the central point and a new 
set of ak has to be calculated for the next channel, j + I. This method is tedious, 
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Fig. 2. Energy spectrum of elastically scattered o:-particles from a thick target of manganous sulphate. 
E. = 4000 keV, B(scatter) = 140° (lab). 

but from the method of least squares a set of convoluting integers Ci and a nor
malizing factor N can be calculated which can be used to determine the Yj from 
the observed values Yi by · 

(5) 

in a manner exactly equivalent to the polynomial approach. The full procedure 
for obtaining the values Ci for different polynomials, and tabulated values of Ci 
for smoothing and differentiating are given in ref. 2. The value of m in the con
volution stage should be small so that not more than one inflection in the observed 
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data occurs in the interval. In this work a cubic function was used for smoothing, 
a quadratic for differentiation and the number of channels chosen was the largest 
odd number less than the number of channels covered by the energy interval 
equivalent to the resolution of the detector. For quantitative results the values 
of the differential were used, but for visual interpretation the abscissae are given 
in units of "differential per unit standard deviation" in order to emphasize any 
meaningful peaks that may sometimes become evident in regions of low count 
rates. It should be noted that the logarithmic scale, needed to show different count 
rate regions with equal prominence, tends to emphasize curve slopes in the low 
count region. The above approach helps to eliminate such cases. 

The back-scattered spectrum obtained from homogeneous material containing 
cobalt and iron is shown in the upper portion of Fig. 3. Because the mass numbers 
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Fig. 3. Back-scattering (above) and differentiated spectra obtained from ix-particle scattering from 
a thick target containing cobalt and iron. E. = 4000 keV, O(scatter) ~ 140° (lab). 
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of the most abundant isotopes of these two elements do not differ appreciably 
from each other, the two step:; in the observed spectrum follow closely upon one 
another, and there is much to be said about the precision with which the surface 
concentration of each of the~:e two elements can be obtained from the original 
spectrum. When the original :;pectrum is smoothed and differentiated, the peaks 
corresponding to the two elements can readily be resolved and stripped arith
metically or by computer programme, despite the fact that the peaks overlap 
at their bases. Should it be necessary, it would be a simple matter to obtain the 
shape of the differential peak for each element separately from thick targets of 
the pure metals. 

The effect of detector resolution is shown in Fig. 4. The differentiated spectral 
peaks refer to manganese as obtained from bombarding a thick target of man
ganous sulphate with protons, ex-particles and nitrogen ions. For these bombarding 
particles the detector resolution (full width at half height) as measured with a 
very thin layer of gold on a thin carbon foil was 18 keV for 3000 keV protons, 
26 keV for 4000 keV ex-particles and 53 keV for 1500 keV nitrogen ions. Despite 
this wide range, the precision with which the apex of each peak in the differen
tiated spectra can be determined varies little, even though corresponding peaks 
show increased widths and decreased heights with increasing mass of the bom
barding particle. 

!:.,• 4000kcV 

+1 ~ 
I----++---+...__..__, ___ -+ ............... __, 

-1 

53 kcV 

18 kcV 

-8 

-9 

-10 

CHANllELS-

Fig. 4. The effect of detector resolution: Differentiated spectral peaks of manganese from thick 
targets ofmanganous sulphate bombarded with 3000 keV protons, 4000 keV cr-particles and 1500 keV 
nitrogen ions. The widths at haif height refer to the detector resolution. 
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Thick geological samples were analysed by differentiated back-scattering 
spectrometry. Figure 5 shows two spectra obtained from an ore sample from 
Spekboom near the contact zone between granite and amphibolite, where it is 
known that the potassium concentration in the amphibolite is a function of the 
distance from the contact zone. Scanning the ore across the contact zone (from 
- 20 to + 70 mm) resulted in a series of spectra of back-scattered et-particles and 
et-particle-induced X-rays, from which the required data were obtained. 

0 
-1.0 

K,Ca 
-0,4 

Na Al 

-0.6 

-0.8 0 Fe 

c Si 

100 200 300 400 500 600 700 800 900 1000 
CHANNEL NUMBER 

Fig. 5. Differentiated back-scattering spectra from the contact zone of granite (above) and amphi
bolite measured on a sample of Spekboom ore. E. = 4000 keV, l:l(scatter) = 140° (lab). 

Precision of energy and concentration determinations 
The precision with which the energy and peak heights could be determined 

by the differentiation method was compared with that obtainable by the plateau 
step height method for a test series of 15 iron ore samples consisting of 5 of each 
of the ore types haematite, magnetite and pyrites. These ores were used because 
there were only two steps in each spectrum and the steps were sufficiently separated 
from each other to avoid prejudicing the step height method. 

The results in Table I refer to energy precision. All values are expressed in 
"channel numbers" to avoid introducing errors of energy calibration. Attention 
is drawn to the fact that channel numbers corresponding to the various elements 
differ for the two methods. This is because the mean step height and the inflection 
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TABLE I 

PRECISION OF ENERGY MEASUREMENTS* 

Element Haematites Magnetites Pyrites Mean (all data) 

Plateau step method 

0 311.82±2.28 309.60±2.31 310.71 ±2.46 
s 499.90±0.82 499.90±0.82 
Fe 611.40±0.53 610.93±0.18 609.80 ± 0.59 610.71 ±0.82 

Differentiation method 

0 317.17±2.23 316.01±1.41 316.59± 1.86 
s 503.61 ±0.28 503.61 ±0.28 
Fe 612.77 ±0.48 612.80 ±0.28 612.07±0.76 612.45±0.76 

* All values refer to "channel number" and errors are standard deviations. 

point do not coincide. Because calibrations are usually obtained from thin 
samples using peak maxima, systematic errors could be introduced when dealing 
with thick targets. Table I shows that only in the ideal case of the heaviest element 
present, where the count rate drops to almost zero at the plateau step, do the 
two methods give comparable precision, but for lighter elements the differen
tiation method is the more precise. 

Table II shows a compari~:on of the precision attainable by the two methods 
for concentration measurements. In this table the count ratio is given for the 
light element (0 or S) relative to Fe in order to include errors involved in deter
mining both elements but to avoid errors due to current integration. Both methods 
show improved precision when the relative heights of the steps become more 
nearly equal, but the relative precision is improved by differentiation. The 
absolute values of the ratios arc in agreement within the precision of the methods, 
hence showing that the methods are equally accurate. 

INTERMEDIATE THICKNESSES 

The analysis of material of intermediate thicknesses presents a new set of 
patterns for the differentiated ~:pectra. If the sample consists of several elements, 
each element will appear in the observed spectrum as an elongated approximately 

TABLE II 

PRECISION OF CONCENTRATION DETERMI:'IAT!ONS* 

Haematites 
Magnetites 
Pyrites 

Plateau step method 

0.1515 ±4.42 % 
0.1237±4.62% 
0.7410±2.60% 

Differentiation method 

0.1536±4.18% 
0.1274±3.01 % 
0.7452± 1.33 % 

*Values are expressed as the ratio of counts of the light element (0 or S) 
relative to the counts from Fe, and the percentage errors are relative 
standard deviations. 
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fiat-topped peak, the high energy edge of which corresponds to the shape of the 
spectrum obtained from an infinitely thick target, whilst the low energy edge is due 
to scattered particles obtained from the last layers of the target. In this way, the 
width of the scattered peak represents the total amount of energy lost by the 
bombarding material in the target. Such spectra when differentiated will result 
in a pair of peaks, one positive and one negative, the negative one having exactly 
the same characteristics as would have been the case with an infinitely thick 
target. 

It is frequently not possible to estimate the thickness of an intermediate 
target from other measurements. The parameter that is usually obtained is the 
average thickness of the target, but if the target is in any way non-homogeneous 
an error is introduced in the one parameter from which all absolute values are 
calculated. 

Using differentiated spectra it becomes possible to define the energy of 
the back-scattered particles from the rear of the target with as much definition 
as that obtained from the surface. The difference between these two energies is 
then directly a measure of the thickness of the target, at the point at which the 
beam strikes the target, and it is precisely at this point that the exact thickness 
of the target is required for absolute measurement. If the target consists of a 
series of elements, each element will exhibit a similar double peak, and each 
element will thus serve as a means of obtaining a duplicate value for the thickness. 
It is then possible to obtain, not only the energy lost by the bombarding beam 
within the target, but also, by using a series of energy-range tables and integrating 
the area between the differential peak and the zero line, the atomic composition 
of the material, and hence the thickness of the material in absolute measure can 
be obtained. it may be pointed out that the spacing of the positive peaks in the 
differentiated spectrum should closely resemble the spacing of the negative ones, 
thus making it possible to pair up positive and negative peaks even though the 
observed spectrum may show an overlapping of the various elemental plateaux. 

There is a difference between the shape of the positive differentiated peak 
and that of the negative one. The positive peak is due to scattered particles 
arriving at the detector from the rear end of the target material, and hence the 
particles had to penetrate the entire thickness of the target, both on bombard
ment and after scattering, before arriving at the detector. On both portions of 
the path straggling occurred, with the result that the peak is much more diffuse 
than is the case from surface scattered particles. Since, however, the energy 
corresponding to the apex of a differential peak is very little affected by the reso
lution of the detector, we can consider the positive peak as one being measured 
with a detector of poorer resolution, which would account for the width of the 
differentiated peak. The energy of the peak still remains well defined, and hence 
average energy loss within the target can readily be determined. 

It should be pointed out that, by using the shape of the peak itself, data on 
straggling can be obtained under varying conditions of bombardment. 

An example of the use of differentiated spectrometry for targets of inter
mediate thickness is shown in Fig. 6. These data were obtained from the analysis 
of thin slivers of glass bombarded with ex-particles. The slivers of glass were 
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Fig. 6. Back-scattering of 4 MeV a:-particles from a glass specimen. Note the plateaux formed for 
each component element in the upper spectrum and, in the differentiated spectrum, the elongated 
low energy tail of the positive peaks due to straggling. 

obtained by rapidly blowing a bubble from the molten glass and mounting the 
thin fragments obtained from the glass over holes in a metal support. The spectra 
show most of the features discussed above. In this case, however, exact analysis 
of the major components of the glass was not possible, due to the fact that the 
scattering cross section for light elements is so much smaller than that for heavier 
ones. Relatively small concentrations of elements such as boron, which would 
seriously affect the energy loss of the bombarding beam within the target, would 
not readily be observed on the scattering spectrum. It follows, therefore, that the 
average thickness of the target would be incorrectly computed and this error would 
be carried over to the absolute determination of the major components. To correct 
for this, light elements were simultaneously determined by prompt proton 
spectrometry3

. 

With proton energies as high as 3 MeV, charged particles are frequently 
observed from sources other than Rutherford scattering. Figure 7 shows spectra 
obtained from a deposit of calcium fluoride on carbon, where only the three 
labelled peaks are due to elastic scattering. 
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307 

Fig. 7. Back-scattering at 140° (lab) of 3 MeV protons from calcium fluoride on carbon. Note the 
number of spectral peaks, of which only the three labelled ones are due to elastic scattering. 

THIN TARGETS 

Since the spectrum obtained from a thin target already consists of a series 
of peaks, the use of differentiation cannot introduce appreciable improvement in 
the determination of the energies concerned. When such spectra are differentiated 
the differential will consist of a pair of peaks, one positive and one negative, 
following immediately upon one another, the zero cross-over corresponding to 
the peak of the original spectrum. However, when observed spectra contain 
peaks that are poorly resolved, the differential will clearly show the existence 
of double peaks as a result of a widening of either the positive or the negative 
peak. In those cases standard stripping methods can then be used to analyse the 
spectra. 

When finely powdered geological samples suspended in water or alcohol are 
sprayed onto thin carbon foils, ideally a thin sample should be produced which 
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will yield a back-scattering >pectrum consisting of well-defined single peaks 
corresponding to each major and minor (but not trace) component. In practice, 
the particles that are sprayed onto the carbon foil, although small, are not uniform. 
As a result, the back-scattering spectrum (see Fig. 8) shows characteristics of both 
"intermediate" and " thin" samples and usually appears as a series of peaks with 
pronounced tailing towards the low energy side. Quantitative analyses from such 
data are frequently unsatisfactory, but the differentiated spectrum, consisting as 
it does of well-defined peaks, can be quantized easily and more precisely. 

It is still a moot point whether the peak of an isolated thin target element 
corresponds exactly to the inJlection point that would have been obtained for 
the same element in infinitely thick targets. It also remains to be established 
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Fig. 8. Back-scattering from a powder·ed tourmaline sample deposited on a carbon foil. EP = 3000 
keV, 8(scatter) = 140° (lab). 
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whether the inflection point for intermediate target thicknesses is always found 
at the same energy, or whether there is a movement of the inflection point with 
sample thickness. Such studies are still proceeding. 

CHANNELLING 

In channelling experiments, back-scattering has become one of the standard 
procedures. Along random directions the spectra appear similar to those obtained 
from thick targets, with plateau edges clearly defined. As the bombarding direction 
approaches a channel direction, the intensity of back-scattering from surface 
atoms decreases and the plateau edge becomes rounded. On differentiation, the 
random direction spectrum would yield a symmetrical negative peak, while that 
obtained from a channelled direction would be tailed on the low energy side and 
the amplitude would be much lower. Since the amplitude of the differential peak 
is a measure of the slope of the observed spectrum at its inflection point, this 
amplitude is a good measure of the alignment of the crystal along a channel 
direction. The differentiation method, however, does not offer any advantage 
over the currently used one. 

Evidence for crystal damage may be recognized by the appearance at the 
plateau edge in back-scattering spectra of a sharp peak, which becomes more 
pronounced along channel directions. This effect shows up on differentiation 
as a superimposed "thin sample" differential. When crystal damage is relatively 
slight, the differential peak already shows irregularities, from which the extent 
of damage may be inferred. Such a case is shown in Fig. 9. 
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Fig. 9. Back-scattering of 1500 keV protons from a single crystal of silicon showing the effect of slight 
crystal damage, caused by prior bombardment of the crystal for a short time. Note the tailing on 
the low energy side in the left-hand spectrum. 
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Current studies of the shapes of the differential peaks along, near or off 
channel directions are aimed at obtaining a parameter which is independent of 
the integrated bombarding beam current, because of the difficulty in measuring low 
integrated currents with preci:;ion. One such method is to measure the energies 
~and Bi, corresponding to an amplitude of 1/10 of the differential peak height on 
either side of the inflection point energy E and to use the parameter r, where 

E-E1 r=---
Eh-E 

STATISTICAL CONSIDERATIONS 

The mathematical derivation of the standard deviation of a point obtained 
for the differential or for the smooth curve has at this stage not yet been carried 
out. Instead, we have obtained the necessary values through the use of simulated 

100000 

10000 

...J 
w z z 
<I 
I 
u 

ffi 1000 a. 
<fl 
1-z 
::J 

8 

100 

/13Cha~nel 

/11Channel 

/9Channel 

/7 Channel 

/5Channel 

No smoothing 

10~-----'--~--~·---'------,7-~~-'--~-~-----:= 
0,1 1 10 100 

STANDARD DEVIATION X100 
COUNTS PEI~ CHANNEL 

Fig. I 0. The variation of the relative standard deviation with count rate, after smoothing over 
5, 7, 9, 11 or 13 channels. The abscissa is expressed in JOO x (standard deviation)/(count rate). 
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data from which standard deviations were calculated. Plateaux such as would be 
obtained from infinitely thick targets have been simulated for up to 5000 channels 
and for counting rates ranging between 100 and 10 000 counts per channel. These 
plateau counts, for which the standard deviations were given by the square root 
of the count; were then smoothed by the least-squares method 2

, involving be
tween 5 and 13 channels per point, and the resulting smoothed plateau counts 
were used to calculate the standard deviation of the new points obtained. These 
results are given graphically in Fig. 10. Subsequently the data thus obtained were 
differentiated by the same procedure as used previously. From these data the 
average value of the differential was calculated and invariably found to be 
negligibly different from zero, while the standard deviation of the differential 
varied with the count rate. These results are shown graphically in Fig. 11. 
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Fig. 11. The variation of the standard deviation of the derivative with count rate when differentiation 
involves 5, 7, 9, 11 or 13 channels. 
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The standard deviations obtained in this way were the values that were used 
in expressing the abscissae of the spectra shown previously. 

At this stage, we do not yet recommend relying solely on the differentiated 
spectra for the analysis of a material. However, it is the differentiated spectrum 
that indicates the energy regions of interest where the observed spectrum has to be 
studied further. By using the ;'.atio of the differential to the standard deviation, 
freak large value differential peaks arising purely from random fluctuations can 
be eliminated by inspection. However, the old adage that only good data lend 
themselves to mathematical manipulation still applies. 

CONCLUSIONS 

The advantages offered by arithmetic differentiation of back-scattering 
spectra can be summarized as follows. 

(1) The energy correspondng to peaks or inflection points can be determined 
with precision. 

(2) The determination of inflection points is little affected by the resolution 
of the detector. 

(3) Surface concentrations of adjacent or nearly adjacent elements in the 
Periodic Table can be more readily measured. 

(4) Thicknesses of intem1ediate samples, at the point where analysis is 
carried out, can be measured with fair precision. 

(5) Differential peak shapes and low energy edge tailing can be useful for 
studies of straggling and channelling. 

(6) A small extent of cry~tal damage can be detected. 
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SEPARATIONS IN RADIOCHEMISTRY WITH SPECIAL REFERENCE TO 
THE ISOLATION OF CARRIER-FREE ISOTOPES 

M. Peisach 
National Chemical Research Laboratory, South African 
Council for Scientific and Industrial Research, Pretoria 
Paper delivered at the Tenth Annual Convention of 
the South African Chemical Institute, Johannesburg, 
September 1956. 

In all branches of chemistry separations play a very 
important role, but in radiochemistry the small amount 
of material generally involved renders normal analyti
cal procedures difficult, if not impossible. 'When a 
target element has been bombarded in a cyclotron it 
is usually necessary to remove the product element in a 
"carrier-free" form, namely a form in which there are 
no other isotopes of the element present. In such 
separations one of the major analytical methods, 
precipitation, cannot be directly applied, as only 
rarely is there a sufficiently high concentradon for 
precipitation to be effective. Consequently, the 
methods used in radiochemical separations differ from 
those of analytical chemistry owing to the ultra-micro 
scale of operation. 

A numerical example might convey more clearly 
the amounts of material involved. When a tin target 
is bombarded with 8 M.e.v. deuterons, antimony-117 
with a half-life of 2 · 8 hours is one of the main products. 
Under optimum conditions about 1 me. Sb117 would 
be obtained. The weight of antimony produced is 
about 1 · 05 x 10-10 gm. and this has to be separated 
from about a gram of tin. 

Another factor which plays a very important part 
is the duration of a radiochemical separation. It is 
obviously useless to be able to isolate a particular 
isotope in a few hours if its half-life is of the order of 
a few minutes. As a result, methods are frequently 
chosen for their speed, even though only a portion of 
the desired isotope may be recovered. 

For convenience, the various techniques may be 
divided and discussed under the following headings. . 
Precipitation 

For the isolation of carrier-free radioi:;otopes, 
precipitation procedures can take one of two forms; 
either the substance can be co-precipitated with a 
similar element, or it may be adsorbed on to another 
compound being precipitated as "scavenger". 

In the case of true co-precipitation, the radioactive 
atom is incorporated into the crystal structure of the 
precipitate by isomorphous replacement, analogous to 
the formation of mixed crystals in macro amounts as, 
for example, the well-known case of radium and 
barium chlorides. Subsequent separation of the 
radioelement from its carrier may involve a good deal 
of difficulty, due to the two elements usually having 
similar chemical properties. The introduction of 
ion-exchange techniques has, to some extent, overcome 
this difficulty. 

In addition to true co-precipitation, there are some 
cases where a mixed crystal may form which would 
have occurred had the radioisotope been present in 
macro amounts, e.g., lead-212 with silver chromate. 1 

Anomalous mixed crystal formation can thus also lead 
to a homogeneous precipitate. A third type of 
co-precipitation resulting in an unhomogeneous pre
cipitate, is the adsorption of a radioisotope onto a 
growing crystal, thus becoming trapped within the 
crystal structure, e.g., polonium-210 in potassium 
sulphate. 2 

Unlike co-precipitation which finds only limited 
application, adsorption of an isotope on to a pre
cipitate is widely used, and depending on the conditions 
of precipitation, can be fairly specific. The selection 
of the precipitate is a matter of importance as it must 
be readily removable afterwards. Ferric hydroxide is 
such a precipitate, as after precipitation it can be 
extracted with ether from hydrochloric acid solution. 
Many carrier-free isotopes have been isolated using 
ferric hydroxide as "carrier", among them such widely 
differing elements as beryllium, 3 phosphorus, 4 manga
nese, 5 strontium, 6 zirconium, 6 lanthanum 6 and 
indium. 7 Other scavenger precipitates frequently 
used are manganese dioxide precipitated from nitric 
acid-used, for example, in separating tantalum from 
hafnium 8-and sulphides such as bismuth sulphide 
(separating copper from zinc 9), platinum sulphide 
(technetium from fission products10), cadmium sul
phide (antimony from tin 7) and copper sulphide 
(rhenium from tantalum 11 ). An interesting example 
in which two different scavengers are used successively 
is the separation of tellurium from fission products. 6 

Copper is added to the acid solution and precipitated
as the sulphide. Tellurium, adsorbed on copper 
sulphide is separated and the scavenger removed by a 
second scavenger, this time by precipitation of
ruthenium sulphide. Carrier-free tellurium is 
recovered after ruthenium is volatilised off from 
perchloric acid medium. 

It frequently happens that in addition to the isotopt: 
required, a small amount of another radioactiv< 
element is co-precipitated. Since it is usually essentia 
that the carrier-free isotope should be radiochemicall: 
pure, as opposed to analytically pure, milligram quanti 
ties of the interfering element are added as "hold-bacl
carriers" to decrease the specific activity of tht 
contaminant. Subsequent precipitation will yield 1 

product containing the radioactive impurity in amount 
smaller by many orders of magnitude. 
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When milligram quantities of an isotopic substance 
are added, carrier-free separations are no longer 
chemically possible, and the separation techniques then 
become those of analytical chemistry. In recent years, 
however, newer techniques have been developed 
which are finding more and more application in 
radiochemistry. 

1. Precipitation from homogeneous solution 

When a precipitate is formed by adding one 
solution to another, it is inevitable that local super
saturation should arise even when the solutions are 
mixed with vigorous stirring under dilute conditions. 
As a result of such supersaturation excess reagents 
and other impurities may become occluded and be 
difficult to remove. If however, the precipitating 
agent is formed as a result of another reaction within 
the solution, precipitation will depend on the rate of 
this secondary reaction. By suitably controlling the 
secondary reaction, a pure precipitate may be obtained. 

It is appreciated that the precipitation of the 
hydroxides of trivalent ions, especially iron and 
aluminium, results in a precipitate which is impure, 
as a result of adsorption of impurities, and difficult 
to filter, as a result of its gelatinous nature. However, 
when for example the pH of solutions of such ions 
is gradually lowered by hydrolysis of urea, the hy
droxides precipitate slowly to yield a very much 
purer compound in a dense, more filterable form. 12 

A pure precipitate of ferric hydroxide was obtained13 

when a soluble versene complex of iron was oxidised 
in homogeneous solution with hydrogen peroxide. 

The hydrolysis of dimethyl sulphate in a solution 
containing lead, gave controlled precipitation of lead 
sulphate. 14 Similarly, controlled hydrolysis of dime
thyl oxalate has been used 20 to separate americium 
from lanthanum by controlled precipitation of 
lanthanum oxalate. Homogeneous precipitation of 
thorium iodate was effected15 by reducing periodate 
with ethylene glycol, which in turn, was produced 
by the hydrolysis of ,8-hydroxy ethyl acetate. 

2. The use of complexing agents 

Chelating agents, such as 8-hydroxy quinoline, 
cupferron and a-nitroso-,8-naphthol, have been used 
for some time to form insoluble complexes, but in 
recent years, various reagents, such as EDTA (ethyl
enediamine tetraacetic acid) have been developed 
for the formation of soluble complexes. In radio
chemical separations use is often made of this 
"masking action" to prevent the precipitation of an 
undesired compound. Thus tin in ammonical tartrate 
solution is not homogeneously precipitated by thio
acetamide, but after the masking action is no longer 
required, the addition of calcium, which is 
preferentially chelated, allows stannous sulphide to 
precipitate. 23 

The 'masking action is not, however, specific but 
depends on the conditions of precipitation. Thus, in 
a mixture of iron (Fe3+) and uranium (U 6+) EDTA 
forms chelates with each element, but at pH 5 in a 
buffer solution of ammonium acetate-acetic acid, iron 
is solubilised and only uranium precipitates with 

oxine for example, whereas at pH 9 in a buff er solution 
of ammonium hydroxide-sodium acetate, the reverse 
is the case. 19 

3. Chromatographic precipitation 

This type of precipitation is conducted with a 
chromatographic column which acts as the source of 
the precipitating agent. Thus, a column of alumina 
treated with iodide has been used to separate silver, 
mercury and lead from each other by precipitation of 
their iodides. 16 The zones of precipitate do not 
migrate17 and appear in order of solubility of the 
precipitates, with the least soluble appearing first. 
Usually the zones are not separated from each other 
by a clear band, but sometimes, slight changes of 
zone size during washing might result in clear bands. 18 

It has been claimed18 that chromatographic precipi
tation is more likely "to effect true and clean 
separation" than other, more common chromato
graphy methods. 

A modification of this method, in which only one 
of the components is precipitated, has been used for 
the separation of strontium and yttrium. The mixture 
is applied to a basic column and eluted with water. 
Strontium, not affected by its passage through the 
column, is eluted leaving yttrium hydroxide 
precipitated on the column. 21 

Another modification of chromatographic precipita
tion has been reported in which the precipitate may be 
displaced down the column. A nitric acid solution of 
bismuth, placed on a column of the chloride form of 
an anion resin, gave a precipitate of bismuth oxy
chloride which, on washing, moved down the column 
presumably by a process of dissolution and re
precipitation. 22 

Distillation 

The separation of radioactive mixtures by volatilisa
tion of one of the components is very frequently used 
for separating carrier-free isotopes. When a volatile 
substance has to be removed from a solution or melt, 
it is advisable to use an inert gas to sweep the substance 
from the still; separation of a gas from a solid is 
generally possible only after fusion. 

As examples of distillatory separation mention may 
firstly be made of cases where the product itself is a 
gas, or readily convertable to a gas, and secondly, 
where it may be converted to a volatile compound, 
usually a halide. Of the first type there are the 
separations of the rare gases, argon, krypton and 
xenon produced by the irradiation of the correspond
ing halogens as their potassium salts, 8 and separated 
by fusing the salt or by boiling its aqueous solution 
in va~uo. The halogens may be removed in a similar 
way from their target metals selenium (which yields 
bromine by a (d,2n) reaction), 8 tellurium (iodine) 24 

and bismuth (astatine). 8 Carbon-14 may be separated 
from nitrogen 25 by heating the aqueous solution of 
the target, ammonium nitrate, to remove the carbon 
dioxide and carbon monoxide formed during irradi-
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ation, whilst tritium can be recovered 26 as H 2
30 by 

heating the beryllium target in a current of oxygen. 

Certain metals, osmium for example, can readily be 
volatilised as oxides, but this procedure is cor..venient 
only if the metal is present in large quantities. When 
carrier-free quantities of such elements are to be 
separated it is generally easier to use other methods. 
However, direct distillations of carrier-free metals 
are possible in those cases where the required product 
can be volatilised at a lower temperature than the 
target element. Thus when a cadmium target is 
heated in vacuo, carrier-free indium, producEd by a 
(d,n) reaction, can be distilled and collected on a 
cold surface immediately above the heated vessel. 
This method, when applicable, offers a quick and 
clean-cut method of separation. 

The second type of distillatory separation, con
version to a volatile salt, can be used to ~:eparate 
even very similar elements. For example, germanium 
bromide can be distilled from a gallium solution, 8 

germanium chloride can be separated from arsenic, 
provided the latter is in its pentavalent form, 8 techne
tium bromide can be removed from a solution of 
molybdenum using carbon dioxide as "carrier" gas. 
An example of a two-stage distillation is the separation 
of antimony and indium from tin. 5 After preliminary 
separation by precipitation with carrier, the rnlution 
is acidified with perchloric acid. Addition of hydro
chloric acid to the solution at 200°C removes all the 
tin, after which addition of hydrobromic acid removes 
antimony, leaving indium separated, in soluti:::m. 

Distillation processes are also frequently used to 
remove the carrier which had been added for ·Jrelimi
nary separation by precipitation. Thus .. in the 
separation of palladium from rhodium, 8 the palladium 
is first coprecipitated with selenium which is then 
distilled from perchloric acid solution. Similarly 
tellurium, separated from fission products by 
coprecipitation on ruthenium sulphide, is obtained 
carrier-free by volatilization of ruthenium. 8 

Electrodeposition 

When electrolytic separation is applied to the 
carrier-free scale of operation, many unsuspected 
sources of error occur. Firstly, there is the danger of 
contamination. Scrupulous cleanliness is essential and 
frequently a preliminary electrolysis of reagent 
solutions is advisable. A second serious problem is 
sorption. It is well-known that a glass surface can 
act as a good absorber and it may happen that carrier
free quantities are quantitatively adsorbed on to the 
walls of the container. This difficulty may be overcome 
by coating the glass walls with wax, or, if it is not 
necessary to work with carrier-free material, by adding 
a small amount of isotopic carrier. 

Redissolution is another problem. It h1s, for 
example, been found impossible to plate out certain 
oxides since they redissolved as fast as they were 
formed. The same difficulty arises even after the 
substance has been successfully plated out, as removal 
of adhering electrolyte by washing may also effoctively 

remove the small amount of carrier-free element that 
has been deposited. Naturally the degree of redis
solution will be less if washing is effected without 
switching off the potential across the electrodes, but 
even then losses of 20 per cent or more are not 
uncommon. 27 

Often it is sufficient to obtain the desired carrier-free 
isotope in the form of a deposit on an electrode, 
but when this is not the case a further difficulty may 
arise when the plate has to be stripped off the electrode. 
The best-known example is polonium which can only 
be redissolved by dissolving the entire platinum 
electrode. It is not unusual to find an element such 
as silver remaining strongly adherent to the electrode. 

It is perhaps because of these difficulties that elec
trodeposition is seldom used for isolating carrier-free 
isotopes. In their review of the subject Garrison and 
Hamilton 8 cite only two cases of simple electrolytic 
separation, viz. the separation of copper from zinc and 
of silver from palladium. 

With the observation by Lingane 28 and Griess 29 

that polarographic data obtained from the dropping 
mercury electrode or solid electrodes could be 
applied to determine the potential at which electro
separation could be carried out, controlled potential 
electrolysis methods have been developed for a variety 
of cases such as the separation of silver and copper, 30 

rhodium from indium31 and copper, tin and lead from 
each other. 32 Such methods have not as yet been 
applied to carrier-free amounts. By using controlled 
potential methods in very small volumes of solution, 
however, it has been possible to separate and deter
mine as little as 5 x 10-9 g. silver. 27 

Ion-exchange 

With the production of better ion-exchange resins, 
both for anion and cation exchange, the principle of 
separation by ion-exchange has become well known in 
analytical chemistry. Since the method is equally 
suited for large and · small amounts of material, this 
separation method finds ready application in separating 
carrier-free radioisotopes from each other as well as 
from relatively large amounts of non-:sotopic carriers. 

Exchange reactions may be carried out either in a 
batch process or by column operation. In the former, 
a fixed weight of resin is suspended in the solution 
under investigation and the system is allowed to attain 
equilibrium. Such operations are generally favoured 
for the determination of physical constants such as 
distribution coefficients, stability constants of com
plexes, and to establish conditions for separating 
similar ions. Columns are generally used when the 
objective is the separation of two ions; the techniques 
are then the well-known ones of chromatography. 
Although the interdependence of various factors has 
not yet been clarified, certain general principles for 
column separation have been established. 33 

1. The degree of separation in:reases with column 
length. 

2. A low flow rate favours separation, probably 
allowing more time for diffusion in the resin. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

3. Separadon is improved with increased tempera
ture. 

4. Resin size is important, as decreased size reduces 
the distance for diffusion. 

5. Increasing the amount of material decreases 
separation. 

6. Increasing the exchange capacity of the resin 
favours separation. 

Once the column operation details have been 
decided, i.e., length, flow rate, particle size, numerous 
effects will determine the extent of separation. 34 

1. Natural adsorption differences, e.g., valence, 
charge, r~dius, hydration. 

2. Natural specificity of the exchanger. 
3. pH. 
4. Complex formation. 
5. State of oxidation or reduction, i.e., absorption 

affinity. 
6. Solvent-changes in dielectric constant. 
7. Changes in ionic strength. 
8. Selective precipitation. 
9. Colloid formation. 

The separation of the lanthanides and actinides is a 
good example of the application of column methods. 
By 194 7 the first successful separation by ion-exchange 
chromatography was carried out, by elution with 
tartrate and citrate buffers. 44 The method was soon 
applied to large scale separation of rare earth elements45 

and has resulted in a marked reduction in price of the 
purified compounds of these elements. The method 
has proved useful even on very small scale separations. 
Using cation exchange Freiling and Bunney35 were 
able to separate ten lanthanides produced by uranium 
fission. The eluent used was lactic acid of constant 
pH but of varying concentrations. A more rapid 
method, enabling the six more important fission
produced lanthanides to be separated within twelve 
hours, used a cation exchange column heated to 87°C. 
and eluted with lactic acid. 36 As the elements are 
eluted one at a time in decreasing order of atomic 
number, it is possible to predict the position of each 
element. In this way element 61, promethium, was 
identified37 and later isolated in milligram quantities. 

The identification of the actinides followed similar 
lines. 33 After americium and curium had been isolated 
by column techniques a search was made for elements 
97 and 98. Using an ammoniumcitrate-citric acid 
eluent at pH 3 · 5, americium and curium were eluted 
and berkelium (element 97) was identified by counting 
its electron capture in a nucleometer. 38 With califor
nium, element 98, the fractions had to . be analysed 
with a pulse analyser in order to detect small amounts 
of one a-emitter in the presence of a large amount of 
curium, which is also an a-emitter. Working on the 
basis of lanthanide elutions, the exact position of the 
new element on the column was predicted, and so 
well was the experiment planned and executed, that 
the element was discovered in the first attempt even 
though it was calculated that there were only some 
5 000 atoms of californium on the column. 39 This feat 
~as surpassed in the identification of mendelevium, 
element 101. 40 The element was concentrated, 
identified by counting its spontaneous fission and an 

approximation of its half-life was made with only 
17 atoms. 

As an example of the application of a combined 
batch and column separation, mention may be made 
of the separation of carrier-free niobium from 
zirconium targets. 41 In concentrated hydrochloric 
acid containing a small amount of fluoride both 
niobium and zirconium form complexed anions which 
can be absorded on an Amberlite IRA400 anion resin 
in the chloride state. Niobium is very strongly 
retained by the resin, whereas zirconium can readily 
be eluted with lON hydrochloric acid. A normal 
column operation gave the elution curve shown in 
Fig. 1. When, however, a solution containing carrier
free niobium in a mixture with macro quantities of 
zirconium, labelled with zirconium-95, was allowed to 
equilibrate with the resin in concentrated hydrochloric 

9 

8 

7 7 
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10 

Nb 

20 30 40 
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Fig. 1 
Ion-exchange chromatographic separation of zirconium and 

niobium, by normal column procedure 
Eluent: 10 N Hydrochloric acid for zirconium 

2 N Hydrochloric acid for niobium 

acid, niobium was absorbed by the resin, while 
zirconium remained largely in solution. Thereafter, 
the niobium-containing resin, separated by centrifu
gation and washed with concentrated hydrochloric 
acid, was packed in a column on top of a short length 
of fresh resin. The elution curve obtained is shown 
in Fig. 2. Separation of niobium was thus effected in 
a fraction of the time needed in normal column 
operations. The method of anion exchange with 
chloride-complexed metal ions has been applied to a 
large variety of metals. 42 The absorbed complex may 
be dissociated by eluting with a solven.t in which the 
complex is no longer stable, thus reverting the metal 
to a cation which is no longer absorbed. 

