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ABSTRACT 

Prompt_ gamma-rays emitted tinder bombardment with 3.5 to 6.0 

MeV protons from the 77 stable non~gaseous elements were evaluated 

for analytical application. The compilation included the 

yields of about 2200 gamma-rays and their deiection limit for 

analysis. 
r----
\ Because the data were measured under identical 

experimental conditions, the relative values may be generally 

applicable-; For each element, the gamma-ray spectrum and the 
---.f 

numerical data are presented in tables listing identified gamma-

rays with yields and detection limits for E = 4.5 MeV, the gamma­
p 

yields as a function of proton energy for the most intense gamma-

rays, and, the polynomial coefficients of the function relating 

the detection limit to the bombarding energy. An Atlas of 

Spectra and a Catalogue of gamma-rays summarised the data. 

Because steels contain a variety of minor components, they 

represent a good matrix in which to test the method for multi-

elemental analysis. The minor components that were determined 

were silicon, vanadium, chromium, manganese and cobalt and 

sources of interference were discussed. 

,.-

] The manufacture of cements ~equires rapid analysis of raw. 

materials and products, for process control. Under bombardment 

with 4.75-MeV protons, flu~)rine, sodium, magnesium, aluminium, 

silicon, phosphorus and calcium were determined in cement 

standards .. Under 5-MeV alpha particle bombardment confirmatory 

results were obtained for f l·ef~'rine, sodium, magnesium and alumi­

nium in the same. samples whilst oxygen was directly measure~] 



Archaeological specimens were analysed to use the elemental 

composition as a means to characterise the samples. With the 

external beam technique prompt X-rays and prompt gamma-rays 

were simultaneously recorded. From X-ray spectra, potassium, 

calcium, titanium, iron, copper, zinc, gallium, rubidium, 

strontium and zirconium were determined and from, gamma-ray 

spectrometry, boron, fl_.1.1,~~rine, sodium, magnesium, aluminium, 
r-

s i l icon and copper. ~he same analytical data were subjecied 

to multivariate statistical methods of cluster analysis, multi-

d 
.-'? 

dimensional scaling and correspon ance analysis; 

Lithium was determined in sugilite, a rare gem mineral, by 

prompt alpha particle spectrometry from the reaction 7Li(p,a) 4 He 

induced by 1-MeV protons, and by prompt gamma-ray spectrometry 

using the 479-keV 7Li p(l,O) gamma-ray induced by 1- and 4.5-MeV 

protons and the 429-keV 7Li n(l,O) gamma-ray induced by 4.5-MeV 

protons. 
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SUMMARY 

Prompt gamma-rays emitted under bombardment with protons from 

3.5 to 6.0 MeV, from the 77 stable non-gaseous elements were 

evaluated for analytical application from the data from the 

bombardment of thick targets of the elements or pure simple 

compounds. Included in the compilation were the yields ~f about 

2200 gamma-rays and the attainable sensitivity of analysis as 

given.by the concentration of the element producing an. integrated 

gamma-ray count equivalent to three times the standard deviation 

of the background against which it was measured. The importance 

of the data lies in the fact that the yields were measured under 

identical experimental conditions. Accordingly, the relative 

values may be applicable for data from complex matrices and under 

altered experimental conditions. 

For each element, arranged in order of atomic number, the 

gamma-ray spectrum is discussed and thereafter the numerical data 

are presented in three tables; the first lists the identified 

gamma-rays in order of gamma-ray energy together with the yield 

for E ., 4.5 MeV ; the second lists the gamma-ray yields as a p 

function of proton energy for the five most intense gamma-rays 

and, where applicable, additional gamma-rays for which the 

sensitivity is better than 1000 µg.g -1 ; and, the third table, 

the polynomial co-efficients of the function relating the 

attainable sensitivity to the bombarding energy, as obtained from 

a least squares fit of the experimental data. The minimum 

sensitivity and the corresponding proton energy are included in 

the third table. All the data are summarized in an Atlas of 



Spectra and a Catalogue of Gamma~rays. 

With the compilation it was possible to carry out the following 

analyses as examples. 

Steels represent a good system in which the multi-elemental 

nature of the method could be tested because most steels contain 

a variety of minor components in a matrix consisting largely of 

iron. A number of standard steel samples, many of which con-

tained the same eiement but in widely varying concentrations 

were analysed by this technique. The minor components that 

were determined were silicon, vanadium, chromium, manganese and 

cobalt. Us~ was made of the data in the survey to discuss,·in 

detail, possible sources of interference. 

With Ge(Li) and intrinsic germanium detectors it was possible to 

record simultaneously two different energy regions of the gamma­

ray spec:rum with improved resolution and thereby extend the 

number of analytically useful gamma-rays. 

The manufacture of cements involves the processing of geological 

material from different sources. The exact composition of the 

ores may have a profound effect on the performance of the final 

product so that rapid analysis of raw materials and products 

is vital for process control. Since the present technique is 

in principle rapid, non-destructive and experimentally simple 

for multi-elemental analysis, its application to cement analysis 

was checked with standard cements obtained from the U.S. Bureau 

of Standards. Under bombardment with 4.75-MeV protons, flou-

rine, sodium, magnesium, aluminium, silicon, phosphorus and 



calcium were determined. When the same samples were again 

analysed but by using 5-MeV alpha particles·to excite the prompt 

. gamma-rays, confimatory results were obtained for flourine, 

sodium, magnesium and aluminium, and in addition, the oxygen 

content was directly measured. 

Archaeological specimens were analysed in order to use the 

elemental composition as a means to characterise the samples • . 
This formed part of a wider study to chart trade and migration 

routes of early inhabitants of South West Africa/Namibia. 

By using the external beam technique with a Si(Li) detector to 

record prompt X-rays and a Ge(Li) detector to record prompt 

gamma-rays simultaneously, the number of elements determined in 

a single sample was increased. The bombarding beam of 4-MeV 

protons was more energetic than was normally used to excite 

prompt X-rays, but this energy was chosen· to increase the yield 

of X-rays of medium weight elements while at the same time 

approximating to optimal conditions for prompt gamma-ray excitation. 

The elements that were determined by measuring X-ray spectra 

were potassium, calcium, titanium, iron, copper, zinc, gallium, 

rubidium, strontium and zirconium, while those determined by 

gamma-ray spectrometry were boron, flourine, sodium, magnesium, 

aluminium, silicon and copper. 

The same analytical data were then subjected to multivariate 

statistical methods of cluster analysis, multidimensional scaling 

and correspondance analysis. 



Sugilite, a sodium potassium, ferric silicate gem mineral, is 

known to contain lithium but the concentration was determined 

by differences, with the result ~hat the value was subject to 

a large relative error. Because of the rarity of the gem, non­

destructive (nuclear) methods were preferred. 

Lithium was determined under proton bombardment by tw~ comple­

mentary methods, the spectrometry of prompt alpha particles 

from the reaction 7 Li(p,a)~He and the simultaneous measurement 

of the 479-keV 7Li p(l,O) prompt gamma-ray induced by 1 meV 

protons. The analysis was repeated with 4.5 MeV protons to make 

use of the second intense gamma-ray, 429-keV 7Li n(l,O). 
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The present day analyst is confronted with an ever-increasing 

number of methods and techniques based on physical, chemical 

and biological sampling. His primary interest is to solve his 

problem by the most expenditious route .. Thus, for an analytical 
method to be accepted in the practical world it must compete 

favourably with all the other methods in the arsenal of the 

analyst. However, a method will also find wide acceptance if it 

presents unique advantages in areas such as sensitivity, speed, 

cost, low matrix effects, preservation of the sample and so on. 

The advantage which nuclear analysis with charged particles of a 

few MeV has to offer is due to the fact that the bombarding 

particle rapidly loses its energy in matter. It can thus be 

used to analyse surfaces and near-surface layers. This region 

is df no small importance because all interactions with solids in 

heterogeneous systems, whether physical or chemical, occur at 

surfaces. If in addition, the surface layers are representative 

of the bulk of the material, the same method can be applied for 
bulk analysis. 

Not surprisingly, therefore, charged-particle nuclear analysis is 

progressing from extensive exploration and development to 

applications in a variety of research activities [Wo 75, Bi 78, 
Pe 81a]. The impetus for this change comes not only from a more 
widespread realisation and uriderstanding of the special merits of 
the analytical technique, but also from a substantial increase in 
the availability of the means by which such analyses can be carried 

out. Furthermore, although significant additions to the 
methodology are still being made [e.g., Zi 78] there already exists 
a sufficiently large bank of information for the routine application 

of nuclear analysis with charged particles. It is this availability 
of information and instruments, together with the special advantages 
inherent· in the method, that has led to the growth of the number of 

applications. 

Conventional activation analysis involves the measurement of radio­
activity generated in the sample. The radiative emission proceeds 
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slowly being determined by the half-life of the decaying species 

and hence allows time for the sample to be removed from the place 

of irradiation to the place of analysis. However, many nuclear 

transitions occur too rapidly (with half-lives less than nano-

seconds). These rapid decays can provide much information of 

analytical interest, but for a long time received little attention 

because 'prompt' radiation of this kind must be counted in situ 

while the irradiation takes place. It may be noted that chemical 

separation which enhances the sensitivity of classical activation 

analysis by enabling the required activity to be isolated, cannot 

be used with prompt radiation. Nevertheless over recent years 

[Bo 80, Gi 78a, Pe 81b] there has been a continuous growth of 

interest in prompt methods. Of particular interest is the 
measurement of prompt gamma radiations emitted during the de­
excitation of excited nuclear states, because.the energy and the 

yields of the gamma-rays supply information on the types and 

amounts of nuclei present in the sample, but unlike most other 

nuclear processes, the radiation is relatively easy to measure 

since it leaves the reaction site with little or no distortion in 

energy or intensity. 

PROPERTIES OF NUCLEAR REACTIONS · 

KINEMATICAL RELATIONSHIP$ 

A characteristic nuclear reaction yielding prompt gamma-rays may 
be written in the style of a chemical reaction as 

A+a~B+b+y+Q ( 1) 

where g is the energy released during the reaction of an incident 

particle.,~, impinging on a target nucleus A to yield a product 
nucleus B with the emission of light products, Q accompanying the 

gamma-ray(s). Symbollically this is written as : 

A(p,by)B 
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In the non-relativistic case, and for those reactions where b is 
a single particle, the kinematic relationships between the reactants 
and products may be deduced from the laws of conservation of energy 
and momentum [Ev SS]: For a reaction on a target nucleus at rest 
(in the laboratory system of co-ordinates) the conservation of 

total energy requires that 

where 

E + Q a· = (2) 

( 3) 

c is the velocity of light in a vac~um, Ey is the energy of the 
gamma-ray(s) and fl and M refer respectively to the kinetic energy 
and mass of the particles ·denoted by the subscripts. 

If g in equation (3) is positive, the reaction is said to be 
exoergic and kinetic energy is gained in the reaction. If g is 

negative, the reaction is said to be endogenic and there is .a 

threshold energy gth' for the incid~nt particle, below which the 
reaction cannot occur. This threshold energy is always greater 

than IQI and is given by the relationship 

= -Q 
MB+Mb 

MB+Mb-Ma 

Values of Q have been tabulated for most of the commonly used 

reactions ~o 72 a] 

Since the momentum also has to be conserved 

= 

and 

( 4) . 

. (5) 

(6) 

where V is the velocity denoted by the subscripts. ~ and j are 
the directions, in the laboratory co-ordinate system, of the 
particles b and ~ respectively, relative to the direction of inci­

dence. 
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NUCLEAR REACTION CROSS SECTION 

The probability of a nuclear reaction occurring is proportional 

to the product of a number of incident particles arid the number 

of target nuclei. 

For a bombarding beam of 2a particles per second, of energy Qa' 
incident on unit area of a slab of target material of thickness 

dx cont~ining ~A nuclei per unit volume, the number, dn, of 
nuclear reactions of the type A(a,by)B occurring per second 1n the 

slab is given by : 

where the proportionality constant a(E ) has the dimension of - a 

( 7) 

(8) 

area and is called the cross-section of a reaction for a bombarding 

energy lla· 

It is usual to express the cross-section in barns where 

1 barn = 10- 28 m2 

The relationship between cross-section and bombarding energy is 
called the excitation function of a specific nuclear reaction. 

(9) 

At a fixed energy the yield of such a reaction is proportional to 

the reaction cross-section. In practice the analyst is more 
concerned with the variation of the cross-section than with the 

absolute value. Thus instead of calculating cross-sections, it 
has become the accepted practice to measure the relative yields to. 
obtain the shape of the excitation function which may be relatively 
smooth or may show large peaks called resonances, corresponding to 

excited states of the compound nucleus formed. as an intermediate 
stage iri the reaction. In the latter case, careful choice of 
incident particle energy can maximise the yield from one reaction 

whilst minimising that of others. References to reaction cross­
sections are given in [Go 72 a]while information on cross-sections 
·themselves is available for charged-particle reactions [~g. La 6&] 
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CHARGED PARTICLE REACTIONS 

The interaction between accelerated charged particles and target 

nuclei leads, through nuclear interactions, to the emission of 

prompt gamma-rays which are characteristic of the product nuclei, 

and, through a knowledge -0f the nuclear reaction taking place, 

are also indicative of the target. 

Figure (1) is a schematic representation of a proton-induced 

reaction, A(p,by)B. 

Ao"-------,A.---_:_- - - - - - - - -

Target 

FIGURE 1 

B 
Product 

Schematic representation of the nuclear reaction 
A(p,by)B by compound nucleus formation showing 
the kinetic energies involved and the energies 
of the gamma-rays produced. E is the excitation -x 
energy of the compound nucleus, which is the sum 
of the binding energy and a term proportional to 

the kinetic energy, Ep• of the bombarding particle. 

The target nucleus A is.bombarded with protons ,p, of energy _gp. 
At the time the proton enters the target nucleus, an intermediate 
nucleus is formed, which emits particle Q almost instantaneously 
as a prompt light product and forms the heavy product nucleus in 

its ground state (B
0

) or in its excited state (Bi). The corres­
ponding light product is labelled Q

0 
and b. in Figure 1. The 

-1 
emission of pro~pt particles Qi will be followed by the decay of 
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the excited level to a lower state through the emission of the 

prompt gamma-rays E as shown in the figure. The excited states -y 
correspond to a unique set of well-defined energy levels, so that 

the prompt gamma-rays which are emitted are characteristic of the 

product nucleus. A knowledge of the reaction parameters and the 

energy levels of the product nucleus thus permit the identifica­

tion of the emitted gamma-rays. 

Three special cases of nuclear interactions with bombarding proton 

beams that have some relevance to elemental analysis deserve 

mentioning 

(a) where the light product particle ,b, is a proton and only 

part of the energy of the bombarding proton is transferred 

to the target nucleus. The target nucleus is left in an 

excited nuclear state which subsequently decays, usually by 

the emission of gamma-rays. The interaction may be written as 

p +A~ p' +A* +.Q 

followed by A*-;;.A+y (10) 

where p' refers to the outgoing proton and A* decays to the 

excited state of the target nucleus. Such interactions are 

obviously endoergic and are called 'inelastic scattering'. 

The term 'Coulomb excitation' ·is also used for such inter­

actions ~xcept when the mechanism involves the formation of 

a compound nucleus. 

analysis is that the 

energies appreciably 

The importance of the interaction to 
gamma-rays may be excited at bombarding 

below the Coulomb barrier (q.v.) 

(b) where the only light products are gamma-rays and the proton 

undergoes capture by the target nucleus. Such reactions 

are usually exoergic and the product nucleus is produced in 

a highly excited state. Relatively high energy gamma-rays 

are frequently emitted in such reactions, and their analytical 
significance lies in the fact that interfering radiations of 

equivalent energies are unlikely. 
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(c) where the interaction results merely in an exchange of 

kinetic energy without nuclear excitation of the target 

nucleus. Such interactions are called 'elastic scattering' 

and are important for analysis because the extent of energy 

loss.of the bombarding particle provides information on the 

mass of the scattering nucleus. 

GAMMA-RAY EMISSION 

The excitation of atomic nuclei by impinging charged particles 

proceeds only by means of the interaction between the electro­

magnetic field of the projectile and nuclear protons [Al 56]. 

The electrostatic Coulomb barrier, £b, between the positively 

charged bombarding particle and the nuclear charge may be calculated 
by [Ri 68] : 

Cb (MeV) = 
0.959kZ Z 

l 2 

A 113 + A 113 
l 2 

( 11) 

~ where Z.and.A .. are atomic and mass numbers respectively, the sub~ 

scripts ~ and ~ refer to the bombarding and target nuclei and k 

is a constant related to the quantum-mechanical penetration of the 
barrier [Do 59]. As was indicated earlier, Coulomb excitation 

involves a scatt~ring process whereby the incident projectile 

energies are sufficiently below the Coulomb barrier, so that the 
projectile is outside the range of nuclear forces. Occurrence 
of this scattering process can be detected by radiation from low­

lying excited state(s) of the nucleus, each excited state being 
characterised by its energy excess above the ground state, and by 
spins and parity. 

The mechanism described below for gamma emission is essentially 
the same whether the excited state is formed by Coulomb excitation 
or as a result of nuclear reactions. 