Solvent extraction 
Solvent extraction methods are very suited for 

separating carrier-free isotopes, as the desired element 
may be transferred to an organic liquid phase, freed 
from impurities and re-extracted into an aqueous 
phase without the dangers of loss or contamination 
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Fig. 2 
Ion-exchange chromatographic separation of zirconium and 
niobium. Preliminary batchwise absorption in· co11.centrated 
hydrochloric acid followed by column operation 

Eluent: 10 N Hydrochloric acid for zirconium 
2 N Hydrochloric acid for niobium 

that accompany other methods. It is fortun,ate that, 
like ion-exchange methods, solvent extraction tech
niques apply equally to macro and ultra-micro 
quantities. As a result, values of partition co-dficients 
obtained for larger quantities can be utilized when 
dealing with carrier-free isotopes. Gallium chloride, 
for example, extracted as HGaC1 4 from 7N HCl with 
ether or iso-propyl ether, was found to have a constant 
partition coefficient between 10-3 and 10-12M. 43 

However it should be remembered that at low con
centrations the molecular state of the substance under 
investigation may freque_ntly differ, e.g. by dis~:ociation 
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Fig. 3 
Extraction of ferric chloride with iso-propyl ether from 5 N 
hydrochloric acid with different iron concentrat'ons and 
initially equal volumes of each phase. After Dodson, Forney 

and Swift46 

from that in higher concentrations and hence some 
difference in partiti~n coefficient can be expected. 

One of the more important examples of solvent 
extraction of simple salts is the case of ferric chloride, 
since it is frequently added during the separation of 
carrier-free isotopes. It may be removed by extraction 
from hydrochloric acid solution with many solvents 
such as diethyl ether, iso-propyl ether, amyl acetate 
and methyl butyl ketone, but unlik~ most compounds, 
the partition coefficient depends on its concentration. 
The percentage iron extracted by iso-propyl ether 
from an equal volume 6N hydrochloric acid is shown 
in Fig. 3. 46 It is obvious that while the method can 
be used to separate large amounts of ferric chloride, 
it cannot be applied to the separation of carrier-free 
radio iron. 

The concentration of the acid can have a marked 
effect on the degree of extraction. Fig. 4 shows this 
effect for some eleme11ts extracted with ether from 
hydrochloric acid solution. 47 
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Fig~ 4 
The influence of hydrochloric acid on the extractability of

chlorides, after lrving 47 

With a few exceptions, the behaviour of othet
halides is very similar to that of the chlorides. At
corresponding acid concentrations tellurium is not
extracted more than 3 per cent in hydrochloric acid 
while the value is over 30 per cent in hydrochloric 
acid. The reverse effect is seen in the case of indiurr 
which is completely (99 per cent) extracted from 61' 
hydrochloric acid, but only a trace ( < 1 per cent 
from hydrochloric acid. 47 The extractability o 
nitrates is limited to uranium, thorium and cerium 
Thiocyanates require a high concentration of ammo 
nium thiocyanate in the aqueous phase and uncle 
these conditions scandium (94 per cent), indium (S~ 
per cent) and beryllium (75 per cent) can convenient!~ 
be extracted. 47 
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The extraction of complexes of metallic ions with 
organic compounds such as 8-hydroxyquinoline, 
dithizone and cupferron for the isolation and estima
tion of small amounts . of metals, is a well-known 
technique in analytical chemistry. The specificness of 
these reagents depends largely on the conditions used, 
the most important being pH. For example, it may be 
possible to separate one element and, continuing with 
the ~ame sample, to separate another by suitably 
adjusting the pH. 

An example of the use of an extractable chelate is 
the case of the separation of iron from cobalt using 
acety:lacetone. 4 ~ In the pile irradiation of cobalt 
iron-59 is formed by Co 59(n,p)Fe 59 accompanied by 
Co 59(n,y)Co 60• The activity of cobalt-60 far exceeds 
that of iron-59, but by use of the acetylacetone 
comi:clex iron can be extracted with xylene at pH 4-7 to 
give carrier-free iron-59 without contaminating 
cobalt-60. 

Radiocolloid Formation 
In concentrations insufficient to exceed the solubility 

product, carrier-free isotopes may be converted to the 
colh.dal state under those conditions which would 
have resulted in a precipitate had sufficient material 
been present. The explanation is not known, but it 
has been suggested that the carrier-free element 
conglomerates into colloidal aggregates through ad
sorption onto colloidal impurities already present in 
the solution. 

This phenomenon has been successfully used in the 
isolation of carrier-free quantities of several elements, 
especially those forming insoluble hydroxides. The 
experimental procedure is then simplicity itself. The 
solution is merely made alkaline and drawn through a 
filter paper or sintered glass filter plate which retains 
almost all the radioelement. Washing with water does 
not dislodge the deposit, which however readily 
redissolves in acid. 

The method has found application in the separation 
of beryllium-7 from lithium. 8 The lithium, dissolved 
in water, produced an alkaline solution which caused 
the formation of the beryllium radiocolloid. Other 
isotopes which have been separated by this method 
are magnesium-27 (from aluminium), scandium-46 
(from titanium), yttrium-88 (from strontium) and 
bismuth-204,206 (from lead). 8 

In addition to the above methods of separation, 
general chemical separations can be applied, especially 
to the separation of radioisotopes in compounds 
prepared by the Szilard-Chalmers reaction. Other 
methods applicable to the separation of particular 
isotopes are also being developed. One such example 
is the separation of silver-111 by isotopic exchange. 49 
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THE ASSOCIATION OF VITAMIN A ALCOHOL WITH RAT SERUM PROTEINS, by c. F. Garbers, 
J. Gillman and M. Peisach (Joint Nutrition Research Unit of the University of the 
Witwatersrand and the Council for Scientific and Industrial Research, Medical 
School, Johannesburg, and National Chemical Research Laboratory, Pretoria). 

The evidence in the literature suggests that vitamin A alcohol is solubilised in the 
blood by combination with the more soluble fraction, most likely with the albumin 
[Dzialoszynski et al., 1945; Ganguly et al., 1952]. With the improved techniques 
available it became necessary to ascertain whether vitamin A is bound to a protein 
and if so to characterise the nature of this protein complex. 

ln the Nutrition Research Unit the association of vitamin A alcohol with rat 
serum proteins has been studied with the aid of labelled vitamin A [Garbers, 1956]. 
By using the appropriate experimental conditions all the vitamin A in the rats blood 
was present in the form of vitamin A alcohol - 2-C14• This vitamin was found not 
to be associated either with the low or the high density lipoproteins, but was bound 
to the proteins which sediment out during the flotation of the liporoteins in the 
ultra-centrifuge, an observation also made by Krinsky et al. [1956] during the progress 
of our work. 

Rat serum proteins were then fractionated by preparative electrophoresis on 
cellulose columns [Flodin, 1956] using a borate-phosphate buffer pH=8 ·6, 
µ.=0 ·05. The protein concentration in these fractions was estimated by optical 
density measurements at 280 mµ. and the location of vitamin A determined by radio 
activity measurements. 

The radio activity was found to be associated with the a1 - globulin. An excellent 
correlation was found between the vitamin A alcohol level as determined by colour 
reaction and as calculated from radio activity measurements on serum. Contrary 
to the generally accepted view the present investigation discloses that vitamin A 
alcohol is associated with the a1-globulin and not with the albumin. 

Since it is known that the a1-globulin consists of various protein components, it 
was desirable to separate still further the constituents of this complex. This was 
indeed accomplished through the use of the borate-phosphate buffer. In the electro
phoretic separation of the serum proteins, using this buffer, a protein component 
was found which migrated faster than the albumin. This component possessed the 
sedimentation rate of a globulin and is a glycoprotein. In the rat most of the muco
polysaccharides are associated with the a 1-globulin (or the albumin). Through the 
use of the complexing borate ion in the buffer system this glycoprotein component 
migrates faster than the albumin in the electric field. It might be thought that the 
migration of the vitamin A complex might also have been altered by the borate
phosphate buffer. However, the position of the vitamin A-protein complex was 
was unchanged when the non-complexing veronal buffer was used in the electro
phoretic separation. Hence it can be concluded that vitamin A alcohol is associated 
with the a 1-globulin, but not with the a 1-lipoprotein and probably also not with the 
a 1-glycoprotein. 

The authors express their thanks to Dr. D. A. Sutton for the interest he has shown in this work 
and for very many valuable discussions. We are further indebted to Dr. F. J. Joubert and Mr. P. van 
Berge for the ultra-centrifugal analysis, and to Mr. N. B. Wasserthal for technical assistance. This 
communication is published with the permission of the S.A.C.S.LR. 
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The Carrier-free Separation of UZ from 100 kg Uranyl 
Nitrate 

By J. van R. Smit, M. Peisach and F. W. E. Strelow* 

The first member of the uranium-238 decay series, 
thorium-234, generally known as UX1, decays by 
fJ emission to the unstable protoactinium-234, which 
exists in two isomeric states. Of these two nuclear 
isomers, UX2 (t112, 1.14 min) and UZ (t112. 6.7 hr), the 
latter has until recently been generally believed to be 
the ground state (see, for example, Heerschap et al.1). 
In a re-investigation of the decay scheme of this so
called UX complex by means of a scintillation coin
cidence spectrometer, however, Johansson 2 found the 
reverse to be true. 

Ong Ping Hok et at.a subsequently claimed to have 
proved UZ to be the ground state of protoactinium-
234, but admitted that their suggested decay scheme 
still had many inconsistencies. 

Since the branching factor for the transition to UZ 
is less than one per cent,4 a large quantity of uranium 
is required for the preparation of sufficiently strong 
UZ sources for refined measurement. Quantities of up 
to 10 kg of uranyl nitrate (i.e., about 4.7 kg of uranium) 
have previously been used for this purpose. a This 
paper describes the methods used in this laboratory 
for the separation of UX1 from 100 kg of uranyl 
nitrate and the subsequent milking off from the UX1 
of the UZ activity in a re-investigation of the decay 
scheme of the UX complex. 

SEPARATION OF UX1 FROM URANIUMt 

Previous Work 

Previous methods for separating UX1 from uranyl 
nitrate solutions utilized a variety of techniques, such 
as coprecipitation on carbonate, hydroxide and sul
phate precipitates, adsorption on animal charcoal, 
and recrystallization of uranyl nitrate from aqueous 
solution, resulting in enrichment of UX1 in the 
aqueous phase. Radiochemical yields were usually 

*National Physical Research Laboratory, and National 
Chemical Research Laboratorv, South African Council for 
Scientific and Industrial Research, Pretoria, Union of South 
Africa. 

t Full details of the work on separation of UX1 are pre
sented in a M.Sc. thesis for the University of Pretoria."Skeid
ing van mikrohoeveelhede torium en groot hoeveelhede uraan 
en die bereiding van 'n draervry monster Th234" by F. W. E. 
Strelow. 
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low and separation incomplete. These older methods 
have been reviewed by Dyrssen.5 

When crystalline uranyl nitrate is dissolved in 
ethyl ether the water of crystallization forms a small 
aqueous layer which contains most of the UX1. This 
method has been extensively used in the separation of 
UX1 from uranyl nitrate, often only as a first step to 
separate the bulk of the uranyl nitrate. 

During the past few years a number of methods for 
the uranium-UX1 separation have been described5-s 
in which cation exchange resins have been utilized, 
usually after first removing the bulk of the uranium 
by ether extraction. Owing to its high valency, ThH 
is very strongly adsorbed, while U022+ is only 
moderately strongly held. If a solution of. uranyl 
nitrate is percolated through a column of cation ex
changer, therefore, the UX1 is mainly adsorbed near 
the top of the column. 

Uranium may then be selectively eluted from the 
column by dilute acid, and the UX1 finally removed 
by eluting with a solution of a complexing agent for 
thorium, such as oxalic acid. 

Choice of Separation Method 
For processing a large bulk of urartium, ether ex

traction is attractive, since it enormously reduces the 
scale of the final uranium-UX1 separation, and this 
has been applied in previous separations of up to 
IO kg uranyl nitrate. 

It was felt, however, that the hazard in using the 
quantities of ether necessary for 100 kg was too great. 
It was decided therefore to try to· separate UX1 
directly from the whole mass of uranyl nitrate by 
means of an ion exchange column. 

Dyrssen5 systematically investigated the ion ex
change method for the uranium-UX1 separation and 
showed that UX1 is much more strongly held by the 
sulphonated polystyrene resin, Dowex 50, than by 
sulphonated phenol-formaldehyde condensation resins 
such as Amberlite IR-100 and Wofatit KS. The latter 
require less 0.5M oxalic acid to elute UX1, and so are 
much more suitable for handling gram quantities 
such as are obtained when the bulk of uranium is 
first removed by ether extraction. The retention by 
Dowex 50, however, offers promise of removing UX1 
without preliminary extraction. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

CAP.RtER-FREE UZ 63 

Development of UX1 Separation 

A saturated solution of 100 kg of uranyl nitrate has 
a volume of about 65 litres, so that a high specificity 
and retention for UX1 is essential to reduce handling 
to a minimum. The feasibility of applying Dowex 50 
was therefore further investigated. 

Preliminary experiments showed that sharp separa
tion of UX1 from its equilibrium mixture in 5 g of 
uranyl nitrate could be attained on a Dowex 50 
column, 30 cm long and 1.2 cm in diameter, by eluting 
the uranium with 2N hydrochloric acid and recover
ing the UX1 by elution with 0.5M oxalic acid, as re
commended by Dyrssen. s The UX1 on the column was 
located by scanning the column with an end-window 
G-M counter, which readily detects the hard f3 radia
tion of its 1.14-min UX2 daughter. 

The scale of operations was then increased to 2 kg of 
uranyl nitrate. When a saturated solution was passed 
through a similar column, it was found that only a 
small fraction of the UX1 was retained and that the 
activity was spread evenly throughout the entire 
resin bed. It is not unusual for the selectivity of an ion 
exchange column to diminish for a pair of ions if the 
concentration level is too high, and it seemed possible 
that this applied in the present case. 

In the next experiment, therefore, quantities of 
uranyl nitrate solutions of different concentrations, 
but each containing 50 g of the salt, were passed 
through columns of 200-400 mesh Dowex 50, each 
25 cm long and 1.2 cm in diameter. The uranium was 
then eluted with dilute acid and the distribution of the 
activity remaining on the columns was measured as 
before. The results, plotted in Fig. I, showed that the 
breakthrough capacity of the resin columns for UX1 

was highly dependent upon uranyl nitrate concentra
tion. Adsorption of UX1 is more efficient for lower con·· 
centrations, but little is to be gained by diluting the 
solution below a concentration of, say, 150 g/l. The 
final choice of dilution, however, is also determined by 
the desire to limit, to a minimum, the final volume of 
liquid to be processed. As a compromise, therefore, a 
concentration of about 250 g/l, corresponding to a six
fold dilution of saturated uranyl nitrate and a total 
volume of 400 litres, was selected. This was passed 
through ten columns in parallel, each containing about 
100 ml of resin, at a flow rate of about I cm/min. The 
UX1 was then confined to the upper two-thirds of 
each column. Details are elaborated later. 

Elution of UX1 from Resin Columns 
Dyrssen5 reported that removal of UX1 from Dowex 

50 by 0.5M oxalic acid was incomplete, so that other 
complexing agents such as citric acid, tartaric acid, 
ethylenediaminetetraacetic acid were investigated. 
They proved poorer elutriating agents than oxalic 
acid. An advantage of oxalic acid is that it is readily 
driven off on heating, permitting easy recovery of the 
UX1. 

To improve the efficiency of oxalic acid elution, a 
saturated solution, approximately IM at our room 
temperature, was used. Since the UX1 activity is 
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Figure 1. Distribution of UX1 in Dowex 50 columns after 50 g of 
uranyl nitrate solutions of different concentrations were passed 

through each column 

eluted from the resin mainly as the uncharged com
plex Th(Ox) 2 or as one or more negatively charged 
oxalate complexes, mass action indicates that de
sorption of UX1 will increase with the square of the 
oxalic acid concentration or even a higher power. In
creasing the oxalic acid concentration should thus en
hance the efficiency of UX1 desorption for a fixed 
amount of oxalic acid. This was confirmed by experi
ment, and, by use of saturated solutions, 95% re
covery of UX1 activity was achieved with eight to ten 
column volumes. 

Since the solubility of oxalic acid rises steeply to 
9.5M at 90°C,9 the efficiency should increase further by 
eluting at elevated temperatures; but this was not 
considered necessary in the present work. 

Purification of UX1 

The next step was to evaporate the UX1 solution to 
dryness, followed by the removal of oxalic acid by 
sublimation. In our experiments, the solid residue 
usually amounted to several grams. This residue, con
sisting mainly of oxides of uranium which had been 
incompletely removed in the earlier elution step with 
dilute acid, was then taken up in hot aqua regia. After 
suitable dilution the solution, containing some finely 
dispersed insoluble particles, was now passed through 
a Dowex 50 column with a bed volume of about 3 ml, 
followed by washing with dilute acid to displace 
uranium. However, subsequent elution with more than 
fifteen column volumes of oxalic acid solution failed 
to remove more than about half the UX1 activity. 
This was ascribed to the occlusion of some UX1 by 
the insoluble particles, which had been retained in the 
column by the filtering action of the resin bed. The 
activity was therefore recovered instead by ashing the 
resin, followed by fusion with anhydrous sodium car
bonate. After cooling, the melt was dissolved in dilute 
acid and any insoluble residue solubilized by fusion 
with potassium bisulphate. 
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To obviate possible interference in the UX1-UZ 
separation by the large amount of salts introduced as 
a result of the fusions, the UX1 was isolated by extrac
tion into 60% tributyl phosphate in carbon tetra
chloride. The activity was back-extracted with oxalic 
acid solution and, after sublimation of the oxalic acid, 
finally recovered almost free from salts or other im
purities. 

Separation of UZ from UX1 

In the past this has usually been achieved by copre
cipitating the UZ activity on hydrated tantalic 
oxide.10 However, yields obtained were poor and 
separation usually rather incomplete. 

Dutch workers4, s have recently developed an ion 
exchange method in which the UX complex is ad
sorbed on a column of low capacity cation exchanger. 
After allowing sufficient time for secular equilibrium 
to be established, UZ, with associated short-lived UX2, 
was selectively eluted with a citrate solution. The 
initial fractions of UZ activity so obtained. were con
taminated by only about 0.2% UX1. As the UX1 con
tamination increases with continued elution, UZ 
yields of between 20 and 45% were considered suffi
cient. At this level the contamination amounted to 
about 1 % of the initial UZ activity. 

Kraus and Nelson,11 in a systematic study of the 
anion exchange of metals in hydrochloric acid solu
tion, have shown that the adsorbability of protoac
tinium, while negligible at concentrations below 3M, 
rises sharply with increasing hydrochloric acid con
centration. Thorium, on the other hand, shows 
negligible adsorption over the entire range of hydro
chloric acid concentration. 

This permits a simple column separation of UZ from 
UX1. Thus, if a solution of the UX complex in con
centrated hydrochloric acid (,...., 12M) is passed through 
a column of anion exchange resin, UZ is selectively 
adsorbed as the chloro complex, while UX1 passes 
through. The column may now be washed free of UX1 
with concentrated hydrochloric acid and the UZ fin
ally eluted with dilute hydrochloric acid. In view of 
the hydrolytic behaviour of protoactinium in very 
dilute acid medium, the relatively high acidity of 3M 
hydrochloric acid was employed, which still permits 
rapid elution. 

It should be possible, in principle, to remove all 
traces of UX1 from the column by washing sufficiently 
long with concentrated hydrochloric acid. On account 
of the low branching factor for UZ the ratio UZ: UX1 
activity in the UX complex (when in secular equili
brium) is 0f the order 1: 200. Hence, preparation of a 
UZ source containing 0.1 % UX1 contamination would 
require separation with a decontamination factor of 
200,000. 

In this work it was found expedient to employ two 
anion exchange columns. The hydrochloric acid solu
tion containing the UX complex was percolated 
through the first column and UX1 washed out with 
IOM hydrochloric acid until the activity of single 
drops of effluent, as measured with a laboratory 

J. VAN R. SMIT et al. 

monitor, was not more than double the background 
level. UZ was next eluted with 3M hydrochloric acid 
and the eluate evaporated to dryness. The residue 
was redissolved in concentrated hydrochloric acid and 
passed through the second column. Only a few column 
volumes were now required to completely wash out 
UX1 activity. UZ was then recovered by elution with 
3M hydrochloric acid. Evaporation of this solution 
yielded a thin UZ source suitable for f3 spectroscopy. 
f3 and y spectra of sources of UZ, prepared in this way, 
were re-examined after four days' decay. Over the en
tire energy range the observed counts lay within the 
statistical variation of background, proving the 
absence of UX1. 

Although the radiochemical yield at each step was 
not measured, careful monitoring throughout en
sured no serious losses. Furthermore, the activity of 
the sources.indicated a good overall yield. 

METHOD 
Materials 

Uranyl nitrate soluti"on. About 60 kg of 92%Ua08, 

obtained from Messrs. Calcined Products, Johannes
burg, were dissolved in hot nitric acid. After insoluble 
material, mostly oxides of iron, was removed by 
filtration and centrifugation, the solution was eva
porated and uranyl nitrate allowed to crystallize. A 
saturated solution of these crystals at room tempera
ture was diluted six-fold to give a concentration of 
about 250 g/l. As carrier-free UX1 was required, it was 
necessary to remove traces of long-lived natural 
thorium. The entire solution was passed through the 
cation exchange columns (see below) and the resin dis
carded. No further efforts were made to free the solu
tion of other soluble impurities. This solution was then 
left for about three months to allow UX1 to grow (to 
about 90% of saturation activity). 

Ion exchange resins. For the separation of UX1, 
200-400 mesh, Dowex 50, cation exchange resin was 
used in the hydrogen form as received. The anion 
exchange resin was 100-200 mesh Amberlite IRA-400, 
hydroxide cycle, converted to the chloride form by 
batch treatment with hydrochloric acid. 

Tributyl phosphate (TBP). A 60% (v/v) solution of 
TBP in AnalaR carbon tetrachloride was-prepared and 
purified by repeated extraction with 0.5M oxalic acid 
solution, followed by washing with distilled water. 

Concentrated hydrochloric acid. The concentrated 
hydrochloric acid used for the UZ separation was 
passed through a column of anion exchange resin to 
remove any traces of ferric iron, whose anion exchange 
properties resemble those of protoactinium. 

Other reagents. In the procedure up to and including 
the sodium carbonate fusion stage, laboratory grade 
reagents were used; thereafter all reagents, except for 
TBP, were of analytical grade purity. 

Apparatus 
The apparatus is diagrammatically represented in 

Fig. 2. It consisted of ten glass columns in parallel, 
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each about 3.5 cm in diameter and 50 cm high. Beds 
of Dowex 50, supported by a sealed-in sintered glass 
disc, were packed into each column to a depth of about 
I 0 cm. Conditions were arranged so as to allow the 
uranyl nitrate solution to pass through continuously. 
With a column head of 30 to 50 cm, a flow rate of 
about I cm/min was obtained. Under these conditions 
all the solution, about 400 litres, ~as processed in 
three to four days. 

Procedure 

The solution of uranyl nitrate was passed through 
the columns, checking the position. of the UX1 front 
with a monitor from time to time to ensure that break
through did not occur. When all the solution had been 
processed, the resin was transferred to one large glass 
column of about 12 cm in diameter. Uranium was 
eluted with 2M nitric acid until the yellow colour of 
the uranyl ions could no longer be distinguished in the 
effluent. The effluent was then evaporated to a small 
volume to drive off most of the acid and, after suitable 
dilution, was returned to the original uranyl nitrate 
solution. 

About four more column volumes of 3M nitric acid 
were passed through the resin column to reduce the 
last traces of uramum held to a minimum. The nitric 
acid was washed out with two column volumes of dis
tilled water and discarded. UX1 was now recovered by 
elution with eight to ten column volumes of saturated 
oxalic acid, or until the activity of the lower portion 
of the column, as measured by a scanning monitor, was 
sufficiently reduced. 

The effluent was evaporated to dryness and further 
heated to sublime off oxalic acid. The residue was 
taken up in the minimum amount of hot aqua regia 
and diluted six-fold with water. After filtering, the 
undissolved residue was washed with 2M nitric acid. 
The combined filtrate and washings were passed 
through a small Dowex 50 column, 5 mm in diameter 
and about 1.5 cm high, while continually monitoring 
to ensure that all the UX1 was retained. 

Uranium was then eluted from the column with 
about 20 ml of 3M nitric acid. Thereafter the resin was 
quantitatively transferred to the same filter used 
above. The filter and its contents were carefully ashed 
in a 25-ml platinum crucible and the ash fused with 
about 2 g of anhydrous sodium carbonate. After cool-· 
ing, the melt was dissolved in a small volume of dilute 
nitric acid. Insoluble material was solubilized by a 

. further fusion with potassium bisulphate. 
The final solution was evaporated down to a volume 

of about 15 ml, and 30 ml of concentrated nitric acid 
were added. Sufficient solid ammonium nitrate was 
added to produce an almost saturated solution. The 
UX1 was extracted with four or five 10-ml portions of 
60% TBP in carbon tetrachloride. The UX1 was back
extracted from the organic phase with five 10-ml por
tions of 0.5M re-sublimed oxalic acid. The oxalic acid 
solution was washed with three 5-ml portions of CCl4 
to remove last traces of TBP. The solution was then 
evaporated to dryness, the oxalic acid removed by 

- - - - --- - - -
1111 

Figure 2. Diagram of apparatus for the separation of UX1 from 
large quantities of uranyl nitrate solution 

sublimation, and the residue taken up in 2 ml of 
concentrated hydrochloric acid. 

Two short columns of diameters 3 mm and 2 mm 
were packed with the anion exchange resin to a depth 
of 13 and 8 mm, respectively, and conditioned by 
passing 5 ml of concentrated hydrochloric acid through 
them prior to use. The UX1 solution was percolated 
through the larger column and the column was washed 
with 2 ml of IOM hydrochloric acid. This procedure 
removed the bulk of UX1, leaving UZ adsorbed on the 
column. The eluate was evaporated to dryness, taken 
up in 2 ml of concentrated hydrochloric acid, and was 
then ready for another milking, after allowing sufficient 
time for the 6.7-hr UZ to grow. 

The column was then washed with small quantities 
of 10M hydrochloric acid until the activity of single 
drops of effluent was not more than double back
ground level. 

The UZ activity was recovered by eluting with 
2 ml of 3M hydrochloric acid, evaporated to dryness 
and taken up in 1.0 ml of concentrated hydrochloric 
acid. This solution was passed through the smaller 
column and washed with lOM hydrochloric acid to 
remove last traces of UX1. The UZ was then again 
eluted with 3M hydrochloric acid and the eluate 
collected in a small, shallow, conical glass container, 
the walls of which had been treated with silicones to 
render them water-repellent. The solution was eva
porated by infrared heating to a volume of about 
0.05 ml, after which it was transferred to the source
holder and evaporated to dryness. 

Milking of UZ was completed in four to five hours. 
In this way, UZ sources were prepared on alternate 
days as long as the 24-day UX1 activity was sufficiently 
strong. 
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Communication to the Editor 

SKIN DECONTAMINATION OF PHOSPHORUS .. 32 

W.R. McMURRAY, M.Sc. (Natal), D.Phil. (Oxon.). 

M. PEISACH, M.Sc., Ph.D. (Cape Town), A.R.I.C. 

Radioactivity Division: 
Council for Scientific and Industrial Research, 

Pretoria. 

In radiochemical practice, the most stringent pre
cautions against spillage of radioactivity and con
tamination of personnel cannot entirely eliminate the 
occasional accident. It is therefore necessary to be 
cognisant of the recognized methods of decontamina
tion so that quick action can be taken after an acci
dental spill. The hands (in the event of ruptured 
gloves), arms and head are the most vulnerable parts 
of the body - the rest .will usually be protected by 
clothing. 

An example of the type of accident which can give 
rise to skin contamination occurred recently in this 
laboratory. The routine operation of removing radio
active liquid from a glass bottle (as received from 
Amersham Radiochemical Laboratory, England), is 
accomplished by piercing the rubber cap with a 
syringe needle and 'Yithdrawing solution into the 
syringe. In this instance, the cap gave way and up 
to 100 millicuries of carrier-free Phosphorus-32 (in 
the form of orthophosphate in hydrochloric acid) were 
'>plashed on to the surrounds. A radiation survey of 
the operator showed contamination on the lip as well 
as on the arms and an intense spot of activity above 
the rim of the short protective rubber gloves which 
were themselves very badly contaminated. The wrist 
activity gave a count-rate of 40,000 c.p.m. in a thin 
end window geiger counter. 

This level of contamination is to be compared with 
a recommended upper limit of skin contamination of 
about I0-4µc/cm 2 for fi-emitting isotopes and a 
corresponding geiger counting rate of about 150 c.p.m. 
Whereas the accepted maximum permissible level of 
radiation dose to the basal layer of the skin is 0 · 6 
rad/week, the contamination level giving 40,000 c.p.m. 
::orresponds to a dose to the epidermus exceeding 
1·0 rad/hour. Admittedly, the normal wear of the 
m1face layers of the skin will usually considerably 
:educe skin contamination in a matter of days and it 
s also true that P-32 absorption into the body is a 

relatively small hazard (a continuous burden of 10µ,c 
P-32 distributed through the body bone constitutes an 
acceptable risk), it is nevertheless certain that un
necessary radiation dose to any part of the body must 
be regarded as definitely undesirable. 

An accepted procedure for the decontamination Qf 
the skin is as follows: 

(i) Brush lightly with soap and water. If this 
fails: 

(ii) Apply Titanium Dioxide paste and wash off 
with so-ap and water. As a further attempt: 

(iii) Wash with EDT A-soap mixture. As a last 
resort: 

(iv) Wash with a saturated potassium permanganate 
solution and after rinsing in water, remove the 
stain with a 5 per cent solution of sodium 
bisulphite. 

Skin decontamination procedures should not 
be allowed to roughen or crack the skin as this 
will increase absorption of the radioactivity 
into the body. 

In this particular case the more diffused con
tamination on face and arms was removed by 
step (i) but the intense activity on the wrist 
resisted all the above treatments. However, 
the desired result was achieved unexpectedly 
by shaving off the arm hairs. Evidently most 
of the activity was firmly absorbed on the hairs. 
We are thus led to add another step to the 
decontamination procedure: 

(v) Hair removal. 

Profiting further from this experience, operations 
of the type which led to the accident, will in future 
be conducted from behind a half-inch perspex screen 
with source manipulation through arm length neoprene 
rubber gloves attached to ports in the screen. 

This note is published with the permission of the 
Council for Scientific and Industrial Research. 

Reprinted from THE SOUTH AFRICAN INDUSTRIAL CHEMIST, December, 1958 *LSG-40003 
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A PRELIMINARY REPORT ON THE METABOLISM OF 2-C14-PYRUVATE IN DIABETIC 
BABOONS, by N. Savage, J. Gillman and C. Gilbert (C.S.I.R./University Joint 
Nutrition Research Unit and Department of Physiology, University of the 
Witwatersrand, Johannesburg) and M. Peisach (National Chemical Research 
Laboratory, Pretoria). 

The elevation of the blood ketones and of the various serum lipids and the 
increase in the fat content of the liver in depancreatized baboons are controlled by a 
specific participation in metabolism of the endocrine glands [Gillman, Gilbert and 
Allan, 1958]. 

From a study of the altered metabolism supervening in the depancreatized 
baboon it was anticipated that some information might be forthcoming about the 
biochemical site of action of the various endocrine glands. As part of this study it 
became necessary to ascertain whether or not 2-C14-pyruvate would be incorporated 
into the various lipid fractions of the serum and of muscle, liver and omental fat 
in a depancreatized insulin deprived baboon. 

A pancreatectomized male baboon received intravenously a total of 500 µ,c. of 
2-C14-pyruvate over a period of three days. 103 µ,c. were injected 24 hours after 
the baboon last received insulin; a further 177 µ,c. were injected at the 48th hour, 
the remaining 220 µ,c. at the 81 st hour; 20 hours thereafter the animal was placed 
under pentothal anaesthesia and pieces of liver, muscle and omental fat removed 
for isolation of lipids. Prior to the operation blood was removed for the isolation of 
serum lipids and blood ketones. Urine was collected over a 48 hour period prior 
to the operation for the. isolation of urinary ketones. 

Serum and tissue lipids were extracted by slight modification of standard 
procedures. The extracted lipids were then fractionated by standard methods and 
the cholesterol and free fatty acids of triglycerides and phospholipids isolated. 
Ketone bodies were isolated by a method to be described. 

For the determination of the C14 activity all samples were combusted to C02 by 
the method of Van Slyke, Plazin and Weisiger [1951], and finally plated as BaC03• 

In most cases all samples were combusted in duplicate. In the various fractions the 
following results were obtained: 

(1) Triglycerides. Despite a considerable rise in the triglyceride fractions of both 
liver and serum very low levels of radioactivity were detected in the fatty acids 
derived from the triglycerides of the serum, liver, muscle and omental fat. 

(2) Phospholipids. The fatty acids of the phospholipids found in the liver and serum 
show C14 incorporation, at levels higher than those of the fatty acids of the 
triglycerides. The fatty acids of the phospholipids in muscle and omental fat show 
very low levels of radioactivity. 

(3) Cholesterol. C14 is definitely incorporated into the cholesterol of the liver, 
serum and omental fat. Significant, but considerably less radioactivity, occurs in the 
cholesterol of muscle. 

(4) Ketones. Blood ketones show comparatively little activity. The acetoacetate 
fraction of urine shows high levels of radioactivity. Lower, but none the less 
significant, levels of radioactivity are observed in the p-hydroxybutyric acid fraction. 
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The above results indicate that (I) in the insulin deprived baboon very little 
synthesis d the fatty acids of triglycerides occurs by way of pyruvate. In this 
connection it should be mentioned that in the livers of alloxanised diabetic rats, 
lipogenesis is suppressed [Stetten and Boxer, 1944 ], fatty acid is synthesised neither 
from acetate [Brady and Gurin, 1950] nor from pyruvate [Osborne, Chaikoff and 
Felts, 1951]; (2) the fatty acids ofphospholipids found in the liver and serum can be 
synthesised in part from pyruvate; (3) Cholesterol found in the liver, serum and 
omental fat can be synthesised in part at least frnm pyruvate in the diabetic baboon 
in contrast to Bloch's and Rittenberg's [1945] failure to find such synthesis in normal 
animals; and (4) finally in diabetic baboons, ketone bodies of the urine can be 
derived in part from pyruvate in contrast a.gain to Bloch's assertion [1947] that 
acetoacetate does not arise from a pyruvate precursor in normal animals. 

We are indebted to Mr. J. Allan, Department of Surgery, for performing the pancreatectomy. 
The technical assistance of Mrs. R. Agulhas and Mr. D. Stirling is also gratefully acknowledged. , 
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NOTES 

THE ISOLATION OF RADIOSILVER BY ISOTOPIC EXCHANGE 

by 

M. PEISACH and S. J. VAN DER WALT 

Meinke and Sunderman 1 showed that sources of silver-111 could be prepared 
by isotopic exchange between dissolved and solid silver salts, and that about 98% 
recovery could be obtained with 5 mg silver carrier in the form of silver iodide on an 
inert grid. Since for nuclear spectroscopy it is essential that the amount of carrier 
should be as low as possible, this investigation was undertaken to determine how far 
the weight of silver iodide could be reduced without seriously affecting the recovery 
of radiosilver. 

EXPERIMENTAL 

Platinum grids were coated with varying weights of silver iodide by electro
plating silver at 3 volts from a solution of 3M sodium cyanide, O·SM sodium hydroxide 
and O·OlM silver nitrate, and converting it to iodide by electrolysis at 1 ·5 volts in a 
solution of O·OSM hydrogen iodide and 0·051Vl sodium bisulphite. The grids were 
washed and stored in 1 : 1 nitric acid. 

For the exchange reaction the coated grids were rotated in a solution of radio
silver and the course of the reaction was followed by periodically measuring the 
activity of the solution. A plot of the percentage activity removed from solution 
against the duration of exchange is shown in Fig. 1 for grids with 1 ·45, 0·89, 0·23 and 
0· 14 mg silver iodide respectively. For small weights of silver iodide recovery is poor, 
and begins to fall sharply within a reasonably short time due to the photolytic de
composition of silver iodide. For recoveries of about 70% about 1 mg silver iodide is 
required. 

To recover the isolated radiosilver, the silver iodide was dissolved in a solution 
of 3M sodium cyanide and 0·051Vl sodium hydroxide, and the silver was electroplated 
on to a platinum needle at 3 volts. The potential was then raised to 3·5 volts while 
the electrode was removed from solution and washed with a 1 % solution of sodium 
nitrate. Fig. 2 shows the dependence of the rate.of deposition of silver on the initial 
concentration of silver. For low concentrations of silver initial electrolysis removes 
the silver ions from solution in the immediate vicinity of the electrode and subsequent 
deposition will depend on the diffusion of ions towards the electrode. Accordingly, 
with decreasing concentration of silver there will be a large increase in the time 
required to recover the bulk of the silver. It can be shown from calculations of 
deposition rates that this method is impractical for the recovery of short-lived silver 
isotopes such as silver-112 and silver-113 and can be applied to longer-lived isotopes 
only when the weight of silver iodide carrier exceeds about 1 mg. 

From the study of the exchange reaction as well as the subsequent recovery of 
exchanged silver by electrodeposition it is concluded that about 1 mg silver iodide 
is required. Since this amount of carrier produces a relatively thick source, the method 
of isotopic exchange cannot be used to prepare sources of radiosilver for nuclear 
spectroscopy. 
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When high energy radiations such as alpha and beta particles, gamma and X-rays 
and accelerated ions pass through matter, their energy is transferred to the 
electrons in the system resulting in ionization and excitation of the molecules 
present. The study of chemical reactions produced by these ionized and excited 
molecules is called radiation chemistry. It differs from photochemistry in three 
important respects. Firstly, there is no selectivity since any component of the 
systern can absorb energy by a primary act. Secondly, whereas one photon in 
photochemistry can generally excite only one molecule, in radiation chemistry 
the number of molecules affected is generally large and depends on the energy 
and nature of the incident photon or particle, and thirdly, these affected molecules 
are not homogeneously produced in the system, but are concentrated along the 
track of the photon or particle. 

Closely allied to this field is the study of chemical effects of nuclear trans
formation. When a nucleus captures or emits a high energy photon or particle 
it may recoil with so much energy that in the process of thermalization it can 
break many chemical bonds in its immediate vicinity. These reactions, normally 
called "hot atom chemistry", are however not considered in this paper. 

T.HE CHEMICAL EFFECTS OF RADIATION 

M. PEISACH 

Senior Research Officer 
Radiochemistry Section, National Chemical Research 

Laboratory 
Paper read at the XII Convention of the South African 

Chemical Institute, Port Elizabeth, .'fuly 1958 

Early investigations had shown that, when dilute 
aqueous solutions were irradiated, hydrogen and 
hydrogen peroxide were the main products and that 
ferrous solutions were oxidized whereas eerie solutions 
were reduced, but the first real step in understanding 
the mechanism of this change was made by W eiss1 

when he postulated the formation of free atoms of 
hydrogen and hydroxyl radicals. At present it is 
generally accepted that the primary ionization is the 
removal of an electron from a water molecule. The 
ionized water is converted to hydroxyl radicals whilst 
the emitted electron usually has sufficient energy to 
cause further ionizations, each ionization resulting in a 
decrease in energy until the electron is finally captured. 
Thus, the reactions that occur are: 

H 20 --= H 20+ + e
H20 + H 20+ --= H 30+ + OH 

H 20 + e- -= (H 20-) -= H + OH-

In addition to ionization, water molecules can become 
excited and undergo dissociation to hydrogen atoms and 
hydroxyl radicals directly. In gases the number of 
molecules dissociating through ionization is roughly 
equal to that dissociating by excitation. 2 It is likely that 
dissociation processes are of equal importance in 
liquids.3 

Reprinted from THE SOUTH AFRICAN INDUSTRIAL CHEMIST, October, 1959 

Samuel and Magee4 have calculated that along the 
track of, say, Co 60 gamma-radiation several radical pairs 
(H and OH) can be produced in separate "hot sr:ots" 
which may have an initial radius of about 3·7 A. and 
which are removed from the adjacent "hot pot" by 
about 5000 A. Accordingly by the time diffusion has 
enlarged the radius of such a spot to a value large 
enough to overlap the next spot, recombination processes 
are virtually completed. Most of the molecular pro
ducts of radiation are considered to be formed by 
recombination of the radicals by 

H +OH H 20 
H + H --= H 2 

OH + QH --= H 202 

and that only those radicals which escape are available 
for reaction with other entities. It therefore follows that 
the molecular yield of hydrogen and hydrogen peroxide 
will be higher for radiations such as alpha-particles 
which produce denser ionization in their tracks than for 
gamma or X-rays. 

These deductions are confirmed by experimental 
results. Hart5 has summarized the yields of the radiation 
products of various systems irradiated by gamma and 
X-rays as well as tritium beta-particles and polonium 
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alpha-particles. Some of his values are selected in 
Table I. 

Let the nett free radicals escaping recombination in 
stoichiometrically equal quantities be represented by 
reaction 1 and the nett radical recombination by 
reaction 2. Reaction 3 gives the excess of hydrogen 
atoms and hydrogen peroxide surviving reaction 2 
in accordance with the work of Dainton and Sutton6 

who showed that the molecular yield of H 20 2 exceeds 
that of H 2. 

H 20 
H 20 
H 20 

..................... 1 
........................... 2 

........... 3 
If G 1, G 2 and G 3 refer to the number of water molecules 
decomposed per 1°0 e V in reactions 1, 2 and 3 respec
tively, it can be readily seen from Table I that with 

. increasing density of ionization G 1 decreases and G 2 
increases, and furthermore that the ratios G 2/G1 + G 2 
are in very good agreement with the values of 0 · 23 for 
C060 gamma-rays, 0·315 for H 3 beta-rays and 0·887 for 
Po210 alpha-rays as calculated by Samuel and Magee.4 

Another interesting point is that the total number of 
water molecules decomposed per 1°0 eV, Giot·' is 
about 4, substantially independent of the type of 
radiation used. 

The initial effects of radiation on aqueous systems can 
thus be summarized as:-

1. the formation of free radicals and molecular 
products generally written as 

H 20 ,...._,__.,. H, OH, H 20 2, H 2 .................... 4 
2. the molecular yield of hydrogen and hydrogen 

peroxide is increased for densely ionizing 
radiation whilst radicals arc the main products 
from gamma and X-radiation; 

3. the number of water molecules decomposed per 
1°0 eV is about 4, independent of the type of 
radiation. 

The Oxidation of Ferrous Solutions 

The oxidation of ferrous solutions in the presence of 
oxygen and in oxygen-free solutions has been studied 
extensively since this reaction forms the basis of the 
Fricke dosimeter. The proposed mechanism of the 
oxidation14 has been the subject of much discussion 
but it must now be considered as firmly established. 

After the primary products of irradiation had been 
formed according to reaction 4 the following reactions 
take place:-

H202 + 2 Fe++ --= 2 Fe+++ + 2 OH- ...... ..... 5 
OH + Fe++ --= Fe+++ + OH- .. 6 

and in the presence of oxygen 

H + 0 2 --= H0 2 ..... 7 
H+ + H0 2 + Fe++ --= Fe+++ + H 20 2 ..... 8 

or in the absence of oxygen 

H+ + H + Fe++ --= Fe+++ + H 2 ......... 9 

In the presence of oxygen it is obvious that every OH 
radical oxidizes one ferrous ion, every molecule of 
hydrogen peroxide two and each H atom three ferrous 
ions. If G (Fc111) air represents the number of ferric 

ions, formed per 1° 0 eV by GH' GOH' GH
202 

and 

GH
2 

the primary yield of the respective primary 

products then 

G (Fem)air GOH + 2 GH202 + 3 GH ..... (a) 

is the observed standard yield in aerated solutions. 
Because of the material balance for water decomposition 

2 GH202 +GOH = 2 GH2 + GH ............ (b) 

Combining these two equations 
G (Fe111) • = 2 G + 4 G 

air H 2 H 
.............................. (c) 

TABLE I 

2 

Comparison of yields for different systems with various irradiation, 
after Hart5 

G, 
Radiation System G, G" Gtot Ref. 

--------:---------------!·----·:------
Co60 gamma-rays 

Co60 gamma-rays 

Co00 gamma-rays 

Fe++ 

HCOOH 

Co60 gamma-rays HCOOH 

2 MeV X-rays Lactic Acid 

2·86 0·69 

2·74 0·92 

3·00 0·88 

0·78 

2·35 0·46 I ·42 

3. 08 1. 04 

0· 19 

0·20 

0·23 

0· 16 

4·33 

3·66 

3·88 

7 

9 

8 

4·23 10 

o . 25 I 4. 12 11 

H 3 beta-rays I HCOOH 12·35 r 1 ·021 - I 0·30 13·37 --8-
l-P-o-21-0 -al_p_h-a--r-ay-s-·:-H-C_O_O_H __ :--0-· 4-3 3 · 14 -_--:--0-· 8-8--,3-57--8 -

B10(n, a) Li 7 HCOOH 0·26 2·94 - 0·92 13·20 8 

-
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and the corresponding equation for the oxygen-free case 

G (Fem) . f GOH + 2 GH 0 + GH air- ree 2 2 

= 2 GH
2 
+ 2 GH ..................... (d) 

The ratio of these two values is 

GH 
1+~~ 

H2 H 
Using published values15 of 0·4 for GH

2 
and 3·68 for 

GH, adjusted to a G (Fe111) • value of 15·5, the theory 
air 

predicts a ratio of I ·90. A thorough study of the 
radiolysis of ferrous sulphate solutions was recently 
made by Allen and Rothschild13 who found a value of 
I ·90 ± 0·03 in excellent agreement with theory. In 
earlier researches values between 2·0 and 4·0 were 
obtained but these high results were attributed to 
organic impurities in the solutions, the effect of which 
is to increase G (Fell1) . and to decrease 

air 
G (Fem) . t· . air- ree 

In the absence of oxygen it was observed13 that the 
oxidation rate decreased as oxidation proceeded. This 
decrease was ascribed to reduction of ferric ions 
according to 

Fe+++ + H --= Fe++ + H+ ..... JO 
and it was shown that the decrease in rate depended 
only on the ratio of ferric to ferrous ions present. 

Taking into account the back-effect of reaction 10 
Allen and Rothschild13 deduced that equation ( d) now 
becomes 

G (Fem) . = 
air-free 

where (Felll) and (Fe11) represent the molar concentra
tions of ferric and ferrous ions respectively and k 9 and 
k10 the rate constants for reactions 9 and 10 respectively. 
By plotting the reciprocal of the observed yield against 
the ferric to ferrous ratio they obtained a straight line, 
the slope of which gave the value 0·081 ± 0·010 for the 
ratio k10 /k 9• By assuming 1°0 eV/I as unit dosage, the 
rate of change of ferric iron concentration with dosage 
can be obtained from equation ( e) : 

d (Fem) _ 7·35 
d (dose) - 0·081 (Fem) 1+ c - (Fe111) 

+ 0·8 ............. (e) 

where c is the total iron concentration and 7 · 35 the 
value of 2 GH. 

On integration this becomes 

8·085 dose = 

0·919 {F~"') - 0·0736 Jn (l-0·992 (F~m)) ...... (fj 

. dose 
When their experimental values of -- are plotted 

c 

against (Fem) the points fall in excellent a!>reement with 
c 

the curve calculated from equation (f) as depicted in 
Fii:,. I. 

0 
Lu 

10 

0.9 

':! o e e 
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z 
0 
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u. 04 
0 
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' I 
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§03- ./ 
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-~-~~~~~~-~~· _L ... - .... L .•••• -.J.-.....l..---
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Fig. 1 
Gamma-ray oxidation of air-free ferrous solution in 0·8N H 2S04 

After Allen and Rothschild 13 

e 1·09 mM Fe. 0 10·1 mM Fe. 
Dose rate 3·80 x 1019 eV/1.-min. 

The curve is calculated according to equation f (see text) 

These authors also applied a similar treatment to the 
study of the effect of oxygen concentration. In a closed 
system, as the oxygen concentration drops the value of 
the ferric yield of aerated solutions drops and approaches 
that of de-aerated solutions. In this case the yield was 
dependent upon the ratio of ferrous iron to molecular 
oxygen, the two substances competing for reaction with 
H atoms according to reactions 9 and 7 respectively. 

The effect of pH on the initial oxidation yield at 
constant oxygen concentration is small.16 After pro
longed irradiation the oxidation rate falls due to reactions 
10 and 11 playing an increased role as a result of the 
high ferric ion concentration. 

H0 2 + Fe+++ --= Fe++ + 0 2 + H+ ...... 11 

In air-free solutions the effect of pH is involved.17 In 
this case there is a decrease in the oxidation rate as 
irradiation proceeds until a steady state is reached. 
The build-up of ferric-ion concentration cannot by 
itself account for the entire effect. Since solutions of 
ferric sulphate were not reduced by gamma-radiation 
but reduction did take place when saturated with 
hydrogen, it was likely that reaction with hydrogen 
could lead to the observed decrease in oxidation rate. 
This could be ascribed to 

...................... ..... 12 

which leads to an increase of hydrogen atoms capable of 

3 
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reducing ferric to ferrous ions by reaction 10. There 
is thus competition between Fe++ and H 2 for reaction 
with OH and at the same time added competition from 
Fe+++ for reaction with H. By a careful determination 
of reaction rates at various pH values it was shown17 that 
only those reactions involving ferric ions arc pH-dei:cn
dcnt. Since, however, reaction 9 is almost ui:.affccted 
by a large change of hydrogen-ion concentration it is 
likely that the rc::iction is not a three-body process but 
should be written as 

H 2+ +Fe++--= Fe+++ + H 2 ............................. 9a 

as was first postulated by Weiss.14 

The effect of organic impurities has already been 
mentioned. From the investigations of the effect of 
hydrocarbons,18 alcohols19 and organic acids20 the 
overall effect in the presence of oxygen can be explained 
by the following mechanism:-

OH +RH -= R· + H 20 ......................... .13 
R· + 0 2 --= R0 2· .......... . ................... .14 

R0 2· +Fe++--= Fe+++ + R0 2- .15 
R0 2- + H+ --= ROOH .................... .. ... .16 

ROOH + Fe++ --= RO- + Fe+++ + OH ..... .. .17 

which results in the oxidation of many ferrous ions. 
The addition of small amounts of chloride ion prevents 
this series of reactions by preferential reaction with the 
OH radical:-

OH + Cl- -= Cl + OH- ................................... .18 
Cl+ Fe++ --= Fe+++ + c1-· ............................. 19 

and this is the purpose of the addition of sodium 
chloride to the ferrous sulphate dosimeter. 

The effect of cupric ions on the ferrous oxidation in 
aerated solutions is very marked, the G value dropping 
from 15·5 to about 0·6. 21 This is due both to the 
preferential reaction of cupric ions with H02 radicals, 
preventing reaction 8 and to the reduction of ferric by 
cuprous:-

Cu++ + H0 2 --= Cu+ + H+ + 0 2 20 
Cu+++ H --= Cu++ H+ .21 

Cu+ + Fe+++ --= Cu++ + Fe++ ... 22 

The Reduction of Ceric Solutions 

The currently accepted mechanism for the reduction 
of eerie ions by radiation is that g~vcn by Allen. 22 
Following the formation of the primary products 
according to reaction 4 the reduction proceeds as 
follows:-

H + Ce+4 --= 
H 20 2 + Ce+4 --= 
H0 2 + Ce+4 --= 
OH+ Ce+3 --= 

Ce+3 + H+ .................. ................ 23 
Ce+3 + H02 + H+ ....... 24 
Ce+3 + H+ + 0 2 ............. 25 
Ce+4 +OH- ................. 26 

As in the case of ferrous solutions it follows that 

G (Cem) = GH + 2 GH202 - GOH ........ (g) 

which, with equation (b) reduces to 
G (Ce111

) = 4 GH O - 2 GH ..................... ....... (h) 
2 2 2 

4 

Since the hydrogen yield can be measured directly, the 
primary yields of GH, GOH and GH 

0 
can now be 

2 2 

obtained from measurements based on the ferrous 
and the eerie systems. 

When thallous ions are added to eerie solutions the 
value of G (Ce111) increases from 2·4 to 7·9. 23 Thallous 
ions now compete with cerous ions for the hydroxyl 
radicals and instead of producing a nett back-oxidation 
via reaction 26, the cerous yield is increased:-

Tl+ + OH --= Tl++ + OH- ........................ 27 
Tl+++ Ce+4 --= Tl++++ Ce+3 ........ . ....... 28 

By studying the effect of the thallous to cerous rat10 the 
rate of constants for reactions 26 and 27 may be com
pared in a manner similar to the ferrous-ferric case 
treated above. The ration for k27 /k 26 was found to 
be 383 showing that thallous ions remove hydroxyl 
radicals 38 times as efficiently as cerous ions. 

Aqueous Solutions of Organic Compounds 

The reactions of organic compounds in dilute aqueous 
solutions can also be explained by secondary reactions 
following the initial decomposition of water by 
reaction 4. The radiolysis of aqueous formic acid yields 
carbon dioxide and hydrogen as the main products24 and 
the process may be explained by some of the following 
reactions:-

H + HCOOH --= H 2 + HCOO· ..... 29 
OH + HCOO· -= C02 + H 20 ........ .. ...... 30 

OH + HCOOH -= H 20 + HCOO· ............ 31 
H + HCOO· --= H 2 + C0 2 ............... ............. 32 

2 HCOO· -= HCOOH + C0 2 ......... 33 

At present there is insufficient information available 
to decide which of the three processes, reactions 29 and 
30, reactions 31 and 32 or reactions 29, 31 and 33, is 
the correct one but as a result of investigations with 
deuteroformic acid, DCOOH, there is evidence that it is 
the HCOO· radical and not ·COOH which takes part 
in the reaction. 

The decomposition is enhanced over 50 times when 
small amounts of hydrogen peroxide arc added, whilst 
oxygen inhibits decomposition. The large change in 
decomposition rate with hydrogen peroxide must be 
attributed to a chain mechanism which is considered to 
proceed via 

HCCO· + H 20 2 --= H 20 + C0 2 + OH ...... 34 

The oxygen inhibition probably acts as 

HCOO· + 0 2 --= H02 + C0 2 .. ......... 35 

followed by 

HCOO· + H0 2 .--= H 20 2 + C0 2 ........... . ..... 36 

The nature of the products from the radiolysis of 
aqueous solutions of benzene depends on the con
ditions of radiation. In the absence of oxygen, lightly 
ionizing radiation such as X- or gamma-rays produce 
phenol, diphenyl and small amounts of terphenyl in 

I -
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addition to hydrogen peroxide and hydrogen from the 
water,25· 26 but with densely ionizing radiation such as 
neutrons or alpha-particles, hydroquinone and pyro
catechol are also observed. 27 Although the yields 
reported by various authors differ markedly from each 
other, the mechanism which best fits the results for 
gamma-radiation26 is as follows for the production of 
phenol and di phenyl:- · 

C6H 6 +OH--= C6H50H--= C6H 5· + H 20 
.............................. 37 

C6H5· +OH--= C6H 5·0H .......................................... 38 

C6Hs· + H --= CsHs ........... .. ..................................... 39 

2CsH5· --= CoH5·C6H 5 ..................................... ..40 

and for the small amounts of terphenyl by:-

.................. 41 

followed by 

0-0+0-0-00 ............ 42 

In aerated solutions the production of diphenyl, 
reaction 40, is completely suppressed whilst the yield 
of phenol is increased. This clearly indicates the 
removal of phenyl radicals by the reacti<;Jn 

C6H 5· + 02 --= CsH502· 0 ........................... ..43 

which is confirmed by the linear increase of the phenol 
yield with dosage until all the oxygen is exhausted after 
which the yield drops rapidly to that of air-free solutions. 
In addition to the major product, phenol, ring opening 
occurs leading to a dialdehyde which has been formu
lated 28 RS mucondialdehyde (CHO-CH=CH-CH= 
CH-CHO). Since no such product could be detected 
in oxygen-free irradiations, it is suggested that, after 
the formation of the organic peroxyl radical, the hydro
peroxide is formed which loses water to form the 
dialdehyde. 

OHOI! OH 
. 

~ OH~ 

o,. _0,11 

II H 
CCHO 

Clio 
H 

Other Organic Systems 

A detailed review of the many organic systems that 
have been studied has recently been published. 27 Since, 
on irradiation, energy can be absorbed by any component 
and by any atom in the molecule, it would at first sight 
seem unlikely to have any specificity ofreaction. Never
theless, some reactions that occur are markedly specific, 
presumably due to transfer of ionization or excitation 
energy from the site of primary attack to the reaction 
site. 29 

Specificity of attack may be observed when a~cohols 
are irradiated. 30 The main product from primary 
alcohols are dimers produced by combination of two 
hydroxyalkyl radicals. The bond of the alcohol mole
cule which is preferentially broken is on the first carbon 
atom other than the carbon-hydroxyl bond; ethanol, for 
example, undergoes the following overall reaction:-

CH3-CH-OH 
+ H 2 ...... 44 

CH3-CH-OH 
via radical production 

CH3CH20H --= CH3-CH-OH+H .......... ..45 

These radicals can also be further oxidized to aldehydes, 
or, in the case of secondary alcohols, to ketones, but 
tertiary alcohols yield only ketones. 

Of industrial importance is the polymerization of 
ethylene to produce polyethylene at relatively low 
temperatures and pressures. At room temperatures 
and pressures from 20 atmospheres the products from 
gamma-irradiations have similar properties to the normal 
thermal product. The mechanism of this polymeriza
tion is as yet not firmly established, but it is obvious that 
some chain mechanism is involved as the yields are very 
high, G (C2H 4) varying up to ,.._,12,000 depending on 
the conditions used. 

The presence of a carbonyl group may also lead to 
specificity of attack. Thus gamma-irradiation of 
carboxylic acids causes both decarboxylation and 
dehydrogenation. 29 Thus 

R - CH2COOH --= R - CH3 + C02 ...... 46 
or 

R - CH 2 - CH2 - (CH 2)n - COOH -= 

R - CH = CH - (CH2).,, - COOH + H 2 ............ 47 

Although it was shown that the proportion of the two 
yields varies greatly, no satisfactory explanation is yet 
available. Another example of degradation is the 
removal of ammonia from amino-acids in aqueous 
solutions, but in these systems reaction probably occurs 
through the agency of the radicals from the primary 
decomposition of water. 

Both oxidation and reduction were shown to take 
place when Seitz30 proved the X-irradiation of aqueous 
solutions of dyes produced irreversible oxidation and 
reversible reduction. Weiss and his co-workers studied 
the effect of radiation on steroids. 32· 33 • 34 They 
found that in air-saturated solutions in organic solvents 
oxidation occurred at positions 3, 5, 6 and 7, but in 
air-free aqueous solutions dehydroxylation and dehydro
genation took place. 

Chemical Dosimetry 

For any radiation-induced reaction to be suitable for 
an accurate quantitative measurment of absorbed 
radiation, it should be one whose products can be 
measured easily, the yield should be proportional to the 
dosage and be independent over a wide range of inten
sities and types of radiation. At present there is no 
chemical system which satisfies all these demands, but 
the Fricke dosimeter,35 which measures the oxidation 
of I0-3M ferrous solution in air-saturated 0·8N sulphuric 
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acid containing about 10-3M chloride, seems to sat1sty 
the requirements of most workers and is very widely 
used. 

The Fricke dosimeter has the advantage that the 
oxidative mechanism is very well understood and that 
the yield has been measured accurately by a variety of 
ways. The best value to date gives G (Fe111) with 
Co60 gamma-rays 15·45 ± O·ll.36 The dosimeter is 
capable of measuring dose rates up to 1,000 r /min 
without much lowering of the yield37 and dosages of 
up to 200,000 r can be measured. For other types of 
radiation the value of G (Fe111) drops with ionization 
intensity to 4·2 for LF and He4 recoil products from the 
neutron irradiation of boron38 (B10 (n, a) Li7). 

Alkyl iodide dosimeters have proved useful for 
measuring small dosages. Chloroform-water mixtures, 
when irradiated, produce hydrochloric acid by a chain 
mechanism so that by using indicators in the proper pH 
range, dosages as small as 10-100 r can be measured. 39 , 4o 
Suttle41 showed that bromoform used with crystal violet 
gave a detectable colour with a dose as small as 5 r. 

For gaseous systems Harteck and Dondes42 have 
developed the nitl,'ous oxide system for high-level 
dosimetry. Upon. irradiation nitrous oxide yields 
nitrogen, oxygen and nitric oxide, the latter being 
converted to nitrogen dioxide by reaction with oxygen. 
By measuring the total pressure due to the nitrogen and 
oxygen, dosages from 5 X 104 to 3 X 109 r may be 
measured. The amount of nitrogen dioxide formed in 
the lower part of this range is too small for easy measure
ment, but from about 5 X 106 r the pressure of N0 2 
may be used as an additional check. If the nitrogen 
dioxide yield is sufficiently high, the dosage can be 
measured colorimetrically from the unopened vessel. 

Possible Industrial Uses of Radiation 

As large radiation sources become commercially 
available it is possible that industrial applications will 
become feasible. Already use can be made of radiation 
for sterilizing pharmaceutical products and intensive 
research is in progress on the preservation of foods. 
In the chemical field it seems that the use will be 
restricted to the production of expensive chemicals or 
to those reactions which proceed through a chain 
mechanism to give large yields. Examples of such 
chain mechanisms are chlorinations and polymerizations, 
the latter having strong possibilities in the field of 
plastics. 

Recently Harteck and Dondes43 discussed the possi
bility of using a nuclear reactor for the manufacture of 
nitric acid. They deduced that a 550 mW reactor 
using enriched uranium and costing 20 million dollars 
could with a burn-up of about 6 million dollars worth 
of fuel per year produce annually electricity valued at 
4 to 6 million dollars and 70,000 tons nitrogen fixed 
as nitrogen dioxide. At current market values this 
fixed nitrogen is worth about 60 million dollars as nitric 
acid. In addition large amounts of nitrous oxide 
would be formed, for Which there is at present no 
large scale use. 'J 

Other uses are no doubt being investigated and it is 
estimated44 that the . next 10 to 15 years will see big 
developments in this field. 
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Despite the suspected association of vitamin A 
alcohol with serum proteins, the mechanism of 
vitamin A transport in serum is still not fully 
known. Bennhold (1938) was led to believe that 
both vitamin A and the carotenoids were associ
ated with the globulins, a view which was later 

* Present address: Department of Chemistry, University 
of Stellenbosch, Stellenbosch, South Africa. 

supported by Pett & le Page (1940) after alcoholic 
fractionation of serum. According to Dzialoszyn
ski, Mystkowski & Stewart (1945), however, 
vitamin A was said to accompany those proteins 
of the blood which were precipitated by full or 
three-quarter saturation with ammonium sulphate. 
Accordingly it was inferred that vitamin A was 
most likely attached to albumin. 
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The interpretation of results obtained from 
ammonium sulphate fractionation of chicken, cow 
and pig plasma is complicated by large losses, 
particularly of vitamin A ester (Ganguly, Krinsky, 
Mehl & Deuel, 1952). Nevertheless, it appeared 
from the observations of Ganguly et az: (1952) that 
40-60 % of the vitamin A alcohol in chicken, cow 
and pig plasma could be recovered from the pro
teins precipitating at half-saturation, whereas the 
vitamin A esters seemed to be associated with the 
proteins precipitated at lower salt concentrations. 
After fractionation of chicken and rat plasma by 
dialysis against distilled water, vitamin A ester was 
found with a protein fraction which precipitated 
more readily on dialysis than did the protein 
carrying vitamin A alcohol. 

While our work was in progress, Krinsky, 
Cornwell & Oncley (1956) reported that during 

~ flotation of the lipoproteins of human plasma in the 
... ultracent.rifnge the vitamin A alcohol-protein 

complex ~edimented together with the other 
proteins. From their studies on the transport of 
vitamin A and of the carotenoids in human plasma 
Krinsky, Cornwell & Oncley (1958) arrived at the 
view that since albumin, isolated by two different 
experimental procedures, did not contain signifi
cant amounts of vitamin A alcohol, some protein 
other than albumin was the carrier of the vitamin A 
in the blood. 

The available evidence would suggest therefore 
that vitamin A is made soluble in the blood by 
association with a protein. 

With the aid of improved techniques now 
available for the fractionation of serum proteins by 
preparative eleetroph0resis and with the aid of 
[2-14C]vitamin A, it 1::, hup<"d in t,his investigation to 
identify the vitamin A-carrying serum protein 
(Garbers, Gillman & Peisach, 1958). Thereafter we 
shall draw attention to the presence of uncharac
terized products of vitamin A in the rat's serum 
and their possible importance in metabolism. 

MATERIALS AND METHODS 

[2- 14C]Vitamin A. This was prepared from [2-14C]vitamin 
A acid by reduction with lithium aluminium hydride after 
esterification with diazomethane (Garbers, 1956). The 
[2-14C]vitamin A alcohol (radioactivity: 1·07 mc/m-mole) 
was dissolved in purified hexane, stabilized with DL-0<
tocopherol (5 %) and stored at - 20° nnder N2 until used 
for the preparation of doses. 

Preparation of doses. Peanut oil was extracted with 
ethanol, residual ethanol in the oil was removed in vacuo 
and the oil then distilled in a 5 in. rotating disk molecular 
still (Distillation Products Inc., Rochester, N.Y., U.S.A.). 
The first third of the distillate was discarded and the resi.due 
distilled at 200-220° at 0·03 mm. Hg. 0<-Tocopherol 
was added to the oil to the extent of O·l mg./100 g. 
[2-14C]-Vitamin A was dissolved in this oil so that 

each dose (0·2 ml. of oil) contained 100 i.u. of labelled 
vitamin A. 

Treatment of experimental animaki. Male albino rats of 
the Wistar strain were used in all experiments. Vitamin A
deficient animals were produced by feeding the following 
diet to weanling animals: casein, 15 % ; dextrinized corn 
starch (corn starch cooked in boiling water, dried at a low 
temperature and ground to a fine powder), 71 %; brewer's 
yeast, 10%; Steenbock's salt mixture no. 40 (NaCl, 
9·49%; MgS0.,7H.o, 10%; Na.HP0.,12H.o, 14·59%; 
K 2HP04 , 28·28%; CaHP04 , 28·29%; calcium lactate 
pentahydrate, 6·26 % ; iron citrate hexahydrate, 2·44 % ; 
KI, 0·65 %), 4 %· 

(i) Expts. 1-3 and 5. After 5-6 weeks on the vitamin 
A-free diet the rats stai'ted to lose weight, and fat (5-10 %) 
containing vitamin A (Gillman, Norton, Rivett & Sutton, 
1956) was included in the diet. The amount of fat con
sumed by the rats per day contained the equivalent of 
2 i.u. of vitamin A/day. With this amount the rats failed to 
grow (or grew only slowly), but continued to live. When the 
amount of vitamin A supplemented was decreased, the 
rats gradually lost weight and died. Before use the animals 
were fed with the vitamin A-free diet until signs of deficiency 
developed, whereupon they received five successive daily 
doses of 100 i.u. of [2-14C]vitamin A in 0·2 ml. of refined 
peanut oil by stomach tube. Groups of 5, 15, 6 and 18 rats 
were used for Expts. 1-3 and .5 respectively. 

(ii) Expt. 4. A group of IO male albino rats (average wt. 
34 g.) was weaned on a vitamin A-free diet as above. When 
these rats started to lose weight (average wt. 157 g.), the 
diet was supplemented twice weekly with 175 i.u. of 
[2-14C]vitamin A in peanut oil for 6 weeks (average weight 
at the end of this period 221 g.). The vitamin A administered 
allowed marginal storage in the liver and a normal blood
vitamin A concentration (Lewis, Bodansky, F'alk & 
McGuire, 1942). 

CoUection of blood. The rats were anaesthetized with 
ether 2-43 days after administration of the last dose and 
blood was collected from the dorsal aorta. The blood was 
allowed to clot for 2 hr. and the serum was collected and 
pooled. Under these experimental conditions the serum 
contained only vitamin A alcohol with little or no vitamin A 
esters. The serum for electrophoresis fractionation was 
dialysed at 2° for 12 hr. against the buffer used for the 
electrophoresis separation. The vitamin A concentrations 
of the serum did not decrease during the dialysis. 

Vitamin A analyses. Serum proteins were denatured by 
addition of an equal volume of absolute ethanol. The 
serum-ethanol mixture was extracted once with an equal 
volume oflight petroleum (b.p. below 40°) followed by two 
further extractions with half the volume of light petroleum 
(b.p. below 40°). The extracts were combined and evapor
ated under' N2 in an Evelyn tube, and the vitamin A in the 
residue was estimated by the Carr-Price colour reaction 
with the Evelyn spectrophotometer. 

Liver samples were ground with Na2S04 and extracted 
with ether according to the method of Ames, Risley & 
Harris (1954). The turbidity which sometimes developed 
after the addition of the Carr-Price reagent was eliminated 
by filtering a measured portion of the ether extract 
through alumina and eluting the vitamin A with hexane
ethanol (92:8, v/v) (Thompson, Ganguly & Kon, 1949). 

If the vitamin A concentration in serum or tissue was to 
be calculated from radioactive assay, the vitamin was 
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extracted similarly, the solvent evaporated and the residue 
was subjected to combustion. The 14C02 formed was 
isolated as Ba14C03 • If required, samples of serum or 
tissue were also made directly to produce 14C02 by com
bustion, and Ba14C03 was isolated. 

Vitamin A-breakdown products in the urine. Repeated 
samples of urine were obtained from vitamin A-deficient 
rats by making a fistula in the bladder. The neck of the 
bladder immediately below the entrance of the ureters was 
isolated by blunt dissection and a small incision made in the 
ventral wall. A polyethylene tube (no. 1) was passed 
through the incision into the bladder and tied in position 
with non-absorbable thread. The cannula was exterioriz~d 
and led into a glass saddle affixed to the back of the rat 
(van Zyl, 1957). After 1-2 days the urine was clear and 
its flow regular. Four days after the operation the rats 
were fed by stomach tube 500 i.u. of [2-14C]vitamin A in 
0 2 ml. of peanut oil. Through the use of a special meta
bolism cage (C. F. Garbers & C. Gilbert, unpublished 
work) urine samples were collected from the saddle and 
bloo:i samples from the tail at fixed intervals. The blood 
and urine samples were subjected to combustion separately 
and the Bn,14C03 was isolated and analysed. 

Water and the vitamin A-free diet were supplied without 
restriction to the experimental animals throughout the 
experiment. 

Combustion of samples and assay of radioactivity. Com
bustion of samples was according to the method of Evans & 
Huston (1952), the oxidizing mixture of van Slyke, Plazin 
& Weisiger (1951) being used. The C02 formed during the 
combustion was isolated as BaC03 and weighed. The C02 

was generated from the BaC03 and absorbed in N-NaOH. 
From this solution the carbonate was precipitated as 
BaC03 on 20 cm.2 planchets (approx. 3 mg. of BaC03/cm.2; 
Peisach, 1959) and counted with 34% efficiency in a pro
portional-counter converter (Nuclear Measurements Corp., 
type P.C.C.-10) screened in 3 in. of steel; gas: Tracerlab 
proportional gas. The results are expressed as counts/min. 
and are corrected for self-absorption. 

Concentration of lipoproteins from rat serum. This was 
effected by preparative ultracentrifuging of rat serum at 
solution densities of 1·063 and 1·20 g./ml. in the Spinco 
model E analytical ultracentrifuge according to the method 
of de Lalla & Gofman (1954). The lipoprotein fractions were 
changed by combustion directly to C02 for radioactive 
assay. The sedimented proteins were dialysed against borate 
buffer, pH 8·6, to remove most of the KBr before com
bustion. 