Since gamma-rays are electromagnetic radiation, their emission by 
nuclei is due to the oscillation of electric charge. "The complex 
oscillation of electric charge in nuclei may be broken down into 
the backward and forward motion of charges and into the fluctuation 
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of the electric current flowing in closed loops'' (Quoted verbatim 

from [Ha 62]). The distribution of charge may be expressed in 

terms of electric multipoles (E) and the distribution of closed 

current loops defines the magnetic multipoles (M). Electro­

magnetic theory of radiation for an oscillating charge or current 

loop in the nucleus shows [Ha 62] that the emitted quanta carry 

away angular momentum ,Z, as well as energy in such a way that 

for each quantum of energy emitted, there is an emission of one 

unit of angular ~omentum. Furthermore, there may or may not be 
a change in parity and spin between the initial and final states 

of the nucleus. Thus the general rules [Ha 62] connecting the 

ground and excited states of the nucleus are 

1. I . + If > z >" I Ii - Ifj 1 -
2. 7T. + 7T f + z is even for radiation by electric radiation. 

1 

3. 7T. + 7T f + z is odd for radiation by magnetic radiation. (12) 
1 

where I and 7T represent the spins and parities respectively and 

subscripts !·and i denote respectively the initial and final 
states of the nucleus. The terminology commonly used to describe 

the type of transition taking place are En and Mn where ~ is a 
number representing the angular momentum quanta carried away. 

The terminology for gamma-ray processes can thus be summarised 

[Ha 6 2] : 

Radiation Angular momentum Does nuclear . 
type Name carried away parity change? 

E1 Electric dipole 1 · Yes 

M1 Magnetic dipole 1 No 

E2 Electric quadrupole 2 No 

M2 Magnetic quadrupole 2 Yes 

E3 Electric octupole 3 Yes 

M3 Magnetic octupole 3 No 

E4 Electric 2"-pole 4 No 

M4 Magnetic 2"-pole 4 Yes 

Table 1 Gamma-ray emission rules. 
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It should be noted that the minimum angular momentum which can be 

carried away by a gamma-ray photon is one tu1i t, hence transitions 

are forbidden between two levels both of Khich have zero spin. 

Recent tabulations have listed the strengths of gamma-rays 

classified according to the character of the transition [En 79a, 
En 79b, En 81 ] • 

NUCLEAR ANALYSIS WITH CHARGED PARTICLES 

The main difference between analysis with charged particles and 

that using other activation methods, stems from the characteristi­

cally strong Coulomb interaction of the bonbarding ions with 

electric charges in matter. Whereas neutrons and photons penetrate 

matter easily, charged particles are slowed down and stopped within 

a relatively short distance. Thus, while the nuclear cross-
section may be considered essentially constant throughout the 

samples for neutrons and photons, it should be expected to vary 
';""t.V.J$ 

drastically with depth as the charged particle"is degraded within 
the sample. 

THICK TARGET YIELDS 

When the nuclei A of a thin target interact with a beam of charged 

particles of energy Ei' the yield of gamma-rays (Y) is proportional 
to the rate of reaction as defined in equation (7). The beam is 

degraded only slightly in a thin target so£ in equation (8) can 
be considered constant. Since, however, the analyst is more often 
than not confronted with the analysis of thick samples (infinitely 

thick with respect to the beam), the rate of gamma-ray production 
is given by : 

= 

where ~o is the number of nuclei per unit mass of target and R 
is the effective rartge of the bombarding particle in the thick 
target beyond which the energy is insufficient to cause nuclear 

( 13) 
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excitation. Experimentally the yield that is measured, l' is 
related.to the above but corrected for the solid angle n, sub­

tended by the detector and the fractional efficiency of detection 

of the gamma-ray, £. · Thus 

y = 

Since the particle energy at x = R is Eth' the yield may be 
rewritten in terms of energy as 

= 

dE (x) 

( 
dE (x) )-1 dE 

pdx 

where pdx is the stopping power with.E(x) as the kinetic 

(14) 

(15) 

energy of a charged particle at depth x in the sample and£, the 
sample density. The stopping power, i.e. the energy loss per 
unit length is given by [Fa 63] 

dE (x) 
= 

dx 

where e = 

n = 

Me = 

q = 

v = 

13 = 

M v 2 
e 

charge 

number 

mass of 

on the electron 

of electrons :per 

the electron 

( 16) 

unit volume of the sample 

the effective ionization potential of the atoms 
in the target material 

the velocity (non-relativistic) of the projectile 

v/c, where c is the velocity of light. 

Multiplying and dividing both fractions on the right by M
1

, the I 

incident particle mass, and remembering that E = 1M
1
v2 , equation (16) 

is converted to : 

dE (x) Z 2 M [ 4MeE C-~ 2 ) a2
] = nK 1 1 x Zn -- + Zn (17) 

dx E . M q 
1 

2'1Te .. 
where K = 

Me 
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Thus it is clear that the stoppin~ power depends on the nature 

of the matrix (n,q), and on the nature (Z ,M ) and kinetic 
1 1 

energy (E) of the bombarding particle. 

QUANTITATIVE ANALYSIS 

The measured yield, y, from a nuclide w in a sample is given 

[Is 78a] by modifying equation (15) to : 

y = <PP 
1 

w M 
w 

where Rw is the concentration of w in the sample and Mw its 
atomic mass. 

(18) 

The ratio between the measured yields induced in a sample, ~' and 
in a standard can be ~ritten as 

(19) 

where the superscript ~refers to the standard, and the subscript 
s to the sample, and where the effective quantity U is defined as 

u = 1Et:(EJ(·pdx )dE 
dE(x) 

. E. . 
1 

Various mathematical methods have been applied to cope with the 
'problem of correcting for range effects of charged particles in 
different matrices. The best known procedures are 

(20) 

(1) the method of equivalent thicknesses ~n 65]. This method 
is not easy to apply and has the disadvantage that the errors 
of the analysis depend diiectly on the errors of the calculated 
equivalent thickness. Consequently this method is not often 
used. 

(2) the method 6f average cross-sections mi 65, Ri 67], and, 

(3) the method of average stopping power [Is 78a]. 
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The latter two methods are closely related. 

From equation (20) it can be seen that U is composed of a cross -

section and a stopping power factor. If now the value of the 

cross-section is replaced by the average cross-sectidn <a> we 

obtain : 

u = 
pdx 

dE (21) 
dE(x) 

which expresses~ according to the method.of average cross­

sections. Alternatively, if the average stopping power ( dE (x)) 

is 'substituted for the stopping power factor we obtain : pdx 

< dE(x)>- 1 

1
Eth 

U = cr(E)dE 
pdx 

E· 
l' 

(22) 

which expresses U according to the method of average stopping powers. 

·In a detailed discussion [Is 78a] it was shown that the assumptions 

inherent in the method of average cross-sections reduces the value 

of the correction factor to 

= ' 

while the assumptions of the method of average stopping powers 

reduced the value of the correction factor to 

( 
dE) 

pdx 
5 = 

(~)o pdx 

(2 3) 

(24) 

where the mean energy ~m at which the ratio of the stopping powers 

have to be calculated, is given by : 

E. . 

l :cr(E)dE 
= E 

J i cr(E)dE 

0. 

(25) 
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Experimental evaluation of these two approaches for oxygen deter­

mination in different matrices by triton activation [Is 78a] showed 

that the method of average stopping powers was clearly the more 

accurate. For this.reason the method of average stopping powers 

was used in this investigation. 

It may be noted that E depends only on the excitation function -m 
and is independent of the matrix in which the analysis may be 

carried out.·- For this reason universally applicable E. values -m 
may be compiled as a function of bombarding energy from excitation 

function data. 

Since the accuracy of an analysis will depend on the accuracy of 

the stopping power factor it is important that the most accurate 

data on stopping powers should be used. The most recent compilation 

[Zi 77]of such data give values for a variety of particles for 

matrices of each pure element. The data can readily be converted 

by Bragg's Law for any matrix of known composition. 

·If in ·any 'particular ·analysis ·it· is fe·ared that systematic errors· 

may be introduced by even the best available stopping power data, 

it has been shown [Is 78b] that the ·use of stopping poKer data can 

be avoided provided the products of several nuclear reactions are 

simultaneously measured. 

PROTON-INDUCED PROMPT GAMMA-RAY SPECTROMETRY 

Interest in prompt gamma-ray spectrometry has been gro"ing steadily 
over the past 25 years primarily because it is so simple to apply 

and also because it is potentially a ~apid method. Among the 

earliest applications were the determination of beryllium in air­

borne dust by the measurement of the gamma-rays emitted during the 

irradiation with alpha particles from 210 Po [Go 57] and the determi­

nation of flourine in glasses by measuring the energetic gamma-rays 
emitted under proton bombardment [Ru 57]. Since then interest in 

the technique has grown apace but most of the literature on the 
subject was published over the past decade. Accelerated protons 
and to a lesser extent, helium ions were at first the favoured 
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means of excitation but with impr6ved accelerator techniques more 

attention was given to heavier ions as well. 

A comprehensive bibliography [Bi 78] which included the literature 

published to the end of 1976 revealed that most investigations 

made use of proton beams and of these many of the investigations 

were confined to studies on low-Z elements such as fluorine, sodium, 

aluminium and silicon. Furthermore, relatively low bombarding 

energies ~ere used in these investigations. A notable exception 

was the use of cyclotron beams of up to 8 MeV [Sh 73]. 

In recent years there has appeared a series of surveys each 

extending the knowledge of prompt gamma-ray spectrometry to areas 

of application that had previously been poorly documented. Thus 

the prompt radiations from a wide range of elements under bombard­

ment with protons up to 4 MeV were studied [Cl 75] and attempts 

were made at estimating the attainable sensitivities. The data 

obtained from the wide-ranging investigation from the Belgium 

group were summarised [De 78] in a survey covering the elements 

·Ti to· Zn. In- that study, data·was provided on· the bombardment 
. -

of thick targets with protons up to 3.5 MeV. The paucity of 

analytical data for alpha particle (~He+) bombardment was largely 

remedied by a systematic survey [Gi 79a]in which the gamma-rays 

induced by 5 MeV beams were summarised. Further data were also ,, 
reported [Gi 78a]for beams of 1"i. and 16 MeV. In the case of 

triton irradiation at energies of a few MeV the most likely 

reactions are (t,n), (t,p), (t,d) and ·(t,a), all of which are so 
exoergic that complex gamma-ray spectra may be expected from the 

decay of their products. This may explain why only one application 
of this technique [Pe 72]. appeared in the 1 i tera tu re prior to the 

publication of a systematic study ~overing over 30 elements [Bo 78] 

and providirig information for irradiation with tritons up to 

3.5 MeV. The analytical possibilities of Coulomb excitation with 

heavy ions was demonstrated for beams of 55-MeV 35 Cl ions in a 
study [Bo 79a]covering over 40 elements. 

A recent review article [Bo·80] dealt with the prompt gamma-rays 

produced during the bombardment of most elements by a variety of 

charged particles and the use of prompt gamma-ray spectrometry as 
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an analytical tool. In this review analytical possibilities were 

enumerated and the expected sensitivities were reported. Even a 

casual reading of this artiale [Bo 80] revealed that whilst much 

effort has gone into·the study of the analytical possibilities of 

prompt gamma-ray spectrometry with beams of a specialised nature 

available only from selected accelerators, the use of simple 

proton beams at energies above 4 MeV was ignored. This observation 

confirmed earlier impressions gained from the examination of the 

bibliography. on. ion-induced prompt .gamma-rays for nuclear analysis 

[Bi 78], where only a single article [Sh 73] described the use of 

a few elements with 6 and 8 MeV protons. 

A need thus existed to extend the work done by previous users of 

proton beams to energies exceeding 4 MeV. The Van de Graaf£ 

accelerator of the Southern Universities Nuclear Institute is 

capable of providing beams up to 6 MeV. Accordingly this work 

was undertaken to study proton-induced prompt gamma-ray spectrometry 

with beams of up to 6 MeV and to evaluate the analytical possibili­

ties. 

SCOPE OF THIS INVESTIGATION 

Nuclear physics research has established the energy levels of most 

nuclei to fairly high energies of excitation and their decay by 

gamma-ray emission but for analytical purposes this mass of data 
is not readily assimilable because most frequently the original 

measurements were carried out on thin targets and under conditions 

of irradiation selected in terms of the requirements of the 

original investigation. What the analyst needs is a normalisation 
of the gamma-ray yields to a single set of experimental conditions. 

Furthermore, since most analyses are not carried out on thin 

targets the aforementioned normalised data would be more useful 
when relating to thick targets. In such a compilation the absolute 

accuracy of the data though important would be secondary to the 

.relative yields of gamma-rays .emitted from different elements under 

constant conditions of irradiation. Such relative values could 

then readily be applied to any analysis of thick targets using 

bombarding beams of the same energy. 
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For the above reasons the primary purpose of this investigation 

was to identify the proton-induced gamma-rays and to measure 

their yields under uniform experimental conditions for as many 

elements as possible~ The usefulness of the data would increase 

with the increasing range of proton energies and for this reason 

the investigations were extended to 6 MeV, being the highest proton 

energy routinely accessable with the Van de Graaff accelerator of 

the Southern Universities Nuclear Institute. To provide an over­

lap with previously published [Bi 78, De 78, An 81] compilations 

a lower energy of 3.5 MeV was decided upon. Proton energies below 

the latter value were however not excluded for cases of special ,, 
interest. 

The characteristic features of a gamma-ray spectrum are sharp 

peaks superimposed on a continuum. Since the intensities of the 

gamma-rays have to be measured against the continuum, the sensitivity 

of analysis attainable through the use of a particular gamma-ray 

will not increase uniformly with increasing yield but will also 

depend on the manner in which the intensity of the continuum 

changes. AccordinglJ~ the variation of attainable sensitivity with 
bombarding energy had to be determined. 

Every n~turally-occurring element was studied except hydrogen, the 
nucleus of which has no excited state, the noble gases and· the 

radioactive heavy elements; poloniumj radium, actinium and prot­
actinium. The investigation thus covered 77 elements. 

Once the data had been evaluated practical application of the 
technique had to be studied. 

The experimental procedures are described in Chapter 2. The 
main features of the results obtained for each element are described 

element-for-element in Chapter 3. Under each ~lement are listed 
the observed and identified gamma-rays and the yield data pertaining 
to 4.5 MeV protons. The yield of gamma-rays showing the best for 
potential analytical application are given as a function of bom­
barding energy from 3.5 to 6 MeV. For these gamma-rays sensitivity 
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data are presented as co-efficients of a polyrtomial fitted to 

the experimental data by the method of least squares. 

The information contained in the survey was applied for the deter­

mination of minor components in steels. This work is described 

in Chapter 4 and illustrates how two different detectors can be 

used for spectrometry of different energy regions in the gamma­

ray spectra~ In_ Chapter 5, the application of the technique to 

the determination of major and minor components in cements is 

described and illustrated how two different irradiation conditions 

could be used to increase the number of elements analysed. Two 

different analytical techniques of photon spectrometry were used 

for the analysis of archaeological samples and this work is 

described in Chapter 6, while comparison between prompt gamma 
spectrometry and prompt charged-particle spectrometry was 

illustrated by the analysis of a gemstone mineral, as described 
in Chapter 7. 

It was realised that a systematic compilation of the data would 
be of archival value.. For this reason an Atlas of Spectra 
recorded under bombardment with 4 MeV protons is given for the 

elements investigated in order of atomic number in Appendix I. 

A Catalogue of all observed and identified gamma-rays is given in 
Appendix II in order of gamma-ray energy. To facilitate the 
use of the Catalogue for evaluating possible interferences, yields 

and attainable sensitivities at a proton energy of 4.5 MeV are 
included in the listing. 



C H A P T E R 2 

EXPERIMENTAL 
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SELECTION OF MATERIALS 

In order to obtain quantitative data, targets of pure elements were 

preferred. Where metals were available, these were used. In 

some cases the pure elements were available in powdered form and 
these were compressed into tablets for use, provided the tablet 

could withstand the temperatures generated during bombardment. 

Where the elements were either chemically ~eactive or unsuitable 

for irradiation, simple compounds such as oxides, halides or other 

salts were used. The exact chemical form of the target is 
described for each element in Chapter 3~ 

PREPARATION OF SAMPLES FOR IRRADIATION 

(a) Pure solid samples 

Pure metals were usually obtained in flat sheet form, 1 - 2 mm 

thick and measuring 25 mm square. These were machined to fit 

the target holders (q.v.), and washed by immersion in absolute 
alcohol. 

Standard steel samples were obtained from the U.S. Bureau of 
Standards, Washington and Harwell, England. They were cut 
into discs of 2 mm thick. and about 13 'mm diameter, except when 
the original dimensions were smaller. The surface of the 
samples were mechanically.polished with diamond paste to give 
a smooth, mirror-like finish, and thereafter were carefully 
washed under ultra-sonic agitation with water containing 
detergents to remove the remaining traces of abrasives. This 
process was repeated using hot organic solvents to remove 
surface greases. Silicon was obtained in the form of pure 
solid wafers whereas pure germanium and hafnium targets were 
machined to a convenient size out of lumps of pure element. 
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(b) Pellets of pure elements and simple compounds 

Elements that were obtained in a granular form or coarse 

lumps were crushed, and powdered nortions of about 15 g were 

pressed into pellets having the same dimensions as the 

machined discs, by means of a Beckman 13 mfu die ~nd 25 ton 

hydraulic press, shown diagrammatically in Figure 2. 

Steel pellets 
~ 

-----------~0---· 

Plunger 

/Paper disc 
f=i::;::;::;=;~:::~~ Powder 

.· . . · . . ·. 
) Paper ring 
.· . . ·. ·:· 

FIGURE 2 Schematic representation of the die used for 
making target pellets. 
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The paper rings and discs sh61~n in the figure were used to 

give extra mechanical strength to allow for safer handling of 
the final pellet. The paper discs also served to protect the 

die from any da~age by small crystals o~ harder materials, and 
overall, to decrease the possibility of cross-contamination 
between samples. Compression of material was carried out 
under vacuum to remove trapped air. A uniform pressure of 
ten tons was applied since this was the maximum permissible 
for the· die used. After the preparation of each pellet,· the 
whole apparatus was thoroughly cleaned and washed with water 
and alcohol to remove all .traces of remaining powder. 

Standard reference cement samples were obtained from the 

U.S. Bureau of Standards, Washington, U.S.A. and were pressed 

into pellets. 

It was assumed that all the sample specimens were homogeneous. 
Prior to irradiation, all the targets were kept in a vacuum 

dessicator to prevent contamination from dust. 

(c) Thin targets of pure elements 

For the qualitative study of some of the pure elements, use 

was made of thin targets. Foils of 5 µm thick, mounted on 
permanent supports of epoxyresin of about 1 mm thick were 
obtained from Messrs. Goodfellow Metais, Cambridge, England. 
The only handling that was required on these targets was to 
cut them to fit on the target holder. Some thin targets of 
pure compounds were made by evaporating the material onto 
backing of tantalum in vacuum under electron bombardment. 

(d) Archaeological Specimens 

Source materials such as soapstone and clay samples were 
obtained from several areas of South West Africa/Namibia. 
From the soapstone rocks ~btained, smooth slabs were cut 
measuring about 20 mm wide and varying in length between 150 

and 200 mm. The clay specimens were compressed into pellets 
by the technique previously described. Unlike source 
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materials, archaeological specimens of artefacts, potsherds 

and clays were analysed without treatment, but care was 

taken to mount the specimens in such a way that the bombarding 

beam fell onto a relatively flat area. 

(e) Gemstone mineral 

Sugilite, a sodilli::l potassium, ferric silicate mineral from 

the Kuruman district of the Northern Cape was analysed for 

its previously undetermined lithium content. The single 

sample had been polished and thus presented smooth faces for 

bombardment. Standards for comparison were prepared by 

making homogeneous mixtures of the known constituents in a 

bore-mill and compressing the mixtures into pellets. 

THE FACILITIES FOR IRRADIATION AND MEASUREMENT 

THE SCATTERING CHAMBER 

Irradiations were carried out in a scattering chamber (F.igure 3) 

which was specially designed for optimum efficiency and for the 

simultaneous use with five detectors. The aluminium chamber was 
electrically insulated from the beam line and all detectors, so that 

it serves as a self-contained Faraday cup. It was thus possible 

to integrate the bombarding current directly. The bombarding 
beam was collimated outside the chamber in the beam tubes, by a 
series bf tantalum diaphragms The final beam spot diameter was 

defined by a variable collimator just outside the chamber, in 

·front of which was placed a copper grid, charged to -300 V, to 
prevent entry into the chamber of secondary electrons produced by 
glancing collisions of imperfectly focused beams on the beam tubes. 

The chamber was easily isolated from the remainder of the 

accelerator vacuum system with a single-stroke hand-operated vacuum 
lock. ·The size and position of the beam could be viewed on a 
quartz window at the rear of the chamber. 

Since the archaeological samples, that could be analysed in vacuum, 
were limited in shape and size by the geometry of the vacuum 
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FIGURE 3 Insulated scattering chamber specially designed . 
for analytical use with up to five different 
detectors. 

chamber, most samples were analysed externally [Bo 79c]. The 

quartz viewer at the rear of the chamber was then removed and 
repiaced by an exit window made of 0.01 mm thick beryllium foil 
(1.85 mg.cm 2 ). After emerging through the window, the beam was 

collimated by a 3 mm hole in a perspex plate and allowed to fall 
on· the target mounted at an angle of 45° to the direction of 

incidence of the beam. Samples which were awkward in shape and 

size could now be easily mounted manually. 

THE DETECTORS 

To meastire the prompt gamma-rays, use was made of a lithium-

drifted germanium detector [Ge(Li)], and a high-resolution intrinsic 
germanium detector [IG]. 

The 80-cm 3 Ge(Li) detector had a resolution of 2.3 keV at 1332 keV 
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and was of the type which has been in common use over the past 

decade. 

For energy calibration, standard reference sources, 22 Na, 57 Co, 
60 co 137 Cs and others were used. ' . ' 

To calculate the relative yields of the various prompt gamma-rays · 
that were studied, the absolute efficiency of the detector had to 
be measured,. using calibrated sources. .A plot of the % efficiency 

as a function of gamma-ray energy is shown in Figure 4. 
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FIGURE 4 

Gamma-ray energy (keV) 

The measured efficiency of the Ge(Li) detector as 
a function of gamma-ray energy. 

The Ge(Li) detector was positioned at 45° to the beam where the 

aluminium chamber was specially thinned so as to reduce the 
absorption of lower energy gamma-rays. It was also found that in 



24 

this position, the effect of neutrons from the target was small. 

For high-resolution work, a Princeton Gamma-Tech intrinsic germanium 

detector was used ha~ing an active area of 300 mm 2 ~nd a thickness 

of 10 mm. The resolution at 5.9 keV was 266 eV and at 122 keV, 

534 eV. Initially the IG spectrometer was placed in a port of the 

scattering chamber, positioned at 105° to the beam. How~ver, 
in this position the detector was subject to vibration from the 

vacuum pumps, which resulted in high_ mic~ophonic background in 

the gamma-ray spectrum. Accordingly, the detector was shifted 

to a free-standing 45° position. 

Other detectors used in the present study were : 

(a) a lithium-drifted silicon detector, Si(Li), for the 

measurement of prompt X-rays. The detector was used 

simultaneously with the Ge(Li) in the study of archaeological 

specimens • 

. (b) a silicon surface barrier detector for the measurement of -

prompt alpha particles. A gold absorber of appropriate 

thickness was placed in front of the detector to prevent back­

scattered protons· from penetrating to the detector. This 

detector was used simultaneously with the Ge(Li) spectrometer 

in the determination of lithium in a gem mineral. 

THE AUTOMATIC SAMPLE CHANGER 

The samples were mounted normal to the beam on a vertical ladder 

which had space for ten holders with an additional vacant position 

for beam alignment. The ladder was fitted into the shaft of a 

motor drive and kept accurately at the centre of the scattering 
chamber by nylon-grooved wheels on either side (Figure 5). 

The position of the ladder was controlled by a stepping motor 

operating at six pulses perm~, through a 25:1 gear, thereby 

enabling the target to be positioned accurately within about 6 µm, 

at a speed of 1 to 400 steps per second. By moving the ladder 

in the chamber under remote control, it was possible to bombard 
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ten targets without disruption of the vacuum system. 

c 

B 

A 

0 
0 
0 
0 -a-

THE ELECTRONIC MEASURING SYSTEM 

FIGURE 5 Automatic Sample Changer 
A - Sample Ladder 
B - Nylon positioning wheels 
C - Stepping motor 

A block diagram of the electronic system used for prompt gamma­

ray spectrometry is shown in Figure 6. 

The output pulses from the Ge(ti) detector, were transmitted 

through a low noise pre-amplifier to a high resolution linear 
research amplifier (ORTEC Model 450), both of which were able to 
handle high count rates without appreciable loss of energy resolu­

tion. These pulses were then transmitted to a 4096-channel 

pulse-height analyser through an analogue to digital converter. 

A current integrator, set to count for either a pre-determined 

time or to accumulate a pre-determined total current, automatically 

switched off the measuring system when the value was reached. 

An identical arrangement was used with the IG detector. 
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Block diagram of eletronic and computation 

equipu.er.~ for gamma-ray measurement. For low 
energy ga~~a-ray measurernents,an intrinsic 
germani~ detector was used. 

A proton beam of variable energy was produced by the 6 MV 

Van de Graaf£ accelerator of the Southern Universities Nuclear 

Institute. The accelerated beam was reduced by collimation and 

focused to a circular cross-section of 3.5 mm. The beam impinging 

on the target was measured with a current integrator and the 

current was so adjusted that system dead-time losses in the multi-

channel analyser did not exceed 10%. As there was some variation 

in the proton beam current with time, it was often more convenient 

for determining the duration of the irradiation by the integrated 

charge falling on the target ~ather than by the clock time. 
Depending on the type of target under investigation, beam currents 

ranged from about 0.5 to 3 nA. Counting required 10 to 15 minutes 

per sample depending on the nature of the sample under scrutiny 
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and in particular on the concentration levels at which the elements 

were to be determined. 

For the survey, proton beams of 3500 keV to 6000 keV were used, 

whilst for excitation curve data, targets were bombarded with 

protons of 2500 keV to 5700 keV in steps of 100 keV. The bombarding 

energies used in the actual analysis for specific elements, were 

selected according to the sensitivity curve data obtained in the 

Survey (see Chapter 3) . 

At the end of each run, the spectrum was recorded on magnetic tape. 

The UNIVAC 1105 computer of the University of Cape Town was used 

to process the data off-line. 

COMPUTATION 

The availability of the PDP-11 and PDP-15 on-line systems at SUNI 

assisted materially in the smooth running of the experiment by 

instantaneously supplying information such as peak position, peak 

areas and energy calibrations on demand. 

The PDP-15 computer, under the operating system RSX PLUS III, was 

also used to compile programs to assist in the calculation of ·the 

survey data. One such program was written to calculate stopp{rig 

powers of compounds using Ziegler co-efficients [Zi 77] and Bragg's 

Law, while another was for computing the co-efficients of poly­
nomials fitted to sensitivity functions by the method of least 
squares. 

The computer program routinely used for the determination of peak 
areas was a modified version of SAMPO [Ro 69]. The program 
fitted modified Gaussian peaks and curved baselines to the observed 
data, by iteration until the chi square value reached a minimum. 
Input information included a series of well-defined single peaks, 

approximate peak centres, resolution and two parameters describing 
deviatibn from true Gaussian shape as obtained from radioactive 

standards. Using this information, the program computed ·a calcu­

lated spectrum, .and compared it with the observed spectrum, a 
calculated·baseline, and the best fit parameters, centroids and 
areas of spectrum peaks. An important advantage of the program 
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was that it enabled up to six clo~e-lying or even overlapping 
peaks to be resolved and separately integrated. 



C H A P T E R 3 

SURVEY OF THE ELEMENTS 
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The objective of the present study was two-fold. The first need 

was to make available to the analyst added information of a kind 

that would make decisions on selectivity and sensitivity possible. 

Since what information was available was widely scattered from 

many investigations under different experimental conditions, the 

second need was to establish a consistent bank of data so as to 
make possible comparison of the gamma-ray intensities from 
different elements in a single matrix. 

When investigations were carried out at bombarding energies above 

3500 keV, not only did the yield of gamma-rays increase with 

energy, but the- number of gamma-rays available for analysis also 

increased. With increasing complexity of the gamma-ray spectra 

.at higher proton energy, the probability of the inter-element 
interferences increased as well. To evaluate the extent of 

possible interferences, it was necessary to study as many elements 

as possible and to extend the study over a wide range of bombarding 

energies. In the survey that follows, attainable sensitivities 

and yields of gamma-rays from all stable, non-gaseous elements 

under bombardment with protons from 3500 to 6000 keV are presented. 

SENSITIVITY OF ANALYSIS 

It is usual to express the sensitivity of an analytical method as 

the minimum amount of material that can be determined. In the 

present context the sensitivity of an analysis, based on the 
measurement of a particular gamma-ray, will depend on the integrated 
area under the relevant spectrum peak, but since the peak is 
measured against a background continuum it may be expected that the 
intensity of the background will determine the sensitivity of the 
measurement. The usual method of determining the nett area under 

the peak in the spectrum is to integrate the total peak area in 
the required energy region and to subtract· from it the in~egrated 

background, the shape of the background spectrum being inferred 
from adjacent energy regions. 
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It can readily be shown that for a large number of counts, the 

standard deviation is given by JC .. where f is the expected average 

value of the measured count. In practice, the relationship is 

approximately true when C refers to the measured number of counts. - -

Since = c - c total bg 

where the subscripts refer respectively to the nett integrated 

count under the peak, gross integrated count and the integrated 

background count, the standard deviation of the nett count, 

crnett' is given by 

(26) 

and therefore 

(27) 

It thus follows that the background is the most important parame~er 

affecting the sensitivity. 

For an analytical method three levels of concentration can be 

considered [Cu 68] 

(a) a concentration region where the nett peak is sufficiently 
precise to enable quantitative analysis to be carried out 
with relative standard deviation of less than 10% , 

(b) a lower level of concentration where the nett peak is 
sufficiently intense for qualitative analysis but where 

quantitative analysis become more inexact, and , 

(c) the lowest concentration.region where the definition of the 

nett peak is indistinct and qualitative analysis becomes 

unreliable. 
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From a thorough investigation of sensitivity limits in these 
regions [Cu 68] using well-known blanks and accepting the restric­

tion that (a) should have a minimum precision of 10%, it was 
shown that : 

In region (a) 

In region (b) 

In region (c) 3.29crbg > cnett > 1.64crbg 

In this work 'sensitivity' as applied to a gamma-ray refers to 
the concentration of the target element for which 

cnett = 3 Vcbg. (28) 

·and approximates to the lower limit of region (b). These values 

were obtained from spectra of thick targets of pure elements, .. 

and this appioach is justified because the spectrum that would be 
generated from the element under consideration in any conc~ntration 

would approximate to that of the pure element if, ideally, that 
element alone contributed to the gamma-ray spectrum. Therefore 
the sensitivity limits given here are practical limits albeit 

. . 
from an idealised matrix. In these targets, the same elements' 
would be detectable with a greater sensitivity. 

The analyticai definition of sensitivity as accepted by the 
International Union of Pure and Applied Chemistry refers to the 
rate of change of signal with concentration as given by the slope· 
of a calibration line [An 76]. Such a definition by implication 
refers to region (a) above but cannot apply when no calibration 
line had been constructed, as is the case in this survey. The 
'limit of detection' as defined in the same document [An 76] 
gives a lower value than that given by equation (28) and refers 
to region (c) above. As has been mentioned above, the term here 
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refers approximately to the region (b). 

FACTORS INFLUENCING SENSITIVITY 

For a prevailing level of background the sensitivity would be 

improved if the peak spanned the least possible expanse of the 

continuum i.e. the detector should be of optimum resolution. 

Poor sensitivity resulted from the measurement of Doppler 

broadened prompt gamma-rays in cases where the extent of broadening 

exceeded the resolution of the detector. The Doppler effect is 

prominent in (p,ay) nuclear reactions on light target nuclei. 
' 

When an excitation function contained marked resonances, advantages 

could be taken of the high yields obtainable at resonance energies 

in thin target ~nalysis. 

In thick target bombardment the yield of ·prompt photons increased 

with bombarding energy and accordingly the attainable sensitivities 

might have been expected to improve. However, with higher 

bombarding energy there was an increase in the flux and number 

of prompt gamma-rays with the result that the intensity of the 

Compton continuum also increased. The optimum bombarding energy 

was the energy where ~he best compromise between increased yield 

and increased background was attained. To determine the optimal 

bombarding conditions interference-free sensitivities were calcu­

lated as a function of bombarding energy. An n-order polynomial, 

with n = 3 in most cases was fitted to the experimental data by 

the method of least squares. In the survey that follows the 

co-efficients of the corresponding curve for the polynomial 

s n i = L a.E 
. 1 i=o 

(29) 

are listed for each element. The proton energy at which the 

m~imum· sensitivity, Smin' is attainable,is given for each gamma­
ray considered. It may however be pointed out that the use of 

bombarding energies higher than that 'for optimal sensitivity, has 

the advantage that data may be accumulated faster, because of the 

increased reaction cross-section, for a relatively small loss of 
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sensitivity. Such conditions may be preferred when higher 
concentrations have to be determined.· 

Because the intensity of the background is so important to the 

measurement of sensitivity it may be appropriate to discuss the 

backgrounds that are generated by the irradiating beam and that 

caused by radioactivity in the vicinity, before proceeding to the 
element-by-element survey. 

BEAM-INDUCED BACKGROUND 

The background counts(see background) in the previous section. 

refer to the level of _the continuum in the spectrum against which 

the peak of interest had to be integrated. The intensity of this 
continuum is made up of contributions from the following beam­
induced counts : 

( i ) gamma-rays produced in the target having energies greater 
than the gamma-ray under investigation. 

Since a flux of monoenergetic gamma-rays interacting with 
the detector will produce a spectrum consisting of a 

photopeak representing the energy of a gamma-ray and a 

continuum caused mainly by Compton events in the de~ector, 
the background continuum under a selected peak would 
consist largely of a sum of the continua generated by each 
gamma-ray of higher energy in the region of interest. 
Such a background is unavoidable and in the case of a pure 
element would represent the lowest attainable intensity. 

( ii) gamma-rays and X-rays produced by the bombarding particles 
on materials other than the· target. 

The interaction of the bombarding beam with the collimator 
material and with.the material of construction of the beam 
tube and scattering chamber produce photons from tantalum 
and aluminium as background radiation. In addition sodium 
was a common contaminant of sample surfaces and where present 
produce~ sodium gamma-rays as an added background. Although 
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it is not always possible ·to eliminate such causes of 

background, the irttensity can be appreciably reduced by 

taking proper experimental precaution and giving attention 
to beam-optics by careful steering. 

(iii) gamma-rays from radioactivity induced by bomba.rdment. 

Radionuclides with different half-lives of up to about 

1 day were generated inside the scattering chamber with-. 

increasing intensity during a series of measurements and 

resulted in an increased level of background with time. 

-
( iv) Prompt gamma-rays generated in the detector by neutrons 

formed in the irradiating system. 

RADIOACTIVE BACKGROUND 

Natural Tadioactivity that contributed to the background consisted 

of radiation from 4 °K and from the 4n and the (4n + 2) radio­
acti.vi ty series present in the. construction material of the 
building and in the lead-shielding. Also detected was the 

cosmogenic radionuclide 7 Be which emitted a 478-keV gamma-ray. 
Other radionuclides present in the surroundings were those of 

long half-lives accumulated as a result of fast neutron activation 
of materials present and included the nuclides 54 Mn and 208 Bi. 