Fractionation of rat-serum proteins. The method as 
described by Porath (1956), in which electrophoresis is 
carried out on· columns from which the proteins are sub
sequently eluted with buffer, was used. The supporting 
medium \Vas partially acetylated cellulose powder (Camp
bell & Stone, 1956, 1957). Two columns were used: column a 
(2 cm. x 32 cm.), washed with borate-phosphate buffer 
(0·0115M-Na2B40 7-0·0155M-NaH2P04 , pH 8·6, I 0·05), was 
developed for 18 hr. at 18 mA and column b (2·2 cm. x 
39 cm.), washed with veronal buffer (O·lM-sodium diethyl
barbiturate-0·02M-diethylbarbituric acid, pH 8·6, I 0·05), 
was developed for 40 hr. at 15 mA. The proteins were 
eluted at a rate of 10-15 ml./hr. Volume of fractions col
lected: 2·0-2· l ml. All these manipulations were carried 
out at 2°. The buffer used was first kept in vacuo to remove 
dissolved gases and then saturated with N2 • 

The protein content of the fractions was determined by 
measurements of E at 280 mµ, in a Beckman DU or Unicam 
SP. 600 spectrophotometer. The homogeneity of the frac
tions was tested by paper electrophoresis or sedimentation 
experiments or both. 

Concentration of protein solutions for sedimentation experi
ments. If the protein solutions in the borate-phosphate 
buffer were too dilute for sedimentation experiments, the 
fractions were concentrated by evaporation in a vacuum 
desiccator. The proteins dissolved in the veronal buffer 
were precipitated with ethanol in the presence of Zn2+ ions 
(Cohn et al. 1950) as follows: the protein solution eluted 
from the column with veronal buffer was mixed with an 
equal volume of precipitating solution (11·502 g. of 
ZnS04 , 7H20, 3 g. ofacetic acid and400 ml. of95 % ethanol, 
diluted to 1000 ml. with water) at - 5°. In trial experi
ments it was found that the pH, measured with the aid of 
a glass electrode (instrument standardized against phos
phate buffer), of the resulting protein suspension diluted 
with 4 ml. of NaCl solution (0·02M) was approx. 6·0 (Cohn 
et al. 1950). After precipitation the supernatant was kept, a. 
the precipitate was freeze-dried and dissolved in disodium ... 
ethylenediaminetetra-acetate solution [3·308 g. of disodium 
ethylenediaminetetra-acetate and 77·6 ml. of O·lN-NaOH 
made to 1000 ml.; pH 7 ·O (measured with the aid of a glass 
electrode), I 0·05]. 

Sedimentation. Sedimentation runs were made in the 
Spinco model E analytical ultracentrifuge at room tem
perature and at top speed (59 780 rev./min.). After the 
sedimentation runs, all the mother liquors and protein 
solutions of the fraction analysed were subjected to com
bustion and assayed for radioactivity. 

Paper electrophoresis. Whatman no. 3 MM paper was 
suspended horizontally over a Perspex rack in a labyrinth
type of apparatus (van Kampen & Zondag, 1955). Proteins 
were stained with bromophenol blue (Hardwicke, 1954) and 
the glycoproteins with the periodic acid-Schiff stain 
(Bjornesjo, 1955). 

RESULTS 

Zone electrophoresis of rat-serum proteins 

Expt. 1. Electrophoresis fractionation of rat
serum proteins with borate-phosphate buffer (Camp-
bell & Stone, 1956, 1957; Porath, 1956): mobilities 
of the rx1-glycoprotein and the macroglobulin. Fig. 1 
shows the distribution obtained when rat-serum -. 
proteins, which were collected from rats 3 days 
after administration of the last dose, were fraction
ated by electrophoresis on a partially acetylated 
cellulose-powder column. A component migrating 
faster than the albumin in the electric field can be 
readily observed. Two consecutive fractions, nos. 7 
and 8, were pooled and their homogeneity and 
nature investigated by paper electrophoresis and 
by sedimentation runs in the ultracentrifuge. 
Fig. 2 indicates the sedimentation-boundary 
diagrams of fractions 7 and 8. Fractions 7-18 were 
investigated similarly and the results of the 
analysis (Fig. 1) showed that the albumin peak 
consisted of at least three components, namely the 
albumin, the macroglobulin and the third com-
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ponent which migrated faster than the albumin 
under the experimental conditions. This last
named component stained positive for a glyco
protein by the method of Bjornesjo (1955) and 
possessed the sedimentation properties of a globulin. 
When this component was re-examined by paper 
electrophoresis in the veronal buffer (pH 8·6, 
I 0·05), it possessed a mobility slightly less than that 
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Fig. 1. Zone-electrophoresis fractionation on a cellulose
powder column (2 cm. x 32 cm.) of rat-serum proteins 
(3 ml.) with the borate-phosphate buffer (pH 8·6, 
I 0·05). A current of 18 mA was applied for 17 hr. e, 
Total protein; 6., albumin; ~, a 1-glycoprotein; 0, 
macroglobulin. Histograms indicate radioactivity. The 
curve for the a 1-glycoprotein was obtained from the 
experimentally determined points together with the 
assumption that at any point (from fractions 6 to 16) 
the sum of the concentrations of the albumin, "'c 
glycoprotein and macroglobulin (determined with the 
aid of sedimentation experiments) equalled the concen
tration of the total protein (determined spectroscopic
ally). 
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Fig. 2. Sedimentation-boundary diagrams of the combine:i 
fractions 7 and 8 in borate-phosphate buffer. Speed 
59 780 rev./min. Exposures A, B, C and D were taken 8, 
32, 56 and 80 min. respectively after reaching top speed. 
a, M:acroglobulin; b, glycoprotein; c, albumin. 
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of the albumin and is therefore most likely an o:1-

glycoprotein (Garbers & Joubert, 1958). Analyses 
of the fractions revealed the radioactivity to be 
associated with the o:i-globulin. The radioactivity 
is not associated with the albumin, since one would 
then expect the radioactivity to be proportionally 
distributed over the albumin peak (Fig. 1). 

The vitamin A content of the serum in Expt. 1 
calculated from Carr-Price measurements and 
radioactive assay on whole serum and the fat
soluble components from serum agree well (Table 1 ). 

Expt. 2. Electrophoresis fractionation of ra-t
serum proteins with borate,-phosphate bujf er: isola
tion of the lipoproteins. Fig. 3 shows the result when 
the serum-protein fractions eluted from the column 
after electrophoresis were analysed for radio
activity. The radioactivity was identified not only 
on the o:1-globulin but also on other globulins. 
From the latter approx. 27 % of the total radio
activity was eluted (Table 1). It is possible that 
some of the radioactivity ·was carried on the {3-
globulin (Fig. 3). 

The lipoproteins from the same serwn were also 
isolated by flotation in the ultracentrifuge accord
ing to the method of de Lalla & Gofman (1954). The 
radioactivity was associated neither with the low
nor with the high-density lipoproteins, but with the 
proteins which sediment during flotation of the 
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Fig. 3. Zone-electrophoresis fractionation of rat-serum 
proteins (3 ml.). Conditions were identical with those 
of Fig. 1. A current of 18 mA was a.pplied for 18 hr. 
e, Total protein. Histograms indicate radioactivity. 
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Table 2. Isolation of liJJOJJrotein fractions 

Radioactivity (%) in 

Description of 
fractionation 

Ultracentrifugal flotation 
fractionation at solution 
density l ·063 

Ultracentrifugal flotation 
fractionation at solution 
density 1·20 

Lipoprotein 
fraction 

H 

3·9 

Sedimented 
proteins 

98·1 

94·2 

lipoproteins in the ultracentrifuge. The results are 
summarized in Table 2. 

The vitamin A content of the serwn obtained by 
radioactive assay exceeded the vitamin A level as 
determined by Carr-Price colour reaction by 
29·7 % (Table 1). 

Expt, 3. Electrophoresis f ractiona,tion of rat
serum proteins with veronal buffer: mobility of the 
macroglobulin in this buffer. Fig. 4 shows the 
distribution obtained when rat serwn, obtained 
from the rats 4 days after administration of the 
last dose, was fractionated by zone electrophoresis 
in veronal buffer. 

In Expt. 1 it was established that when the 
borate-phosphate buffer is used for the electro
phoretic fractionation of rat-serum proteins, two 
components (macroglobulin and o:1-glycoprotein) 
migrated faster than the albumin. The ultracentri
fugal analysis of the pooled fra-0tions 15 and 16 of 
this experiment reveals that when the non
complexing veronal buffer is employed for the 
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l!'ig. 4. Zone-electrophoresis fractionation of rat-serum 
proteins (3·5 ml.) on a cellulose-powder column (2·2 cm. 
x 36 cm.) with veronal buffer (pH 8·6, I 0·05). A current 

of 15 mA was applied for 36 hr. e, Total protein. 
Histograms indicate radioactivity. 
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Fig. 5. Sedimentation-boundary diagrams of the com
. bined fractions 15 and 16 in ethylenedia1ninetetra
a.cetic acid solution. Speed 59 780 rev ./min. Exposures 
A, B, C and D were taken 8, 32, 56 and 80 min. re
spectively after reaching top speed. a., J\facroglobulin; 
b, albumin. 
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electrophoresis of rat serum, only the macroglo
bulin is found to migrate faster than the albumin 
(Fig. 5). 

Analysis of the protein fractions revealed that 
approx. 63·4 % of the radioactivity recovered in 
these fractions was associated with the cx1-globulin 
and the remainder with other globulins. 

Here again the vitamin A concentrations 
differed when determined by Carr-Price colour 
reaction and by radioactive assay on the whole 
serum. It was found that 39·2 % of the radio
activity was not extractable from serum by the 
conventional methods employed during the Carr
Price estimation (Table 1). 

Expt. 4. Electrophoresis fractionation of rat
serum proteins with veronal buffer: mobility of the 
cx1-glycoprotein in this buffer. The vitamin A ad
ministered to the rats in Expts. 1-3 and 5 was not 
sufficient to allow storage. The association of 
vitamin A with the serum proteins in rats having 
reserves of vitamin A in the liver was investigated. 
Under the experimental conditions described, the 
rat livers contained an average of 31·2 i.u. of 
vitamin A/g. of liver (range 21-44 i.u./g.) 1 week 
after administration of the last dose. The analysis 
of the serum is reported in Table 1. 

A procedure similar to that described in Expt. 3 
was followed for the fractionation of a sample of 
pooled serum obtained from a group of seven rats 
1 week after administration of the last dose. When 
the protein fractions eluted from the column after 
electrophoresis were analysed, 67 % of the radio
activity recovered was associated with the cx1-
globulin and the remaining 33 % with the other 
globulins (Fig. 6). 

The position of the cx1-glycoprotein was deter
mined by spotting on paper portions of the 
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Fig. 6. Zone-electrophoresis fractionation of rat-serum 
proteins (4 ml.) on a cellulose-powder column (2·2 cm. x 
36 cm.) with the veronal buffer (pH 8·6, I 0·05). A 
current of 15 mA was applied for 40 hr. O, Total protein; 
6, glycoprotein. Histograms indicate radioactivity. 

fractions, obtained after electrophoresis and 
staining for glycoproteins, followed by elution and 
subsequent quantitative estimation of the dye as 
recommended by Bj6rnesj6 (1955). As is expected 
from an CX1·globulin Component, the mobility of the 
glycoprotein is smaller than that of the albumin 
(Fig. 6). The prese~ce of globulin components could 
also be demonstrated by paper-electrophoresis 
techniques in fractions 14-20 of the albumin peak. 
In the veronal buffer the macroglobulin still 
migrates faster than the albumin (Expt. 3), whereas 
in the borate-phosphate buffer both the cx1-glyco
protein and the macroglobulin migrate faster than 
the albumin during electrophoresis (Expt. 1). 

It has been observed before that·the mobilities 
of certain components in sera change in buffers 
containing borate (Consden & Powell, 1955; 
Goldwasser & Mathews, 1955; Aronsson & Gri:in
wall, 1957; Cooper, 1958). This increased mobility 
of the cx1-glycoprotein is. most likely due to the 
action of the borate ion with the glycol groupings, 
leading to increased charges on the glycoproteins. 
As the position of the peak of radioactivity on the 
cx1-globulin is unaltered when either the borate
phosphate buffer or the veronal buffer is employed, 
the radioactivity is probably also not associated 
with the cx1-glycoprotein. 

Influence of time on the amount of radioactivity 
not extractable from serum 

The results obtained in Expts. 1-3, where serum 
samples were collected 3, 2 and 4 days respectively 
after administration of the last dose of labelled 
vitamin A, indicated that the radioactivity could 
not always be completely extracted by the con
ventional methods used for the extraction of 
vitamin A from serum. A similar investigation 
(Expt. 5) verified these results, and a difference of 
24·6 and 27· l % still existed between the vitamin A 
concentration of the serum determined by Carr
Price colour reaction and that calculated from 
radioactive assay 2 and 10 days after administra
tion of the last dose (Table 1). 

Similarly, in Expt. 4, where the experimental 
animals had reserves of labelled vitamin A in the 
liver, a discrepancy was found between the radio
activity in whole serum and the radioactivity in 
the fat-soluble components extracted from serum 
1 week after administration of the last dose. To 
assess whether this discrepancy is persistent in 
serum, three rats from this group were maintained 
on a vitamin A-free diet for a period of 43 days 
after administration of the last dose. During this 
period the rats continued to grow (average increase 
in weight: 22 g.), and at the end of this period 
29·2 % more radioactivity was found in whole 
serum than in the fat-soluble components extracted 
from the serum (Table 1). 
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Comparison of the concentrations of vitamin A in 
rat serum as calculated from radioactive assay and 
from Carr-Price measurements on serum 

In the paragraph 'Treatment of experimental 
animals' conditions are described that enabled us 
to create a physiological condition which allowed 
the animal to survive without having any vitamin A 
in the blood or tissues as judged by the Carr-Price 
colour reaction. Administration of 500 i.u. of 
labelled vitamin A to these animals resulted in the 
appearance of vitamin A in the blood. This vitamin A 
was all labelled, since the vitamin A content of 
the fat-soluble components extracted from the 
serum was of the same order whether determined by 
radioactive assay or Carr-Price colour reaction. 
However, on occasions not all the radioactivity 
was confined to the fat-soluble extracts. In other 
words, part of the radioactivity derived from the 
labelled vitamin A was present as a component (or 
components) not extractable from serum by con
ventional methods. Furthermore, this second 
labelled component(s) could not be separated from 
the serum by dialysis. 

The normal occurrence of this second labelled 
component(s) in the serum was suspected from the 
results of Expts. 4 and 5. Despite the varying 
conditions under which these experiments were 
conducted, this second labelled component(s) was 
still present in quantities varying from 23 to 29 % 
of the total radioactivity in serum (Table 1). 

The large amount of radioactivity (39· 2 %) which 
could not be extracted from the serum in Expt. 3 
was found in rats greatly depleted of vitamin A 
before the labelled vitamin A was fed. In this 
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Fig. 7. Appearance of radioactivity in the bl_o~d an~ urine 
of vitamin. A-deficient rats after adm1mstrat1on of 
500 i.u. of [2-14C]vitamin A. Rat 1: e, radioactivity in 
whole-blood samples; O, radioactivity in urine samples. 
Rat 2: 6, radioactivity in whole-blood samples; .A., 
radioactivity in urine samples. 

connexion it should be mentioned that during the 
period of depletion and before radioactive vitamin A 
was fed one rat developed panophthalmia. 

If the results presented in Table 1 are considered 
with the data obtained from the electrophoresis 
fractionation of the serum proteins, it is evident 
that: (i) one peak of radioactivity on the IX1-

globulin is to be found when the vitamin A concen
trations of the serum calculated from the radio
active assay and from the Carr-Price estimation 
correlate well (Fig. 1); (ii) a discrepancy between 
the vitamin A concentration calculated from total 
radioactivity and from the Carr-Price measure
ments on whole serum was found with two peaks of 
radioactivity, namely one on the IX1-globulin and 
the second on other globulins. 

No proof can be offered that part or all of the 
radioactivity eluted from the column was indeed 
present as vitamin A. However, the correlations 
presented in Table 1 more than suggest that the 
fat-soluble components extracted from the ethanol
denatured serum contain vitamin A alcohol as the 
only radioactive component on the a1-globulin. The 
radioactivity not extractable from the ethanol
denatured serum is associated mostly with the IX2 -

globulin. 

Breakdown products of vitamin A in the urine 

Labelled water-soluble products (11·7 % of the 
dose) derived from [2-14C)vitamin A are excreted 
in the urine of rats within 24 hr. after the intra
peritoneal injection of 9200 i.u. of [2- 14C)vitamin A 
to depleted rats (Wolf, Kahn & Johnson, 1957). 

Under our experimental conditions the excretion 
of radioactivity in the urine reached a maximum 
during the period 4--10 hr. after the oral administra
tion of 500 i.u. of [2-14C)vitamin A (Fig. 7). In the 
two experiments conducted, the radioactivity 
excreted in the urine during the 48 hr. after oral 
administration was 6·8 and 11·5 % of the ad
ministered dose. The bulk of this radioactivity, 
69·4 and 82·4 % respectively, was excreted during 
the first 24 hr. period. 

The radioactivity in the blood reached a maxi
mum after approx. 4 hr., and at the end of 48 hr. 
the livers of the animals contained radioactivity 
corresponding to 20·6 and 19·8 % respectively of 
the administered dose. 

DISCUSSION 

Our investigations in the rat disclose that vitamin A 
alcohol is transported by a globulin component of 
the serum protein. In this respect the transporta
tion of vitamin A in the rat is similar to that 
described for man by Krinsky et al. (1958). In the 
rat the globulin component could be still further 
characterized. The dtamin A alcohol appears to 
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accompany the oc1 -globulin but probably not the 
oc1 -glycoprotein. 

The finding that vitamin A alcohol is not 
associated with the lipoproteins clearly dissociates 
the transporting mechanism of vitamin A alcohol 
from that of the vitamin A esters, which are trans
ported in rat serum, as in man, by the low-density 
lipoproteins (Garbers, 1958). 

The amount of vitamin A in rat serum, as 
determined by Carr-Price colour reaction, cannot 
always account for all the radioactivity in the 
serum after the oral administration of labelled 
vitamin A to depleted rats. Another component(s) 
derived from vitamin A therefore is present in the 
blood. Unfortunately, in this investigation no 
evidence can be presented as yet whether there is 
one or more such component. The results to date 
indicate that in the serum of rats with little or no 

..-,. reserves of vitamin A the concentration of this 

.._. second component(s) is equivalent (in terms of 
radioactivity) to approx. 20-30 i.u. of vitamin A/ 
100 ml. of serum. The transport of the second 
component(s) derived from vitamin A seems to be 
different from that of vitamin A alcohol. 

The evidence for and against the presence in 
serum of an intermediary product of vitamin A not 
.detectable by the methods usually employed for 
the chemical estimation of vitamin A has been 
reviewed (Moore, 1957). Experiments suggest that 
on feeding vitamin A to depleted rats the vitamin A 
absorbed is first transformed into an intermediary 
'product which in turn is utilized for promoting 
growth and for preventing xerophthalmia (Moore, 
1957). Once this intermediary product reaches a 
particular concentration, vitamin A alcohol may be 
expected in the blood and ultimately in the liver 
and kidneys. 

A situation can be visualized where rats are 
depleted of their stores of vitamin A and eventually 
also of the vitamin A in the blood. In such circum
stances the intermediary product nevertheless may 
still be present in the blood; thus accounting for 

·survival of vitamin A-deficient rats despite the 
failure to demonstrate vitamin A in the blood by 
conventional methods. On feeding labelled vitamin 
A to these rats, the labelled vitamin A again 
appears in the blood and depots. However, in 
short-term experiments the intermediary product 
may still not be labelled. In such circumstances 
there may be adequate amounts of the inter
mediate, i.e. the more immediately utilizable form 
of vitamin A. Accordingly the vitamin A ad
ministered to the depleted rat is not required for 
metabolism and therefore the vitamin A concentra
tion rises in the blood and also later in the depots. 
On the other hand, depending on the state of 
depletion of the animal and the amount of labelled 
vitamin A fed, a situation could arise where there is 

so little of the vitamin A intermediate present in the 
blood that the feeding of labelled vitamin A would 
lead rapidly to the formation and appearance in the 
blood of the labelled vitamin A intermediate at the 
same time as the labelled vitamin A alcohol 
accumulates in the blood. The finding that this 
second labelled component(s) occurs in varying 
quantity in rat serum does not necessarily exclude 
it (them) from being a normal product(s) of 
vitamin A metabolism. 

le Gallic (1947) provided suggestive experi
mental evidence for the presence in the blood of 
albino rats of a component having vitamin A 
bioactivity, but which was not detectable by the 
Carr-Price colour reaction. Since le Gallic's ex
periments and the investigations of others of the 
'lard factor', the so-called 'hidden forms' of 
vitamin A have received renewed attention. It 
has now been shown that herring eggs also possess 
more bioactivity than can be accounted for by 
the Carr-Price colour reaction (Fisher et al. 1956). 
Subsequently, Plack, Thompson & Kon (1958) and 
Plack, Kon & Thompson (1959) identified vitamin 
A aldehyde as a constituent of herring eggs. 
Evidence which might indicate the presence of 
retinene in the rat's liver was also presented 
(Scharpenseel & Wolf, 1958) . 

In our experiments, this second labelled com
ponent(s) in the rat serum may be merely a break
down product(s) of vitamin A and not an active 
intermediate product(s) of vitamin A. It is known 
that compounds similar in structure to vitamin A 
are absorbed, transported in the blood and stored 
in the liver (Ames, Swanson & Harris, 1955). 

The rat normally does not excrete any vitamin A 
in the urine. Furthermore, the labelled products in 
the urine after feeding [2-14C]vitamin A are water
soluble (Wolf et al. 1957) and may be either the 
active intermediate(s) or merely a breakdown 
product(s) thereof or of vitamin A. If the labelled 
products in the urine are breakdown products of 
vitamin A, they are most likely derived from the 
circulating blood. However, there is a possibility 
that the labelled products are elaborated and 
excreted by the kidneys or, less likely, by the 
urinary passages. However, if the component(s) 
in the urine is the same as that in the serum, it 
follows from the results obtained that the kidneys 
have the ability to concentrate this component(s), 
especially as the average excretion of radioactivity/ 
unit volume in the urine is greater than in the 
blood, where the radioactivity is due to [2-14C]
vitamin A and the other component(s). As the 
synthetic vitamin A was labelled at c,2>, the second 
labelled component(s) in the serum is to be ex
pected to be relatively large or to be covalently 
linked to the proteins, otherwise it (they) should 
separate during dialysis. 
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Whether this second labelled component(s) in rat 
serum belongs to the hidden forms of vitamin A or 
whether it (they) is merely a decomposition product 
is now being investigated in this Laboratory. 

SUMMARY 

1. With the aid of [2-14C]vitamin A it was 
established that vitamin A alcohol is transported in 
rat serum in association with the °'!"globulin. The 
vitamin A alcohol is not associated with the lipo
proteins. 

2. When a borate-phosphate buffer is employed 
for the electrophoretic fractionation of rat-serum 
proteins, the mobility of the °'rglycoprotein is 
greater than that of the albumin. 

3. By employing veronal buffer and borate
phosphate buffer for the electrophoretic fractiona
tion of rat-serum proteins, it could be concluded 
that vitamin A alcohol is probably also not associ
ated with the °'1-glycoprotein. 

4. A labelled component(s) derived from [2-14C]
vitamin A and associated with the °'2-globulin can 
occur in serum and most likely is a normal con
stituent of serum, occurring in a concentration 
equivalent to 20--30 i.u. of vitamin A. It has not 
been possible as yet to establish whether these 
derivatives of vitamin A are active intermediates or 
degradation products. 

5. On giving [2-14C]vitamin A orally to vitamin 
A-depleted rats, 7-12 % of the radioactivity is 
excreted in the urine within 48 hr. after adminis
tration. 
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Dr F. J. Joubert and Mr P. C. van Berge for assistance with 
the ultracentrifuging experiments. We are indebted to 
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(Reprinted from Nature, Vol. 187, No. 4731, pp. 58-59, 
July 2, 1960) 

Radiolytic Oxidation of Ferrous Solutions 
with Standardized lnterr.al Sources of 

Phosphorus-32 
THE 'Fricke' solution is the most common chemical 

dosimeter in use at present, but the G-value of the 
oxidation is still not universally accepted. ·we have 
redetermined this value by radiolysis with 100-
250 me. phosphorus-32 dissolved in air-saturated 
0 ·8 N sulphuric acid containing 10-3 1\1 ferrous ions 
(as ferrous ammonium sulphate) and 10-3 1\1 chloride 
(as sodium chloride). The energy dissipated by tho 
radioactive decay was determined from standardiza
tion of the radioactivity by 4n-proportional counting 
as well as 4n-liquid scintillation counting, and an 
acceptance of the calculated value1 of 0·69 MeV. for 
the average energy per disintegration of phos
phorus-32. 

The standardization values as obtained by the 
4n-liquid scintillation method are about 1 · l per cent 
higher than those from 4n-proportional counting. 
This discrepancy is consistent and quite reproducible2• 

For some years now it has been believed that tho 
proportional counting method was very nearly 100 per 
cent efficient for high-energy beta emitters such as 
phosphorus-32 3 , but recent work• using sodium-24 
and phosphorus-32 incorporated in the same com
pound, 24NaH·2

32P0 4 , in which each radionuclide was 
separately standardized, the former by (3-y coinci
dence and the latter by 4n-proportional counting, 
showed that the self-absorption correction for phos
phorus-32 amounted to about 1 per cent. It is thus 
possible that the newer 4n-liquid scintillation method 
may be more accurate than 4n-proportional counting. 

Carrier-free phosphorus-32, produced by neutron 
in·adiation of sulphur, contains some phosphorus-33. 
The relative amounts of the two isotopes were 
determined by measuring the radioactivities of the 
lines corresponding to mass-charge ratios between 47 
and 51 as obtained by the isotope separator of the 
National Physical Research Laboratory, Pretoria. 
The phosphorus-33 content was l ·6 ± 0·16 per 
cent of the total activity. 

Corrections for the ·loss of energy through the walls 
of the containers were made by measuring the appar
ent yield, Gr, for each of 22 spherical glass containers 
of radius r and extrapolating the plot of G, against 
l/r to zero. Fig. 1 shows the results obtained 
(standi;i,rdization by proportional CO\mting). The 
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l/r 

.Fig. 1. Variation of apparent G-value with radius-1 

elTors ma1·kcd are standard errors for each flask, and 
the straight line is that calculated by the method 
of least squares, each point being given a statistical 
weight in accordance with the number o( replicate 
determinations made with the corresponding flask. 
The same data were used to determine the '95 per 
cent error' of the G-value at infinite radius. The resu.lts 
obtained were: 

for 4rr-proportional 
counting 15·:39 ± 0·04 ions/100 eV. 

for 4rr-liquid scintil-
lation counting 15·21 ± 0·04 ions/100 eV. 

The assumption of linearity of Gr with I/r is justified 
by the fact that the discrepancies between values 
obtained from the straight line and those calculated 
from data published by Hine and BrownelP lie within 
the experimental errors. · 
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RADIOLYSIS OF FERROUS SULPHATE SOLUTIONS WITH 
STANDARDISED INTERNAL SOURCES OF PHOSPHORUS-32* 

by 

M. PEISACHt and J. STEYNt 

OPSOMMING 
Die radiolitiese opbrengs van ferri-ione in die "Fricke"-dosismeteroplossing (IO- 3M ferro

ammoniumsulfaat en IO- 3M natriumkloried in .Jugversadigde 0·8N swawelsuur) is bepaal deur 
middel van interne bestraling met fosfor-32. Die radioaktiwiteit is gestandaardiseer met beide 
4 77-eweredigheidstelling en 4 77-vloeistofsintillasietelling. Dit is bekend dat hierdie twee telmetodes 
vir fosfor-32 resultate !ewer wat I% van mekaar verskil en gevolglik is respektieflike G-waardes 
van I0·62 £- 1 en I0.50 E- 1 ione per IOO eV gevind, waar Edie gemiddelde energie is wat per dis
integrasie vrygestel word deur fosfor-32. Met E=0·690 Me Vis hierdie G-waardes ooreenstemmend 
I5·39 ±0·04 en 15·21 ±0·04. 

SUMMARY 
The radiolytic yield of ferric ions in the "Fricke" dosimeter solution (IO- 3M ferrous ammon

ium sulphate and IO- 3M sodium chloride in air-saturated 0·8N sulphuric acid) was determined 
with internal sources of phosphortus-32. The radioactivity was standardised with 47T-proportional 
counting and 47T-liquid scintillation counting methods. These two procedures which are known to 
give results differing by about I% for phosphor~us-32 gave G-values of 10·62 E- 1 and I0·50 
E- 1 ions per IOO eV respectively, where Eis the average energy dissipated per disintegration of 
phosphorus-32. For E=0·690 MeV the G-values are correspondingly I5·39±0·04 and I5·2I ±0·04. 

INTRODUCTION 

The simplest and most widespread chemical dosimeter for the measurement of 
radiation dosage is the "Fricke" dosimeter which consists of a 10- 3M solution of 
ferrous sulphate in air-saturated O·SN sulphuric acid. 1 The initial effect of ionising 
radiation on an aqueous system is to produce hydrogen atoms, hydroxyl radicals, 
molecular hydrogen peroxide and molecular hydrogen and possibly other chemical 
species in much lower concentrations. These primary products may now oxidise the 
dissolved ferrous ions by the reactions: 

Fe+++ OH --+ Fe++++ OH-

H +02 
H02 +Fe++ 

H02 + H+ 
H 20 2 +Fe++ 

--~ 

H02 

Fe++++ H02 

H202 
Fe+++ +OH+ OH-

The effect of organic impurities (RH) in the system is to increase the ferric ion con
centration by the chain involving the reactions: 

OH + RH --+ R· + H 20 
R· + 0 2 --+ R0 2• 

R02• +Fe++ --+ R02 +Fe+++ 

R02 + H+ --+ ROOH 
ROOH +Fe++ --+ RO- +Fe++++ OH 

*A paper read in Cape Town at the Fourteenth Annual Convention of the S.A. Chemical 
Institute on February I2, 1960. 
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but this chain reaction can be prevented by the addition of chloride which causes.the 
oxidation of only one ferrous ion per hydroxyl radical by the. rea.tions: 

OH+Cl- - OH- +Cl 
Fe++ +Cl - Fe++++ Cl-

Accordingly the "Fricke" dosimeter solution includes 10- 3M sodium chloride .. 

The determination of the G-value, i.e., the yield in ions per 100 eV energy ab
sorbed, of the dosimeter solution depends on the measurement of the increase in the 
ferric ion concentration and on a knowledge of the amount of energy absorbed by the 
system. To determine the ferric ion concentration' spectrophotometric measurements 
are made of the optical density of the solution at 304-305 mµ,, the absorption peak 
of ferric ions. To determine the energy, methods that have been used are ion current 
measurements, ionisation chamber methods, internal radiation methods 1 and colori
metry. In the early determinations there was a good deal of uncertainty about the 
G-value, results ranging from about 14 to 21 2

• 3, but more recently, in the period 
1955 to 1957 the accepted value fell to between IS and 17 4• 5• At present the most 
favoured value seems to be 15·5 but even this is not universally accepted. 6 

In the present publication the energy absorbed by the solution was determined 
from an accurate standardisation of the amount of radioactive material present ill 
the solution, when carrier-free phosphorus-32 was dissolved in the dosimeter solution 
to act as radiation source. 

EXPERIMENT AL 

Principle of the method. To measure the radiation yield we define G as the number 
of ferric ions produced per 100 eV. Hence the number of ions produced by E MeV is 

GE X 10 4 

and if E is the energy absorbed per c.c. of solution, then the concentration of ferri.c 
ions, c, in g ions per liter is 

GE 
c = 7:-r x 10' 

where N is the Avogadro number. 
For solutions which obey the Beer-Lambert law, we.have 

. Io 
kc= log - = Dt 

It 
where k is the molar extinction coefficient of the ferric solutions, Dt the optical density 
and It the intensity of transmitted light for the irradiated solution compared with 
I 0 , that of the unirradiated one. Hence 

Dt = k ~ E x 10 7 (I) 

To determine E we have to consider the decay of the radionuclide .. 

If A0 is the measured disintegration rate in disintegrations per second per c.c. at 
time t = o then the number of atoms disintegrating from zero time to time t is 

N0 - N = ~o (I - e- At) per c.c. solution. 

If Eis the average energy in MeV dissipated per disintegration then 

E =A~ E (I - e-At) MeV/c.c, .. (2) 
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Now, substituting in equation (1) 

Dt = k G ~o E (1 - e-At) X 10 7 • • • • (3) 

.- a plot of Dt against (1 - e - At) should be a straight line through the origin with 
slope proportional to G. 

The above deduction did not take into account any energy lost from the system 
by radiation through the walls of the container. The proportion of energy lost in this 
way is a function of the dimensions of the container and in the case of spherical flasks 
the fraction of energy lost would decrease with increasing radius. Accordingly, the 
true G-value can only be obtained by extrapolating the plot of the apparent G-value 
against r, the radius of the flask, to infinite radius, or what is usually easier, to extra-

polate the plot against ~ to zero. 
r 

Reagents and apparatus. Since the effect of organic impurities could be marked 
even if present in relatively small concentrations, it was decided to take all the 
necessary precautions to ensure a high degree of purity for the water used to prepare 
the "Fricke" solution. Water from the laboratory supply was distilled in an all-silica 
still, after which it was refluxed successively with alkaline potassium permanganate 
and acid sodium chromate solutions. The distillate from the chromate treatment was 
finally redistilled and this water was used to prepare the dosimeter solution and to 
wash all the apparatus which came into contact with the irradiation solution. 

The sulphuric acid, ferrous ammonium sulphate and sodim1chloride used were 
all of Merck's "pro analysi" grade. The "Fricke" solution was made up in 21. batches, 
each batch containing 0·7845 g ferrous ammonium sulphate as hexahydrate, 0·1170 g 
sodium chloride and sufficient sulphuric acid to form a 0·8N solution. The solution 
was aerated with cleaned compressed air for about 24 hours before radioactive 
material was added. 

Phosphorus-32 was obtained as carrier-free phosphate, in acid solution, from 
The Radiochemical Centre, Amersham, England. In the earlier irradiations specially 
prepared sulphuric acid solutions were ordered, but later batches were in hydrochloric 
acid and were convertedto chloride-free sulphuric acid solutions by repeated evapora
tion with concentrated sulphuric acid in platinum-ware. The total amount of activity 
used for the irradiations varied between 125 and 250 me. 

The containers in which the irradiations were carried out (Fig. 1) were selected 
spherical glass flasks with a narrow constriction at the neck, so that the flask could 
be filled to the same volume every time. Samples of the irradiated solution were 
removed by a capillary-tipped pipette which passed through the constriction. The 
mean internal diameter of each of 22 flasks, ranging in capacity from about 6 to over 
540 c.c., was determined by volume measurement and checked by direct measure
ments externally, corrected for wall thickness. 

For the measurement of the ferric ion concentration the optical density of samples 
of the solution was determined in 1 cm silica cells at 304-305 mµ, with a Unicam S.P. 
500 spectrophotometer. As the temperature coefficient of the molar extinction co
efficient is +0·7%, temperature control at 21 ·0 ± 0·2·C was sufficient. 

The nuclear measurement equipment consisted of two type 532/A I.D.L. power 
supply units, two type 1009A and one 1009E Dynatron scalers, a Hewlett-Packard 
high speed decade scaler and one model 107P R.I.C. and one model N302 Hamner 
non-overi.ading linear amplifiers of the Chase-Higinbotham type. In addition, for 
scintillation counting the photomultiplier was an E.M.I. type 6097S tube and was 
used with a liquid scintillator solution consisting of a mixture of 82 parts toluene and 
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18 parts ethyl alcohol as solvent, and primary and secondary solutes respectively, 
14 g/l. P.P.O. and 0·5 g/l. P.O.P.O.P. as supplied by Messrs. Nuclear Enterprises 
Ltd. 