A full description of the gamma-ray background pertaining to th~ 
SUNI facility has already been discussed [Gi 78a]and the assignment 
and origin of the background peaks are given in Table 2, The 
~ssignment of prompt gamma-rays in Table 2 follows the nomenclature 
described below. 

NOMENCLATURE OF PROMPT Gft.Mt-tl\-RAYS 

Prompt gamma-rays are emitted from the product nucleus of a 
nuclear reaction, but the analyst is rarely concerned with the 
exact identity of the nucleus undergoing de-excitation. What is 
of greater importance to the analyst is the identity of the target 
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TABLE 2 : Assigmnent and origin of peaks in the background 
spectra. 

E (keV) Assignment 
y 

57 Ta Ka. X-ray 

66 Ta KS. x:.ray 
74 208Bi; 212pb 

86 .2oeBi; 212pb 

129 228Ac 

136 l81Ta p,~(1,0) 

186 22 6Ra 

239 

277 

285 
296 

301 
328 

339 

352 

440 
463 

47"8 

511 
563 
583 
596 

608 
609 

666 
691 
727 
769 

795 
834 
835 
844 
861 
911 

935 

2 1 2 Pb ; 2 1 4 Pb 

1 o a Ti ; 2 2 a Ac 
2 l'+Bi 

2 1 o Ti ; 2 14 Pb 

1eera· p,P .. (4-,0) 
228Ac 

228Ac 
214pb 

23Na p,p .. (1,0) 
22eAc 

7Be 
+ a ; 2oar1 

76Ge n,n .. (1,0) 
2oer1 

74Ge n,n .. (1,0) 

74Ge n,n .. (2,1) 
214Bi 
214Bi 

72Ge n,n .. (1,0) 
212Bi 
2l'+Bi 
2 1 o Ti; 2 2 a Ac 

72Ge n,n .. (2,0) 
54Mn 
27Al p,p .. (1,0) 
2oeri 
22aAc 
21i.Bi 

969 228Ac 
1015 27 Al p,p .. (2,0) 

1120 214 Bi 
1155 214 Bi 
1214 (2236-2f!le) 
1223 24 Na 

Origin or natural decay chain 

chamber lining 

chamber lining 
209Bi(n, 2n) 208 Bi; 4n unresolved 
209Bi(n, 2n) 209Bi; 4n unresolved 
4n 

·collimators and chamber lining 

(4n + 2) 

4n; (4n + 2) 

4n; 4n 

(4n + 2) 

(4n + 2) ; (4n + 2) 

collimators and chamber lining 
4n 

4n 
(4n +· 2) 

sodium contamination of target 

4n 
cosmic-ray produced 

various; 4n 
neutron bombardment of detector 

4n 
neutron bombardment of detector 
neutron bombardment of detector 
( 4n + 2) 

(4n .+ 2) 

neutron bombardment of. detector 

4n 
(4n + 2) 

(4n + 2); 4n 

Ka 

Ks 
X-rays 
X-rays 

neutron bombardment of detector 
54fe(n,p)54Mn by fast neutrons 

scattered· proton excitation of chamher 
4p 
4n 

· (4n + 2) 

4n 
scattered~proton excitation of chamber 
(4n +·2) 

(4n + 2) 

27Al . 

27Al(n,ay)2 4 Na by fast neutrons 

TABLE 2 (Continued) 
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1238 214Bi 

1275 24 Na 
1369 24 Na 
1378 214Bi 
1408 214Bi 

1461 4°K 

1464 72 Ge n,n'(3,0) 
1509 214 Bi 
1588 228Ac 

1592 (2614-2me) 
1693 (2204-me) 
1725 (2236-me) 
1732 (2754-2me), 214Bi 
1764 214Bi 
1850 214Bi 

2103 (2614-m ) e 
2210 21 4Bi 

2210 27Al p,p'(3,0) 

2243 (2754-me) 
2614 2oaBi; 2oaTl 

2754 24Na 
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Origin or natural decay chain 

( 4n + 2) 
27Al(n,ay)2 4Na by fast neutrons 
27Al(h,a) 24 Na by fast neutrons 
( 4n + 2) 
(4n + 2) 

0.012 atom % of natural K 
neutron bombardment of detector 
(4n + 2) 

4n 
2oaBi; 2oaTi 
214 Bi 

27Al 
24 Na:; (4n + 2) 

(4n +· 2) 

( 4n + 2) 
2oaBi; 2oan 

(4n + 2) 
scattered~proton excitation of chamber 
24Na 

209Bi(n,2n)208Bi by fast neutrons; 4n 
27Al(n,a)2 4Na by fast neutrons 

nuclide in the sample on which the nuclear reaction was induced. 

Accordingly, for analytical purposes it is more meaningful to 

label the spectral peaks with the target nucleus. In defining 

the conditions of the analysis the nature of the bombarding beam 

is known and need not be stressed, thus the reaction is uniquely 

identified if the light product particle is given. Accordingly 

the following convention [Pe 81b)is used for peak assignment. 

In the nuclear reaction A(a,by)B, peak assignment is written as 

A b(r,s) where b is the prompt light particle of the reaction and 

the gamma-ray quantum is emitted by de-excitation of the heavy 

product nucleus from level r to level s. When the target nucleus 

can be inferred unambiguously it may be omitted from the nomen­

clature. When gamma-rays arise from a reaction not directly 

induced by the incident beam then both incident and product particles 

are specified, e.g. the 608-keV gamma-ray generated in a Ge(Li) 

detector by neutrons formed at the target may be labelled as . 
7 4 Ge n , n; ( 2 , 1 ) • 
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Lithium : The target was a pellet of lithium oxide. Lithium 

has two naturally - occurring isotopes vi~. 7Li (92.S atom%) 

and 6 Li (7. S atom %) . The more abundant isotope produced an 

intense gamma-ray corresponding to 478 keV, resulting from the 

de-excitation of the first level of 7Li, and one of 429 keV 

produced from the (p,ny) reaction on 7Li. The threshold energy 

for the generation of the latter gamma-ray was 2370 keV which 

explained the absence of this gamma-ray when beams of 1000-keV 

protons were used. However, at higher bombarding energies 

the sensitivities of analysis obtained when both the 429- and 

478-keV gamma-rays were used, offered good analytical potential 

in such materials as geological ores. Gamma-rays from the 

7Li(p,y) 8 Be reaction, with energies between 14000 and 18000 

keV were measured with a NaI counter [Go 72b] but the sensitivi­

ties obtained using those gamma-rays were less than that which 

was attained in the present investigation (See Ch~pter 7). 

Yield. Yield. 
quanta Sensitivity Ey quanta Sensitivity 

Assignment sr- 1 nc- 1 µg.g-1mc-1 keV Assignment sr-:nc- 1 µg.g-1mc-1 

6 Li '((1.0) 154 300 13 478 7 Li p(l ,O) 521 800 5 

7 Li n(l.O) 

·:)~ Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 500 5 000 5 500 6 000 ) 

429 109 200 150 000 154 300 160 100 188 700 201 200 

478 450 500 488 500 521 800 52,3 600 528 300 619 400 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

E (keV) 5min/µg.g- 1 Ep at smin. y 
a a a (keV) 0 l 2 

429 +65 -26 +3.2 11 4 030 
478 +15.9 - 6.9 +0 .. 96 3.5 3 500 
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Beryllium : - Beryllium powder was cocpressed into a tablet 

and irradiated.· No gamma-rays were observed from the Coulomb­

excitation process or from the (p,ny) reaction. 

Gamma-rays in the spectrum were from the proton-capture reaction 

on 9Be and from the 9Be(p,ay)6 Li reaction but these were of 

such low intensity that they were considered to be of little 

analytical value. 

Yield. Yield. 
quanta Sensitivity Ey quanta Sensitivit) 

Assignme!lt sr- 1 nc- 1 i1g.g- 1mc- 1 keV Assig~ sr- 1 nc- 1 iig.g- 1 mc- 1 

9 Be y(3,2) 14 43 700 1022 !!.Be y(2,1) 2.1 120 400 
9 Be y (1,0) 5.3 90 300 3562 !!Be a(2,0) 11 40 300 

• 

k Yield (quanta sr- 1 nc- 1 ) 

3 500 4 000 4· 500 5 000 5 500 6 000 ) 

415 9.3 10 14 18 23 36 
718 2. 1 3.6 5.3 7.8 11 17 

1022 1.3 1.9 2.1 4.6 8.1 12 
3562 7.8 9.4 11 14 19 22 

IEY (keV) 

Co-efficients of polynomials 
fitted to Sensitivity .Functions 

smin./iig.g-1 Ep at 5min. 
a a a a (keV) 0 ! 2 1 

415 

718 

1022 
3562 

- 63 040 +63 551 -12 792 +871 40 300 3 500 
+144 446 -19 207 + 1 604 0 86 800 6 000 

+188 028 -25 356 + 2· 259 0 116 000 5 500 
+ 73 376 - 9 333 + 472 0 34 000 6 000 

Boron : Bombardment of a pure boron pellet led to the production 

of gamma-rays from both stable isotopes of the element. 

The most intense gamma-ray was one of 2125 keV which resulted 

from the decay of the first excited level of llB. The 

sensitivity calculated for the charact~ristically shaped 
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414 

429 

598 

719 

102-1 

39 sB 

spectrum peak, due to Doppler broadening, was about SO ug.g- 1 

with little change over a borabarding energy range of 3500 to 

6000 ~eV. Because of the breadth of this peak, it was subject 

to interference from other gamma-rays in its vicinity, the 

most likely being from sulphur and chlorine both of which 

produced moderately intense gamma-rays of 2127 keV. This inter­

ference was, however, not serious when these elements were 

present in low concentrations. 

Yield. Yield. 

quanta Sensitivity Ey quanta Sensitivit 

Assignment · sr- 1nc- 1 !!8·g-1mc-1 keV Assignment sr- 1nc- 1 µg.1C1mc-1 

10 B p(3,2) 490 2 400 1102 11B - 2me 960 470 

10 B a(l,0) 26 600 90 1613 llB - me 3 100 480 

UB a(2,1) 200 310 2125 l I B p(l ,O) 47 800 so 
I OB p{l,O) 15 300 120 2320 11 B y (2. 1) 42 4 100 

1 o B p(2, 1) 2 140 860 

~ 
Yield (quanta sr- 1nc- 1) 

3 500 4 000 4 500 s 000 s 500 6 000 ) 

429 

598 

719 
1021 
2125 

20 900 22 400 26 600 32 800 34 000 36 700 
470 640 1 200 1 840 2 760 3 100 

6 800 8 960 15 300 19 200 22 400 24 600 
400 1 760 2 140 2 690 3 700 4 210 

34 500 44 800 47 800 73 600 100 400 136 300 

Another peak in the spectrum which was Doppler broadened was 

that due to the 478-keV lOB a(l,O) gamma-ray. Because of the 

broadness of this peak, interference was possible from gamma­

rays, the energies of which differ from that of lOB by more 

than the resolution of the detector. Hence in a matrix contai­
ning manganese for example, the intense 411.S-keV 55Mn n(l,O) 

gamma-ray could cause serious interference. Similarly in 

light matrices, containing sodium, magnesium, or both, the 

intense 440-keV gamma-rays from 2 3 Na p(l,O) and 25Mg a(l,O) 

would detrimentally affect use of the boron gamma-ray for 
·analysis. 
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Co-effi dents of polynomials 
fitted to Sensitivity Functio~s 

E (keV) smin. /i1g. g-1 Ep at S - . y min. 
a a a a (keV) 0 l 2 3 

429 + 2 984 - 1 843 + 382 - 26 84 4 100 

598 +79 666 -43 462 + 7 955 -482 960 s oso 
719 + 8 030 - 4 753 + 939 - .61 120 4 500. 

1021 +95 792 -56 248 +10 988 -705 860 4 500 

2125 + 430 - 209 + 39 + 2.2 48 4 950 

Ey 
keV 

1629 
1742 

2313 
2365 
2605 

The extent of possible interference with the 718-keV lOB p(l,O) 

gamma-ray was appreciably less, the likely interfering elements 

producing gamma-rays of low intensity. An important consider­

ation was, however, the formation of neutron-induced prompt 

gamma-rays ·from germanium, of 691 and 741 keV, which influenced 

the-accurate stripping of the photopeak of boron. 

Because of the presence of intense gamma-rays from both the 

boron isotopes, it was possible to determine them simultaneously 

[Ra 81] . 

Carbon : - Bombardment of a plug of graphite with protons 

yielded gamma-rays mostly from the very low abundant. 1 3 C 

isotope. In fact, the only gamma-rays which were observed 

from 1 2 C were two low yield proton-capture photons. Although 

the threshold for the 4439-keV 1 2 C p(l,O) gamma-ray was 4809. 

keV no such gamma-ray was observed even at higher energies. 

Yield. Yield. 

quanta Sensitivity Ey quanta Sensitivit 

Assignment sr- 1 nc- 1 I:!&· t( imc-1 keV Assignment sr- 1 nc- 1 • -1mc-1 

"c y(2, 1) 15 47 400 3087 13 C p(l,O) 54 16 600 
13 Cy(5,2) 19 39 600 -3180 13 C p(4 ~ 2) 26 27 300 
13 C y(l,O) 24 36 300 3511 12 C y(2,o) 75 21 500 
13 C y(l,O) 29 27 500 3685 13c p(2 ,0) 30 31 100 
1'c y(3, 1) 47 13 700 5106 13 C y(4,0) 12 11 700 

·• 
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The decay of the first excited level of 13 C produced gamma-rays 

of 3087 keV but in the bombarding energy range covered in this 

investigation, the sensitivities attainable were poor. 

Most of the gamma-r_ays in the spectrum resulted fron the proton­

capture reaction on 13c but these photons were too feeble to 

be considered for analytical application. 

~ 
Yield (quanta sr- 1 nc- 1 ) 

3 500 4 000 4 500 5 000 .5 500 6 000 ) 

2313 15 20 24 32 40 54 

2602 38 42 47 51 58 65 

3087 26 33 54 65 80 95 

3511 58 62 75 83 98 130 

5106 6.1 11 12 ~6 23 36 
··- - --·--·-

Co-efficients of polynomials I Ep 

fitted to Sensitivity Functions 
Ey (keV) smin/iig.g-1 at smin. 

a a a a ' (keV) 0 1 2 s I ' 

2313 - 93 952 +110 624 -26 568 +1 849 12 900 6 000 

2602 - 4 992 + 21 408 - 5 898 + 458 9 800 6 000 

3087 + 42 345 - 7 904 + 529 0 13 700 6 .000 

3511 -140 256 +113 168 -24 784 +1 683 10 900 6 000 

5106 +112 048 - 66 056 +14 488 -1 060 8 610 6 000 

Nitrogen : - To investigate the gamma-ray spectrum from 
nitrogen, a stack of foils each 1.052 mg/cm2 thick of ~~PTON 

(C2 2H1oN20 4 ) was bombarded. This material contained 7.65 % 
nitrogen by mass. 

Decay of the first level of 14 N (99.64 atom % in nature) 
provided the most sensitive gamma-ray fer analysis. 

Coulomb excitation of lSN produced high energy gamma-rays of 

5270 and 5298 keV. Although these were of low intensity, 
the peaks could be integrated together to produce a reasonable 

sensitivity for analysis of nitrogen. 
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Proton-capture on lSN was the only other source of garnma.;.rays, 

the resulting peaks being of low intensity. 

Yield. Yield. 
quanta Sensitivity Ey quanta Sensitivity 

Assignment sr- 1nc- 1 µg.g- 1mc- 1 kcV Assignment sr-!nc- 1 iig.g-1mc-1 

15 N y(2,0) 710 880 5270 15 Np(l,0) 63 13 700 
15 N y(3,0) 340 4 320 5299 15 N p(2,0) 72 7 370 
1 ~N p(l,O) 520 1 850 

·~ Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 500 5 000 5 500 6 000 y 
) 

E 

429 520 630 710 1 050 1 180 1 280 
710 63 110 340 380 930 940 

2313 340 460 520 600 1 770 2 370 
5270 48. 56 63 74 79 87 
5299 33 4!1 72 98 110 150 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

y (keV) smin/iig.g-1 Ep at smin. 
a a a a (keV) 0 l 2 , 

429 + 2 454 - 804 + 139 0 1 290 3 500 

710 +107 392 -42 792 +4 822 - 87 3 300 s 100 

2313 + 17 116 - 8 946 +1 734 -111 1 830 6 000 

5270 
5299 

+ 15 734 - 401 - 9.5 0 12 ~so 6 000 

+ 19 112 - 4 616 ... 532 - 16 6 940 6 000 

Oxygen : - Since ytterbium. yielded only one gamma-ray of 

low intensity (see page214) the target used for the spectrum 

of oxygen was a tablet of ytterbium oxide. Gamma-rays 

originated from Coulomb excitation and reactions on all three 

stable oxygen isotopes. 

Proton capture on iao resulted in excited nuclei of l9p which 

emitted gamma-rays of 110 and 197 keV. These gamma-rays were 

of low intensity and not usable for analysis because the same 

gamma-rays are emitted with high intensity by Coulomb excitation 

of fl{~rine (q.v.). 
\Jj 
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The first levels of both 170 and 180 decayed by emitting gamma­

rays of 870 keV and 1982 keV respectively. Both photopeaks, 

although not very intense, were situated in that region of the 

spectrum where the background continuum was sufficiently low. 

As a result of this, sensitivities of about 200 pg.g- 1 could be 

attained. 

Proton capture on 160 resulted in a gamma-ray of 497 keV which 

was considered to be sensitive for oxygen analysis. 

The majority of the other oxygen gamma-rays originated from 

the decay of the lower levels of l'8p, the nuclide formed by 

the reactions, 170(p,y)l 8F and 18 0(p,ny)l 8f. Many of these 

gamma-rays provided a sensitivity of better than the mg.g -~ 

level. All gamma rays labelled 18 0. n(r,s) could also have been 

labelled l 7 O y(r, s) . The former label was used because 180 

occurs in nature at a higher concentration. 

Yield. Yield. 

quanta Sensitivity Ey quanta Sensitivity 

Assignment sr- 1 nc- 1 µg.g-1mc-1 keV Assignment sr- 1nc- 1 µQ.l!-1mc-1 

18 0 y(l ,O) 21 11 700 93i 1 iro n(l,O) 900 280 
18 0 y(2,0) 73 2 700 1042 180 n(2,0) 1 230 230 
16 0 y(l,O) 270 850 1081 18 0 n(3,0) 270 960 
170 n(5,4) 62 3 ·soo 1122 uo n(4,0) 43 6 900 
18 0 n(5,3) 130 2 100 1471 iao - me 340 810 
180 n(5,2) 120 2 400 1982 iao p(l,O) 2 950 120 
18Qn(5,1) 22 13 100 2313 170 a(l,O) 10 16 300 
170 p(l,O) 380 700 

~ 
Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 500 s 000 5 500 6 000 ) 

495 160 220 270 310 430 580 
870 165 270 380 610 1 000 1 130 

937 22 210 900 1 520 2 930 3 460 
1042 16 88 1 230 3 100 9 560 9 710 

1081 26 110 270 610 1 1 so 1 390 

14 71 240 280 340 380 630 650 
1982 500 1 990 2 950 5 100 8 700 9 640 
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Co-efficients of polynomials 
fitted 1 to Functions Sensitivity 

E (keV) smin /µg. g- l Ep at smin. y 

495 

870 

937 

1042 

1081 
14 71 

1982 

Ey 
keV 

110 
197 

1236 
1261 
11346 
J!1349 

I 1356 

a a a a (keV) 0 1 2 3 

+52 086 -31 521 +6 371 -d22 750 4 000 
+ 40 + 1 018 - 328 + 29 600 5 230 
+40 884 -22 897 +4 285 -266 200 6 000 
+69 726 -38 997 +7 256 -448 80 5 500 
+66 416 -35 584 +6 377 -379 460 5 000 
+36 010 -21 062 +4 127 -263 800 4 430 
+11 656 - 6 804 +1 324 - S5 100 4 670 

FZ&O/rine : - The target used to provide the flv-i>:~rine spectrum 

was gadolinium fl~;:~rride. The observed fl1/o~rine peaks resulted 

from Coulomb excitation and from the reaction 19F(p,ay)l6Q. 

The most important gamma-rays, from an analytical point of view, 

w~re those resul~ing from the decay of the first and second 

levels of 19 F having energies 0£ 110 keV and 197 keV. 

Absolute sensitivities of analysis using these gamma-rays were 
- 1 -1 . 

calculated to be between 10 and 60 µg.g A possible source 

of interference is the 18 0(p,y) 19 F reaction with the emission 

the 110-keV and-197 keV ganuna-rays. These gamma-rays were, 

however, of low intensity and would not seriously affect the 

determination of fl<jbrine except when low concentrations of F 

have to be determined in the presence of large amounts of oxygen. 

Three distinct peaks were seen in the spectrum from the reaction 
19F(p,ay) 16o and these occurred at 6130, 6720 and 7117 keV. The 

three gamma-rays werestrongly affected by Doppler broadening and 

offered reasonable sensitivities. 

Yield. Yield. 
quanta Sensitivity Ey quanta Sensitivity 

Assignment sr- 1 nc- 1 µg.g-1mc-1 keV Assignmf"nt sr- 1nc- 1 µg.g-1mc,:-_1_ 

19 F p(l ,0) 84 500 70 1444 1'p p(5,1) 176 3 800 
19 F p(i,o) 483 000 10 1457 19 F p(4,0) 298 2 300 
19p p(3, 1) SS 000 130 1554 19 F p(5,0) s ti 11 100 
19 F p(4 ,2) 62 10 600 6130 19 F a(2,0) 880 1 800 
19 F p(3,0) 2 400 330 6720 19 F u(3,0) 860 1 900 
1'Fp(4,1)· 7117 19 F a(4 ,O) 710 2 900 
1llF p(S,2) 2.2 128 000 
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Since the fl{j1!rine gamma-rays were easily detectable and intense, 

numerous analytical applications were made of these gamma-rays 
as cited in ref [Bi 78]. 

~ 
Yield (quanta sr- 1 nc- 1 ) 

3 soo 4 000 4 soo s 000 s soo 6 000 
v 

Ey 

110 20 600 43 600 84 soo 96 soo 127 400 198 400 
197 lSO 200 302 000 483 000 S71 400 690 300 771 200 

1236 31 400 48 900 SS 000 66 300 72 900 93 300 

1346} 1 630 1 980 2 
1349 . 

400 2 870 3 190 3 640 

6130 S60 710 880 1 290 1 460 1 720 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

(keV) 5min/µg.g-• Ep at smin. 
a a a a (keV) 0 1 2 s 

110 - 420 + 386 - 92 + 6.9 S7 s 580 

197 - 10 + 12.8 - 2.2 + 8.7 5 6 "j 1236 + 1 971 - 1 397 + 33f -250 - 73 ·3 500 

1346} - l 134 290 000 + 924 - 192 + 13 4 
1349 
6130 +46 145 -32 062 +7 219 -518 150 3 soo 

Sodium : - Analysis of the spectrum of sodium chloride, · 

bombarded with protons showed that gamma-rays were emitted 

as a result of Coulomb excitation of 23 Na in addition to those 

from the reactions 2 3Na(p,ay) 20Ne and 23Na(p,y)24. 

The most distinctive feature in the spectrum was the very intense 

peak corresponding to an energy of 440 keV and resulting from 

the excitation of the first level of 23 Na by inelastic scattering. 

Although this peak was situated on a high Compton continuum, 

it offered a sensitivity of 16µg.g- 1 at a bombarding energy of 

4500 keV. 
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Of the other four gamma-rays that were observed, the 1634-kev-

23Na a(l,O) photon was also very intense and the peak correspon­

ding to this energy had its area increased by an unresolved 

peak corresponding to 1637 keV resulting from Coulomb excitation 
of the second excited level of 23Na. 

Use of the intense gamma-ray of 440 keV for the analysis of 

sodium in archaeological specimens was made [Ch 72] where a 

sensitivity of 10-50 µg.g- 1 was predicted. The prompt gamma­

ray technique was particularly useful in that study because 

of the preference of keeping specimens intact and non-radioactive 

for museum purposes. 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

(keV) . 5min /µg. g- l Ep at S . min. 
a a a a (keV) 0 l 2 I 

440 + 83 - 28 + 2.9 0 16 4 500 
614 + 33 703 - 15 464 + 1 928 0 3 050 4 500 

1128 +140 384 - 74 711 +14 760 -1 012 4 900 6 000 
1369 -720 064 +293 920 +38 568 -1 548 9 650 6 000 

1634} 102 - + 110 -1637 
25 + 1. 7 14 6 000 

~ 
Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 500 s 000 5 500 6 000 v 

440 36 800 so 200 92 600 12 600 194 800 220 000 

614 290 450 690 1 170 2 900 4 200 

1128 240 660 780 950 11 100 14 200· 

1369 22 31 42 44 47 63 

1634} 11 200 49 200 80 600 118 000 13 700 185 000 
1637 

Yield. Yield. 
Ey quanta Sensitivity 'E!y quanta Sensitivity 

keV Assignment sr- 1r.c- 1 H·~('mc-1 keV Assignment sr- 1 nc- 1 US• ~c I mC-1 

440 21 Na p(l,O) 92 600 16 1369 23 Na· y( 1,0) 42 34 900 

614 21Na - 2me 690 2 400 

11

634 23 Na a(l,O) 80 600 37 

1128 21Na - me 780 10 400 1637 21Na p(Z,1) 



Ey 
keV 

390 

440 
585 

844 
975 

990 
1014 

11369 
1369 
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Magnesium : - Magne~ium hydroxide was compressed into a 

tablet and bombarded to obtain data for the gamma-ray spectrum 

of magnesium. Most of the intense gamma-rays were produced 

by the inelastic scattering process on 25Mg, especially the 

585-keV 25 Mg p(l,O) gamma-ray which offered a sensitivity of 
- 1 better than 100 µg.g . 

Yield. Yield. 
quanta Sensitivity Ey quanta Sensitivity 

Assignment sr- 1nc- 1 µg.g-1mc-1 keV Assignment sr- 1 nc- 1 uJ?.i!- 1 mc- 1 

2 5 Mg p ( 2, 1) . 26() 620 1612 25 Mg p(3,0) 2 790 
26 Mga(1,0) 130 6 720 1637 18 Mg a (2, 1) 27 34 
2 5 Mg p(l ,O) 3 200 310 1809 26 Mg p(1,0) 410 2 
26 Mg y(l,O) 350 3 800 1965 25 Mg p(4,0) 180 3 
25 Mg p(2,0) 360 1 290 1979 2 SMg p (5 I 1) 110 6 
25 Mg p(4 ,2) 290 4 800 2210 26 Mg Y. ( 3 , 0) 530 1 
26 Mg y (2 ,0) 820 2 200 

HMg p( 1,0) 21 800 86 
26 Mg y(3, 1) 

Gamma-rays originating from reactions on 26Mg were generally 

of low intensity but the 1369-keV 26Mg y(3,l) gamma-ray was 

considered important, because, when coupled with a gamma-ray 
of the same energy originating from 24Mg, it had a ~ery high 

yield photopeak which had a sensitivity of SO µg_.g:- 1 •. 

470 

000 
430 

400 
100 

540 

Great care was required in the determination of magnesium in a 
matrix containing aluminium·because reactions on the latter 
produced identical gamma-rays. 

~ 
Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 500 5 000 5 500 6 000 ) 

390 540 860 1 260 1 750 2 510 3 740 
585 1 820 2 417 3 200 4 910 6 380 11 300 
975 "510 840 1 360 1 970 2 210 3 760 

1369 2 170 9 620 21 800 32 600 43 400 88 200 
1612 810 1 930 2 790 36 900 49 700 64 600 
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Analysis of mixtures of magnesium with aluminium could thus be 

attemp~ed only be means of peak-ratio methods. 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

(keV) s . /µg.g-1 
min. E at S . min. p 

a a a a (keV) 0 1 2 ' 
390 +13 021 - 6 383 +1 086 -63 320 6 000 
585 + 9 182 - 4 077 + 589 -27 73 5 700 
975 

t::.69 

1612 

+22 874 +10 568 +1 698 -92 720 6 000 
+ 3 389 - 1 868 + 352 -22 54 6 000 
+ 7 546 - 3 437 + 542 -29 260 6 000 

Aluminium : - Bombardment of an aluminium target produced 

gamma-rays from Coulomb excitation and proton capture. 

Decay of the first five levels of 27 Al resulted in the 

production of the analytically most useful gamma-rays. It 

should 9e noted that these gamma-rays were also emitted from 

(p,y) reactions on 26 Mg and were therefore subject to inter­

ference from magnesium. However, the contribution of magnesium 

counts could be corrected for by considering the ratios of 
yields relative to that of interference-free magnesium gamma­

rays. 

The main source of interference on the 844-keV aluminium peak 

was the very intense 847-keV peak associated with 56 Fe, if this 
element were present. 

Yield. Yield. 
Ey quanta Sensitivity Ey quanta Sensitivit 

µ eV Assignment sr- 1 nc- 1 
!:!&·& -!mc- 1 

~ Assignment sr- 1 nc- 1 J.J g. g- t n:C- I 

17t 21Al p(2,1) 660 790 1367 21Al p(3,1) 10 300 230 

no 27 Al p(5,2) 21 120 300 1699 2'Al - me 530 5 700 

754 2'Al - 2111e 33 112 500 1720 21Al p ( 4, 2) 610 4 200 

SH 27 Al p(l,-0) 8 080 390 1779 nAl y(l,0) 760 4 500 

110 Vi 2'Al p(2,0) 22 700 110 2210 27 Al p(3,0) 8 750 200 

11196 
27 Al p(3. 2) 280 9 400 2735 2'Al p(4,0) 310 7 200 

,126g 21Al - me 340 6 700 2982 2'Al p(5,0) 44 27 300 
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-1 d In general, sensitivities up to .100 µg.g were calculate · 

~ 
Yield (quanta sr- 1nc- 1) 

3 500 4 000 4 500 5 000 5 500 6 000 ) 

171 320 470 660 1 290 1 730 2 210 
844 3 950 6 520 8 080 14 900 23 700 31 200 

1015 11 200 15 900 22 700 33 600 51 300 73 700 

1367 3 300 6 220 10 300 15 000 21 600 27 800 

2210 1 560 4 450 8 750 12 100 17 200 21 400 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

lEY (keV), 5min./µg.g- 1 Ep at Smin. 

171 
844 

1015 
1367 

2210 

Ey 
keV 

756 

844 

1015 

1273 

.a a a a (keV) 0 1 2 s 

-14 314 +11 257 -2 504 +176 1 090 6 000 

-14 160 + 9 171 -1 888 +127 230. 3 500 

+ 149 - 10.1 + 0.375 0 100 6 000 

+ 5 115 - 2 816 + 536 - 33.7 230 4 750 
-

+ 5 122 - 2 940 + 582 - 38.5 140 6 000 

Silicon : A representative spectrum of the element was 

obtained from the bombardment of a wafer of elemental silicon. 

The spectrum was dominated by the intense 1779-keV 28Si p(l,O) 

gamma-ray. This gamma-ray was also formed as a result of the 

raction 31 P(p,ay) 28 Si and would therefore be subjected to 

correction for interference.from phosphorus. 

Earlier silicon analysis with protons, mainly used bombarding 

Yield. Yield. 
quanta Sensitivity Ey quanta Sensitivity 

Assignment sr- 1 nc- 1 µg.g-1me-1 keV Assignment sr- 1nc- 1 µg.g-1mc-1 

29 Si p(2. 1) 720 2 100 1779 28 Si p ( 1. 0) 31 900 75 

90 Si a(l,O) 150 19 100 2028 29 Si p(2,0) 690 600 

'°Si a(2 ,O) 460 7 500 2240 so Si p(1,0) 570 700 

29 Si p ( 1, 0) 3 600 750 2430 29 Si p(3,0) 170 4 900 

1 



so 

A Yield (quanta sr- 111c- 1 ) 

3 500 4 000 4 500 5 000 5 500 6 000 ) 

E y 

756 280 420 720 1 120 1 340 1 610 

1273 1 590 2 430 3 600 5 790 6 900 ... 7 470 

1779 16 800 26 610 31 900 63 600 67 200 81 400 
2028 96 260 690 1 620 1 960 2 170 

2240 66 190 570 610 790 1 010 

particles of low energies, usually of less than 500 keV (Pi 65) 

and was based on measurements of gamma-lines emitted from (p,Y) 

and (p,ay) reactions. However, in the present study, at higher 

bombarding energies, Coulomb excitation resulted in a very 

intense gamma-ray of 1779 keV which offered much better sensiti­

vity. 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

(keV) s . /µg .g-J Ep at smin. min. 
a a a a (keV) 0 1 2 s 

756 + 11 764 - 3 182 + 144 + 20 1 800 5 000 

1273 - 339 . + 1 855 - 622 + 58 560 5 000 

1779· 

2028 

2240 

+ 207 + 50 + 2.7 + 0.24 so s 000 
-

+ 58 680 -29 070 + 4 805 -259 1 010 5 000 

+133 740 -74 532 +13 900 -855 1 660 4 870 

Moreover, it is hardly likely that the feeble gamma-rays from 

the (p,ay) reaction could be used in the presence of aluminium 

because these photons have exactly the same energies as the 

very intense Coulomb excited gamma-rays from 27Al. 

Phosphorus : - The target irradiated to give data on the 

gamma-rays from phosphorus was mercurous phosphate. Mono­

isotopic phosphorus was represented by three very intense 

peaks in the spectrum. Of these, the most analytical signifi­

.cant gamma-ray was of 1266 keV from the decay of the first level 

of 3lp. 



Ey 

keV 

1266 

1778 
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Over a bombarding energy range of between 3500 keV and 6000 keV 

there was a gradual increase in the sensitivity with increasing 

bombarding energy with a best sensitivity of about 20 µg.g-1. 

The 1778-keV gamma-ray resulting from the (p,ay) reaction 

offered a sensitivity of about 125 µg.g~ 1 • However, care had 

to be taken when u~ing this photon for analysis, because of 
the very intense gamma-ray of 1779 keV from silicon (a very 
likely source of interference in geological material) and 

aluminium. 

The intensity of a gamma-ray of 2230 keV increased rapidly with 
increasing bombarding energy but was accompanied by a moderate 

increase in the sensitivity. Counts from the Coulomb-excited 

gamma-ray of 2234 keV were integrated together with those 

from the 2230-keV gamma-ray. 

Yield. Yield. 
quanta Sensitivi~y Ey quanta Sensitivity 

Assignment sr- 1nc- 1 µg. 8-1mc-1 keV Assignment sr- 1nc- 1 µg. g-1mc-1 

np p ( 1. 0) 39 100 25 12230. 91 P y(l ,O) 7 600 40 

3 l p a ( 1 , 0) 7 720 140 2234 31 P p(3,0) 

~ 
Yield (quanta sr- 1nc- 1) 

3 500 4 000 4 soo 5 000 5 500 6 000 ) 
-

1266 26 100 29 600 39 100 52 200 73 600 101 100 
1778 2 640 3 150 7 720 12 500 17 900 26 400 

2230} 2 390 4 270 7 600 17 800 28 400 36 900 
2234 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

Ey (keV) 5min/µg.g-l P.p at smin. 
a a a a 

(keV) • 1 2 , 

1266 +128 - 57 +11 -0.76 18 6 000 

1778 + 96 +139 -47 +4 120 s 650 

2230} +756 -370 +64 -3.7 28 6 000 
2234 I 



' 

Ey 

keV 

346 

811 
841 

1107 
1208 

14 72 
1543 

Sulphur . -. 