Fig. I-Irradiation flask showing the capillary-tipped pipette 
with its rubber bulb attached, in position. For irradiation under 
aeration the rubber bulb is removed and the air supply is attached 

instead 

SUPPLEMENTARY DETERMINATIONS 

(1) Calibration of absorption cells. A total of 16 1 cm silica absorption cells were 
calibrated relative to one another by comparing the intensity of transmitted light 
of the same "Fricke" solution at 304-305 mµ,. All later measurements made with 
these cells were corrected accordingly. 

(2) Determination of the molar extinction coefficient (k). Several determinations of 
k were made with standardised ferric solutions in 0·8N sulphuric acid. The concentra
tion of ferric iron ranged from zero to 0·45 mM in a solution with total iron concentra
tion of 1 ·000 mM. The value obtained is in good agreement with previously reported 
values, as is shown in Table I. 

(3) Purity of the emitter. Carrier-free radiophosphorus is produced by neutron 
irradiation of sulphur. Since natural sulphur consists mainly of the isotope S 3 2 with 
about 0·75% S 33 and 4·2% S 34, it may be expected that the (n, p) reaction which 
produces phosphorus-32 should be accompanied by a similar reaction producing 
phosphorus-33. The half-life of phosphorus-34 is so short (12·4 seconds) that it need 
not be taken into account. Both phosphorus-32 and 33 are ,a-emitters and their half
lives are 14·3 days and 25 days respectively, so that both these isotopes will be present 
for the duration of the irradiation experiment. 
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TABLE I 
The molar extinction coefficient of ferric iron 

k reported Temp. k calc. 21°C 
Reference [mole-1 cm-1] [oCJ [mole- 1 cm- 1] 

11 2150 20 2165 

12 2094 20 2109±20 

1 2174 23·7 2133 

6 2196 25 2135±6 

This work 2122 ±9 

The purity of the radioactive emitter was confirmed and the relative amounts 
of the two isotopes present were determined by means of the isotope separator of 
the Nuclear Physics Division of the National Physical Research Laboratory. A sample 
of the radioactive solution, as received, was added to about I g of chemically pure 
phosphoric acid and heated in vacuo to about 300°C to remove most of the moisture. 
The residue was transferred to the sample holder of the isotope separator and ana
lysed. Radioactivity was found corresponding to a large variety of mass-charge 
ratios, but the series of lines between mass-charge ratios of 47 and 51 proved most 
convenient for analysis, A typical analysis of the radioactivity of this group is shown 
diagrammatically in Fig. 2. The shaded portions represent the activities of strips 
cut out from the target receiver plate and measured. The activity of mass 48 was 
found to contain only phosphorus-32, presumably as [P 3 20 16] +,whereas the activity 
at mass 49 contained comparable proportions of phosphorus-32 and 33. From these 
two lines the isotopic composition of the radioactivity was determined. 

~ 8 ~~~~~-.-~~~-.-~~~-r-~~~-r--~~--. 

z 
::::> 

>er 
7 

~ 6 
1-
CD 
a: 
~ 5 
UJ 
!;{ 
a: 4 
0 
~ 3 
1-
z 
::::> 

8 2 

47 48 49 50 51 

MASS-CHARGE RATIO. 

Fig. 2-Isotopic analysis of the radioactive emitter 
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The strips corresponding to masses 48 and 49 were counted under identical 
conditions and the absorption of the 13- radiations in aluminium was determined. 
Using the absorption data of mass 48, which contained only phosphorus-32, the 
absorption data of mass 49 was corrected to give the relative concentration of phos
phorus-33. It was found that 1 ·6 ± 0· 16 per cent (estimated total error) of the activity 
was due to the heavier isotope. If it is assumed that the relative average energies 
dissipated per disintegration of the two isotopes are in the ratios of their respective 
maximum energies, then the calculated energy dissipated by the mixture is about 
98·6% of that dissipated by pure phosphorus-32 with the same total activity. Since 
the two isotopes would both contribute to the counting rate, A0 , the total energy, E, 
absorbed by the system as given by equation (2) has to be corrected for the phos
phorus-33 content. In all results given subsequently this correction has been made. 

(4) The relationship between Dt and (1 - e- At). To establish that the ferric ion 
concentration, as measured by the optical density of the solution, Dt, increased 
linearly with (1-e- At) one irradiation experiment was carried out in which measure
ments were taken periodically for each of 22 flasks without interruption over some 
190 hours. The results showed that for the larger flasks Dt increased linearly with the 
decay of phosphor.us-32. However, for smaller flasks there was an apparent deviation 
from linearity, in the plot of Dt against (1 - e- At). This effect was due to the fact 
that for the smaller flasks the volume of solution removed for measurement represented 
an appreciable proportion of the total volume. Consequently, when a large number 
of measurements was made there was an appreciable change in the geometrical shape 
of the liquid during its irradiation and hence the fraction of energy escaping from the 
solution, and therfore its radiation dose rate could no longer be assumed directly 
proportional to (1-e- At) over the entire irradiation period. In order to prevent this 
effect, reliable results could be obtained when the number of samples taken for meas
urement from the smaller flasks was kept as small as was consistent with the accuracy 
required. 

(5) The effect of oxygen concentration. During irradiation a stage will eventually 
be reached where there is a marked decrease in the G-value due to oxygen deficiency. 
To show that, under the conditions described in this publication, this stage was never 
reached, an experiment was carried out where two parallel series of solutions were 
irradiated in which one was left undisturbed whilst the other was continuously aerated 
with a very slow stream of air. It was found that the G-values determined on the 
undisturbed solutions were not significally different from those of the aerated ones. 

Procedure. Immediately prior to irradiation several samples of the "Fricke" 
solution were removed for use as reference solutions in the optical measurements. 
The addition of the carrier-free phosphorus-32 marked the beginning of the irradia
tion. The solution was then dispensed into the spherical irradiation flasks as quickly 
as possible and left in a thermostatically controlled bath at 21°C. Small samples of 
the solution were removed from the larger flasks at various times for absolute measure
ment of radioactivity. 

The solutions as drawn from the flask had too high an activity to be counted 
directly, and were diluted with distilled water containing 200 mg/l. of phosphate 
carrier as NaH2P04 • From each of these diluted solutions a large number of sources 
were prepared for both the 47T-proportional and the 47T-SCintillation counting methods. 

For proportional counting, sources were prepared as almost weightless deposits 
on thin films of cellulose acetate made conducting by the vacuum evaporation of gold 
on to it. The sulphuric acid in the sample had to be neutralised with ammonia gas 
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to prevent the acid attacking the film. Counting was carried out in the same N.P.R.L. 
47T·proportional counter normally used for international comparisons of radioactivity 
standards.14 For liquid scintillation counting samples of the diluted solutions were 
weighed out and transferred to the counting cells by means of small weighing pipettes, 
mixed with 12 c.c. liquid scintillation solution and counted by the new 47T·Scintillation 
counting method developed in this Laboratory 7• 

The growth of ferric ion concentration during irradiation was followed spectro
photometrically. Measurements were made in the absorption peak of ferric ions at 
304-305 mµ, and it was found convenient to make the first set of measurements some 
5 to 7 days after the start, depending on the level of activity used. Thereafter measure
ments were taken periodically over a period of about a month. Two aliquots were 
removed from each flask and their optical density measured in the calibrated silica 
cells against samples from two of the reference solutions. In this way errors due to 
differences in the cells, possible contamination of the reference solution, and other 
such sources were reduced. After measurement, the samples were returned to the 
flasks so that the spherical geometry of the irradiation mixture could be retained. 
The mean value of Dt from all these. determinations an.d the corresponding value of 
(1 - e - At) were used in equation (3) to calculate the apparent G-value. 

RESULTS AND DISCUSSION 

The linear relationship between Dt and (1- e - .\t) is shown in Fig. 3. It is now 
possible to calculate an apparent G-value for each flask, provided that the constants 
in equation (3) and the particular value of A0 for the irradiation experiment are 
known. The constants used to calculate all the results in this investigation are: 

N 6·025 x 10 23 atoms per g mole (Avogadro number) 
,\ 5·61 x 10- 7 sec- 1 corresponding to a half-life of 14·3 days 
k 2122 ± 9 mole- 1 cm-1 at 21°C (vide supra) 

E 0·690 MeV (calculated - vide infra) 

The value of E has been calculated 9 from the experimentally determined maximum 
value of f3· energy and an assumed allowed shape of the beta spectrum. Several 
experimental determinations have been made 9 and the results are in fair agreement 
with this value; accordingly the calculated value is used here. Any error inherent 
in this value will also be reflected in. the G-value calculated from it. Should a better 
value be determined in. the future, the results given below will have to be adjusted 
accordingly. 

. The results of the absolute standardisation of radioactivity, A0, for the different 
experiments are given in Table II and the errors listed therein are the standard errors 

(given by :n.). The ratio of the activities as found by the two standardisation 

methods has a mean value of 1 ·0114, i.e., the 47T·liquid scintillation counting method 
gives results about 1·14 % higher than the 47T·proportional counting method. This 
discrepancy is consistent and quite reproducible 7• To decide between the resu1ts of 
the two methods is not straightforward. For some years now it was believed that the 
proportional counting method had an efficiency of very nearly 100% for high energy 
beta emitters, such as phosphorus-32 10. On the other hand, the liquid scintillation 
counting method is a new development still lacking the status of the older method. 
However, recent work 8 has produced evidence to show that the efficiency of pro
portional counting of phosphorus-32 may not be as high as was believed. By incor
porating two different radionuclides in the same compound, one of which could be 
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standardised by the {3-y coincidence counting method, it was shown 8 that the self
absorption for phosphorus-32 amounted to about 1 %- It is thus possible that of the 
two methods used here the 47T-liquid scintillation counting method may be the more 
accurate after all. 
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Fig. 3-The variation of the optical density with the decay of the pa2 

TABLE II 
Absolute standardisation of radioactivity 

Proportional counting (P) Scintillation counting (S) Ratio 
Experiment [sec- 1 c.c. - 1] [sec- 1 c.c. - 1] s 

p 

I I 3·4826±0·0075 x 106 3·5299±0·0037 x 10 6 l ·0136 

2 3·4495 ± 0·0034 3·4882 ±0·0009 l ·0112 

3 3·9522 ±0·0037 3·9787 ±0·0037 1·0067 

4 l ·9905 ±0·0018 2·0187 ±0·0020 1·0142 

5 2·6698 ± 0·0026 2·7000±0·0034 1·0113 

Mean ratio 1·0114 
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The apparent G-values, Gr, obtained for each ft.ask, are plotted against ! in . r 
Fig. 4 and the errors shown are standard errors. The straight line in the figure is that 
calculated by the method of "least squares", each point being given a statistical weight 
ill the calculation according to the number of determinations made with the corres-

ponding ft.ask. Gr, for the zero value of ~, i.e., an infinite ft.ask, is obtained from the 
r 
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Fig. 4-Variation of apparent G-value with radius- 1 
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Fig. 5-The average dosage inside a spherical uniform beta source 
relative to that inside an infinite sphere, after Hine and Brownell. 9 

The curves are drawn for 0, 10, 15 and 20% back-scatter 

i 
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straight line and the corresponding error is the "95% error" calculated from the same 
data; this value of Gr is the G-value of the radiation reaction. 

The assumption of a linear relationship between Gr and ~requires justification. 
r 

The problem of determining the average radiation dosage inside a spherical uniform 
beta source has been treated by Hine and Brownell, 9 from whose data Fig. 5 has been 
prepared, showing the variation with radius of the ratio of the average radiation dos
age inside a sphere of radius r to that inside an infinite sphere. The effect of back
scatter from the walls of the container is shown by the curves of Fig. 5 drawn for 
0, 10, 15 and 20% back-scatter. 

When these curves are made to coincide with the value of the calculated straight line 

of Fig. 4 at ~ = 0·2, i.e., near the value corresponding to the largest flask used in the 
r . 

experiment, it is found that the values obtained from the 15 and 20% back-scatter 
curves (Fig. 5) do not differ appreciably from the corresponding values from the 

straight line (Fig. 4) for ~ from zero to unity. This relationship is shown diagram-
r 

matically in Fig. 6. 

O·I 

-0·1 

-0·2L-~~-'-~~--1~~"----'-~~_J,~~~.L-~~-' 

0 0·2 0·4 0·6 

__!_ 
r 

0·8 1·0 

Fig. 6-The inherent error introduced in the G-value if Gr is 
assumed to vary lineariy with ~- (see text). For comparison the 

r I 
dotted lines show the 95% error of G at r=O 

If G
1 

is the value of Gr obtained from the straight line at any value of ! and Ge 
r 

is the corresponding value obtained on the basis of the curves in Fig. 5 then 
LlG =Ge - G1 . 

represents the inherent error made by assuming a linear relationship between Gr 

and 1 Fig. 6 shows the plot of LlG against ~. H is clear that LlG is within the 
r r 
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experimental error for almost the entire range of~ less than unity, if the back-scatter 
r 

contribution is between 15 and 20%. This value for the back-scatter contribution 
also agrees with the value of 15% found 13 from measurements with aluminium, 

and it is concluded that a linear relationship between Gr and ~ is justified. 
r 

The radiolytic yield of ferric ions in the "Fricke" solution was thus found to be 
15.39 ± 0·04 ions per 100 eV by proportional counting and 15·21 ± 0·04 by liquid 
scintillation counting. As these values depend on that of E they may be given as 
10·62 :E- 1 and 10·50 'E- 1 respectively. 
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Reactor-Produced Carrier-Free lridiutn-194 

By l\'l. PEISACH*, Israel Atomic Energy Commission, Soreq Research .Establishment. 

With 4 figures. (Received October 23, 1963) 

Summary Heactor irradia.tion of natura.l osmium leads to osmium-194 by second order neutron capture. \~'hen 
converted to osmium tetroxide, millicurie amounts of carrier-free iridium-194 can be recovered repeatedly 
from the decay of a single sample of osmium-194 by vacuum distillation. The ha.Jf-life of pure iridium-194 
was found to be 17.4 ± 0.1 hours. 

Zusammenfassung Bei Bestrahlung von natiirlichem Os im Reaktor entsteht durch Neutroneneinfang zweiter Ordnung mos. 
Nach Umwandlung in Os04 konnen aus einer zerfallenden 19'0s-Probe wiederholt l\'lillicuriemengen von 
tragerfreiem 194lr durch Vakuumdestillation gewonnen werden. Die Halbwertszeit des reinen 19'lr wurde zu 
17.4 ± 0,1 h gefunden. · 

Resume })irradiation d'osmium nature! dans un reacteur nucleaire fournit de l'osmium-194 par capture de neutrons 
de second ordre. Aprcs la conversion en tetraoxyde, on peut obtenir d'un meme echantillon de 1940s 
plusieurs fo!s quelques millicuries de 19'lr, sans entraineur, par distiJla.tion sous vide. La periode trouvee 
pour 19•lr purest 17.4 ± 0,1 heures. 

Introduction activities are obtainable with even moderate rea.ctor 

Natural iridium consists of two isotopes, each of which 
ha.s a large cross section for thermal neutron ca.pture, 
so that, unlike nrnny other elements, high specific 

•14 

fluxes. Thus, in a thermal neutron flux of 1013 neu-· 

* Present address: Southern Universities Nuclear Institute, 
Faure, South Africa. 
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trons/cm.2 sec., the short-lived iridium-194 can be 
obtained with a specific activity of over 60 curies per 
gm. when irradiated to saturation, and the long-lived 
iridium-192, for which irradiation to saturation would 
require a long time, can be obtained at over 100 curies 
per gm. after only about 6 weeks. As a result the need 
to find methods to increase the specific activity of 
irradiated iridium has not been very pressing. Never
theless, the enrichment of radio-iridium by Szrr.ARD
CH.ALMERS reactions has been studied in the phthalo
cyanine [1] and the hexachloro compounds [2, 3]. 
Except where isotopically pure iridium-193 is used as· 
target material, these methods lead to mixtures of 
iridium-l92 and 194. In cases where the presence of 
residual long-lived iridium-192 can have detrimental 
effects, the use of the conveniently short-lived iridium-
194 is restricted and a need arises for a method of 
production giving a radiochemically pure product. 
Carrier-free radionuclides are produced by neutron 
irradiation when the radioisotope of the target 
element formed by neutron capture, decays by beta 
emission to form a new element which can then be 
separated chemically. 

MA (n y)MA+1f!;.MA+1 
z ' z z+1· 

Examples of such a process are the production of 
iodine-131 from the irradiation of tellurium and silver
llO from palladium. To prepare iridium-194 by this 
method would thus require the prior formation of 
osmium-194. 
With its long half-life of about 700 days [4] osmium-194 
could serve as a useful source of carrier-free iridium-
194, samples of which could be milked from the parent 
nuclide at its saturation level of activity about once 
every :five days, or, very conveniently for laboratory 
purposes, about once daily at half saturation, for 
several years. It can be produced in reactor irradiations 
from natural osmium by two c·onsecutive neutron 
captures from the 41 % abundant osmium-192 [4]. 

1920s (n, y) 1930s ( n, y) 1940s ~~ 1•'Ir. 
......,7ooa, 

It could also be obtained from the reaction 1920s (t, p) 
1940s . but this reaction has not yet been carried out 
experimentally. 

When osmium-192 is irradiated in a thermal neutron 
flux, the atoms of osmium-193 may, ill addition to 
decay, be lost by several different nuclear reactions. 
If, however, it is assumed that the reaction cross 
section for all other nuclear reactions is small compared 
with that for neutron capture, it can be shown by the 
method used by RUBINSON [5] that the activity of 
osmium-194, and hence of a target containing NA 
atoms of osmium-192 in a constant thermal neutron 
flux of '1> neutrons/cm.2 sec. is given by 

A =AN= NA<P•a1a2 F 
t c c AB(AB-Ac) ' 

where Na is the number of atoms o:I' osmium-194 
· produced and the "growth factor", Fis given by 

F = AB(l-e-Act)_Jca(l-e -1.Bt). 

The decay constants AB and Ac refer respectively to 
osmium-193 and osmium-194, a1 to the first order 
neutron capture cross section of the reaction 1920s ( n, y) 
1930s and a2 to the second order, 1930s (n, y) 1940s. It is 
further implied that the neutron flux is not large 
enough to cause third order reactions with osmium-194 
to any appreciable extent, an effect which may begin to 
show at fluxes exceeding about 1015 neutrons/cm.2sec. 
Provided that the irradiated osmium is stored long 
enough to allow short-lived osmium activities to de
cay, only three radioisotopes, osmium-185, 191, and 
194, would remain. Of these the first decays to stabl.:i 
rhenium-185 and the second to stable iridium-191 
through the very short-lived 4.9 sec. nuclear isomer, 
leaving osmium-194 as the only source ofradio-iridium. 
Osmium metal can readily be converted to osmium 
tetroxide, a volatile solid at room temperature, whose 
vapour pressure is shown in Figure 1. When irradiated 
osmium as its tetroxide is kept condensed in a cooled 
vessel, the activity of the daughter, iridium-194, would 
built up and should remain behind on the walls of the 
vessel when the parent osmium tetroxide is distilled 
off. Thus by repeated distillation the osmium tetroxide 
remains pure and successive samples of carrier-free 

I 100 0 
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Fig.~l. Vapour pressure of osmium tetroxide [6] 

1. W. HERR, Z. Naturforsch. 7b, 201 (l952). 
2. U. CROATTO, G. GrACOMELLO and A. G. :MADDOCK, Ricerca 
Sci. 21, 1788 (1951); 22, 265 (1952). 
3. W. HERR and K. HEINE, Z. Naturforsch. 15a, 323 (1960). 
4. M. LINDNER, Physic. Rev. 84, 240 (1951). 
5. W. RUBINSON, J. Chem. Physics 17, 542 (1949). 
6. GMELINs Handbuch der Anorganischen Chemie. 8th edition. 
System No. 66 Osmium, Verlag Chemie GmbH, Berlin 
1939, p. 38. 
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iridium-194 should be recoverable, .without any 
possibility of contamination by iridium-192. 

Experimental 

Preparation and Irradiation of Target 

Spectroscopically pure osmium metal powder, (supplied 
by Messrs. Johnson, Matthey and Co., Ltd.) was 
weighed and sealed, under vacuum, in a quartz vial, in 
which it was irradiated for about 24 hours at a thermal 
neutron flux of about 3x1013 neutrons/cm.2 sec. After 
irradiation the sample was left for about 4 months 
during which the osmium-193 decayed away com
pletely and the activity of osmium-191 fell to about 
5x109 dps per gm. and of osmium-185 to about 
1x107 dps per gm. A longer decay period would have 
been advantageous as the radiation hazard would have 
decreased without appreciably affecting the activity 
of the 700-day osmium-194. 

Preparation of Osmium Tetroxide 

The experimental vacuum apparatus is shown dia~ 

grammatically in Figure 2. The entire system which 
would come into contact with osmium tetroxide vapour 
was scrupulously cleaned before assembly, in order to 

Fig. 2. Schematic representation of apparatus for the forma
tion of osmium tetroxide and the recovery of iridium-194. 
A quartz combustion tube, B movable ring furnaces, C pure 
oxygen supply, D needle valve, E bubbler, G constrictions for 
sealing under vacuum, H break-seals, K constriction, L cutting 
mark, M sample tube T1, T., T., T4' T5 , T 6 , stopcocks, S 1, S2 

gas traps, P Pirani gauge head, Q Oil diffusion pump, R Rotary 
backing pump 

prevent decomposition of the very strongly oxidising 
Os04 by organic or other oxidisable impurities on the 
glass walls. There were no greased joints or vacuum 
stopcocks in this part of the system; instead, connection 
between one part of the line and the next was made 
through break-off seals opened with magnetic hammers 
sealed in glass and placed in the apparatus at the 
required points. 
The vial containing the irradiated osmium powder was 
cracked open in a metal boat, which was then inserted 
into the combustion tube, A (Figure 2), through the 
socket of the large stopcock, T 5. The stopcock was then 
replaced and the system flushed with pure oxygen 
from G, at atmospheric pressure and room tempera-

ture. Thereafter, the osmium was converted to· osmium 
tetroxide by heating the tube A with movable ring 
furnaces, B, to about 700 °C while maintaining the 
steady current of oxygen. The Os04 was condensed in 
a gas trap, S2, cooled with a mixture of dry ·ice and 
alcohol to - 80 °C. It was not advisable to cool S 2 

with liquid nitrogen as this would have condensed 
some oxygen as well. Excess oxygen escaped through 
the stopcock T 6 and a bubbler, E. The course of the 
combustion was followed by measuring the increase in 
activity (of Osmium-185 and 191) at S2 and the 
decrease at A. When conversion was completed, the 
oxygen supply was closed off, stopcock T 6 was sealed 
off, T 3 and T 4 were closed, T 1 and T 2 were opened, and, 
with the gas trap S 2 still cooled, .but this time with 
liquid nitrogen, the entire vacuum apparatus was 
evacuated to a pressure lower than 10-5 mm. Hg. The 
combustion tube was then sealed off and pumping was 
continued for more than 2 days. During this time the 
glass walls of the system were kept warm to facilitate 
outgassing. 
The gas trap, S2, was then sealed off, the Os04 distilled 
into the first of the tubes, M, and sealed in it, ready for 
use, after which the gas trap was removed and dis
carded. The sections were then sealed off at the 
constrictions, G, to produce a train of tubes each 
sealed in vacuum and connected to the next through a 
break-seal, H. 

Recovery of Iridium-194 

The osmium tetroxide was kept condensed at the base 
of the tube M for about a day, during which time 
iridium-194 activity built up to about half saturation. 
The next tube M was then cooled in liquid nitrogen 
and the osmium tetroxide allowed to heat up to room 
temperature. When the seal was broken, OsO 4 distilled 
into the cooled tube leaving the iridium-194 behind. 
After about an hour, when the distillation was virtually 
completed, the cooled tube was sealed at K and the 
original cut off the apparatus at L, producing a simple 
test tube from which the iridium activity could be 
removed by washing the walls with concentrated 
nitric acid. 

Purification of Iridium-194 

As the distillation of OsO 4 was a diffusion process it 
was expected that small amounts of osmium would be 
found together with the iridium. Gamma ray spectra 
of samples of the nitric acid solution confirmed the 
presence of osmium activity. It was further noted that 
samples that had been left to stand for a long time 
before distillation contained relatively more osmium 
activity, probably due to autoradiolytic decomposition 
from the intensely radioactive osmium-185. 
To remove the last traces of osmium, from the iridium, 
a few milligrams of unirradiated osmium powder and 
some concentrated hydrochloric acid were added to the 
concentrated nitric acid solution. The mixture was 
heated to dissolve the carrier osmium and then eva-
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porated to dryness to remove oEmium tetroxide. The 
process was repeated twice after which a solution made 
with concentrated nitric acid did not. show the 
presence of any osmium. 

Discussion 

Purity of Iridium-194 

~703 1--~--t~~-t-~~+--'<---t~+--tt-~-=-+-~--11----1 

~ 

Gamma-ray spectra of the recovered iridium-194 
directly after the distillation of osmium tetroxide 
(Figure 3 A) show prominent peaks at 646, 718, and 
880 Ke V, due to osmium-185, completely obscuring the 
much lower intensity peaks of iridium-194 in the same 
region. From the activity of such samples, measured 
about 10 days afterwards when all iridium activity had 
decayed, the decontamination factor was found to 
range from 5x10-5 to 8x10-6. After chemical puri
fication, the gamma-ray spectrum (Figure 3 B) shows 
no obvious osmium peaks. When purified samples were 
allowed to decay for 10 days, the gamma-ray spectrum, 
enlarged ten times (Figure 3 C) revealed only the 
smallest trace of osmium. Decontamination factors 
calculated from these very low activities were in the 
range of 10-4 to 10-6 for the purification stage. The 
method of purification thus gave an enrichment of the 
relative activity of iridium-191 of not less than 1010 

and usually about 1012, resulting in a product in which 
the radiochemical impurities were difficult to detect. 
It is obvious that the radioactive osmium in the 
iridium-194 could be reduced still further if the 
irradiated sample was allowed to decay for a much 
longer period. 

I 

c 
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Fig. 3. Gamma ray spectra of iridium-194 samples. (A) Show
ing impurity of osmium-185 after distillation, (B) Impurity 
removed by chemical treatment, (C) Pure sample after decay 

of 10 days (enlarged ten times) 
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Fig. 4. Gamma ray spectrum of pure iridium-194. Arrow markings sho'w the energies of known gamma rays 
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The complete gamma-ray spectrum for pure iridium-
194 as obtained with a 3" X 3" NaI(Tl) scintillation 
detector is given in Figure 4. The arrow markings in the 
figure show the energies of known gamma rays 
obtained from external conversion spectra with high 
resolution spectrometers [7, 8]. 

Yield oflridium-194 

The activity of iridium-194 samples obtained over a 
period of about a month, corrected for the growing-in 
period, had a mean value of 1400 ± 200 dps per g. 
osmium, in good agreement with the calculated value. 
Hence, an irradiation lasting a little over 3 months 
(2500 hours) at a flux of 3x1013 neutrons/cm.2 sec. 
would yield about 16 µc per g. osmium, or, millicurie 
amounts could readily be obtained from a 10 g. sample 
irradiated for 3 months at a flux of 1014 neutrons/cm2. 

sec. It should be noted that because the activity of 
osmium-194 (and hence of iridium-194) depends on (/J2, 

the use of high reactor fluxes would result in a sharp 
rise in the yield. 

The Half-Life of Iridium-194 

Half-life measurements made on many samples 
showed that the accepted value of 19 hours was too 
high. The decay was followed either by beta ray 
counting, through absorbers to eli~nate the softer 
beta rays but transmitting the 2.2 MeV. (J- ray, or by 
gamma ray counting of the intense 325 ke V radiation 
or the lower intensity 622-645 ke V gamma rays. No 
deviation from linearity within the statistical errors of 
counting, was observed over more than 5 half-lives. 
The mean half-life was found to be 17 .4 ± 0.1 hours 
(Table 1). The half-life obtained from following the rate 
of growth of iridium-194 in a freshly separated osmium 
sample was less reliable as a result of the very high 
background activity from osmium-185 and 191. 

Table 1. Half-life of iridium-194 

Method R.esult Reference 

Hoiirs 
Counting strong {3- rays 17.41 ± 0.09 This work 

325 keVy 17.4 ± 0.1 This work 
622-645 ke V y 17.5 ± 0.25 This work 

Growth of 1••Ir in 1940s 18.0 ± 1.0 This work 

194Ir from 1940s 18 [4] 
Decay of y-ra.y peaks 19 [7] 
{3- rays from enriched 193Ir 19 [10] 
Absorption measurements 19.0 ± 0.2 [11] 
Decay of 1.65 MeVy 18.8 [11] 
Decay of {3-spectrum 19.5 [12] 

'.>fl,7 + 5 f9] 

Table 1 lists the reported half-lives of iridium-194. As 
most investigations on this nuclide dealt with its 
complex decay scheme, it is not surprising that very 
little attention was paid to its half-life. SEREN, 
FRIEDLANDER and TURKELL [9], stated that the "half
life in literature is 19 hours. We find 20.7 ± 5". 
Others [7, 10] refer to the decay being "consistent with a 
19-hour half-life' 1 or the radiation being "attributed 
to the 19-hour 194Ir". It is of interest to note that the 
lowest value previously reported was 18 hours [4] 
obtained from the iridium-194 separated from osmium-
194. 
To account for the apparent half-life of 19 hours, the 
relative yields of iridium-192 and 194 obtained from 
the irradiation of natural iridium have to be taken into 
account. After a very short irradiation the iridium-192 
contributes somewhat less than 5% to the total 
activity, and the proportion increases somewhat with 
longer irradiations. The presence of so little relatively 
long-lived activity can lead to appreciable errors. The 
decay of an irradiated iridium sample followed for 
20 hours showed an apparent half-life of 18.6 hours, 
which increased to about 19.2 hours when followed for 
over 30 hours, the period over which counting was 
continued in previous investigations [7, 11]. In all 
these cases the points did not deviate from linearity, 
within the statistical error calculated from the count 
rate. It is unfortunate that the work on the irradiation 
of enriched iridium-193 [10], which would have given a 
product containing relatively much less iridium-192, 
did not deal more thoroughly with the half-life, as the 
apparent value would have been appreciably less than 
19 hours. 
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1:-fodern ~eaching tacitlY_ ass~mes th~t the nucleus of an atom plays no part 
m Chemistry. From this pomt of view, the term "Nuclear Chemistry" is a 
pa~adox. It is, however, an apt description of the field of research that has 
arisen from the efforts of chemists in the study of sub-atomic particles their 
properties and reactions, their effects on matter and their uses. ' 

In a short paper su.ch as this, little more can be done than to touch lightly 
on some of the mam topics of current activity. The topics selected are 

Radioisotope Production 
and Analysis by Radioactivation. 

Some mention of Chemical Effects of Nuclear Transformation will be made 
but the very important and closely allied field of Radiation Chemistry is con: 
sidered beyond the scope of the present paper. 

RADIOISOTOPE PRODUCTION 

We read in Genesis that "in the beginning" the world 
was in a state of randomness, disorder and implied 
instability. We can expect just that kind of system to 
have existed if we imagine the world to have been the 
cooling offshoot of a nuclear reaction mass of some 
parent star. Our relics of those days are natural long
lived radioactive species that have not yet reached the 
stable ~tate. Most of them are the heavy elements, but 
some lighter ones such as some rare earth isotopes, 
and others like potassium-40 .(1 . 3 x 109y. ), vanadium-50 
( 6 x I015y.) and rubidium-87 ( 4. 7 x 1010y.) have sur
vived to become of interest to nuclear geochemists. 

It wa5 in the early thirties of the present century that 
artificially produced radioactive material first became 
available. Irene Curie and Joliot prepared 2. 6-min. 
phosphorus-30 by bombarding aluminium with ener
getic ix-particles from polonium(1). They proved the 
radioactive product to be phosphorus by dissolving the 
aluminium in hydrochloric acid and collecting phosphine 
from the evolved gases. 
Isotope Production by neutron irradiation 

With the advent of nuclear reactors, neutrons became 
available in enormous fluxes. As a result, the production 
of radioactive materials expanded rapidly to cover 
virtually every element. 

When w g. of a target of formula weight, M, is 
irradiated for a time, t, in an irradiation flux, <1> per 
cm2 per second, the activity, A, formed from a nuclear 

*Southern Universities Nuclear Institute, Faure, C.P. 

~ea~tion whose reaction probability (cross section) is 6, 
is given by 

A = N a <1> a - ..\t 
w M (1 -e ) .................. (I) 

where ,\ is the decay constant of the radioactive species 
form~d and the target isotope in question comprises a 
fract10n a of the whole target. N is the Avogadro 
number. 

(I) Neutron capture 
Most radionuclides are produced in reactors by 

neutron capture, which leads to the formation of an 
isotopic nuclide with mass one unit higher than the 
target atom. For many purposes the specific activity 
obtainable is sufficient, but it frequently happens that 
the obtainable specific activity is too low. As an 
example the production of radio-iodine can be con
sidered. 

For medical purposes radio-iodine is administered to 
patients and its rate of concentration by the thyroid is 
measured. If stable iodine-127 is irradiated to form 
iodine-128, the weight of iodine that would have to be 
administered to obtain the de:;ired radioactivity, would 
be sufficient to upset the entire iodine metabolism of the 
patient. Instead, the specific activity has to be enriched 
by other means, or, so called, carrier-free preparations 
'.I-re carried out to obtain a product in which the only 
isotope of the element of mterest is the radioactive 
species. Radio-iodine can thus be made by the following 
methods: 

3 
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(a) Iodine-125 (57.4 d) is obtained from the neutron 
irradiation of xenon and allowing radioxenon to 
decay. Separation of small amounts of radio
caesium formed from the decay of other xenon 
isotope3 is usually necessary(2) (3). 

X 124 ( ) X 125 electron 1125 ( . f ) e n, Y e t earner- ree . 
cap ure 

18 hr. 
(b) Iodine-128 (25.0 m) can be obtained enriched by 

Szilard-Chalmers reaction (vide infra) from the 
irradiation of iodoform(4) or other iodo-com
pound~(5) (6) where the bulk of the target iodine 
is retained in the organic form and iodine-128 
is extracted. 

p21 (n, y) p 2s extracted (high specific activity). 
(c) Iodine-129 (1.6 x 107y) is too long-lived and is 

not usually used for medical purposes. 
(d) Iodine-130 (12. 5 hr) can be obtained in a mixture 

with other iodine isotopes from uranium fission. 
(e) Iodine-131 (8.05 d), although available from 

fission products, is usually obtained as a decay 
product of radiotellurium(7) (8). 

Te
130 

(n, y) Te 131 -~1131 
(carrier-free). 

25 m. 
( f) Iodine-132 (2. 3 hr) can be obtained from the decay 

of fission product tellurium-132 and is usually 
supplied in the form of adsorbed tellurium on a 
column from which iodine-132 solutions can be 
eluted( 9) ( 10). 

U (n, f) Te
132 f3 - I 132

(carrier-free). 
78 hr. 

Among radionu::lides that can be obtained carrier-free 
from the decay of an (n, y) product are niobium-95 
(from zirconium), technetium-99 (from molybdenum), 
rhenium-105 (from ruthenium), silver-111 (from palla
dium), antimony-125 (from tin), gold-199 (from plati
num) and others. 
(2) Consecutive neutron capture 

An interesting recent innovation was the use of two 
consecutive (n, y) reactions to yield an isotope decaying 
by f3 --emission as a precursor for a carrier-free radio
isotope(11). The activity of the second product is given by 

A Na. <P
2 

al a2 F ( ) 
w M -'1 (Al - -'2) . . ........ JI 

where a 1 and a 2 refer respectively to the first a11d second 
neutron capture, and A1 and A2 respectively to the decay 
constants of the radioactive nuclide formed from the 
first and second ( n, y) reaction. The "growth factor", 
F, is given by 

-A t -A t 
F = .\

1 
(1 - e 2) - .\

2
(1 - e 1 ) ..... (III) 

Using natural iridium it is impossible to obtain a 
carrier-free preparation of iridium-194 uncontaminated 
with iridium-192. However, isotopically pure iridium-194 
has been obtained(11) by the neutron irradiation of 
osmium in which consecutive neutron ca'.)ture y\elds 
osmium-194. 