52 

Targets of pure sulphur were bombarded. 

A very intense gamma-ray resulted from th~ decay of the first 

excited state of 32 S which was the isotope with highest natural 

abundance. The peak of this gamma-ray was further enhanced 

by contribution from the 2229-keV gamma-ray also formed by 

Coulomb excitation of the same isotope. 

Yield. Yield. 
quanta Sensitivity Ey quanta ~ensitivity 

Assignment sr- 1nc- 1 };!g.g-1mc-1 keV Assignment sr- 1 nc- 1 l!g.g-1mc-1 

3!5 p(3,2) 3 336 000 1719 '25 - me 950 2 300 
'25 y ( 1 • 0) 105 7 100 1787 "'s p(3, 1) 140 10 400. 
"5 p ( 1 • 0) 1 410 620 1966 "5 p(2,0) 35 46 300 
365 a{l,O) 8 146 000 2127 ' .. s p ( 1'0) 830 2 000 
'2 s - 2me 620 2 030 12229 3 2 s p (4 '1) 15 700 80 
335 p(3,1) 870 1 100 2230 ! 2 s p(l,O) 
52 S p(2' 1) 27 52 000 2313 "s p(3,0) 17 22 100 

~ 
Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 500 5 000 5 500 6 000 v 

841 280 . 960 1 410 3 290 6 190 9 310 
1208 49 110 620 2 760 4 210 7 120 
1719 48 87 950 2 350 2 680 3 100 
2127 27 320 830 1 430 1 630 2 040 
2230 3 250 10 900 15 700 35 600 39 400 48 600 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

Ey (keV) s . /µg.g-1 Ep at 5 . min. min. 
a a a a (keV). 0 1 2 ' 

841 + 18 833 - 10 763 + 2 107 - 137 570 4 800 

1208 + 67 978 - 31 512 + 4 852 - 24 7 270 6 000 

1719 + 160 + 7 606 - 2 582 + 222 730 5 785 

2127 +2.44 280 -137 536 +25 841 -1 607 1 820 4 920 

2230 + 4 039 - 2 029 + 335 - 18 52 5 070 



Ey 
keV 

883 

930 

1219 

1410 

1611 

1727 

1763 

2127 

2217 
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The first three levels of 335 were excited and the p(l,O)_ gamma­

ray provided a sensitivity of about 600 µg.g- 1 • Two peaks 

of moderate intensity were observed from the Coulomb excitation 

of 34 S. Because of the low natural concentration of 365, only 

one gamma-ray of low intensity and little analytical use resulted 
from the isotope. 

chiorine : - A tablet of barium chloride Kas bombarded 

to obtain data for chlorine. Both isotopes of chlorine provided 
sufficiently intense gamma-rays for chlorine cietermination at 

a concentration level of 100 µg.g- 1 • Coulomb excitation of 

3sc1 resulted in the product1on of many_ gamma-rays but the 

bombarding energy was too low for the (p,ny) reaction (threshold = 
8152 keV). In the case of the (p,ay) reaction on this isotope, a 

strong Doppler broadened gamma-ray of 2230 keV was observed. 

Yield. Yield. 
quanta Sensitivity Ey quanta Sensitivity 

Assignment sr- 1nc- 1 µg.g-1mc-1 keV Assignment sr- 1nc- 1 µg.g-1:nc-1 

35 Cl p(3,2) 72 14 600 2230 35 Cl a(l,O) 6.7 49 600 

35 Cl p(4,2) 81 14 300 2491 37 Cl n(4,0) 190 3 100 

35 Cl p(1,0) 10 500 130 2646 35 Cl p(3,C) 950 640 
12693 

35 Clp(4,0) 
37 Cl n(1,0) 950 640 2698 35 Cl p(7,2) 290 420 

57 c1 n(2,0) 2 660 420 2796 37 Cl n(5 ,O) 230 2 100 

37 Cl p(1,0) 750 .1 000 3003 ssc1 p ( 5 '0) 8.4 32 500 

ssc1 p(2,0) 7 420 180 3087 37 Cl p(2 ,0) 290 370 

37 Cl a(1,0) 1 780 560 3163 35 Cl p ( 6 '0) 34 9 500 

'1c1 n(3,0) 400 2 240 

~ 
Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 500 5 000 5 500 6 000 ) 

1219 1 930 5 120 10 500 12 405 18. 300 24 105 
1410 35 420 1 950 3 260 6 120 9 840 

1611 70 415 .2 665 4 540 7 510 10 400 
. 1763 710 2 560 7 420 12 200 16 105 18 300 

2646 15 540 950 3 165 4 620 6 715 
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This was also the case of the 2~27-keV gamma-ray that was produced 

by the same reaction on 37 Cl. Most of the other gamma-rays from 

thts isotope were produced by the (p,ny) reaction. 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

(keV) smin/µg.g-l Ep at Smin. 
a a a a (keV) 0 1 2 , 

1219 + 1 578 - 824 + 158 - 10.3 100 6 000 
1410 +26 964 -15 283 +2 952 -190 480 6 000 
1611 +31 500 -17 840 +3 400 -215 320 6 000 
1763 + 6 769 - 3 691 + 688 - 43 90 6 000 
2646 +37 808 +20 316 +3 687 -224 140 6 000 

Ey 
keV 

267 
384 
404 
580 
602 

Potassium · - 39K, the most abundant of the stable 

potassium isotopes, yielded only one gamma-ray when a tablet of 

potassium bromide was bombarded. The gamma-ray originated from the 

the decay of first level of 36Ar from the reaction 39K(p,ay)36Ar 

The threshold of the (p,ny) reaction, 7492 keV, was too high 

for the production of any gamma-rays. 

Because of the very low natural abundance of 4 0K(0.012 atom %) 
no intense gamma-rays were expected. However, only one gamma­

ray of 1410 keV was observed which was tentatively identified 

as 4 0K a (1,0). 

Up to seven levels of 4 1K were excited but only the decay of 

the lower levels produced gamma-rays-of reasonable intensity. 

No gamma-rays were observed due to the excitation of the 

fifth level of 4 1K. 

Yield. Yield. 
quanta Sensitivity Ey quanta Sensitivity 

Assignment sr- 1 nc- 1 l:!&·&-1mc-1 keV Assignment sr- 1nc- 1 ul!.l!- 1mc- 1 

" 1K p(3,2) 22 27 300 695 1.iK p(7, 1) 92 2 600 

"
1 K p(6,2) 230 2 500 980 "1K p(1 ,0) 135 360 

" 1K p(7,2) 52 15 400 1294 " 1 K p(2,0) 69 2 980 

"
1 Kp(3,1) 30 4 960 1410 1toK a(l,O) 78 2 130 

" 1 K p(4, 1) 35 5 900 19 70 "K a(l,O) 110 1 470 



SS 

~ 
Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 500 5 000 5 500 6 000 ) 

E y 

384 42 100 230 310 405 720 

695 10 52 92 190 380 560 

980 8.3 74 135 260 340 420 

1410 16 37 78 94 120 240 

1970 21 66 110 190 460 810 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

(keV) 5min/1Jg.g-I Ep at S . min. 

384 
695 

980 
1410 

19 70 

a a .a a (keV) 0 1 t s 

+ 88 252 -46 716 + 8 465 -512 1 940 6 000 
+136 020 -75 056 +14 054 -878 1 960 6 000 

+ 41 636 -21 566 + 3 839 -229 920 6 000 
+136 256 -75 063 +13 938 -858 1 950 6 000 

+ 1 122 + 1 764 - 593 + 49 930 6 000 

Calcium : - Gamma-rays of calcium from five of its six 

naturally-occurring isotopes were observed when a target of 

calcium hydroxide was bombarded. The only isotope that did 

not produce any photons was 4 6Ca which had a natural abundance 

of 0.003 atom %. On the other hand, the most abundant isotope, 
40 ca, produced no gamma-rays from Coulomb excitation because 

both the ground state and the first excited state at 33S4 keV 

are O+ states, between which, gamma-ray decay is forbidden. 

The first excited state decays by pair-emission [Be 55]. 

The most useful gamma-ray ,,·as from the decay of the first excited 

state of 44 Ca with the sensitivity limit of 200 µg.g- 1 even 

though the isotopic abundance was only 2.08 atom%. 

48 ca provided relatively intense photopeaks in the low energy 

region of the spectrum. 

A composite peak from the contribution of two gamma-rays, from 

different isotopes, was sufficiently intense for analysis of 

calcium at concentrations somewhat below 1000 µg.g- 1 • 



56 
20Ca,21Sc 

Yield. Yield. 
Ey quanta Sensitivity Ey quanta Sensitivity 

keV Assignment sr- 1nc- 1 l:!&·&-1mc-1 keV Assignment sr- 1nc- 1 l:!&·s-1mc-1 

121 "
8 Ca n(2,1) 290 630 593 uca p(2,0) 38 8 500 

131 "
8 Ca n(l ,O) 310 590 729 "

3 Ca n(S, 1) 35 9 100 

1373 "'Ca p(l,O) 180 930 787 "
0 ca p(6,3) 29 10 600 

376 ""Ca y(2,0) 1157 "'°Ca p(1,0) 560 500 
397 "

9 Ca p(3,2) 6.9 94 200 1525 "
2 Ca p ( 1, 0) 140 540 

520 "
8 Ca n(4,3) 64 5 700 1811 "

8 Ca n(8,2) 35 8 300 

~ 
-

Yield (quanta sr- 1 nc- 1 ) 

3 500 4 000 4 500 5 000 5 500 6 000 J 

Ey 

121 95 110 290 340 615 790 
131 130 250 310 610 940 1 120 

373} 64 115 180 260 360 480 
376 

1157 125 280 560 1 380 1 620 1 860 
1525 39 62 140 235 360 525 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

(keV) s . /pg.g"'l min. Ep at smin. 
a a a a (keV) 0 1 2 I 

121 + 3 387 - 1 097 + 107 0 520 5 000 
131 -10 408 + 6 773 -1 352 + 86 230 6 000 

373} ' + 7 131 - 2 822 + 378 - 13 840 5 050 
376 

1157 
1525 

+26 652 -14 936 +2 827 -178 220 6 000 
+13 308 - 2 810 - 140 + 44 900 5 7'80 ·-

Scandium : - In order to ·obtain the prompt gamma-ray spectrum, 

a piece of pure scandium metal sheet was bombarded. 

Any photon emission from the first excited state of 45 Sc at 

12.4 keV would have been below the threshold of the Ge(Li) 

spectrometer and would not have been observed. 

By far the most gamma-rays were produced by Coulomb excitation, 

many of which were of such intensity that they provided sensiti­

vities in the order of 300 µg.g -l improving to about 150 µg~g~ 

at proton bombarding energies of 6000 keV .. 
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Ey 

keV --
293 
34 7 
364 
377 
415• 

425 

432 
459 

S31 
543 

597 

1689 
691 

707 

720 
760 

1889 
890 
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No gamma-rays were observed resulting from the excitation of 

the twelfth level of 45Sc. 

Yield. Yield. 
quanta Sensitivity Ey ·quanta Sensitivity 

Assignment sr- 1nc- 1 µg.g- 1mc- 1 keV Assignment sr- 1 nc- 1 µg.g- 1mc- 1 

"
5 Sc n(3,1) 4 000 300 927 "

5 Sc p(S,O) 350 3 300 

"
5 Sc p(7,4) 270 3 700 962 "

5 Sc p(6, 1) 1 400 860 
.. 5 Sc p(2,1) 3 200 340 974 "ssc p(6,0) 2 500 490 

"
5 Sc p(2,0) 380 2 500 1033 "ssc p(l0,2) 63 7 300 

"
5 Sc n ( 4, 2) 1 900 570 1056 "ssc p(16,6) 310 4 4.00 

.. 5 Sc p(13,8) 250 3 400 1121 "
5 Sc y (2 > 1) 280 4 500 

45 Sc p(6,3) 530 1 900 1237 "
5 Sc p(8,0) 3 200 360' 

45 Sc p(l 1,6) 470 2 300 1290 ·"
5 Sc p(9,0) 120 7 500 

"
5 Sc p(3, 1) 3 800 300 1409 nsc p("IO,O) 1 soo 730 

"
5 Sc p(3,0) 2 700 420 14 34 .. 5 Sc p(11,0) 160 s 200 

"
5 Sc p(1S, 11) 530 2 300 152S .. 5 Sc a(1,0) 130 s 700 

..ssc p(l0,4) 940 1 500 1662 use p(13,0) 770 950 
45 Sc p(7,2) 1788 "ssc p(14,1) 8.3 SS 000 

"
5 Sc n(4, 1) 2SO s 000 1800 "

5 Sc p(14 ,0) 68. 10 500 
..ssc p(4,0) 3 800 400 1837 49Sc a (2, 0) Sl 14 900 

" 5 Sc p(9,3) 2SO 4 800 1936 "ssc p ( 1s.0) 9.7 so 100 

"
5 Sc y(1,0) 2 100 640 

.. 

"
5 Sc p(ll,3) 

~ 
Yield (quanta sr- 1nc- 1 ) 

3 soo 4 000 4 500 s 000 s soo 6 000 v 

293 83 900 4 000 6 400 13 700 16 soo 
364 1 000 1 740 ·3 200 3 400 10 soo 12 500 
41S 1 090 1 470 1 900 2 170 . 2 410 2 920 . 
531 870 1 700 3 800 3 920 4 300 6 450. 

543. S70 1 340 2 700 2 860 s soo s 810 
720 1 200 2 150 3 800 4 200 6 400 7 500 
889 600 1 060 L 100 3 200 6 900 8 240 
962 220 550 1 400 1 570 2 110 3 250 
974 540 1 160 2 500 2 700 4 600 5 200 

1237 S30 1 3SO 3 200 4 030 7 880 9 920 
1409 230 730 1 500 ·2 060 3 570 s 220 
1662 72 290 770 1 310 2 320 2 770 

I 
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Co-efficients of polynomials 
fitted to Functior.s Sensitivity 

Ey {keV) s I - 1 
Ep at smin. min. ug.g 

293 

364 
415 

5 31 
543 
720 

889 
962 

974 

1237 

1409 

1662 

a a a a (keV) 0 l 2 s 

+39 914 -22 122 +4 098 -253 140 6 000 

- 510 + 548 - 74 0 130 6 000 

- 7 120 + 4 968 -1 089 + 81 410 3 500 
+12 604 - 8 744 +2 105 -164 420 6 000 
+18 854 -10 534 +1 990 -124 420 4 500 
+ 3 556 - 1 843 + 353 - 22 380 4 500 
+ 2 240 - 651 + 98 - 6.8 420 6 000 
+74 564 -4 2 108 +7 886 -481 860 4 500 
+19 460 -11 14 7 +2 162 -137 490 4 500 
+17 251 -10 139 +2 037 -136 320 6 000 
+35 382 -20 007 +3 866 -250 530 6 000 
+17 325 - 6 228 + 584 0 730 5 330 

Titanium : - The titanium spectrum showed a mass of 

peaks, many of them of such high intensity that the element 

could easily be determined to a limit of 25µg.g-l, 

Most of the intense peaks were composite in nature represented 

by the sums of intensities of gamma-ray groups. This was 

possible because natural titanium consists of five isotopes 

each of which had an appreciable natural abundance. 

A peak at about 88 keV was intense and suited for titanium 

determination above 420 µg.g- 1 • Its intensity was further 

enhanced by the contribution of counts from gamma-rays from 

similar reactions on the 48ti - 49 Ti pair. This photo-

peak of 90 keV could not be resolved from the 88-keV peak and 

were integrated together. 

De-excitation of the first levels of both the 47 Ti and 
48Ti isotopes resulted in relatively intense gamma-rays of 
159 and 985 keV respectively, the latter offering the test sensiti­

vity for titanium analysis. 