192 193 194 f3 - 194 . 
Os (n, y) Os (n, y) Os -------+ Ir (earner-free). 

32 hr. 700 d. 

4 

After irradiation, the osmium can be converted to its 
tetroxide, which is sufficiently volatile to be distilled 
off to recover iridium-194. (See Figure 1). 

From equation (II) it is evident that the yield is 
dependent on the product (a1a 2) and on the flux as <!>2. 
Accordingly, this procedure should be useful for those 
neutron capture rea~tions whose products have large 
capture cross sections and in reactors with large thermal 
neutron fluxes. 

(3) (n, p) reactions 

Among carrier-free rad;onuclides produced by (n, p) 
reactions, three of interest to organic chemists are 
carbon-14, from the neutron irradiation of nitrides, 
phosphorus-32, from irradiated sulphur, and sulphur-35 
from irradiated potassium chloride. Recently, the use of 
fast neutrons has shown that small quantities of sodium-
24 may be obtained from magnesium(12) by the reaction 

Mg24 (n, p) Na24. 

With the current tendency to use shorter-lived radio
isotopes where possible, the use of cobalt-58 instead of 
cobalt-60 as a cobalt tracer has incre8sed. Even in ~ 
hydrology where tracer experiments last some time, 
cobalt-58 (71 d) is preferred above cobalt-60 ( 5. 26 y) 
so chat the use of tracer in one year should not interfere 
with i1 s use the next. By neutron irradiation of 
nickel(13) (1 4) carrier-free solutions are obtained from 
the nuclear reaction Ni 58 (n, p) Co 58. 

Fig. 1 
Schematic representation of apparatus for the formation of osmium 

tetroxide and the recovery ofiridium-194 
A quartz combustion tube, B movable ring furnaces, 
C pure oxygen supply, D needle valve, 
E bubbler, G constrictions for sealing 
H break-seals, under vacuum, 
K constriction, L cutting mark, 
M sample tube, T,, T2 , T3 , T4 , T5 , T6 , stopcocks, S,, S2 gas traps, 
P Pirani gauge head, Q Oil diffusion pump, 
R Rotary backing pump. 

(4) (n, oi:) reactions 
Because of the high Coulomb barrier for alpha-particle 

release, (n, oi:) reactions e.g. Al27 (n, a) Na24, usually 
require fast neutrons. A notable exception is the forma
tion of tritium by the reaction 

Li6 (n, oi:) H3, 

which is highly exoergic ( Q = 4. 79 Me V). As a result 
the triton is released with considerable energy and has 
been used for the formation of fluorine-18 from the 
oxygen in the anions of lithium salts, e.g. Li2 C03( 15) (16) 
or Li N03(17) by the reaction 

016 (t, n) ps_ 
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Isotope production with charged particles 
Whereas neutron irradiation can, with very few 

exceptions, lead to neutron-rich nuclides, other methods 
of production are required for neutron-deficient ones. 
Accelerators such as cyclotrons or Van de Graaff 
machines provide the answer. In this way carrier-free 
preparations of manganese-54, chromium-51, copper-64 
and zinc-65 can be obtained. 

With the use of larger accelerators the acceleration of 
nuclei such as Li6, Li7, C12, N14, 0 16 and Ar40 has 
become possible. By using accelerated ions such as 
these, nuclides in the neutron-deficient region far from 
the stability line can be obtained. Chackett and 
Chackett(18) were able to obtain gold-188 and other 
very light isotopes of mercury, gold and platinum from 
the irradiation of tantalum with 6 +-charged ions of 
carbon-12, carbon-13 and nitrogen-14. 

The spectacular work of Ghiorso et a/(19) led to the 
formation of Lawrencium, element-103, 

Cf252 (Bu, 6n) Lw257 
800 y. 8 sec. 

Fission 
As an isotope production process, fission yields about 

200 different radionuclides. Their production modes, 
yields and properties have been studied for many years, 
but even to-day still holds the attention of many. 

Uranium fission is the source of large amounts of 
carrier-free caesium-137, promethium-147, barium--140, 
and the long-lived strontium-90 which is one of the 
major health hazards in fall-out. 

Current research is largely directed towards deter
mination of primary fission yields and elucidation of the 
charged distribution of fission products. A large variety 
of fissionable nuclides, is under investigation and their 
fission characteristics are being investigated for a wide 
spectrum of bombarding charged particles, fast neutrons 
and photons. 

ANALYSIS by RADIOACTIVATION 
It is remarkable how closely allied the fields of radio

activation analysis and radioisotope production are. 
Just as the first artificial radioisotope was produced by 
charged particle bombardment, so also was the first 
activation analysis, when 6 p.p.m. gallium were detected 
in iron irradiated with deuterons(20). In the same way 
also, activation analysis really became an important 
analytical tool with the growth and availability of 
neutron sources. 

The most common nuclear reaction used for activation 
analysis is (n, y) and the weight of the element present in 
the sample is determined by the intensity of the induced 
radioactivity. The same equation as for radioisotope 
production, equation (I), may be used to determine 
appropriate conditions for irradiation or the limits of 
sensitivity for available measuring conditions. It may 
readily be shown that, for an irradiation neutron flux 
of 3 x 1013 neutrons per cm2 per sec. the sensitivity of 
detection for most heavy elements is 10 - 11 to 10 - 12g. 
Very few analytical procedures have such a sensitivity 
and a comparable range of application. 
Research trends in activation analysis 

Coupled with recent methods of gamma-ray spectro
scopy, radioactivation analysis can provide a rapid 
qualitative and quantitative analytical tool with wide 
applications. A large group at Houston, Texas, is 

developing automated analysis procedures coupled with 
computer analysis to determine many elements simul
taneously and by remote control for the investigation 
of the surface of the moon. Similar work in Europe 
deals with the use of ion-exchange to effect rapid separa
tion and analysis. This, then, is one of the current direc
tions of development. 

Another direction of development appears to be the 
trend to develop methods of analysis of very high speci
ficity so that procedures for the estimation of one element, 
or a small group of elements, become possible. This 
trend together with the desire for non-destructive methods 
has produced some interesting results, and with more 
study of nuclear properties will doubtlessly lead to many 
others. 
Delayed neutrons 

When a radioactive nuclide decays to an excited state 
of the daughter nuclide, de-excitation is possible by 
various processes. If, however, the excited state lies 
above the binding energy of a neutron, neutron emission 
becomes possible. The neutron emitter would then be the 
excited daughter nucleus, but as the emission of a neutron 
is instantaneous, its rate will be determined by the decay 
of the precursor and would have the same half-life. 
A schematic representation is given in Figure 2. 

Analytical aspects of delayed neutron emission have 
been described for fissionable elements and for nuclear 
reactions leading to nitrogen-17(21) (22). Of the neutrons 
emitted during fission, about 1 % appear as delayed 

-,~~:--~.----L~ 
n En2 En1 

t t 

_ _I __ -1 
Bn --i 

Fig. 2 
Schematic Representation of Delayed Neutron Emission 

neutrons. These arise from the decay of short-lived 
precursor fission products and are mostly heavy isotopes 
of halogens, e.g. 

Bromine-87 (54 sec.); Bromine-88 (16 sec.); 
Bromine-89 ( 4. 5 sec.); Bromine-90 ( 1. 6 sec.); 
Iodine-137 (24 sec.); Iodine-138 (6.3 sec.); Iodine-
139 (2.0 sec.); Antimony-135 ( < 0.4 sec.); Arsenic-
85 (0 .43 sec.) 

The high beta and gamma ray backgrounds from 
other fission products do not interfere with neutron 
counting so that by integrating the delayed neutron 
counts over a suitably fixed period, non-destructive 
analysis of fissionable elements is possible. By utilizing 
the differences in fission characteristics, it becomes 
possible to analyse mixtures or to determine isotopic 
concentrations. For example, while uranium-235 can 
undergo fission by thermal neutrons, uranium-238 
requires fast neutrons so that irradiation first with 

5 
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thermal neutrons only and then in a mixed neutron 
flux enables the isotopic composition to be determined. 
Similarly plutonium in breeder reactors can by thermal 
neutron fission be determined in the presence of ura
nium-238. 

Nuclear reactions leading to the formation of nitrogen-
17, a delayed neutron emitter (precursor) with a half-life 
of 4. 14 seconds, can be utilized for analytical purposes. 
A lithium solution irradiated with thermal neutrons can 
lead to nitrogen-17 by the successive reactions 

Li 6 (n, ix)t; 0 18 (t, ix)N17 

thm, for known 0 18-concentration (e.g. natural water) 
the lithium content may be measured, or for known 
lithium content, oxygen may be isotopically analysed 
for oxygen-18(23). 

"Knock on" particles 
With fast neutron irradiations of hydrogenous media, 

"knocked-on" hydrogen nuclei may attain sufficient 
energy to induce nuclear reactions. An intimation that 
the nitrogen-13 detected in organic compounds irradiated 
with fast neutrons could be of value for analytical 
purposes was made by Gilmore and Hull(24). While 
investigating the possible formation of nitrogen-13 by 
an (n, 2n) reaction for the determination of nitrogen, 
they found relatively large interference from reactions 

c12 (p, y) Nia 
and C13 (p, n) Nia 

as a result of reactions caused by knock-on protons in 
the organic media investigated. 

By a similar argument, a non-destructive method was 
developed independently for the determination of 
deuterium concentration in water(25). When a pure water 
sample containing deuterium is irradiated with neutrons, 
"knock-on" deuterons can be produced with sufficient 

10000 

' ' ' ' ' 

1000 

100 

10 

7 10 11 12 13 14 
minutes 

Fig. 3 
Decay of the positron annihilation gamma radiation showing the 66s 
decay of F' 7 obtained from a 48 % D20 sample irradiated for 66 
seconds at an epi-cadmium neutron flux of 6.7 x 1011 n/cm• sec. 

The 10 min. component is due to nitrogen-13. 
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energy to induce the formation of fluorine-17 by the 
nuclear reaction 

01s (d, n) p7 
the activity of which gives a direct measure of the 
deuterium concentration. In the same investigation, 
nitrogen-13 was detected from the reaction of knock-on 
particles with the polyethylene container. (See Figure 3). 

Photoneutron emission 
The photodisintegration of deuterium and the emission 

of photoneutrons require gamma ray energies greater 
than 2.23 MeV. A counting system based on the photo
disintegration of deuterium is then naturally biased 
against all energy quanta below the photoneutron 
threshold of 2.23 MeV. 

Few radionuclides produced by neutron irradiation 
of common elements emit gamma rays over 2.23 MeV 
in their decay. If, in addition, only those whose half-lives 
lie between 1 and 100 hours are considered, the number 
is small indeed. (See, for example, Table 1). It thus 
becomes possible to determine a small group of elements 
non-destructively and with high specificity. 

Using a source of sodium-24 (15 hr., 2. 75 MeV), 
the first application ofphotoneutron emission for analysis 
was to determine deuterium(26) ( 27). A sample containing 
deuterium was placed near a large source of sodium-24 
and its neutron emission was compared with a standard 
deuterium sample. 

Essentially the same type of arrangement (see Figure 4) 
was used for the determination of sodium(2B). After 
neutron irradiation, the sample was immersed in a . 
bottle of 0 20 surrounded with a ring of six BF3 neutron 
counters, and counted. Table 1 shows that a sample 
containing manganese, gallium or lanthanum would 
give high results due to the interference from manganese-
54, gallium-72 or lanthanum-140, respectively. Of 
these only gallium constitutes a problem. The other two 
can readily be allowed for because their decays (2. 58 hr. 
and 40 hr.) differ widely from sodium-24. It is fortunate 
that samples normally submitted for sodium analysis 
do not contain much gallium. 

TABLE I 
Photoneutron count rates for common elements likely to interfere 

in sodium analysis, compared with the count rate for sodium 

(a) (d) 
Activity Sodium 

Element lso- Half- equivalent 
tope life Calculated Observed (µg). 

(hrs.) 

Sodium ....... Na24 15.0 14.84 14.90 1 
Manganese .... Mn56 2.58 12.65 11.99 1.24 
Gallium ........ Ga 72 14.1 3.28 3.04 4.90 
Lanthanum .... La14o 40.2 0.515 b) 0.50 b) 2.98x 10' 
Magnesium .... Na24 15.0 0.00247 b) 0.003 b) 4.97x 10 3 

Aluminium ..... Na24 15.0 0.00142 0.0017 8.76xl0 3 

Potassium ..... K•• 12.4 0.00059 0.00058c) 2.53x 10• 

a) Normalised counts per minute for 1 µg metal irradiated for 
1 hour at a thermal neutron flux of 1013 n/cm2-sec. and counted 
1 hour after irradiation. 

b) For a fission-spectrum neutron flux of 1012 n/cm•-sec, assuming 
a thermal to fission flux ratio of 10: 1. 

c) Measured for Analar grade KHC0 3 containing approx. 0.03 % 
Na and corrected for the sodium-24 contribution. 

0 

d) Weight of element, in µg, yielding a neutron count rate 
equivalent to 1 µg Na 1 hour after the end of irradiation. 
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Clearly, each of the above elements, Mn, Ga, La or 
Na can be determined undef suitable conditions. The 
determination of lanthanum could be of value where 
rare earths have to be analysed. By this method photo
neutrons from deuterium can be used as a measure of 
lanthanum only withou · any chemical separation; 
interference from sodium-24 could be reduced by allow
ing it to decay, before measuring the longer-lived 
lanthanum-140. Similarly, manganese can be measured 
in steel or blood samples(29), provided the sodium to 
manganese ratio by weight is reduced to less than 30. 

Further developments are possible by utilizing the 
photoneutron emission from beryllium for which the 
threshold is about 1 . 6 Me V ., but because many nuclides 
emit radiation over I . 6 Me V, the method of photo
neutron counting would require other discriminatory 
steps to make the analysis more specific. 

CHEMICAL EFFECTS OF NUCLEAR 
TRANSFORMATIONS 

The preceding sections discussed nuclear effects. In 
this section attention is also focused on the other parts 
of a molecule or solid when one of its constituent atoms 
is involved in a nuclear transformation. 

When an atom of mass M undergoes a nuclear reac
tion, such as radiative neutron capture, and emits a 
gamma ray of energy Ey (frequently between 5 and 8 
MeV), the nucleus will acquire a recoil energy E2y/2Mc2

• 

Thus, a bromine atom releasing a 5 MeV gamma ray 
will have a recoil energy of some 167 eV, or about an 
order of ten times that of the chemical bond. It is clear 

· that a polyatomic molecule should be expected to 
dissociate if one of its constituent atoms undergoes 
radiative neutron capture. 

This effect was first demonstrated by Szilard and 
Chalmers(30) who showed that radio-iodine could be 
extracted with a sodium sulphite solution from neutron 
irradiated ethyl iodide. Since then many similar reactions 
have been studied academically and as a production 
method for high specific activity radionuclides. For 
good enrichment it is generally best to select organic 
compounds, stable complexes or oxygenated anions 
with which the radionuclide, after recoil, does not 
exchange. In this way high specific activity radio
antimony, radioiron and radiochromium have been 
prepared from NH 4SbF 6(31), K 4Fe(CN) 6(32) and 
K 2Cr0 i 33) respectively. It should be noted that pro
longed irradiation will decrease the specific activity of 
the product as a result of radiolysis of the target com
pound. 

In condensed phases the' yield from Szilard-Chalmers 
reactions is almost never complete, but the mechanism 
by which some radionuclides should be retained in the 
molecular form of the target is by no means clear. In 
the simple calculation it was assumed that the atom is 
released without sharing its energy with the rest of the 
molecule. If the energy is shared with the rest of the 
molecule as translation, then for diatomic molecules 
with atoms having masses M 1 and M 2 the translation 
energy is E2y/2(M 1 + M 2)C2 thus reducing the recoil 
energy of M 1 by the factor M 2/M1 + M 2• Now, if M 2 
is small, the recoil energy may become comparable with 
the bond strength and the retention probability in
creases(34) (35). 

Part of the retention could probably be explained by 
repenetration. The highly energetic ("hot") atoms can 

be assumed to undergo reaction in two stages. Firstly 
at high energies, much of the energy degradation would 
take place by collision with isotopic nuclei and .could 
lead to retention by displacement of isotopic atoms in 
the molecules by head-on collision. Examples of such 
reactions have been indicated(36) (37) by the trapping of 
highly energetic fission product iodine. Secondly, 
diffusion controlled lower energy reai::tions could occur 
by radical formation and excitation when the hot atom 
had lost most of its initial energy. This modified "hot 
spike" theory(38) has been able to account for some 
experimental results, but it is still not generally accepted 
and the subject still forms the basis of a good. deal of 
current investigation. 

An intriguing problem is to determine what the relative 
. contributions of ionization and free radical processes 
are. In most cases elucidation is difficult, but in the case 
of isomeric transition the dominating reaction mechanism 
must be ionic. Because of the low energy radiation 
generally emitted in isomeric transition, hot atom reac
tions are considered unlikely. Nevertheless, when internal 
conversion occurs, i.e. when an electron from the K or L 
shell is ejected instead of a gamma ray, the atom can 
become highly excited as a result of the emission ·of 
Auger electrons (electrons which fall in to fill vacant 
inner sites do not emit their excess energy by photon 
emission, but by ejection of a further electron). The 
atom then attains a high positive charge and undergoes 
hot atom reactions by ionic processes. In this way lower 
isomers of tellurium-127 and -129 can be separated(39) 
even though their decay energies are about 107 keV 
whereas no separation can be obtained with zinc-69 
isomer whose decay proceeds by an unconverted 435 
keV gamma ray. · 
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SUMMARY 
Three aspects of nuclear chemistry have been touched 

upon, and it has been shown that in isotope production 
the present interest appears to be towards better methods 
of producing carrier-free radionuclides, especially from 
reactor irradiated material; in activation analysis the 
interest is in rapid and non-destructive analysis on the 
one hand and high specificity on the other, while hot · 
atom chemistry is still looking for a good theory to 
explain the different effects at different levels of "hot
ness". 
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THE PREPARATION OF POTASSIUM HEXACYANOCOBALTATE(III) 
LABELLED WITH COBALT-58 AND -60 FOR 

HYDROLOGICAL STUDIES 

by 

M. PEISACH* 

OPSOMMING 

Kobalt-58, in 'n reaktor vervaardig deur die kernreaksie 68Ni(n,p) osco, en kobalt-60 deur 
69Co(n,y) 6 °Co, word gebruik om spoorderoplossings van K 3Co(CN) 6 te berei vir hidrologiese 
ondersoeke. Kobalt-58 word geskei met 9N HCl op 'n anioon~uitruilhars en geelueer met N HCI. 
Kobalt-60 word regstreeks verkry deur neutronbestraling van kobaltchloried. Tot 300 mC 6 °Co 
word op een slag bewerk. 

SUMMARY 

Reactor-produced cobalt-58, by the reaction 6 8Ni(n,p) 68Co and cobalt-60, by 0 9Co(n,y) 6 oco 
were used to prepare tracer solutions of K 3Co(CN)6 for hydrological studies. Cobalt-58 was separ
ated by anion-exchange resin with 9N HCl and eluted with N HCI. Cobalt-60 was obtained by 
direct neutron irradiation of cobalt chloride. Batches containing up to 300 mC 6 °Co were handled. 

INTRODUCTION 

Aqueous hexacyanocobaltate(III) has been demonstrated to be superior to 
other cobalt complexes for hydrological tests in limestone 1 and for use in measuring 
the period of retention in percolating filters. 2• 3 Material labelled with cobalt-60 was 
used for hydrological tracing, but because its long half-life made subsequent tests on 
the same site open to doubt, the shorter lived 71-day cbbalt-58 may sometimes be 
preferred. This paper describes the preparation of the tracer material labelled either 
with cobalt-58 or with cobalt-60. 

When used for hydrological studies, the hexacyanocobaltate tracer solutions are 
mixed with relatively large amounts of carrier. Because problems from too low a 
specific activity are unlikely to arise, cobalt-60 could be prepared by the reaction 
5 DCo(n,y) 6 oco by the direct irradiation of a suitable cobalt salt in a reactor. Cobalt-58, 
as prepared by the reaction 5 BNi(n,p) ssco, however, yields a high specific activity 
(carrier-free)_product. Thus, in this procedure it was necessary to dilute the cobalt-58 
with stable cobalt to obtain the required specific activity. 

EXPERIMENTAL 

Preparation and irradiation of nickel.-Nickel carbonate, low in iron and cobalt, 
as supplied by The British Drug Houses, Ltd., was used to prepare the target material. 
The common impurities! were iron ( <40 p.p.m.), cobalt ( <20 p.p.m.) and zinc 
( <25 p.p.m.). Of these, the most serious was cobalt; which, on activation would pro
duce cobalt-60 contamination, and which therefore had to be removed before irradia
tion. Cobalt-60 tracer was used to check the efficiency of this process. 

"'Present address: Southern Universities Nuclear Institute, Faure, South Africa. 
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The nickel carbonate was dissolved in hydrochloric acid and the acid concentra
tion adjusted to 9N. A small amount of cobalt-60 solution was added as tracer and the 
solution passed through a column of Amberlite IRA-400, 30 cm in length and 2·5 cm 
in diameter, when all the cobalt activity was retained in the top centimeter. 4• 5 Nickel, 
free from cobalt, was precipitated from the eluate with cobalt-free sodium carbonate. 
Weighed amounts of the washed and dried precipitate were sealed in quartz vials for 
irradiation in aluminium cans placed in a dummy fuel.element of the reactor core 
of IRR-1. 

The separation of cobalt-58.-The nickel carbonate was irradiated, and left for 
about a week to allow short-lived products, such as 2·5-hour 65Ni and 15-hour 24Na 
produced in the aluminium can by the reaction 2 7 Al(n,a) 2 4N a, to decay. The ampoule 
was then smashed, and the powder dissolved in hydrochloric acid to.gi;e a solution 9N 
with respect to acid. 

Radiocobalt was separated from the irradiated nickel in two stages. In this way 
the volumes eluted could be kept manageably small. Firstly, the solution was passed 
through the same column as used for purification, where most of the nickel was 
recovered. Secondly, the radiocobalt, with some nickel eluted from the first column, 
was passed through a smaller column of Amberlite IRA-400, 10 cm in length and 
1 cm in diameter, to remove all remaining nickel salts. A typical elution curve for 
the first stage is shown in Fig. 1 where the 36-hour 5 7Ni, produced by the reaction 
s BNi(n,2n) s 7Ni, served as a tracer for nickel. 
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FIG. I-Typical elution curve for the preliminary separation of cobalt-58 from nickel. 
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The cobalt-58 eluate was concentrated, its activity measured and cobalt chloride 
added to obtain the required specific activity. The solution was then evaporated just 
to dryness to.remove the excess acid and the residue taken up in water slightly acidi
fied with hydrochloric acid for conversion to potassium hexacyanocobaltate(III). 

The yield of cobalt-58 obtained at IRR-1 corresponded to a saturation activity 
of 103 mC per g nickel at a flux of 10 13 neutrons/cm 2 sec. This is compared with 
corresponding irradiations elsewhere in Table 1. 

TABLE I 

Yield of cobalt-58 normalised to saturation activity for 1 g nickel 
irradiated at a flux of IO 13 neutrons/cm 2sec 

Reference 

Mellish and Paynes 

Levin and Bochkarev 7 

Shikata, Shikata and Shibata 8 

This work 

Calculated 

Yield 
[mC] 

89.8. 
85.2 
82.6 
85·0 

37·5 

44·3 
73·3 

103 

197·3 
206·7 

Remarks 

Harwell Hollow uranium bar 
Thermal flux 1 ·4 x 10 1 2n/cm 2sec 

1·2x 10 12 

l·Ox 10 12 

JRR-1Hole2 
JRR-1Hole1 

IRR-1 Position 46 

a= 105 mb 9 (fission spectrum neutrons) 
a=lll mb 10 

Preparation and irradiation of cobalt.-Cobalt metal was not convenient as a 
target material because it required relatively harsh conditions for its dissolution. 
Similarly, cobalt oxide would have to be dissolved in acid, excess of which was 
detrimental at later stages of processing. Cobalt chloride, being readily soluble in 
water, is suitable as a target, but its water of crystallisation has to be removed to 
prevent pressure building up from radiolysis. 

Cobalt chloride, containing small amounts of impurities such as iron ( <30 p.p.m.), 
nickel (<12 p.p.m.) and zinc (<50 p.p.m.), was dried, weighed and sealed iri quartz 
vials for irradiation. The vial was kept for the short-lived radionuclides, notably 
3 8Cl and 2 4N a, to decay and then smashed, the cobalt chloride dissolved in water 
and the solution, acidified with a few drops of hydrochloric acid, was used for con
version to potassium hexacyanocobaltate(III). 

Self-absorption in cobalt chloride.-Because both cobalt and chlorine have 
relatively .high thermal neutron capture cross sections, it was expected that the 
activity obtained from irradiated cobalt chloride would be lower than calculated 
because of neutron self-absorption within the sample. Fig. 2 shows the activity of a 
10 g sample contained in a cylindrical vial of diameter d plotted as a function of d and 
calculated relative to the hypothetical case where no self-absorption exists. 
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s m ~ m n m ~ ~ e K ~ 

Diameter of cylinder (mm.l 

FIG. 2-Self-absorption in cobalt chloride. The dependence of the relative activity produced in 
a 10-g sample contained in a cylindrical vial, on the diameter of the vial. 

At the reactor core position where the samples were irradiated there was an 
appreciable variation of flux with height, so that it was undesirable to irradiate a long 
sample. Rather than to minimise self-absorption, the self-absorption of the sample was 
calculated 11 and the irradiation duration increased accordingly; 

Preparation of potassium hexacyanocobaltate(III).-The solution of radiocobalt, 
as 5 8Co or 6 °Co, was treated with a slight excess of potassium cyanide solution and 
the resulting buff precipitate of cobaltous cyanide, which gradually darkened to 
yellow-brown, filtered off and thoroughly washed with water. It was then stirred with 
a 10% excess of 37% w/v aqueous potassium cyanide. A greenish precipitate, probably 
K2Co[Co(CN) 6], formed but it was readily converted to a deep yellow solution of 
K3[Co(CN) 6] by the addition of hydrogen peroxide at room temperature in neutral 
solution, or without the hydrogen peroxide by heating to about 70°C. 

Gamma ray measurements showed that the cobalt-SS contained less than 0·1 % 
of cobalt-60, whilst no impurity could be detected in the cobalt-60. The activities of 
the preparations were calibrated by comparison with standards and by ionisation 
chamber measurements. Normally, batches containing about 100 mC cobalt-60 were 
processed, but when 300 mC were required, samples were irradiated to a somewhat 
higher specific activity and diluted with non-radioactive hexacyanocobaltate as 
required. 

Two tests were carried out to determine cationic cobalt. In the one, cobalt was 
precipitated with carrier cobalt as sulphide and the activity measured; in the second, 
the solution was passed throug4 a cation-exchange column and the activity retained 
on the column measured. All samples were assayed to be better than 99%. 

DISCUSSION 

The yield of cobalt-58.-Although the reaction 58Ni(n,p) ssco is exoergic 
(Q=+0·39MeV), the high coulomb barrier raises the effective threshold neutron 

-
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energy to about 1 ·5 MeV. The yield calculated from the effective cross section for . 
fission spectrum neutrons, 9• 10 (Table 1) is very much higher than that obtained, 
showing that the energy distribution in the irradiation neutron flux differed appreci
ably from that in fission. The extent of moderation of the neutron flux can be seen 
by comparing the measured and calculated yields, but the result is qualitative rather 
than quantitative without corresponding measurements with threshold detectors at 
higher neutron energies. The relatively high yield obtained at IRR-1 (see Table 1) 
showed that the extent of moderation was less than elsewhere and confirmed that the 
irradiation site was suited for radioisotope production with fast neutrons. 

Radiochemical purity of the products.-In the case of cobalt-60, the nuclear 
reactions 59Co(n,p) 59Fe and 59Co(n,2n) 5 BCo will lead to contamination by iron-59 
and cobalt-58. Using the accepted value for the reaction cross sections for fission 
spectrum neutrons 9 and allowing for the contribution of thermal neutrons, the iron-59 
was calculated to contribute 1 ·7 x 10- 2 % of the activity of the samples. Because the 
threshold for the formation of cobalt-58 is so high, about 10·2 MeV, the probable 
contribution of cobalt-58 was calculated to be less than 4 x 1o- 4 %- Radioactivation 
of impurities would contribute less than 10- 4 % of the activity. Such low levels of 
impurity would be difficult to detect and the level would fall still further during the 
course of the investigation, because their half-lives are less than that of cobalt-60. 
Accordingly, the cobalt-60 was accepted as radiochemically pure. 

In the case of cobalt-58, the more important impurities were removed during 
purification and could not lead to radioactive contaminants. The main nuclear reaction 
leading to radiocontamination is 60Ni(n,p) 6 °Co which would produce cobalt-60 
activity of about 2·8 x 10- 2 % and this impurity would not be chemically separable. 
Moreover, because of its longer life, the relative contribution of cobalt-60 would 
increase with the age of the preparation and the duration of the experiment. Accord
ingly, this limits the purity of cobalt-58. Other nuclear reactions such as 58Ni(n,a) 55Fe 
and 6 2Ni(n,a) 5 9Fe produce radio-iron which would not follow cobalt through the 
chemical processing. 

Israel Atomic Energy Commission, 
P.O. Yavne, Israel. 
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Preprinted from the Journal of the Chemical Society, 1950. 

192. Germanium (Germanyl) Ferrocyanide. 
By M. PEISACH, v.·. PUGH, and F. SEBBA. 

Ionised fcrrocyanides react with acid solutions of germanium dioxide to form an insoluble 
white precipitate. The reaction. can be used as a qualitative test for germanium and, under 
proper conditions, leads to a product of definite composition, namely germanyl ferrocyanide, 
[Gc(OH) 2).Fc(CN) 8 or (Ge0) 1Fe(CN) 6,2H20. 

INSOLUBLE ferrocyanides of quadrivalent titanium, zirconium, thorium, and tin are well known 
(Gmclin, "Handbuch der Anorganischen Chemie," 8th Edn., System No. 59, Part B, 
1930, p. 604), but no corresponding compound of germanium has been described hitherto. 
Many years ago, ·one of us (F. S.) observed that a white precipitate appeared when an acid 
solution of germanium chloride was treated with potassium ferrocyanide. The nature of this 
precipitate and the conditions necessary for the preparation of germanyl ferrocyanide are now 
described. 

The formation of a white precipitate, or even a colloidal opalescence, on treatment with 
ferrocyanide may well serve as a useful qualitative test for germanium. This element is usually 
associated in minerals with arsenic and is separated from other metals by distillation of the 
volatile chloride from hydrochloric acid solutions. However, even with the utmost precautions 
to keep arsenic in the quinquevalent state the distillate contains some arsenic which then 
inteferes with the simple test for germanium by precipitation as the white sulphide. Neither 
tervalent nor quinquevalent arsenic gives a precipitate with ferrocyanides (Gmelin, op. cit., 
p. 607). Hence, if the distillate is treated· with potassium ferrocyanide solution the appearance 
of a precipitate is evidence of the presence of germanium. One part of germanium in 10,000 
parts of solution gives an opalescence; larger amounts give a white gelatinous precipitate. 

The nature and appearance of this precipitate vary with the conditions. In slightly acid 
solution there may be a time lag of an hour or more before precipitation, but it is shortened by 
increasing the acidity of the solution and by raising the temperature; the optimum conditions 
appear to be an acidity at least equivalent to 4N-hydrochloric acid and a temperature of 50-
600. The appearance of opalescence or a precipitate, depending on the concentration of 
germanium, is then a matter of seconds. Sulphuric, acetic, and chloroacetic acid are much 
less effective in coagulating the initial sol; and if the temperature exceeds 70° the inital white 
precipitate becomes blue rather quickly. 

This colour change is undoubtedly due to the formation of Prussian-blue by decomposition 
of the excess of ferrocyanide in the strongly acid solution. (Gmelin, op. cit., p. 584). It takes 
place slowly in the cold, even in the dark and in the absence of air, but rapidly if a large excess 
of ferrocyanide is employed. Consequently, in the early part of the work it was impossible to 
get a product of uniform composition. Later, it was found that if the ratio of ferrocyanide to 
germanium does not exceed one g.-ion per g.-atom the precipitate darkens only slowly during 
several days. This is fortunate because the gelatinous precipitate cannot be filtered off and, as 
it is highly retentive of adsorbed electrolytes, its washing by decantation and centrifugation 
occupies several days. Under the most favourable conditions encountered the final product had 
acquired a pale mauve tinge. This product was found to contain two atomic proportions 
of germanium for each ferrocyanide radical and its analysis corresponds with the empirical formula 
(Ge0) 2Fe(CN) 6 ,2H20 or [Ge(OH) 2] 2Fe(CN) 6• X-Ray structure analysis is the only means of 
establishing unequivocally which is the actual structure. No compound even approximating 
in composition to GeFe(CN) 8 has been detected in this work, and this is in accord with the 
general chemistry of germanium, for there is no recorded compound of this element in which 
the occurrence of a simple quadrivalent ger;manium ion has been estalished. 

A similar zirconyl ferrocyanide, (Zr0}1~e(CN) 8, has been described by Weibull (Lunds Univ. 
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Arssllr., 1881-82, II, 18, No. Ii, 40), though Venable and Moehlmann (]. Amer. Chem. Soc., 
1922, 44, I 70u) obtained products with fcrrocyanide-zirconyl ratios as high as 3 : 4. Our 
experience with the germanium ferrocyanide leads us to suspect, however, that the American 
authors' products were highly contaminated with Prussian-blue. 

EXPERIMENTAL. 

Gc,.,nanyl Fcrfocya11idc.-P11re germanium dioxide (4 g.) was dissolved in hot uN-sodium hydroxide 
(JOO ml.). The solution was diluted to 400 ml., filtered from a trace of undissolved oxide, neutralised 
with hydrochloric acid, and treated with concentrated hydrochloric acid to bring the acidity to uN. 
The temperature was adjusted to 60°. Precipitation was made with 0·2M-potassium ferrocyanide 
(200 ml.). 

The only practical way of washing the pure, white, bulky, and gelatinous precipitate was by settling 
and decantation. Because each settling period was of the order of a day the whole process of washing 
was extremely tedious and led to continuous darkening of the product. After the fourth wash the 
precipitate was dried in vacuo for several days, becoming then more granular. Further washing with 
water was then possible in a much shorter time and without appreciable decomposition. Finally, the 
moist precipitate was centrifuged IO times with small amounts of ether to ensure complete removal of 
adsorbed hydrochloric acid. Alcohol could not be used for this purpose, for it tended to peptise the 
material. The product was then dried in vacuo. 

It was a pale mauve powder which was quite stable in air and showed no tendency to become blue 
after many weeks' exposure to the laboratory atmosphere. Some samples that had been less thoroughly 
washed did become blue on storage. A thin film of Prussian-blue could often be seen over the surface of 
the precipitate in the centrifuge tube. 

Analysis.-Germanium was determined as Mg9Ge04 by a modification of Muller's method(]. Amer. 
Chem. Soc., 1922, 44, 2493). Modification was necessary because germanyl ferrocyanide is insoluble in 
water and in acids. It does however dissolve in caustic alkalis and in aqueous ammonia. An 
ammoniacal solution of the sample was therefore treated with ammonium sulphate-magnesium sulphate 
solution, the proportions of the reagents being carefully controlled in accordance with Muller's directions. 
The precipitate of magnesium ammonium germanate, after being washed, was ignited to Mg2GeO,. 
The ferrocyanide in the filtrate from the germanium determination was determined, after acidification 
with sulphuric acid, by titration with standard permanganate by the method of de Haen (Annalen, 
1854, 90, 160) or with standard eerie sulphate using ferroin as internal indicator (Vogel, " Quantitative 
Inorganic Analysis," Longmans, 1947, p. 383). In a few cases too, the total iron was determined 
volumetrically after decomposition of a fresh sample with concentrated sulphuric acid (Kjeldahl). 
Excellent agreement was obtained by all methods. • 

In all, over 30 analyses were ma.de of samples of 4 different preparations {Found : Ge, 34·2; 
Fe(CN) 0 , 49·6; Fe, 13·0. [Ge(OH) 2] 2 Fe(CN) 8 requires Ge, 34·2; Fe(CN) 8 , 49·84; Fe, 13·1%}. 

Confirmation that the compound contains either co-ordinated water or hydroxyl groups was obtained 
by pyrolysis. A weighed sample, mixed with copper oxide to decompose volatile cyanogen compounds; 
was heated in a combustion train in pure dry air and the water liberated was absorbed in " Anhydrone." 
The water absorbed amounted to 8·6% (Cale. for 2H20, 8·5%). 

Properties.-Pure germanyl ferrocyanide is a white solid which, like all other ferrocyanides, is slowly 
decomposed by strong acids with formation of Prussian-blue. It is insoluble in water and in moderately 
strong acids, but dissolves readily in alkalis, with decomposition, forming soluble germanates and alkali 
ferrocyanides. Heat decomposes it; at 130° it loses about one-third of its weight, and the vapours 
smell strongly of cyanogen compounds; at a re~ heat in air it loses half its weight and the vapours 
carry germanium as well, probably the result of reduction by carbon to the volatile germanous oxide. 
When desiccated in vacuo over sulphuric acid it becomes extremely hygroscopic; it will then absorb 
up to one-third of its own weight of water. 

UNIVERSITY OF, CAl'E TOWN, [Received, January 9th, 1950.] 
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SOME ANALYTICAL INVESTIGATIONS INTO THE USE 
OF X-RAYS EMITTED DURING CHARGED-PARTICLE 

IRRADIATION 

M. PEISACH,* D. A. NEWTON, P. F. PECK, T. B. PIERCE 

Analytical Sciences Division, A. E. R. E., Harwell, Nr. Didcot, 
Berkshire (England) 

X-radiation emitted as a result of charged particle irradi~tion offers a means of extending 
the scope of analytical methods based on the measurement of prompt radiation. X-ray yields 
from a number of pure materials have been examined over a range of particle energies and 
X-ray measurement applied to the determination of a number of constituents in aluminium 
alloys. An examination of the distribution· of silicon a·nd germanium across an electronic com
ponent has been.carried out using a small di~meter incident ion beam. 

Introduction 

Analytical techniques based on the measurement of prompt radiations emitted as 
a result of charged-particle irradiation have primarily been concerned with the de
tection of radiations of nuclear origin or of particles resulting from elastic scatter
ing processes. Thus gamma-radiation, charged-particles and neutrons from nuclear 
reaction and a number of elastically scattered_ ions have been counted to provide 

'information to match the requirements of specific analytical problems. 1 Radiations 
from nuclear reactions have, in general, been applied to the determination of light
er elements, although techniques are being extended to provide measurement of 
elements of higher atomic number such as iron2 zinc3 chromium nickel and cop
per4 and chromium, manganese and iron. 5 The majority of these applications have 
required sample irradiation with particles with energies of between 0, 5 and 5 MeV 
and at these energies, substantial outputs of X-radiation are generated from- many 
elements which can also offer the basis of analytical determination. x ... ray methods 
can therefore be applied with experimental techniques which are closely similar to 
those already in use and for many applications, X-rays can be measured at the same 
time as other prompt -radiations. 

•on leave from Southern Universities Nuclear Institute, P.O. Box 17, Faure C. P., Republic of South 
Africa. 
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X-ray measurement to some extent complements other prompt-radiation tech
niques, since it offers a means of analytical determination of intermediate and heavy 
elements which are not, at present, comprehensively covered by existing methods. 
An additional attraction is the extension of X-ray measurement to multi-element 
analysis using established techniques of X-ray spectroscopy to provide information 
about several components present in the sample. Substantial interest has been shown 
in the use of charged-particles with energies of the order of tens or hundreds of keV 
for exciting characteristic X-radiation and a number of systematic studies have been 
made at these particle energies which have been· directed at measuring X-ray pro
duc.tion efficien~ies and at 'assessing the analytical potential of particle excited X- ,_. 
rays. 6, 7 How.ey,¢r, the strong dependency of X-ray production upon incident particle~ 
energy has stl.~l,l.lat~.~,in.terest in the use of more energetic charged-particles for X
ray excitatiori>and:a'\imi.ted number of papers have appeared which have 
examined the production and application of X-rays produced by particles with 
energies of the order of MeV. 8, 9 Such studies have shown that the absolute ex
citation cross-sections !]lay be very high, offering the basis for sensitive ana
lytical determination, and the low bremsstrahlung background of ion-induced 
X-ray radiation offers a .high signal to background ratio10 so that parts per 
million sensitivies appear to be a very real possibility. The multielement ca
pability of the technique has also been demonstrated by the accumulation of 
spectra from a variety of materials in which contributions from a number of 
elements have been identified. High-resolution semiconductor techniques offer a 
convenient means of measurement of X-rays for analytical purposes, although the use 
of X-ray crystal spectrography may well be necessary fol' certain applications where 
the resolution of the semiconductor detector"is inadequate~ The analytical potential 
of charged-particle excited X-rays both to·coniplement me existing prompt-radia
tion techniques and to extend accelerafor b'ased analytical methods, suggests the 
technique warrants further investigation and this paper summarises some work car
ried out to measure X-ray yields from a number:bf elements over the energy range 
most frequently used in this laboratory for prompt-radiation measurements and to 
apply the technique to the solution of two specific problems, the determination of 
a number of elements in samples of aluminium alloys and, in conjunction w_ith 
small-diameter incident ion beams, to examine·the distribution of elements across 
an electronic component. 

Experimental .. L 1 < · 
.!! ... .),.,,.,_ ... :.- ... 

Protons with energies of between 1. 0 and ·2. 8 MeV were produced with the elec
trostatic generator IBIS at A. E. R. E. Harwell. The beam-line used was that designed 
for micro-beam work permitting small beams with diameters down to 3 µ.m diameter 
to be produced on the target with a special quadrupole assembly. 11 However, very 
small ion beams were used only for examining spatial distributions by beam scann-

446 J. Radloanal. r.hem. 16 ( 1973) 
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ing or for irradiating very small samples and larger beams were used for bombard
ing larger homogeneous samples. The target chamber contained a moveable sample 
table with holders for two samples placed one on either side of a quartz disc. The 
table could be moved in three dimensions by stepping motors under command from 
a controller placed outside the chamber vacuum so that either the samples or the 
quartz disc could be moved into the particle beam as required. The movement of 
the table could be controlled over wide limits to permit a particular region of the 
sample to be lined up for irradiation. The size and position of the beam was viewed 
on the quartz disc through two microscopes, with one in front and the other behind 

-.the sample table. The ion beam was moved relative to the sample for scanning by 
-- electrostatic deflection and beam movement was discontinuous, X-rays being count-

ed while the ion beam was stationary on the target and all counting circuits were in
hibited while the beam movement was taking place. By thfs means, the recorded 
X-ray yield could be identified with the irradiation of a particular region of t~e 
sample surface. If the intensity of the incident ion beam was sufficient to damage 
the sample surface when stationary for the time required to accumulate sufficient 
counts, the ion beam could be rapidly scanned to a regular raster pattern so that 
heat could be dissipated over a larger area. 

X-rays were measured by means of a silicon detector and output pulses from the 
detector were fed, after amplification, to a 4096 channel pulse-height analyser. 
Spectra were punched on paper tape for storage and subsequently processed in either 
a PDP-8 or an IBM 370/165 computer depending upon the mathematical manipula
tions required. The ion dose falling on the target was measured by beam-current 
integration and the integrator used to control the analyser so that the X-ray yield 
could be accumulated for a known, pre-set particle dose. 

Samples were mounted in metallurgical mounting resin and were polished with 
a succession of finer grinding powders to give a good surface finish when viewed 
under a microscope. "Specpure" materials were irradiated for yield measurements 

...=::..and several were mounted in one sample holder to permit yields from a number of 
~ elements to be obtained without there being any need to let the target chamber up 

to air. No indication was found of cross-contamination when several·materials were 
polished in the same mount. 

A number of different computer programs were available for processing the X-ray 
data, varying from simple display and peak-area calculation techniques to more 
complex data interpretation methods and contouring programmes to simplify the 
presentation of surface scanning data. 

X-ray yield measurements 

The intensities of X-radiation emitted as a result of charged-particle irradiatid~ 
has been measured by a nqmber of workers for particles of different energies and in 
some cases excitation cross-sections have been calculated. 8, 12 A primary interest 
for analytical work is the X-ray count that cari be detected by an appropriate count-
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Fig. 1. Yields ofKci X-rays from first transition series elements 

-

er in a practical system, since this defines the best interference-free sensitivity that 
can be obtained and gives an indication of the potential of the technique for analy
sis under the most favourable conditions~ In the analysis of a real sample, this sen':'~ 
sitivity will be modified by the effect of radiation from other components contribut"'-. 
ing to the.accumulated spectrum. In addition, the detectable X-ray yield is im
portant in the use of microbeams since at high-resolution, small beam-currents of 
the order of only a few nano-amperes may be attainable so that the time taken to 
accumulate a statistically acceptable number of counts will govern the scanning 
speed that can be used and hence the detail with which the sample can be examin
e~. Consequently, a number of elements were irradiated with protons of energies 
of between 1. 0 and 2. 8 MeV and the X-ray yields measured with a silicon detector. 
The yields of Ka X-rays for elements of the first transition series are shown~ Fig. ·1 
demonstrating the decrease in yield with increasing the atomic number as expected 
and also the high yield measured by the detector. While the conversion of the data 
gtven in Fig. 1 to useable analytical sensitiv~ties can only be achieved· from a know! 

.edge of the composition of the sample to be examined and the nature of the expe-
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Fig. 2. X-ray spectrum of a standard alloy 

rimental system to be used, clearly the high yields obtained do offer a sensitive 
method of analysis which can be applied to the examination of small samples and 
adequate counts can be obtained at beam currents expected for micro-beam work 

""'·o make the use of X-ray measurement in conjunction with micro-beams a practi
~ cal proposition. 

The micro-analysis of aluminium alloys by measurement of 
charged-particle excited X-rays 

The measurement of charged-particle excited X-rays has been applied to the de
termination of a number of elements in fragments of aluminium alloys. Small quan
tities of the alloys, typically weighing a few milligrams, were mounted in resin and 
polished until a flat area suitable for irradiation was produced. This area was then 
irradiated with 2. 8 MeV proton beams approximately 10 1im in diameter and the 
emitted X-ray spectra were accumulated during irradiation. A typical spectrum 
from a standard aluminium alloy is shown in Fig. 2 with the characteristic X-rays 
from minor components in the samples identified. In addition to the lines shown 
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Fig. ~· Calibratfon curve for determination of copper in aluminium alloy 

--

in Fig. 2 for the elements titanium, manganese, iron, copper and zinc, contribu
tions to the spectra of the samples were found from chromium and nickel. In gene~-=-
the elements were present at levels of greater than 0. lo/o although in cases where th~· 
combination of X-ray lines were favourable, determinations were carried out at lev
els of the order of a few hundred ppm. 

·Interpretation of the X-ray spectra were. carried out by simple graphical methods 
whenever this was possible but c~mputer techniques were used to enable more com
plex spectra to be put on a quantitative basis. As an example of the analytical data 

. obtained, a calibration curve for the line intensity of copper in standard alloys, 
plotted against concentrations found by chemical techniques is given in Fig. 3. 
A linear dependency of the count rate of the Kix line of copper against copper con
tent is shown and provides a basis for analytical determii;iation. An aluminium ma
trix clearly simplifies measurement and avoids the presepce in the spectrum of 
intense lines from the matrix which could complicate aqalytical measurement by 
overlap with wanted lines. Absorbers were not used to in}prove the detection of any 
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particular element and to reduce the effect of possible interferences, since the ·pur
pose of using the non-dispersive detector system was to accumulate information 
from several elements during a single irradiation to reduce the demand on acceler
ator time required for analysis and to lower the unit cost of the measurements. 

-Examination of elemental di.stributions by measurement of 
X-rays produced by microbeams 

Prompt gamma-radiation or particles from nuclear reaction processes or from 
elastic scattering have been produced by small-diameter ion beams to provide local 
analyses of larger samples and beam diameters down to about 3 11 m have been pro
duced and used for analytical purposes. 13 These small-diameter ion beams clearly 
offer a genuine microprobe capability for analytical techniques based upon nuclear 
reactions which can be extended to X-ray measurement by the use of a suitable 
detector system. Movement of the ion beam relative to the sample permits the dif
ferent regions of the sample to be examined and systematic variations followed by 
scanning according to a pre-determined line or raster pattern. The use of micro
beam techniques in conjunction with X-ray measurement is illustrated by results 
obtained for the examination of an electronic component which was placed after 
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polishing on the table in the target chamber. Irradiation was with 2. 8 MeV proton 
beams, 5 1im in diameter and the beam was scanned relative to the sample to pro
vide a step-wise examination of the composition of the sample surface. X-ray spec
tra from each irradiation were stored on paper tape and subsequent processing per
mitted both qualitative and quantitative information to be determined from each 
spectrum and hence each irradiation. Variations in composition with position could 
thus be followed. X-ray lines from silicon, germanium and gold were identified in 
the various spectra and the contours of line intensity of the several elements were 
produced. Fig. 4 shows line scans of the variation in intensity of the silicon K.,; and 
the germanium Kix lines across the component. Step size was 2. 5 pm and the chang.
in concentration of the two elements with position can clearly be seen thus illustrat-~ 
ing the sensitivity of the technique to spatial variations in concentration. Figurt: in
cludes results for two separate scans carrie.d out parallel but with the beam displaced 
laterally by about 10 1,im indicating the good reproducability of line yield with po
sition that can be obtained. 
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THE ELEMENTAL AND ISOTOPIC DETERMINATION 
OF LITHIUM BY THE .COINCIDENCE MEASUREMENT 

OF COMPLEMENTARY PARTICLES 

R. PRETORIUS,* P. P. COETZE,** M. PEISACH* 

•southern Universities Nuclear institute; P. 0. Box 17, Faure, 
Cape (South Africa) 

••Department of Chemistry, University of Stellenbosch, 
Stellenbosch (South Africa) 

The coincident measurement of both nuclear products at their complementary angles was 
used to determine 6r.i by the reactions 6i.i(d, <1)4He and \i(p, <1)3He, and 7Li by the reac
tfon 7Li(p, "')4He. Elemental lithium was determined in natural samples or samples of known 
isotopic composition. Isotopic analyses could be carried out over the entire range from 0 to 
100 atomo/o with a relative standard deviation of about 4o/o. The CMCP technique is highly 
specific and effectively eliminates interference and background. 

Introduction 

Although the analytical use of prompt particle spectrometry has in recent years 
been increasing rapidly, the technique has generally been limited to the measure
ment of prompt photons, neutrons, hydrogen or helium ions. In principle, measure
ment of the heavier recoiling product nucleus could be used equally well for anal
ytical purposes but in practice this c;an only be achieved if the recoiling particle 

~ has sufficient energy to reach the detector. Since the total amount of energy avail
~ able in a nuclear reaction is determined by the energy of the bombarding particle 

and the Q-value of the reaction, sufficient energy can be transferred to the recoil
ing product nucleus either by using a high energy irradiation beam or by selecting 
a high Q-value reaction or a suitable combination of both. 

It is obvious that the escape of the recoiling product nucleus can be facilitated 
through the use of thin targets. In addition thin targets are also indicated when 
energy measurements have to be made as the distortion of the energy spectrum is 
directly related to the energy lost by the particles. For equal energies lighter ions 
will undergo a smaller energy loss than heavier ones and therefore spectro-

metry of the recoiling nucleus would more likely be successful for reactions involv
ing light elements. An added advantage results from the fact that light recoiling 
ions carry off a relatively larger proportion of the available energy than do heavier 
ones. 

J. Radioanal. Chem. 16 (1973) 551 
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In a nuclear reaction resulting in the formation of only two product particles, 
measurement of one of these particles at a selected angle will determine the energy 
of its complementary particle and the direction in which it is emitted. The fixed 
relationships between the energies and directions of complementary particles can 
be calculated from well known nuclear reaction kinematics.1 If both particles are 
measured in coincidence with one another a very high degree of specificity can be 
attained and a recent paper2 in which the use of this technique is first described 
for analytical purposes, the advantages of the method are discussed. Coincident 
measurement of complementary particles (CMCP) is highly efficient because for 
every particle measured in one detector there is another particle emitted to the -
second detector placed at the appropriate complementary angle. ~ 

Deuteron bombardment of lithium 

When lithium is bombarded with deuterons, among the reactions that occur are 

6Li(d, ix)4He 
7Li(d, ix) 5He 

Q = 22. 375 MeV, 
Q = 14.164 MeV. 

These reactions meet the requirement of high Q-values so that deuteron beams of 
a few MeV can be used. The recoiling "heavy" product is a helium-ion which, in 
the case of 6r.i is indistinguishable from the light product. The two products from 
each of these reactions can, in princ_iple, escape from the target and thicknesses of 
a few hundred micrograms per cm2 would still enable energy spectra to be measur
ed without appreciable distortion. However, the half-life of 5He is T = 2 · 10-21 
sec whilst the time of flight to the detector a few cm away will exceed 10-11 sec, 
a ~ime long compared to its half-life. Recoiling 5He ions will therefore decay to 
a neutron and a randomly-emitted alpha particle which no longer bears a kinematic 
relationship with the alpha-particle generated in the reaction. Hence, only 6i.i can 
be measured by the CMCP technique. 

Proton bombardment of lithium 

Reactions analogues to the above, but induced by protons are 

6Li(p, ex) 3He 
7Li(p, ix) 4He 

Q = 4. 021 MeV, 
Q= 17.347MeV. 

In this case both the "light" and the "heavy" product nuclei are stable so that the 
CMCP technique is directly applicable to the measurement of both isotopes. 

As an example of the energies and directions involved, Table 1 lists the com
plementary angles and energies for a proton bombarding energy of 1. 9 MeV. At 
this energy the reaction with 6i.i, which is usually the less abundant isotope, has 
a maximum cross section. 
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Angle </>, 
degrees 

o. 0 
10. 0 
20. 0 
30. 0 
40.0 
50. 0 
60. 0 
70. 0 
80. 0 
90. 0 

100. 0 
110. 0 
120. 0 
130. 0 
140. 0 
150. 0 
160. 0 
170. 0 
180. 0 
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Table 1 
Complementary angles and energies 

for (p, oc) reactions on 6Li and 7Li at Ep = 1. 9 MeV 

6 . ) 5 L1 (p, oc He 
7 . 7 

L1 (p, a) He 

Alpha Angle </>, Helium-3 Angle, Alpha Angle, 
energy, degrees energy, degrees energy, degrees 

MeV MeV MeV 

3.812 180. 0 2. 110 o. 0 11. 754 180. 0 
3. 782 164. 6 2.139 10. 0 11. 714 167. 5 
3. 697 149. 5 2.224 20. 0 11. 596 155. 1 
3. 561 135. 0 2.360 30. 0 11. 406 152.9 
3. 383 121. 3 2. 538 40.0 11. 152 131. 0 
3.175 108.4 2. 746 50. 0 10.848 119. 5 
2.949 92. 3 2. 972 60. 0 10. 505 108. 8 
2. 716 85. 3 3. 205 70. 0 10. 137 95. :i 
2.488 75. 0 2.433 80. 0 9. 760 87. 2 
2.272 65. 4 3.649 90. 0 9.385 77. 3 
2.074 56.4 3. 847 100. 0 9. 025 67. 7 
1.899 48.1 4. 021 110. 0 8. 688 58. 5 
1. 750 40.3 4.171 120. 0 8. 385 49. 5 
1. 625 32. 9 4.296 130. 0 8.120 40.9 
1. 526 25. 9 4.395 140. 0 7. 898 32.4 
1.449 19.1 4.471 150. 0 7. 722 24.2 
1. 396 12. 6 4. 525 160. 0 7. 596 16. 1 
1. 364 6. 3 4. 557 170. 0 7. 519 8. 0 
1. 354 o. 0 4. 567 180. 0 7.494 o. 0 

Experimental 

Alpha 
energy, 

MeV 

7.493 
7. 533 
7.651 
7. 841 
8. 095 
8.3v9 
8. 742 
9.110 
9.487 
9. 862 

10. 222 
10. 559 
10. 862 
11. 127 
11.349 
11. 525 
11. 651 
11. 728 
11. 753 

Enriched 6Li and 7Li were obtained fro.m the Oak Ridge National Laboratory, 
U.S. A. These were isotopically diluted with natural lithium to form preparations 
with the required isotopic concentrations. The salts were then converted to lithium 
fluoride by precipitation with hydrofluoric acid. 

Samples of lithium as LiF were evaporated onto thin carbon foils of 20 - 30 ;tg/cm2. 
The thickness of the target material was between 10 and 200 11.g/cm. It is. neces
sary to use thin backings because if one of the particles is emitted in the backward 
direction, its complementary particle is usually emitted in the opposite forward 
direction. 
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The samples were mounted in a vacuum chamber which fitted onto the beam 
tube of the 5. 5 MV Van de Graaff accelerator at the Southern Universities Nuclear 
Institute. Beam currents between 0. 2 and 1. 0 11.A were used and irradiations lasted 
between 3 to 10 min per sample. Charged particle spectra were measured with two 
surface barrier detectors placed at the appropriate complementary angles.· Special 
precaution was taken to ensure that the irradiation beam and both detectors lay in 
the same plane, as the specific kinematic relationships only apply under such con
ditions. Pulses from charged particles detected by the backward detector coincident 
with those measured by the forward one were analysed by a multi-channel analyser. 

Results and discussion 

Observation of complementary particles 

Using proton bombardment and having the backward detector placed at 110° to 
the direction of the beam, the coincidence counts in the backward detector were 
measured as a function of the direction of the forward one (see Fig. 1). The max
imum coincidence count rate for each reaction falls as the complementary angle 
as calculated in Table 1. 

Deuteron irradiation 

Energy spectra recorded from the deuteron bombardment of lithium fluorine ar'e 
shown in Fig. 2. The upper spectrum, taken without coincidence shows the high 

~ 20000 
c 
:J 
0 
u 

4' 
u 
~ 15000 
u ·v 
c 
·5 
u 

10000 

5000 

Ep =l9MeV 
4> = 110° 
Target: 18.2%61.iF 

0 

0 

Detector angle 1 0° 

Fig. 1. Coincidence count rate, from proton-induced teactions on lithium isotopes 
measured by the backward detector at 110°, as a function of the direction 
of the forward detector 
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Fig. 2. Prompt particle energy spectra from deuteron bombarded lithium fluoride. 
Upper spectrum: without coincidence. The continuum at lower energies is 
due to alpha particles from the decay of 5He. The shaded area is the region 
chosen for integration as a measure of 7Li content. Lower spectrum: CMCP 
technique applied. Note that the peak height due to lithium-6 is as in the 
upper spectrum 

energy peak due to ·~i and other peaks due to reactions on fluorine. The continuum 
at lower energies is due to alpha-particles from the decay of 5He from the reaction 
7Li(d, :x) 5He. When only coincident particles are measured, the lower spectrum is 
obtained, showing only a peak due to 6Li. It is clearly evident that the count rate 
measured for this peak was not affected by the coincidence requirement. 

Since only one isotope is ml§sured by the CMCP technique, isotopic analysis 
results were obtained by using F as an internal standard or by reference to the 
intensity of the continuum, as shown by the shaded area in Fig. 2 that was taken 
as a measure of the 7u content. 
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Fig. 3. Prompt particle spectra from proton bombarded lithium fluoride. Ep = 
= 1. 9 MeV. Uppermost spectrum: without coincidence in which peaks from 
lithium-6 are obscured. Second spectrum: the two peaks from the reaction 
6Li(p, IX) 3He as measured by the CMCP technique with the backward de
tector at 110° and the forward one at 48. 1°. Lowest spectrum: single peak 
obtained with CMCP technique for the reaction 7Li(p, 1X)4He. Forward de
tector at 58. 5°. Both lower spectra show absence of interferences and back
ground 

Proton irradiation 

Without coincidence, th~ spectrum shown in the top part of Fig. 3 is obtained. 
As before, many peaks are evident, mostly from reactions on 19F. Although the 
high energy alpha particles can readily be used as a measure of 7u, determination 
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Table 2 
Some isotopic determinations of lithium by proton irradiation 

Known 6Li, Count ratio, Found 6Li, Error, Relative error, 
atom o/o 6u;7u atom o/o atom o/o · atom o/o 

3.02 o. 1391 3.24 +0.22 7.3 
5. 01 0.2344 5. 35 +0.34 6. 8 . 
6. 26 0.2694 6.10 -0. 16 2. 6 
6. 73 0.3005 6. 75 +O. 02 o. 3 - 7. 02 0.3140 7. 03 +O. 01 o. 1 - 7.32 0,3073 6. 89 -0.43 5. 9 
7. 53 0.3305 7. 38 -0. 15 2. 0 
7. 85 o. 3653 8. 09 +O. ~4 3. 1 
8.24 0.3834 8.46 +O. 22 2. 7 
8. 64 0.3787 8. 36 -0. 28 3. 2 

10. 23 0.4519 9. 82 -0. 41 4.0 

Relative standard deviation of all determinations is !4· ~ •. 

of 6Li is strongly hampered. This interference is totally eliminated by the CMCP 
technique as is shown in the lower two spectra in the figure. The peaks from 6Li 
were obtained with the forward detector at an angle of 48.1°, and the single peak 
from 7u at 58. 5°. Since no energy discrimination was imposed on the forward 
detector, two energy peaks are obtained corresponding to 3He and 4He ions detect
ed in the backward detector from the reaction 6Li(p, a) 3He. In the case of the reac-

"' tion 7Li(p, :x) ex, the two product particles are identical and hence only one peak c~n 
.- be recorded. 

For elemental analysis of natural samples, or of samples of known isotopic com
position, only ?Li need be determined. 

Analytical results 

Some results of isotopic analyses are given in Table 2, as obtained from proton 
irradiation. The relative standard deviation of a series of such analyses was found 
to be~ 4. 3o/o. Similar analyses performed under deuteron bombardment2 gave a 
relative standard deviation of~ 3. 5o/o. The apparently reduced precision using proton 
bombardment could be ascribed to the fact that separate determinations had to be 
made for 6Li and 7u with the forward detector positioned at the appropriate com
plementary angle each time. If two detectors were used in the forward direction, 
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each permanently placed at the correct complementary angle, the two isotopes 
could simultaneously be determined by a single irradiation . 

• 
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ANALYSIS OF GLASS BY SlMULTANEOUS SPECTROMETRY 
OF SCATTERED ALPHA PARTICLES AND PROMPT PROTONS 

M. PEISACH, R. PRETORIUS 

Southern Universities Nuclear Institute, P. 0 . Box 17, 
Faure, Cape (South Africa) 

The energy spectrum of alpha particles scattered from a beam of 4 MeV was used to determine 

heavy elements and oxygen and silicon in glass. Simultaneously, but with a separate de rec
tor, the energy spectrum of prompt protons from( • . p) reactions were used to determine bo
ron, sodium and aluminium. Both detectors were placed at 135° to the direction of the beam, 
bur the proton detector was covered with an absorbe r ro stop backscattered alpha particles. 
Glass samples analysed by other methods and standard glass powders from the U.S . Bureau 
of Standards were used as references. 

Introduction 

The energy spectrum of charged particles scattered from the surface of a sample 
can readily be used to determine the elemental composition of the· major compo
nents of the material. Because the charged particles of a few MeV do not penetrate 
very deeply into solids such analyses are valid if the entire sample is thin, or if the 
elemental composition in the surface layers are representative of the c ompos ition of 
th'e bulk. This method of analysis should thus be applicable to determining major 

- components of glass, since thin spec imens can be obtained simply and quickly. 
- Composition of glasses varies over a wide range, but most ordinary glass types 

consist typically of 40 - 70'1/o SiOz. 5 -15o/o Na2o and 3 - So/o K2o with other major 
components that may be B2o3, Al2o3, BaO and PbO, and minor elements such as 
Mg, Ca , Mn, Zn and As depending on the type of g lass . The more abundant iso
topes of most of these elements have mass numbers that are sufficiently far apart 
to enable the elements to be identified and determined by scattering techniques. 
However, the relatively high concentrations of silicon present in almost all com 
mon g lasses may be expected to produce high intensity peaks in the energy spec 
trum that could overlap the relatively lo\~ peaks expected from sodium and alu -
minium , thereby making it impossible to observe these elements. The determina
tion of boron may also bl'! difficult because of the much smaller scattering cross 
sec tion of this element. \f, ccordingly other methods had to be found to determine 
these important componepts. 

l 
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The (a , p) reactions on 10B, 23N a and 27Al are exo~rgic, producing ground 
state protons yi ith relati'Vely high energies. For most other elements thi-s react.ion 
is endoergic and protons obtained from them will have much lower energies. In 
addition the Coulomb barrier for alpha particle reactions increases ap.preciably·· 
with increasing atomic number resultir.g in low reaction cross sections for bombard
ing energies of a few MeV. By using alpha beams, analyses may thus be carried 
out for the three elements not accessible by the scattering technique, without inter
ference from other glass components. It may be noted that the use of alpha parti
cles is also advantageous for the scatterir1g analysis since the .relative energy change 
per unit m:ss number of target is much higher for alpha particles than protons or e 
deuterons. · 

Experimental f'.. 

Preparation of specimens 

Very thin slivers of glass were rpade from glass tubing by melting the sample to 
form a clear molten mass from which a ' large bubble was rapidly blown. thin spec
imens 6-10 mm. diameter were visually selected according to the extent to 
which the pieces exhibited the colourful diffraction of light. Each specimen was 
mounted on an aluminium annulus 4 - 5 mm wide and 16 mm outer diameter which 
was covered with an adhesive. Samples of powdered glass were carefully melted 
in a platinum crucible and a clrop of molten material was attached to a platinum·
tipped tube from which the bubble could be blown. Excessive air bubbles in the 
melt caused glass bubbles to rupture before they were sufficiently thin. 

Glass powders with pa£ticle diameters less than l 11m.were centrifuged onto back
ings of tantalum 2 to produce specimens of up to 300 I' g/ cm 2 in thickness over a 
circular area of about 20 mm diameter. Such targets were, however, only used 
for measurements of prompt protons. 

Irradiation and measurement 

Before mounted specimens were irradiated, . the average thickness of the sample 
was determined. by measuring the decrease in energy suffered by alpha particles 
from 241Am when passing through the glass. Only specimens less than about 
400 11g/cm2 in thickness were selected. Targets for bombardment were mounted 
in a 90 cm-scattering chamber with two surface-barrier semi-conductor detectors 
each at 135° to the direction of the bombarding beam on either side of it. The 
detector for measuring prompt protons was covered with an aluminium absorber 
foil 5. 74 mg / cm2 thick and a single collimator with an aperture of 5. 5 mm was 
placed in front of the detector. The detector used to measure scattered"alpha par
ticles carded a collimator of 3. 5 mm and another of 4. 5 mm placed 30 'mm aw .1; 
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to restrict the solid angle subtendedJat the target, because of the large cross section 
for scattering relative to that for the ( ex , p) reaction. 

Beam currents of about 100 to 150 nA were used and the transmitted current was 
measured in a Faraday cup. In the case of centrifuged specimens where heavy back
ings were used, a Faraday cup was constructed around the target. Beam currents of 
up to 200 ;t C were sufficient for an analysis. 

Results and discussion 

-9 s p e c tr o m e t r y o f s c a t t e r e d a 1 p h a p a r t i c 1 e s 

--

A typical energy spectrum of scattered alpha particles is shown in the upper part 
of Fig. 1. For each major element the spectrum contains a distorted square-like 
peak, the high-energy edge of which is a sharp cut-off. This edge represents the 
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Fig. 1. Elastic scattering of 4 MeV alpha-particles from soda glass. Upper curve: 
Observed spectrum showingplateaux from which thicknesses can be deter
mined. Lower curve: Differentiated spectrum wi.th derivative values ex
pressed relative to the standard deviation of the observed count. This curve 
was used for element identification of major components and for determin
ing their concentration in the sample 
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maximum energy E' of an alpha-particle scattered from an atom of the elf.ment 
mass M2 situated on the surface of the specimen, and is given by the relationship 

E' 

E 

for a beam of initial energy E of particles mass M 1 scattered through a centre-of-
mass angle o. By contrast, the low-energy edge of the peak which represents the 
energy of an alpha particle scattered from the back of ~he specimen falls more e 
gradually as a result of degradation of the beam by straggling. The apparent width 
of the peak is a measure of the average thickness of the specimen over the irradiated 
area. However, the width of the elemental peak increases with decreasing mass of 
the scatterer; the energy of the scattered particle decreases with decreasing mass 
of scatterer, but the rate of energy loss in matter increases with decreasing particle 
energy, so that particles scattered from light elements at the back of the specimen 
will be detected with a relatively greater energy loss than is the case for heavy 
elements. The average thickness of the specimen over the irradiated area can thus 
be calculated from each elemental peak using energy loss tables3 for the appropriate 
element. 

Since the Rutherford scattering cross section do /d!J for a bombarding particle of 
charge z1e scattered from a target of charge z2e is 

22 
(Z

1 
z

2
e ) 

da 2 -1 -1 
cm ·atom ·steradian , 

it can readily be seen that in a single sample consisting of ~qual numbers of atoms 
of several elements, the ratio of the number of particles scattered from each ele
ment will be proportional to the ratio of the corresponding values of (Z2). 2 The 
number of atoms of an element in the vicinity of the surface will thus determine 
the height of each peak, which may therefore be used as a measure of the concen
tration of the element. 

--
Inspection of the spectrum in the upper part of Fig. 1 will show that it is not 

easy to determine the height of the step corresponding to every observable element. 
However, if the differential of the curve is plotted as a function of energy (or chan
nel number), as is shown in the lower part of Fig. 1., several advantages become 
obvious. The sharp high-energy edge of the elemental peaks now appear as well
defined negative peaks, the minimum of which corresponds to the inflexion point 
of the elemental peak and can be readily used as a means of identifying the ele
ment. The rather poorly defined but equally prominent positive peaks show the 
inflexion points of the low -energy peak edges and may be used to calculate the 
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true specimen thickness, Furthermore, the area between the differential peak and 
the base line is a direct measure of the height of the elemental peak and hence is 
a measure of the elemental concentration. 

In Fig. 1 the ordinate are expressed relative to the standard deviation of the 
observed count in order to make significant peaks clearly apparent. 

Spectrometry of prompt protons 

Typical prompt proton energy spectra for two different glass types are shown in 
-Fig. 2. Under the conditions of the experiment, protons with energy above about 
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Fig. 2. Prompt proton spectra from different glass types, obtained under alpha
particle bombardment at 4. 0 MeV. The peaks are labelled with the target 
nuclide present in the glass and the value (pi) refers to the protons emitted 
from the corresponding ( ix , p) reaction if the product nucleus is formed in 
its ith excited state. The subscripts of (Pi) correspond to the ith level 
number in Table 1 
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13QO keV woulcl penetrate the aluminium absorber. Table l lists the sources from 
whic)l such protons would be formed, and by comparison between the data in the 
table and the identified peaks in Fig. 2 it is clear that all listed nuclides except 
19F were present in glas~ samples. 

Table 1 
Proton-<energies above 1300 keV from ('.X , p) reactions: 

Ea= 4000 MeV , 0 = 135° 

Ground state Level . 
Target 

Q-value,4 Proton energy, 
nuclide 

keV 
No. Ex, keV keV 

108 4064 0 0 5398 
1 3090 2795 
2 3680 2309 
3 3850 2170 

llB 784 _o 0 2766 

19F 1675 0 0 4227 
1 1277 3080 

23Na 1822 0 0 4561 
1 1809 2910 
2 2938 1893 

27Al 2378 0 0 5235 
1 2230 3170 
2 3510 1999 
3 3770 1763 
4 3790 1745 

•only elements with Z ~14 were considered since the Coulomb barrier <7. 5MeV. 