The (p,ny) reaction on 49Ti produced a gamma-ray at 226 keV 

and the peak in the spectrum was integrated together with the 

227-keV photopeak from the (p,ay) reaction on 49Ti. .The 



Ey 

keV -
88 
88 

90 
90 

I 94 
98 

152 
152 
152 

, , sg 
160 
204 
210 

1226 
227 

1308 
308 

1320 
320 
354 
368 

1393 
393 
543 I 595. 
595 
65 8 

658 
661 
748 
774 
889 

1928 
929 
945 
986 
984 
986 

11021 
1021 

59 zzTi 

Yield. Yield. 
quanta Sensitivity Ey quanta Sensi ti vi ty 

Assignment Sr- l nC- l \JP: .g-1mc-1 keV Assignment sr- 1nc- 1 \JS!' S!-1 me- I --- -
"

7 Ti n(1,0) 2 890 420 1049 "
6 Ti p(S,2) 88 8 700 

"
6 Ti y(1,0) 1049 "

9 Ti n(S, 1) 

"
9 Ti. n(l ,O) 1049 "eTi y(S, 1) 

otaTi y(l,O) 11065 "eTi p(7,2) 110 7 100 
5 OTi n(2,1) 560 2 200 1065 "

9 Ti n(6, 1) 

"sTi n(4,2) 1092 "
7 Ti p (2, 1) 180 4 200 

,. 9 Ti n(2,0) 4 75 1 200 1121 "6Ti p(2, 1) so 15 400 
,. 6Ti y(2,0) 11140 .. 8 Ti y ( s, 0) 165 4 800 
,. 8 Ti y(2,0) 1140 "'Ti n(S,O) 
nTi p(l ,O) 2 110 350 11155 .. 8 Ti y(6,0) 380 1 900 

"
9 Ti p(2,1) 1155 "

9 Ti n(6,0) 
,.,Tj p(3, 1) 12 19 200 1312 otBTi p(2,1) 160 4 700 
_,Ti y(3, 1) . 8 30 soo rl 361 "9Ti n(7,2) 20 37 100 
soTi n(l,O) 1 570 420 1361 "'Ti y(7,2) 

"
9 Ti a(l,O) 1394 "

7 Ti p(4,1) SS 12 700 
.. 8 Ti n(l ,0) 18 33 200 11424 "

8 Ti Y.(7,1) 15 33 300 

"
7 Ti y ( 1 , O) 1424 "

9 Ti n(7, 1) 
50 Tiy(1,0) 64 11 200 1438 "

8 Ti p (3, 1) 370 1 700 
50 Ti n(2 ,O) · 1491 "

8 Ti y(8,2) so 14 100 

"
8 Ti a(2,1) 8 112 000 1491 ,. 8 Ti n(8,2) 

,. 8 Ti a(2 ,O) 10 89 800 1492 SO Ti y(3, 1) 

"
8 Ti y(S,3) 26 30 900 1509 "

8 Ti y(9,2) 195 3 400 

"
9 Ti n(S,3) 1512 "

9 Ti n(7 ,O) 

"
8 Ti a(3,0) s 100 000 1512 "

8 Ti y(7,0) 

"
9 Ti n(3,2) 170 6 800 1512 "

9 Ti n(8,1) 
.. 8 Ti y(3.2) 154?. . "

9 Ti .PC2,0) 15 48 500 
"

8 Ti yt3,1) 120 11 900 11553 .. 8 Ti y(8,1) 315 z 400 
" 9 Ti n(3,1) 1554 sari p ( 1, 0) 

"
6 Ti y(4,0) 1570 "6Ti p(ll ,2) 50 12 300 

.. 8 Ti y(3,0) 12 124 000 1570 
"

9 Ti n(lO,O) 
5 ori a(l,O) 13 110 000 1571 

"
8 Ti y(lO, 1) 

,. 6 Ti p ( 1, 0) 1 990 560 , 15 71 
"

9 Ti n(l0,1) 
.. 8 Ti p(4,2) 20 49 200 1601 . nri n(9,2) 65 8 70Q 
5 OTi y(2,0) 1602 "

9 Ti n(8,0) 
.. 8 Ti p(S,2) 40 22 800 1602 

"
8 Ti y(8,0) 

" 8 Ti y(5,2) 17 700 54 1623 
"

9 Ti p(4,0) 10 46 700 
.. 8 Ti p(l ,O) 1762 

"
9 Ti p(6,0) 8.3 67 400 

"
9 Ti n(S,2) 1796 .. 8 Ti y( 11,0) 20 36 200 

.. 8 Ti y(4,0) 470 1 800 , 184 l .. 8 Ti y(l2, I) 20 34 200 

"
9 Ti n(4,0) 1903 "'Ti y(12,0) 10 63 000 

combined area of these peaks were of such intensity that a 

sensitivity of 110 µg.g-l was attained with 6000 keV. The 

· k 986 k v d h 4 8 r1· composite pea at e represente t e gamma-rays 
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p(l,O), 48 Ti y'(S,2) and 49 Ti n(s,2) of which the major contribu­
tion was from Coulomb excitation of 4 8Ti occurring with the 

highest natural abundance of 73.7 atom %. 

~ Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 500 5 000 5 500 6 000 y 
v 

.; 

E 
y 

"} 90 125 790 2 890 3 740 4 240 9 680 
91 

159} 410 1 015 2 110 2 550 4 040 7 420 
160, 

226} 220 710 l 570 2 690 5 520 8 760 
227 

889 560 1 210 1 990 3 120 5 850 12 600 

983} 1 260 9 620 17 700 2B 200 49 900 84 600 984 
986 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

(keV) 5min/µg.g-l Ep at smin. 
a a a a (keV) • ' l 2 s 

''} 90 - 4 592 + 3 480 - 762 + 52 170 6 000 

91 . 
159} + 3 992 - 2 076 398 -260 290 + 6• 000 
160 

226} -21 +39 747 934 +4 074 -253 110 6 000 
227 
889 +18 538 - 8 9_69 +1 477 - 81 320 6 000 

983} 
984 + 616 - 314 + 62 - 4.3 20 6 000 
986 

Vanadium : - A pure vanadium metal sheet was bombarded to 

yield the gamma-ray spectrum. 

No gamma-ray from the low abundance 50 v isotope was observed. 

The Coulomb-excited 320-keV siv p(l,0) gamma-ray, which was 

used for analytical purposes under alpha bombardment [Gi 78a] 
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was again observed with appreciable intensity, but in this case 

there was extensive overlap in the spectrum with the peak from 

the 316-keV 51 V n(S,3) gamma-ray. This overlap does not, 

however, constitute interference because the relative intensity cf 

these two gamma-rays are constant for a constant bombarding 

energy. The combined areas under these two spectrum peaks could 

thus be used as a measure of vanadium content. 

Of the several gamma-rays available for interference-free 

analysis, the one at 750 keV was most intense. A detailed 

description of vanadium analysis in steels is given in 

Chapter 4 (see page 146). 

Yield. Yield. 
quanta Sensitivity Ey quanta Sensitivity 

Assignment sr- 1nc- 1 l:!&·&-1mc-1 keY Assignment sr- 1nc- 1 ~-1mc-1 

Sly y(4,3) 380 800 1148 _siy n(l0,3) 420 800 
Sly n(6,4) 710 3 300 1165 51 Y n(3 ,O) 420 210 
Sly p(4,3) 1333 Sly y(3, 1) 35 12 000 
s 1Yn(5,3) 3 310 540 1353 51 Yn(4,0) .1 120 790 
sty p(l,0) 4 100 370 1434 s 1Yy(1,0) 500 400 
51 Y n(4,2) 550 4 400 11480 sty n(5,0) 4 960• 880 
Sly n(4,1) 3 570 860 1481 51 Yp(5,2) 
Sly p(2, 1) 3 610 920 1493 s 1Yp(4,1) 410 1 300 
sty 11(1,0) 3 380 210 1558 sty n(6 ,0) 1 020 2 100 
sty n(9,S) 150 5 100 160& 5 1 y p ( 3. 0) 750 3 400 
Sly n(6, 1) 5 240 600 1814 ny p(4,0) 930 1 000 
Sly p(2,0) 410 730 1899 Sly n(7 ,0) 630 3 100 
sty y(2,1) 320 2 200 2002 sty n(8 ,O) 050 300 

~ 
Yield (quanta sr- 1nc- 1 ) 

3 500 4 OCJO 4 500 5 000 5 500 6 000 ) 

316 2 320 2 930 3 310 3 745 4 740 8 105 
320 z 760 3 305 4 100 6 950 9 040 11 120 
603 1 040 2 170 3 570 4 710 7 320 9 813 
609 ,390 z 010 3 610 4 980 6 030 7 910 

749 160 2 270 3 380 3 535 3 740 4 010 
808 3 315 4 040 5 240 7 965 11 610 13 730 

1165 840 1 290 1 420 2 125 2 910 3 175 
1353 . 95 180 1 120 2 710 4 730 6 970 

1480} 410 z 160 4 960 s 310 7 430 10 730 
1483 
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Co-efficients of polynomials 
fitted to Sensitivity Functions 

E (keV) 8min Jµg. g- l Ep at S . y min. 
a a a a 

0 1 2 I (keV) 

316 +12 969 - 6 948 +1 239 + 71 280 4 750 
320 +10 389 - 6 660 +1 426 - 97 320 3 900 
603 +17 556 - 7 964 +1 224 - 62 620 6 000 
609 +21 940 -11 355 +2 031 -120 920 5 130 
749 + 2 7 11 - 1 561 + 315 ·;:,, 21 190 4 200 
808 +10 309 • s 119 + 878 ~-j 49 490 5 250 

1165 +31 800 -18 806 +3 693 -238 190 4 600 
1353 +58 172 -32 922 +6 257 -394 760 4 870 

'1480} +22 192 -11 639 +2 115 -129 640 6 000 
1483 

Chromium · - Meiallic chromium was irradiated to produce 

the gamma-ray spectra. Most of the intense gamma-rays were 

Yield. Yield. 
Ey quanta Sensitivity Ey quanta Sensitivit 

~cv Assignment sr- 1nc- 1 11g.g-1mc-1 keV Assignment sr- 1nc- 1 ll • -1mc-1 

,I 
55 54 Cr n(l ,O) 380 4 800 955 54 Cr n(6,1) 22 

55 53 Cr y(l ,O) 955 s'cr y(6,1) 

154 52Cr a(2,0) 540 2 600 1006 53 Cr.n(6,2) 430 6 000 

156 Her n(2,0) 1116 53 Cr p(2, O) 460 6 600 

156 53 Cr y(2,0) 1213 52 Cr p(3, 1) 140 24 400. 

1211 
s4cr n(3,2) 75 16 600 11288 

53 Cr n(2,0) 2 300 1 300 

2 11 53 Cr y(3,2) 128S 52 Cr y(2,0) 

1250 Her n(4,2) 210 6 300 1332 s 2cr p(4,1) 230 10 500 

1250 
53 Cr y(4,2) 1335 Her n(8, 1) 

253 53 Cry(4,1) 1375 her n(7,0) 

1318 s'cr n ( 1, 0) 8 050 260 1400 s 4Cr ri(9. 1) 135 18 700 

378 s2cr y(l,O) 11434 
52 Cr p(l ,O) 36 600 140 

1406 s'cr n(4,0) 160 9 300 1440 s'cr n(3,0) 

40 6 53 Cr y(4,0) 1619 53 Cr n(4,0) 660 3 200 

564 s'cr p(l ,O) 700 3 400 11894 
53 Cr n(5,1) 115 15 900 

783 5°Cr p(l ,O) 3 060 100 1894 52 Cr y(5,1) 

1839 s'cr n(5,0) 690 3 700 12194 
53 Cr n(7,1) 95 18 000 

I 839 s'cr y (5. 0) 2194 5 2 Cr y ( 7, 1 ) . 

11854 
s'cr n(6 ,2) 760 3 300 12274 

52 Cr y(5,0) 490 4 050 

I 854 s'cr y(6,2) 2274 53 Cr n(S,O) 

11911 53 Cr n(2;1) 750 800 12405 sscr n(6,0) 180 .13 100 

1 ''" 

52 Cr y(2, 1) 2405 52 Cr y(6,0) 
52 Crp(2,1) 180 13 500 935 
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due to reaction with 5 2 Cr which has a natural abundance of 

83.79 atom % in nature. The intensities of the prominent 

gamma-rays were enhanced by the fortunate chance that radiations 

from 53 cr, the next most abundant isotope (9.50 atom%) 

frequently had energies very close to those from s2cr. Apart 

from the very intense 783-keV 50 cr p(l,O) gamma-ray, all the 

other radiations from reactions with this isotope and with 

S 4 cr were relatively weak. 

The gamma-ray of 155 keV was ascribed to 52 Cr a(Z,O) but the 

corresponding gammi-ray s 2cr a(l,O) with an energy of 91 keV 

which should have been excited was not observed. A similar 
result was also obtained [De 78] at a bombarding energy of 

3200 keV. 

~ 
Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 500 5 000 5 500 6 000 
) 

378 1 010 3 420 8 050 1l 760 15 700 27 350 
783 360 1 140 3 060 3 810 4 750 6 210 

911} 360 1 120 1 750 2 360 4 100 6 240 912 

1288} 780 1 160 2 300 2 930 4 140 6 180 1290 

14351 
1440 r 11 310 21 760 36 600 43 730 54 310 79 340 

Co-efficients of polynomials 

Ey (keV) fitted to Sensitivity Functions 5min./µg.g-• Ep at Smin. 

a a a a (keV) 
0 l 2 I 

378 + 220 - 201 + 73 + 6 180 3 650 
783 +53 736 -61 540 +14 994 -1 191 940 3 550 

911} +14 008 - 3 248 - 1 042 259 800 3 760 + 
913 . 

1288} 
1290 

+4 7 972 -32 914 + 7 513 + 550 760 3 830 

1435} s 700 + 1 749 - 590 + 52 0 70 
1440 ·-
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If all the intense gamma-rays were to be considered for analysis, 
a compromise bombarding energy 6f 4000 keV was suggested. 

The determination of chromium in steels where this bombarding 
energy was used, is discussed in Chapter4 (see page 153). 

Manganese · - Chips of electrolytic manganese was bombarded 
to obtain the gamma-ray spectra. Since stable manganese is 

mono-isotopic all the recorded gamma-rays resulted from the 

interaction with 55Mn. The nuclear reactions from which gamma­

rays were detected were Coulomb-excitation of ssMn, proton­

capture and the reaction 55Mn(p,ny) 55 Fe. In all the cases the 

gamma-rays that were observed are in accordance with the eval­
uated data. The first 6 levels, to 2199 keV, of ssMn were 

excited by Coulomb excitation. Of the expected decay gamma­
rays only two were not observed viz., the 308-keV p(3,2) and 

the 1759-keV p(5,l) because of their low intensities. The 

proton-capture reaction led to the population of the first 2 

excited states to 2085 keV and the decay of these states were 
observed.[Au 77] 

Yield. Yield. 

quanta Sens.it i vi ty Ey quanta Sensitivity 

Assignment sr- 1nc- 1 l!&·&-1mc-1 keV Assignment sr- 1nc- 1 'Ill! .1r-1mc-1 

55 Mn n(4,3) 3 400 7 800 1238 5 5 Mn y (2 1 1) 2 800 6 600 
55 Mn p(l,O) 5 900 250 1316 55 Mn n(3,0) 13 400 210 
5 5 Mn n(3, 2) 930 1 800 1370 5 5 Mn n(9, 2) 1 900 550 
55 Mn n(l,O) 7 600 190 1408 55 Mn n(4,0~ 5 400 450 
5 5 Mn n(4, 2) 6 000 270 .1508 5 5 Mn n(5, 1) 510 3 700 
5 5 Mn n(2, 1) 310 5 800 1528 55Mn p(4,0) 290 2 900 
55 Mn n(8,4) 2 400 950 1640 5 5 Mn n(6, 1) 1 700 1 300 
5 5 Mn n(7 ,3) 1 700 1 300 1733 5 5 Mn n( 7 • 1) 1 480 11 000 
55 Mn y(l 10) 670 4 100 1883 55 Mn p(5,0) 1 250 10 000 
5 5 Mn p(2, 1) 1 100 1 800 1918 5 5 Mn n(S 10) 930 2 100 
5 5 Mn n(2 10) 3 400 90 2051 55 Mn n(6 10) 690 2 400 
55 Mn p(2 ,0) 260 9 000 2143 5 5 Mn n(7 ,0) 1 700 1 100 
5 5 Mn n(9 ,3) 2168 55 Mn n(12,1) 1 090 6 600 
55Mn p(3; 1) so 59 000 2199 55 Mn p(6 10) . 1 210 5 800 
55 Mn n(7,2) 1 800 1 300 2470 s sMn n(lO,O) 980 1 800 
55 Mn n(11 1 3) 990 2 300 2578 55 Mn n(12,0) 1 290 1 20U 
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i~ Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 500 5 000 5 500 6 000 I 
' 

Ey 

126 

412 

477 
803 

931 
1316 
1370 

1408 

1 950 4 930 5 950 7 780 13 700 14 100 

2 170 4 810 7 600 9 270 11 100 15 500 

1 740 2 620 6 000 9 770 14 400 20 700 

760 1 420 2 400 3 430 8 360 10 400 

25 200 30 000 33 900 34 100 37 800 41 800 

4 810 10 600 13 400 14 500 15 700 17 300 

640 1 170 1 900 2 460 4 680 9 940 

1 860 4 360 5 400 7 280 12 600 14 050 

Most of the gamma-rays originate from the(p,ny) reaction which 

resulted in the excitation of 12 levels above the ground state 

of the product nucleus. Virtually all the gamma-rays [Ko 76] 

from the decay of these levels "ere observed with the exception 

of low-intensity transitions from the 8th excited state at 

2211-keV and the unconfirmed transitions from excited states 
8 and 9. 

-_ ....... - .,,, 

Co-efficients of polynomials 
fitted to Functions I Sensitivity 

(keV) smin.h1g.g-1 Ep at Smin. 

126 

412 
477 
803 
931 

1316 
1370 
1408 

a a a a (keV) 0 l 2 , 
+10 246 - 6 372 +1 323 - 89 230 4 120 
+ 3 315 - 1 419 + 161 0 185 - 4 400 

+12 470 - 7 947 +1 706 -121 260 4 200 
+23 516 -11 497 +1 900 -101 850 s 100 

+ 1 610 + 1 516 - 424 + 38 90 4 500 
.+12 085 - 7 623 +1 609 -112 180 4 400 
+21 74 7 -13 791 +2 914 -200 410 4 000 
+27 880 -14 990 +2 712 -163 310 s 500 

Iron : - Although the bombardment of iron yielded a gamma-

ray spectrum in which only one peak was very prominent 
viz., 847-keV 56 Fe p(l,O), the formation of even low intensity 
gamma-rays was of importance because the element was likely to 
constitute the major component in a matrix such as steel. 