The peaks in the spectrum show relativefy little overlapping and there are suf
ficient free-standing peaks to obtain the characteristics of the peak shape for peak
stripping procedures if necessary. The integrated counts under the peak is a meas
ure of the total content of the nuclide in the sample .and the method is made ab
soiute by standardisation against analysed glass samples. Such samples were obtain
ed from the National Bureau of Standards, Washington, U.S. A. and from Consol
idated Glass Works, Germiston, South Africa. 
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Results 

Relative concentrations of major elemental components in the glass were ob
tained from scattering data where Rutherford scattering cross sections were assumed 
to be valid. From these data the approximate thickness of the sample was calcu-

Table 2 
Preliminary analyses of some glass types• 

Soda Pyrex Red 
Yellow 

Lead 
Element Uranium 

glass glass glass 
glass 

glass 

Scattering Si02 71. 1 81. 4 60. 9 62.4 55. 6 

cao } 8. 69 
K20 - 8. 62 7. 40 7. 46 

ZnO - - 16. 0 - -
8a0 2. 08 - - 2.23 -
PbO - - - - 22. 8 

Proton spectrometry 8203 <O. 01 14. 65 0. 11 0. 73 < O. 02 

Na20 16. 0 1. 49 13. 1 11. 7 11. 8 

A12o3 2. 08 2. 24 0. 33 3. 00 2.43 

• All values are percentage by weight. 

__..lated using tabulated stopping powers of elements. 3 The approximate weight con-
centration of 8 as 820 3, Na as N a2o and Al as Al2o3 were calculated from the 
proton spectrometry data, in which quantisation was achieved by intercomparison 
between the sample to be analysed and a suitable standard. It was essential that 
the standard specimen had a thickness comparable to tha t of the sample so that 
variations in the excitation function over the energy range of the bombarding alpha 
particle within the glass specimen, affected the standard and sample equally. 
A more accurate value for the thickness of the sample was then calculated using 
the approximate data for 8, Na and Al in addition to the relative concentrations 
from scattering. Weight concentrations were then calculated from the amended 
sample thickness. 

Preliminary results of analyses for a variety of glass types are listed in Table 2. 
Each analysis represents mean values from replicates. Values expressed for calcium 
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should be considered as the sum of the calcium and potassium contents, as these 
two elements could not be resolved. In Red glass and Yellow Uranium glass an un
known element of mass approximately 105 was detected which was assumed to be 
palladium (atomic weight 106. 4) while a small concentration of a heavy element, 
presumably Uranium was also found in the latter. 

* 

The financial assistance obtained from the South African Council for Scientific and lndust~ial Re
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position calculations. 
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RAPID NEUTRON ACTIVATION OF BROMINE USING 
6.1-MINUTE BROMINE-82M: APPLICATION TO THE 
DETERMINATION OF BROMINE IN BLOOD PLASMA 

M. PEISACH,* B. MAZIERE,** C. LOC'H,** D. COMAR,** 
C. KELLERSHOHN** 

*Southern Universities Nuclear Institute, Box 17, Faure, C .. P. (South Africa) 

**Commissariat al• Energie A tomique, Departement de Biologie, Service Hospitalier 

Frederic Joliot ( Laboratoire Pie"e Sue) , 91-0rsay, (France) 

Une methode rapide de dosage du brome dans le plasma sanguin par analyse par activation 
neutronique est ctecrite. En mesurant le brome 82m par spectrometrie X, i'analyse dans des echan
tillons plasmatiques de 10 µJ peut etre faite en 10 minutes. En presence de grandes con centra
tions de sodium et de chlore, telles que celles du plasma normal, la plus petite quantite de brome 
decelable est d'environ 5 ng. Les erreurs statistiques mises a part, i'erreur experimentale intro-
duit une marge d'incertitude d'environ ±2%. On compare Jes avantages de differents detecteurs 
utilises. 

INTRODUCTION 

A rapid determination of bromine by neutron activation analysis is possible through the 
use of 6.1-minute bromine-82m. This nuclide is produced from the stable bromine- 81 iso
tope, which has an abundance of 49 ,96 atom% in natural bromine. The cross section for 
the formation of the radioisotope by neutron capture with thermal neutrons is about 3 
barns, so that reactors providing neutron fluxes between 1012 and 1015 n-cm ·2 

• sec·1 can 
.,roduce sufficient activities from relatively short irradiations 101 s n ·cm ·2 ·sec· 1 to enable 
microgram and nanogram quantities of bromine to be determined. 

The sensitivity of determining bromine-82rri activities can be enhanced by the appro
priate choice of detector. With the use of low energy gamma-ray or X-ray detectors, 
the energy spectrum covered during a measurement can be restricted to radiation not 
exceeding 100 keV in energy. Under such conditions, the radiation measured from neu
tron activation of natural bromine is restricted to 37 and 49 keV gamma-rays from 4.4 
hour bromine-80m and 46 keV gamma-rays from 6.1-minute bromine-82m. These radi
ations are all internally converted to produce bromine X-rays. 1 The 37-keV gamma-ray 
has a conversion coefficient ~k = 1 so that only about half these radiations will contrib
ute to the measured K X-rays of 11 ,9 keV, in contrast with the other two aforemen
tioned gamma-rays which are virtually entirely internally converted: the values of the 
respective conversion coefficients for X-ray production from the 49 keV gamma-ray of 
som Br and the 46-keV gamma-ray of 8 2m Br are about 400 and 382 and over 70% of 
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the decays result in K X-rays. In addition to these radiations, there is a small intensity of 
selenium K-rays of 11.2 keV produced from the electron capture mode of decay of 17 .6 
min bromine-80 having a relative probability of about 5%. It thus follows that X-rays gene 
ated from the radio-bromine isotopes will consist almost entirely of those originating 
from bromine-82m decaying with a half-life of 6.1 minutes together with a small contribu· 
tion of a 4.4 hour component originating from bromine-80m and a 17 .6 minute compo
nent from bromine-80. 

To enable the analyses to be carried out as quickly as possible, but without loss of 
precision, the counting period should be extended until most of the bromine-82m had, 
decayed. Correction factors from the above thre-component decay system were obtain-::
ed from pre-computed tables using measured intensities of the components. 

The sensitivity limit attainable with gamma-ray spectroscopy is determined by the re 
ative inte[1sities of the gamma-rays of interest and interfering radiation which arise fror 
other causes viz., bremsstrahlung effects resulting from the production of a radiation 
continuum caused by energetic beta-particles from the sample, backscatter effects result• 
ing frbm the detection of usually low energy gamma-rays scattered from the sample to 
the detector by extraneous matter and Compton effects caused from the detection of 
electrons from gamma-rays scattered in the detector . These effects cannot be eliminate( 
entirely, even from samples which contain only radio-bromine isotopes, but their effec 
can be decreased by using detectors with comparatively small sensitive volumes in whicll 
the probability of interaction is small for energetic gamma-rays, and by removing mate
rial of large atomic number from the vicinity of the detector, thereby decreasing the in 
tensity of bremsstrahlung. 

Blood plasma contains both sodium and chlorine at a concentration level of about 
3 ~g/ml, whereas the bromine concentration is about 3 ppm in normal plasma. Therma
neutron activation of plasma thus produces relatively large yields of chlorine-38 and so
dium-24, the effect of which will be to reduce the sensitivity for determining bromine. 

This work reports the results of studies carried out with two different detecting sy~ 
terns to develop a suitable technique for the rapid determination of bromine in blood ~ 

plasma and for evaluating the precision, accuracy and sensitivity of the technique. 

Experimental 

Materials 

Dilute aqueous solutions of ammonium bromide were used to establish the conditior 
for analysis and to collect physical data. 

Synthetic plasma solutions were prepared containing 5.77 g NaCl and 2.74g Na2 C03 

per liter. 

J. Radioanal. Chem. 19 (1974) 
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This corresponded to concentrations of 3.30 g/l of sodium and 3.50 g/1 of chlorine 
as found in average blood plasma. Varying quantities of ammonium bromide were added 
to these solutions as required. 

Liquid blood plasmas were analysed as received . 

Preparation of samples for counting 

Pipetted volumes from 5 to 20 µl were deposited on discs of filter paper. The average 
~ckness of paper was 7.2±0.2 mg/cm2 and the pipetted droplets were spread over a 

circular area of about 8 to 15 mm diameter. The resulting samples had an effective 
thickness between 18 and 32 mg/cm2

• Over this range of thicknesses, no change in 
count rate, due to self-absorption, could be observed, in agreement with previously re
ported results.2 In cases where relatively old samples of liquid plasma were irradiated, 
undispersed solid material sometimes obstructed the action of the automatic pipette. In 
such cases, and all samples where there was doubt about the correct volume pipetted, 
bromine activity was expressed relative to the activaty of sodium-24 in the sample, de
termined later with a Ge(Li) spectrometer. 

Two different modifications of the procedure were used. In the first, liquid plasma 
measuring about 200 µI was sealed in a polyethylene vial for irradiation, and samples for 
counting were prepared from the activated liquid. The disadvantage of this procedure lay 
in the loss of time, and hence loss of activity of bromine-82m, during pipetting and prep
aration of the sample. The second modification involved the deposition of the required 
volume of plasma onto filter paper before activation and then counting the paper directly 
after its return from the reactor. Although counting could start much sooner the disad
vantage of this technique lay in the possibility of contamination before activation and 
possible interference from fluctuations in the bromine content of the paper. 

fn·adiation 

Samples were irradiated in aluminium or polyethylene containers for periods varying 
from to 10 sec to 5 min. Three reactor facilities were used viz: 

OSIRIS, Saclay, France, thermal neutron flux 2.5 • 1014 n · cm-2 • sec·1 

EL 3 Saclay, France, thermal neutron flux 6.6 • 1012 n • cm·2 ·sec·1 

SAFARI I Pelindaba, South Africa, thermal neutron flux l.3· 1013 n·cm·2 ·sec·1
. 

Measurement 

Bromine activities were recorded with two different spectrometers, using either a 
Nal(TI) scintillator 3 cm diameter x 3 mm thick having a resolution of about 6,3 keV at 

J. Radioanal. Chem. 19 ( 1974) 
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12 keV, or a Si(Li) detector of 30 mm2 area and 3 mm thick having a resolution of 262 eV 
· at 6.4 keV. Both detectors had thin beryllium windows, the latter being 0.025 mm thick . 

Because the scintillator had a very much higher efficiency, count rates were appreciably 
higher than with the Si(Li) detector, due to the activities from chlorine and sodium. To 
avoid excessive errors due to dead-time correction, samples were mounted about 25 to 40 
mm away from the crystal face. In contrast to this, paper discs counted with the Si(Li) de
tector were mounted as close to the detector window as possible, typically about 4 mm 
from the window. For routine analysis samples were counted for a fixed live time of the 
measuring system, but because of the high activities the added decay of bromine-82m 
caused by the dead-time of the measuring system could not be neglected, hence re.al time ~ 
was recorded at the start and end of each count. 

Under fixed conditions and using the pre-irradiation pipetting technique, it was found 
that the difference between live time and clock time was surprisingly constant. Accordingly 
extended counting periods of up to 500 sec could be used and tables calculated from accu
rately determined decay curves were used to correct the measured nett count to corrected 
undecayed activity at the end of the irradiation (see Table 1). 

Results and discussion 

Gamma-ray spectrometry 

Typical spectra obtained with the Nal(TQ) scintillator and the Si(Li) detector may be 
compared in Fig. 1. The much improved resolution of the latter makes it possible to ob
serve the presence of selenium X-rays and both the Ka and Kf3 X-rays of bromine. Howeve 
the spectra from the Nal scintillator were recorded with a much greater count rate, so tlY>
despite the better resolution of the semi-conductor diode , the precision of the results . __ 
are about equal. 

As the decay proceeds, the intensity of the X-rays decreases and it becomes possible 
to observe3 the peak from the unconverted 37 keV gamma-ray of bromine-80m. 

Comparison of the two curves obtained from a sample with about 8 ng bromine 
clearly iliustrates the gain in sensitivity effected by the Si(Li) detector. Using the criter
ion of sensitivity as being the weight of bromine which gives an integrated count equal 
to three times the standard deviation of the background, tpe sensitivity limit in a blood 
plasma sample is about 5 ng bromine. 

Calculations 

The blank sample gave the shape of the spectral continuum under the combined pealm 
corresponding to Se K and Br Ko: and K/3 X-rays. This shape was fitted to the low ene 
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Table 1 
Extract from decay correction calculations 

Time at Count duration, min 
start of 

count, min 3 4 5 6 8 

I 1.2903 1.3536 1.4183 1.4844 1.6207 
2 1.4290 1.4984 1.5693 1.641 7 1.7907 
3 1.5810 1.65 70 1.7345 1.8136 1.9762 
4 1.7473 1.8302 1.9149 2.0011 2.1782 
5 1.9288 2.0192 2.1113 2.2052 2.3975 
6 2.1 264 2.224 7 2.3249 2.4267 2.6352 
7 2. 3412 2.44 79 2.5564 2.6667 3.0465 
8 2.5741 2.6895 2.8068 2.9258 3.0465 
9 2.8258 2.9503 3.0768 3.2050 3.4659 

These data are dependent on the relative yields of radiobromine isotopes as affected by the neutron 

energy distribution at the act ivation facility used. 

300 

500 10 

0 20 40 60 80 
Channel number 

0 

Si (L i ) detector 

Brte1. 

Blank 

20 40 60 80 
Channel number 

Fig. 1 Portions of gamma-ray sriectra from different weights bromine in 10 µ l aliquot s of plasma 
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edge of the peaks and the corresponding background was subtracted. Using tables such as 
Table 1 computed from decay curves the activity at the end of the irradiation was calculat
ed and converted to bromine content by comparison with synthetic standards. 

Precision and accuracy 

... 
Precision was determined by repeated analysis of a single sample. Some replicate anal-

yses of a series of 16 analyses are shown in the upper portion of Table 2, and analyses of 
known samples in the lower part. The relative.precision is ±6%, the root mean square error~ 
is 2,8 ng bromine and the results do not show bias within the precision of the method. 

Known 
Br 

content, 
ng 

Table 2 

Some results of analyses 

Nett 
integrated 

count 
at t = 0 

Ao 

Found 
Br 

content, 
ng 

Error, 
ng 

(a) Replicate analyses. Precision test. Si(Li) detector 

35.0 265 .l 31.1 -3.0 
35.0 303.3 35 .6 •0.6 
35.0 295.4 34.6 -0.4 
35.0 315.0 36.9 •1.9 
35 .0 297.1 34.8 -0.2 
35.0 283.6 33.3 -1.7 

No. of test analyses= 16 
Mean value of A0 = 298.8±18.2 
Overall relative precision= 6.1 % due to statistical errors 
(S.8%} and added experimental errors (2.0%). 

(b) Test analyses. Accuracy test. Both detectors. 

8.8 109.1 12.8 •4.0 
8.9 46.2 5.4 -3.5 

21.9 202.1 23.7 •1.8 
30.7 274.5 32.2 •1.5 
35 .0 295.9 34.7 -0.3 
43.5 350.4 41.1 -2.4 
48.2 433.l 50.8 •2.6 
61.3 491.9 57.7 -3 .6 

37 test analyses on 22 samples prepared 
Root mean square error (all analyses) = ±2.8 ng bromine. 
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Conclusion 

The method using Si(Li) detectors is suited for routine use. If the usual statistical er
rors of counting are acceptable, single irradiations followed by a single relatively long 
counting period enables results to be obtained with a relative precision of about ±6% 
within I 0 minutes. Analyses are nondestructive and repeat irradiations can be carried 
out to improve precision. 
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THE SYSTEM SODIUM CHLORIDE 
THE SYSTEM SODIUM CHLORIDE-SODIUM SULPHATE-WATER, WITH REFERENCE TO THE 
RECOVERY OF SODIUM CHLORIDE AND SODIUM SULPHATE FROM NATURAL BRINES IN 

SOUTH AFRICA 

By M. PEISACH 
National Chemical Research Laboratory, Pretoria 

A study of the system NaCl-Na 2S0,1- H 20 has been made with a view to acquamtmg 
manufacturers of common salt in the U nion, with the principles and possibilities of salt and 
sodium sulphate production from the brines available to them. Calculations based on values 
found in the literature, showed that pure sodium chloride and pure sodium sulphate could be 
obtained from a brine containing these two substances in suitable concentrations. To achieve 
separation of the constituents a three-stage process is required. In the first stage, brine is 
concentrated by evaporation; refrigeration as the second stage yields pure sulphate, while 
the third stage, solar evaporation followed by recycling the solution of the correct d ensity, 

results in pure sodium chloride. 

A DETAILED SURVEY of the supply of common sa lt 
in South Africa has recently been made by Shuttle
worth.I Apart from a relatively inaccessible deposit 
of rock salt in South \\1 est Africa, the main salt 
resources of the Union consist of inland salt pans 
lying in a belt between Mafeking and De Aar. In 
addition there are coastal pans at Saldanha Bay and 
near Port Elizabeth, but due to transportation costs, 
these cannot supply salt to the interio r. With few 
exceptions, the brines of the inland pans are charac
t erized by a high sodium sulphate content and rela
tively low concentrations of calcium and magnesium 
salts. It is not uncommon to find brines in which the 
sodium sulphate exceeds 20 per cent of the to tal 
dissolved solids, while va lues over 30 per cent have 
been reported.I The preparation of pure sodium 
chloride from such brines presents difficulties not 
often met with in other countries. 

Therefore, it has been considered of va lue to review 
and examine the system NaCl- Na 2SOc H 20 with 
reference to the working up of such brines. The 
m agnesium and calcium salts are usually present 
in the brines in such relatively low concentrations 
that , from a practical point of view, and for the sake 
of simplicity, their presence h as been ignored. 

A thorough study of the application of the phase 
ruk to the recovery of sodi um chloride from South 
Africa n brines was made by Pelling. 2 The methods 
he suggested for the recovery of pure sodium chlo ride 
from brines containing sodium su lphate were: 

(i) direct evaporation at the boil ing point, 
followed by cooling the mixture to between 
21-.5 and 25 °C., 

(ii) removal o f sodium sulphate by refrigeration 
and (iii) crystallization of impure sodium chlorid e 

with subsequent removal of sodium sul
phate by washing with dilute brine. 

W hile the "evaporation" and the "washing" methods 
were described in detail, the method involving the 
refrigeration of brines was only briefly outlined. 
This paper deals in greater detail with the possible 
application of the refrigeration process to the recovery 
of pure sodium chloride and pure sod ium su lphate 
from South African brines. 

The phase diagram 
The system NaCl- Na 2S04- H 20 h as been in

vestigated by several authors, notably by Chretien, 3 

Schreinemakers and de Baat, 4 and Seidell, 5 but as 
a rule they concentrated on certain aspects of the 
system. The information found in the literature has 
been collected and is presented in a form in which it 
can be app lied to the practica l problems of salt re
covery. 

It is usual to represent ternary equilibria graphi
ca lly by means of a three-dimensional plot on tri
angular composition axes and a vertical temperature 
axis. Figure 1 shows such a prismatic plot lying on 
one of the faces of the prism and depicts the surface 
of crystallization, i.e ., any point on this surface 
represents an equilibrium between the solution and 
one o r more solid phases. The portion cut away 
corresponds to the solution, while the surface is 
divided into a number of areas with intersecting lines 
as their boundaries. W ithin each of these areas, a 
single phase crystalli zes in equilibrium with the 
solutio n . This is called a primary phase, and the 
areas are primary phase fields. 

The three-dimensional surface of crystallization in 
Figure 1, however, is not very convenient for cal
culations . If a solution is cooled till crystallization 
takes place, w ithout Joss of water by evaporation, 
the course of crystallization can be conveniently 
followed on a two-dimensional projection of the 
surface of crystallizatio n on the triangular base of 
the prism. This projection is shown in Figure 2. 
Projections of the primary phase fields are labelled 
with the corresponding primary phases. The in
clinations of the intersecting lines between the 
primary phase fields with respect to temperature are 
sh own by means of arrows. The line AB, which 
separates the primary phase fields of solid NaCl and 
solid anhydrous Na 2S04 , ends at the boiling point 
(760 mm.) of a solution mutually saturated with both 
solids. 

The significance and use of the vario us parts of 
this diagram are best illustrated by an example. 

Consider a solution represented by the point X 
in Figure 2. As the composition of such a solution 
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Transvaal Chemical Manufacturers' 

Association 

Annual dinner-dance-By a member 

"lHE plans of mice and men are apt to gang agley", 
but this cannot be said of the Association's Annual 
Dinner-Dance, held on September 23 last. From the 
commencement of the Cocktail Party till the last of 
the dancers wended their weary way home, it can be 
justifiably said, I think, that all of us had a most 
enjoyable evening. 

Events commenced in a most convivial atmosphere 
when members had the pleasure of meeting the 
Minister of Economic Affairs, Dr. A. ]. R. van Rhijn 
and Mrs. van Rhijn at the Cocktail Party before 
dinner. I would appeal to members, however, to 
mix to a greater extent at future functions of this 
nature thus taking the opportunity to meet one's 
fellow members in the Association and establishing 
an acquaintanceship which can foster a closer 
relationship between all of us. 

One can agree that the success of an annual function 
of this nature is due to the fact that the speeches 
given are apt and very pertinent, which particularly 
applied to this year. 

Dr. van Rhijn undoubtedly showed his friendliness 
towards the chemical industry and the profession, 
and when he concluded his speech one could be 
pardoned for being slightly swollen-headed. After 
his kindly remarks to the chemical manufacturers he 
made the important point "That it is only by our own 
efforts we shall progress" and we must agree with 
him when he said "to succeed we must endeavour to 
see that one and all of us do a proper day's work". 

Our Chairman must certainly be congratulated on 
his fluent Afrikaans and his remarks were well received. 

The Dinner and Dance were enjoyed by all and 
there was proof of this when in "the wee sma' hours" 
the ballroom was still well fi lled. 

I would like to take the opportunity of thanking 
one and all- both visitors and members who came 
and joined us- for making this affair such a success, 
and one we'd hoped for. A special word of thanks 
must be paid to our very hardworking Chairman, 

Mr. S. Goodman, and the Executive Committee for 
the time they devoted to ensure that this function 
would be a happy and enjoyable one. 

I hope to see all the same faces next year, as well as 
a number of new ones. 

New soap germicide-hexachlorophene-now avail
able in the Union 

Hexachlorophene, a chlorinated bisphenol de
veloped in the United States of America, is one of 
the newest aids to hygiene and sanitation introduced 
into this country by one of our members. 

Hexachlorophene (which is also known as G-11) 
is a unique germicide in that it is non-irritating and 
also retains its bactericidal activity in the presence 
of soaps, thus overcoming the limitations of other 
"phenolics" whose potency is nullified under similar 
circumstances. 

This fact has been confirmed by the Medical 
Profession so that today hexachlorophene liquid soap 
is recognized in the new revision of the United States 
Pharmacopoeia. / 

Our member reports that the liquid soap con- ,.-' 
taining hexachlorophene has been extensively tc;:sted. ·, 
in the Union of South Africa by a large lab9f'atory 
where the bactericidal effect was confirmed and the 
presence of a residual germicidal fi lm on the skin was 
demonstrated. 

The soap is now being used by a large number of 
surgeons as a simple and effective method of achieving 
asceptic technique without the use of prolonged and 
painful application of scrubbing brushes. 

Industrially this type of soap has been found to 
reduce the incidence of dermatitis and to lessen the 
possibility of secondary infections resulting from cuts 
and abrasions. 

In food industries and wherever there is a danger 
of bacterial contamination by contact, the use of 
such soaps can go a long way to prevent transmission 
of disease if used by all food handlers. 
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temperatures. Therefore, conclusions drawn from 
the discussion of the system are also approxinrntely 
true fo r temperatu res not much different from 25 °C. 
For o ther conditions of temperature and concentra
tion, an argument similar to the one discussed in the 
above exam ple can be used. 

T he effect of cooling concentrated brines 

The nature of the solid phases which separate on 
cooling depends on the composition of the original 
brine, as will be seen fro m the two examples discussed 
below. 

A s before, consider the system represented by the 
point Y isothermally evaporated at 25 °C. until the 
solution is n ea rly saturated. This point may be re
p resented by Z (Figure 3). If the solution is now 
cooled to , say, - 10 · 6°C., Z will not change its 
position on the diagram, bu t must now be considered 
in relation to the isothermal section at the new 
temperature (Figure 4) . In the chosen example, Z 
lies in the area L TR and represents a system con
sisting of a solution of composition R in equilib rium 
with a mixture of solid sodium chloride and the 
decahydrate of the sulphate. The two solids crystal
lize together , so that in this particular case pure 
sodium ch lo ride could not be obtained. 

H owever, when the isothermal sections at 25 °C. 
and at - 10 · 6°C . are plotted on the same axes, 
Figure 5, the curve ]KM crosses the line RT at V, 
vvhich corresponds to a solution in which the sodium 
sulphate content is 34 · 4 per cent of the total dissolved 
solids. Thus, brines in which the proportion of 
sodium sulphate exceeds this va lue, will on evapora
tion to the saturat ion point at 25 °C. produce a 
system represented by, say, Z'. As this po int lies 
above RT, the only solid ph ase in equilibrium with 
the solution at - l0· 6°C. is Na 2S04.10H 20, which , 
therefore, would crystallize from the solution on 
cooling to this temperature. H ere, therefore, a pure 
compon ent separates. 

Thus, brines differing only in the sodium sulphate 
content will behave diffe rently wh en cooled. In 
either o f the above exam ples, the su lphate content 
in the residual solution is greatly r ed uced , so that 
this solution can be used to recover sodium chlo ride. 

P ractical applicat ions 

On the bas is of the above discussion, the practical 
aspects of salt winning m ay n ow be discussed. A s 
h as already been pointed out, the usual method of 
evaporation results in a contaminated product . H ow
ever , tl1e separation of pure compounds is possible 
if evaporation and cooling processes are applied under 
controlled condition s. It is clea r that the concentra
tion of the salts and the temperature prevailing at 
the pans will greatly influence the conditions. For 
this d iscussion it is assumed that the temperature at 
which evaporation takes place is 25 °C., but similar 
ca lculations can be made at o ther temperatures. 
The composition and density of the solution at the 
drying-up point at various temperatures are given 
in T able II. 

TABLE lI 
Composition of solution at drying up point 

Per cent 
Weight salt in Na2S04 

!OOg. solution in total 
T emperature I Na 2S0,1 

dissolved Density Reference oc. NaCl solids g. /c.c. 

10 24· 4 3· 43 12 ·3 1·223 5 
10·2 24·3 3·39 12·2 1·224 3 

*IS 23·2 5·4 1 18 ·9 1·236 3 
17 ·5 22·3 7·31 24· 7 I · 247 3 
20 22·5 7·36 24·7 1·246 3 

*2 1· 5 22·0 7·50 25·4 l · 244 5 
*25 22·7 7·06 23·7 l · 241 3 
30 23·0 6 ·68 22·5 1·237 3 

*The va lues correspond ing to these temperatures differ so mewhat 
from those cited by Felling. 2 While his values are mainly 
based on the work of Seidell 5 and of Schreinemakers and de 
Baat, 4 these include the results of the very detailed investiga
tions of Chretien. 3 

For the temperatures ch osen above, brines can b 
classified according to whether the sodium sulphate 
content is below 23 · 7 per cent, the composition of 
the drying-up point at 25 °C. (see T able II), between 
23 · 7 and 34 · 4 per cent and above 34 · 4 per cent o f 
the to ta l dissolved solids. A somewhat mod ified 
classification will be n ecessary if different chilling or 
evaporation temperatures are used . Each of these 
types of brines h as to be treated according to slightly 
differing procedures. 

W h en the sodium sulphate is less than 23 · 7 per 
cent of the total dissolved solids, pure sodium chlo ride 
can be obtained without cooling. Controlled eva
poration will result in a pure salt without contamina
tion by the sulphate, which concentrates in the 
solution. The concentration of the dissolved salts 
changes until the solution attains the composition of 
the drying-up point (see Table II) and h as a density of 
1 · 241 g. per c.c. W h en the solution reaches this 
density, evaporation sh ould be sto pped, as sodium 
sulphate begins to crystallize. The am ount of residual 
solution , which depends o n the proportion of sul;.. 
ph ate in the o riginal brine, may be so small th< 
further treatment may n ot be econo mically feasibk. · 
H owever, should it be n ecessary to process the 
solution further it may be diluted with water o r fresh 
brine to a density of about 1·21 g. per c.c. and treated 
as brine containing sodium sulphate between 23 · 7 and 
34 · 4 per cent of the to tal dissolved solids even though 
the actual proportion of sodium sulphate may be 
below this range. 

In the case of brines containing a higher proportion 
of sodium sulph ate- betweer. 23 · 7 and 34 · 4 per 
cent of the to tal dissolved solids- pure sodium 
chlo ride cannot be o btained by evaporation alone. 
It h as already been sh own that cooling a saturated 
solution will a lso~duce an impure product. It is 
thus advisable t r concentrate the brine to a pre
determined den'\ . y, the exact va lue depends on the 
proportion d sodium sulphate, before cooling it 
to , say, -. v°C. ( + 14°F.). During refr igeration, 
pure Na 2S04.10H 20 settles o ut leaving a solution 
which now contains very little sulphate. Evaporation 
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of this solution will yield pure aCl and, as before, 
the concentration of the sulph ate in the solution will 
increase until the drying-up point is reached. The 
solution can now be pumped back into the original 
o r concentrated brine and the cycle of operations 
repeated. Thus pure Na 2S04. lOH 20 and pure NaC l 
may be recovered without loss of any raw materi al. 

The treatment of brines, in which the sodium 
sulphate exceeds the above range, is ve ry much the 
~,me as above, with the exception that the o riginal 
~rine may be concentrated to the saturation point. 
As before, chilling to - 10°C. will produce pure 
Na 2S0 4.lOH20 and evaporation at 25 °C. pure NaCL 
The solution remaining after the drying-up point 
has been reach ed can again be recycled. Alternatively, 
the brine may be evaporated to the drying-u p point, 
during which process pure Na 2S0,1 crystallizes. The 
solution may now be diluted to a density of 1· 21 g. 
per c.c. and treated as a brine in which the sodium 
sulphate is betwee11 23 · 7 and 34 · 4 per cent of the 
total dissolved solids. 

Numerical example 
A numerical example may illustrate the process. 

Suppose after the initial evaporation the solution 
contains 6 g. Na 2S04 and 20 g. NaCl per 100 g. 
solution, i.e. th e sod ium sulphate is a.bout 23 per cent 
o f the total dissolved solids. The den&ity of the con
centrate at 25 °C., was fo und experimentally to be 
1 ·217 g. per c.c. in agreement with calculation. 

When such a solution is cooled to - 10 · 6°C., 
Na2S04 .10H 20 crystallizes so that, from Figure 5 

Weigh t solid a2S04 . lOH 20 : total weight system = 
S 1Z" : S 1T, where Z" represents the composition of 
the brine concentrate and S 1 the solution in equilibrium 
with the so lid at - 10 · 6°C. From the curve, this ratio 
was found to be 0 · 115. From 100 g. of brine con
centrate, therefore, 11 ·5 g. pure Na 2S04.10H 20 
would be obtained and would leave 88 · 5 g. solution. 

During subsequent evaporation at 25 °C. the repre
sentative point moves along WS 1 to the curve JKM 
until at S 2, on the curve, pure sodium chloride begins 
to crystall ize. As isothermal evaporation continues, 
the pure salt crystallizes out until at S3 the solid 
sulphate just begins to fo rm . ff evaporation is stopped 
at this stage 

Weight solid NaCl : total weight system = S3K : 
LK. This va lue was found to be 0 · 57. 

During evaporation, the weight of water removed 
from the 88 · 5 g. solu tion was calculated to be 58 · 5 g. 
The remaining system weigh ed 30 · 0 g. of which 17 · 1 
g. were solid NaCL 

To summarize, 100 g. concentrated brine treated 
in the way outlined above yield 11·5 g. pure Na 2S04 • 

10H20 (or 5 · 1 g. calculated as anhydrou Na 2S04 ) 

and 17 · 1 g. pure NaCL The remammg solution , 
weighing 12·9 g. and having a density of 1·241 g. 

THE SOUTH AFRICAN INDUSTRIAL CHEMIST, November, 1955 215 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

per c.c. can be recycled with fresh brine. The recovery 
of the pure salts is 85 · 3 per cent for the chloride and 
84 · 8 per cent for the sulphate. It may be pointed 
out that complete evaporation of the chilled brine 
(represented by S 1) will yield a product with an 
average sodium sulphate content of about 4 · 4 per cent, 
as compared with 23 'per cent for the product from the 
complete evaporation of unchilled brine. 

Similar calculations were made for chilling tem
peratures of 0°C. and about S°C. The results of the 
calculations are summarized in Table III below. 

TABLE III 

Effect of cooling brines to different temperatures. (Calculated 
for lOOg. brine containing 20 per cent w Jw NaCl and 6 per 

cent w /w Na 2S04 ) 

I I About I No 
Cooling temperature °C . _=!0 ·6 _ o_ 5 cooling 

- -----------
Weight pure 

Na,so •. LOH ,o g. 11·54 11 ·09 9·2 1 nil 
Weight pure NaCl g. 17 ' 06 16 ·36 13·89 0·75 
Recovery Na 2SO, per cent 84·8 81· 5 67 · 7 nil 
Recovery NaCl per cent 85 ·3 81 ·8 69·5 3 ·8 
\X'eight solution to be 

recycled g. 12 ·89 15·67 27·34 85·0 
Average per cent Na 2SO, 

in NaCl from complete 
evap . of chilled brine 4·35 5 · 26 8 ·84 23 . 1 

Technical considerations 
The industrial methods of salt winning may now 

be reconsidered in the light of the results in Table Ill . 

(a) Evaporation of the brine w ithout cooling 
If the brine is allowed to evaporate without pre

liminary cooling, only a small amount (3 · 8 per cent) 
of the available sodium chloride will crystallize as a 
pure product. Subsequent evaporation will result in 
a product contaminated with sulphate, and, if the 
brine is evaporated to dryness, the average sodium 
sulphate content of the product will be 23 · 1 per cent. 
The disadvantage of this method is the high sulphate 
content of the sodium chloride obtained; alternatively, 
if evaporation is stopped before the sulphate begins 
to crystallize, the percentage recovery of sodium 
chloride is very small. 

(b) Complete evaporation after cooling 
The introduction of refrigeration greatly improves 

the purity of the main product, and yields pure 
sodium sulphate, which constitutes a useful by
product of the process. When the remaining brine 
is completely evaporated the average sodium sulphate 
content of the salts is about 4- 10 per cent, depending 
on the refrigeration temperature. From Table III it 
is clear that at the lower cooling temperatures smaller 
amounts of sodium sulphate are left in so lution, and 

hence on evaporation, a purer product may be re
covered. However, since the costs involved to cool 
a brine to - l0°C. are very much greater than to cool it 
to 0°C., and since there is very little increase in the 
sodium sulphate content of the salt obtained from the 
brine cooled to 0°C., it would appear that this tem
perature could be used industrially. 

(c) Partial evaporation after cooling 
To obtain pure sodium chloride as well as pure 

sodium sulphate, partial evaporation of the chilled 
brine is advocated. The course of evaporation may 
be followed by measurements of the density of the 
brine, and, when the appropriate density has been 
attained (see Table II) the remaining solution can be 
recycled. This procedure, involving the three stages
cooling, evaporation and recycling- is the recom
mended procedure, since the extra operation is 
counterbalanced by the uniformity of the sodium 
chloride obtained in a high degree of purity. 

Economic factors involved in the application of 
the above process to the production of common su·11· 
and sodium sulphate under South African condition. 
have not been considered. In the United States, 
however, the process has been used commercially 
for several years. At Monahans, Texas, a plant, 
using the same principle, produces sodium sulphate 
from a brine containing 7- 8 per cent w /w Na 2S04 • 6 

As the sodium chloride concentration of the brine 
is not high enough, more of this sa lt is added to the 
raw brine before chilling, in order to decrease the 
solubility of sodium sulphate. Although the con
sumption of sodium chloride is over 40 tons per day, 
none is recovered, all being discarded in the tailing 
liquors. 

A similar process has been worked out i for appli
cation to Swedish brines. Since these are rich in 
calcium and potassium, the process has been planned 
for the recovery of sodium chloride and of potassium 
by crystallization of both NaCl and KCaC13• 

This paper is published by permission of the 
South African Council for Scientific and Industrial 
Research. 
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