Thus, for example, the appearance of two minor peaks in the 
spectrum-corresponding to 122-keV 57 Fe p(2,l) ·and 127.3-keV 

56fe y(3,2) entirely eliminated the possibility of manganese 
analysis using the intense manganese gamma-ray of 126 keV. 
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Yield. Yield 
E:t quanta Sensitivity Ey 

quanta Sensitivit} 
keV Assignment sr- 1nc- 1 !J8·S-1mc-1 keV Assignment sr- 1nc- 1 µg.g-1mc-1 ,._ --. 
1112 

57 Fe y(3,0) 5.6 90 500 847 56 Fe p(l,O) Zl 800 40 

112 58 Fe n(3,0) 970 s 6 Fe n(4,0) 35 25 400 

123 57 Fe p(2, 1) 8.3 72 400 11224 s'Fe y { 1. 0) 44 15 900 

1127 
56 Fe y(3,Z) 79 10 zoo 1224 s1Fe n(l,O) 

127 s1Fe n(3,2) 1238 s 6 Fe p(Z,1) 190 2 900 

35Z s1Fe p(3,1) 88 8 900 13Z8 uFe a(4,Z) 86 5 100 

366 s'Fe y(4,0) 19 44 900 1137 7 s'Fe y(2,0) 590 860 

366 saFe n(4,0) 1377 s1Fe n(2,0) 
367 s1Fe p(3,0) 1408 s4Fe p(l ,O) 530 900 

1380 
S6Fe y(5,Z) 31 29 600 117 5 7 s'Fe ·y(5,0) 220 z 560 

380 s1Fe n(5,2) 1757 s'Fe n(5,0) 

412 HFe p ( 4, 2) 8Z 12 500 1810 SE Fe p(3,1) 33 14 500 

1466 
. s' Fe Y(4, 1) 74 13 800 

11
897 s'Fe y(6,0) 18 zo 800 

466 s1Fe n(4,1) 1897 s'Fe n(6,0) 

1·673 s'Fe y(6,1) 34 39 700 11918 
5 7 Fe n(7,0) 115 4 100 

673 57 Fe n(6, 1) 1919 s' Fe y(7,0) 
692 s1Fe p(4,1) 42 33 zoo 2111 s'Fe p(4,1) 44 10 200 

812 : . sere p(l,O) 36 27 600 12133 s 6 Fe y(8,0) 59 7 600 

2133 . s 7Fe n(8,0) 

~ 
Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 500 5 000 5 500 6 000 ) 

847 . 1 980 9 570 21 800 28 900 98 800 101 400 
1238 37 73 190 550 3 280 5 620 

1377 80 270 590 610 1 590 '2 190 

1408 27 120 530 880 3 590 4 220 

1757 5 87 220 270 770 1 lZO 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

s . /µg.g-1 Ey (keV) Ep at s~in. min. 
a a a a (keV) 0 1 2 ' 

847 + 144 + 9.6 - 12.6 + 1. 3 20 6 000 

1238 +163 444 -77 840. +12 Z89 -641 300 6 000 

1377 + Z8 70Z -16 260 + 3 148 -202 860 4 500 

1408 +107 232 -58 760 +10 783 -659 390 6 000 

1757 + 93 088 -49 996 + 9 139 -556 1 980 6 000 
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Proton-capture reactions on the 56pe isotope and (p,ny) 

reactions on the lesser abundant 57pe isotope (2.19 atom %) 
yielded the same gamma-rays and since most of the peaks from 
these reactions appearin that region of the spectrum where the 

intensity of the continuum had decreased considerably, they 
offered moderate sensitivities. 

Cobalt : - The spectra were obtained from the bombardment 

of metallic cobalt. The element is mono-isotopic in nature 

and gamma-rays were emitted as a result of Coulomb excitation 
as well as from the reactions; 59 Co(p,ny) 59 r~i; 59 Co(p,y)61()Ni 

and 59Co(p,ny)56pe~. Although the decay of the fourth excited 

level of the Coulomb excited nuclide resulted in an intense-
gamma-ray,_careful consideration had to be given when using it 
for analytical purposes because of the presence of a very intense 
gamma-ray from chromium in the vicinity of the 1429-keV cobalt 
peak. 

-' 

Yield. Yield. 

quanta Sensitivity Ey . quanta Sensitivit) 

Assignment sr- 1 nc- 1 J.Jg. g- 1mc- 1 keV Assignment sr- 1nc- 1 u"'. {l- 1mc- 1 

5 9 Co p(3, 1) 72 7 400 1291 59 Co p(3,0) 95 12 800 

59 Co n( 4, 3) 110 10 000 1301 s gCo n(5,0) 150 7 200 

sgco n ( 1 , 0) 14 800 80 1332 s'co y(l ,O) 750 290 

59 Co n(8,5) 153 6 000 1337 s'co n(6,1) 3 730 380 

s'co n(Z,O) 910 200 1432 s'co p(4,0) 3 380 390 

59 Co n ( 11 , 4) 120 12 ·200 1461 59 Co p(5,0) 680 560 

5 9 Co y ( 2, 1) 88 13 500 1480 59 Co p(6,0) 190 5 900 

59 Co a( 1,0) 140 12 100 1608 59 Co n(11,1) 440 2 100 

5 'Co n(3,0) 2 210 710 1680 59 Co n(7,0) 240 3 800 

59 Co n(5,1) 4 500 370 1735 59 Co n(8,0) 170 6 zoo 
59 Co p( 1 ,O) 270 5 700 1746 59 Co n(9,0) 39 18 000 

5 9 Co y ( 3, 1) 410 6 900 1773 59 Co a(9,2) 710 1 120 

59 Co n(4,0) 4 920 360 1778 59Co n(10,0) 650 700 

59 Co p(2,0) 1948 59 Co n ( 11 , 0) 1 200 640 

59 Co n(8,2) 96 12 600 
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I~ 
Yield (quanta sr- 1nc- 1) 

J 3 500 4 000 4 500 5 000 5 500 6 000 

Ey 

339 1 210 3 230 14 800 25 200 26 100· 29 800 
878 310 1 100 2 210 3 870 5 740 8 310 
997 380 1 990 4 500 7 830 8 740 11 900 

1189} 510 2 100 4 920 7 390 10 100 16 700 
1190 
1337 

1432 
1948 

440 1 530 3 730 5 210 7 980 8 670 
370 960 3 380 s 340 7 120 8 390 
260 470 1 200 3 030 7 590 12 400 

Many levels of 59Ni, produced by the (p,ny) reaction on 59Co, 

were excited and decay of the lower states yielded the most 

intense gamma-rays. The most important of these was a gamma~ 

ray of 339 keV which offered a sensitivity of 70 µg.g. -l 

at an optimum bombarding energy of 5100 keV. Because the 

1332-and 1337-keV photons are· so close to each other, the pea~s 

from these gamma-rays could be integrated together so· that 

this doublet could be potentially useful for the determination 

of the element. A mean bombarding energy of 5000 keV is 

suggested if all the intense gamma-rays are.to be utilized for 

the analysis of cobalt. 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

smin./iig.g-1 (keV) E at S . ' 
p min. 

a a a a (keV) 0 l 2 3 

339 + 830 - 298 + 29 0 70 5 100 

878 +32 190 -17 879 ~·3 340 -205 610 4 800 
997 +40 822 -23 873 +4 657 -301 300 4 700 

1189} +14 510 - 7 692 +1 365 - 79 280 4 950 
1190 
1337 +13 743 - 7 063 +1 212 - 67 320 4 960 

1432 +14 933 - 7 108 +1 436 - 88 290 6 000 

1948 +10 056 - 5 499 +1 072 - 7iJ· 550 6 000 



Ey 
keV 

I 53 

59 
111 

14 7 

159 
185 
197 
265 
274 
313 
3~1 

3-49 

373 
423 
~77 

491 

588 

659 
669 

69 

Nickel : - Bombardment of a pure nickel plate led to the 

production of many low intensity gaoona-rays with the exception of 

two analytically useful ones corresponding to 1333 keV and 

1454 keV. These resulted from the Coulomb excitation of the first 

levels of 60 Ni and 58 Ni respectively. Both of these gamma-rays 

would provide a sensitivity of analysis of less than 500 µg.g-1 

at a proton energy of ·4500 keV. With increasing bombarding 

energy the sensitivity increased, because the background against 

which these gamma-rays were measured, was relatively little 

affected by the Compton continuum contributed from higher energy 
gamma-rays. 

Yield. Yield. 

quanta Sensitivity Ey quanta Sensitivit) 

Assipnment sr- 1nc- 1 µg.g-1mc-1 keV ~ssignment sr- 1nc· 1 µg.g-1mc-1 --
6 lNi a ( 1, O) 6.3 93 000 750 62Ni p(6,3) 10 62 000 
61Ni a(3,2) 7.4 69 000 771 64Ni y ( 1, O) 12 43 000 
6 !Ni a(3,0) 6.4 52 000 826 6 o Ni p(2,1) 100 6 200 
6 2Ni n ( 4, 2) 1. 3 217 000 i 870 6 2~Ji p(2,1) 29 24 100 
6 "Ni n(l ,0) 130 2 800 873 &1Ni n(3,1) 
6 "Ni n(3,1) 1. 3 212 000 914 seNi y (2 ,O) 72 10 100 
62Ni a(2,1) 38 7 800 961 &2Ni y (2 ,0) 18 47 000 
6 lNi n(S,4) 1.5 188 000 970 6 ONi y(2,0) 10 91 600 
6 "Ni n(2,0) 140 3 100 1027 64Ni p(l,O) 5.1 174 000 
6 lNi a(4,2) 4.3 72 000 1173 &2Ni p(l,O) 350 3 . o.oo 
&2Ni a(4,1) 47 6 600· 1314 & lNi n(3,0) 20 29 500 
&2Ni n(4, 1) 6.5 51 800 1321 seNi p(3, 1) 10 41 100 
6 1Ni p ( 3' 2) 20 19 600 1333 & or-n p ( 1'0) 2 100 320 
s eNi y(2,1) 22 17 200 1412 & 2 Ni y(4,0) 7.1 44 300 
& 1Ni n(l ,O) 43 10 100 1454 seNi p(l,O) 4 360 110 
s eNi y(l,O) 11 35 900 1547 &2Ni y(S,O) 8. 1 45 000 
& iNi p(3, 1) 29 18 900 1640 &1Ni y(5,0) 8.2 30 400 
&1Ni p(3,0) 3.4 155 ()00 1774 seNi y(6,1) 12 18 900. 
&JNi y ( 1 ,0) 3.2 161 000 

~ 
Yield (quanta sr- 1nc- 1) 

3 500 4 000 4 500 5 000 5 500 6 000 ) 

159 20 69 130 370 480 890 
274 19 67 140 260 400 500 

1173 40 170 350 1 190 1 680 1 990 
1333 98 520 2 100 7 500 13 900 19 800 
1454 410 1 750 4 360 17 500 25 200 37 600 
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Co-efficients of polynomials 
fitted to Sensitivity Functions 

E (keV) s '. /µ~.g-l Ep at S . y run. - min • 
. a n a a (keV) 0 1 2 s 

159 . + 41 073 - 14 316 + 1 300 0 1 sso s 500 
274 +228 144 -126 588 +23 698 -1 479 i 100 6 000 

1173 + 95 016 - 51 264 + 9 406 - 577 1 HO 6 000 
1333 + 53 546 - 29 642 + 5 482 - 388 1(10 6 000 
1454 + 4 009 - 1 442 + 130 0 H 6 000 

Copper Each of the two copper isotopes produced gamma-

Yield. Yield. 
Ey 

quanta Sensitivity Ey quanta Sensitivity 
keV Assignment sr- 1nc- 1 µg.g- 1mc- 1 keV Assi~nment sr- 1nc- 1 µg.g- 1mc- 1 . -I 54 

65 eu n(l,O) 5 76 000 962 63 eu p(Z,O) 18 800 500 
SS 63Cu n{2,1) 992 6 3Cu y(l ,O) 4 400 900 

115 65 Cu n(2,0) 6 400 390 1039 65 eu y(1,0) 650 5 500 
153 &scu n(3, 1) 4 800 580 

~··· 
65 eu n(8,0) 2 600 1 700 

194 69 Cu n(l ,O) 290 .4 800 1048 65 Cu n(t0,3) 

201 &scu n(8,6) 740 2 600 049 63 Cu p(7,Z} 

207 &scu n ( 3, 0) 380 2 700 ~ 114 
sscu p(Z,O) 600 7 000 

249 &leu n(2,0) 80 25 000 119 63 Cu p(9,2) 

1365 
6 3eu p(3, l) 960 3 600 ~137 &scu n(12,3) 710 5 000 

369 sseu p(3,1) 138 sseu n(H>,2) 
450 63 eu p(4,2) 270 4 900 1174 sscu a(l,O) 590 6 500 
434 65 eu n(9,4) 470 8 500 1177 63 Cu a(4, 1) 420 8 000 
509 65 eu p(4,2) 5 450 2 500 1229 &scu n(lZ,2) 1 500 2 500 
585 63 Cu p(5,2) 530 7 100 1254 6.5 Cu n(13,2) 1 900 1 700 
611 65 Cu p(S,2) 280 11 600 h263 

65 eu n(4,3) 1 300 2 200 
639 &lcu n(4,0) 400 6 800 264 &scu n(ll,O) 

1652 
63 Cu n(5,0) 2 560 1 900 1310 5 3Cu y ( 1 • 0) 910 3 900 

,654 &scu n(4,2) 1327 63 Cu p(3,0) 9 900 950 
670 &lcu p(l,O) 12 300 . 770 1329 63 Cu a(l,O) s 600 960 
703 65 eu n(6,3) 1 500 2 500 h 343 

63 Cu p(7,1) 550 s 300 
715 6 scu n(4,1) 640 6 800 344 6 scu n(12,0j 

742 63 Cu pC4, n 170 2 100 1355 sscu n(14,2) 1 200 2 500 

1752 sscu n(5,4) 3 800 1 200 1370 6 scu n(13,0) 1 300 2 400 
754 63 Cu p (9. 3) 1412 63 Cu p(4 ,Ii) 4 300 770 

1769 
65 Cu n(4,0) 4 520 970 1463 63 Cu a(S, 1) 370 7 200 

771 6 5 Cu p ( 1'0) ~4 70 
sscu n(l4,0} 170 ts 000 

795 65 Cu n(6,2) 1 360 2 900 473 6 scu n(16,Z) 
808 63 Cuy(2,1) 1 000 3 600 1523 sscu n(tS,1) 290 10 000 

831 "eua(2,1) 530 6 300 1547 &3cu p(S,O) 2 160 1 300 

840 65 Cu a(2,1) 950 4 100 1577 sscu n(tS,Ci} 590 4 800 

1852 &scu p(4,1) 870 3 700 1588 65 Cu n(lf. ,G) 670 3 700 

,856 65 Cu n(7,1) 1623 65 Cu p(4 ,0) 1 so 18 000 

86S 65 Cu n(S,O) 4 300 900 1725 6 5 Cu p(S,Ci:) 60 91 000 

899 ., 'Cu p(6,2) 480 6 800 1799 65 Cu y(2.&) 430 s 400 

910 sscu n(6,0) 2 800 1 500 11!61 63 Cu p(6,IJJ 620 :s 200 

932 65 Cu n(8,2) 2 500 1 600 
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rays many of which w~re of sufficient intensity to offer 

reasonable sensitivity for analysis of the element. 

~l'"frc:1" 
Sensitivities 9'-f ls~s than 1000 µg.g- 1 were obtained for those 

gamma-rays which originated from the decay of the first four 
excited levels -0f 63Cu. The reactions that produced other 
gamma-rays from this isotope were: 63Cu(p,ny)6 4 zn which did 

not produce any intense gamma-rays; 63 CU(p,ay) 60 Ni which 

produced a gamma-ray of 1329 keV that could usefully be inte­

grated together with the photopeak of 1329-keV 63Cu p(3,0), 

and· proton-capture of 63Cu which resulted in an analytically 

useful gamma-ray of 992 keV. 

~ 
Yield (quanta sr- 1nc- 1.) 

3 500 4 000 4 500 5 000 5 500 6 000 ) 

115 1 050 2 300 6 400 11 700 18 200 21 600 
153 2 300 3 100 4 800 5 700 7 300 9 600 

769} 1 300 3 300 4 520 10 BOO 12 400 16 700 
771 
865 940 2 160 4 300 10 070 13 600 26 400 

962 905 12 400 18 800 27 500 36 300 49 700 

992 840 2 210 4 400 8 640 12 700 20 100 

. 1327 1 160 3 570 9 900 13 400 26 300 31 700 

1329 960 2 170 5 600 7 210 8 470 12 400 

1412 630 1 950 4 300 4 960 6 200 . 9 900 

Co-efficients of polynomials 

Ey (keV) fitted to Sensitivity Functions 8min/ll&·&-
1 

EP at Smin. 

a a a a (keV) 
0 1 2 I 

115 + 8 987 - 4 802 + 886 - 54.7 270 6 000 

153 + 910 + 469 - 225 + 22.2 390 5 450 

769} + 9 542 - 4 993 969 - 62.7 390 5 450 + 
771 
865 + 1 821 - 284 + 17.7 0 750 6 000 
962 +61 757 -35 691 +6 892 -441 400 6 000 

992 +16 290 - 8 798 +1 662 -104 860 4 880 

1327 + 2 988 - 732 .+ 61.2 800 6 000 

1329 + 7 422 - 3 505 + 631 - 38 890 6 000 

1412 +17 444 - 9 584 +1 836 -118 600 6 000 

·-



Ey 

keV 

1169 
169 

117 5 
175 
185 
19 3 
237 
320 
321 
321 

324 
360 
508 

1574 
578 
585 
651 

691 
710 

;1807 

1~·· 
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De-excitation of the ·first level of 6Scu at 771 keV provided 

the analytically most useful gamma-ray from this isotope, 

particularly so because its peak could easily be coupled with 
the 769-keV photopeak from the (p,ny) reaction. 

Zina : - A pure metal sheet was bombarded to produce the 

gamma-rays. Zinc has S naturally-occurring isotopes all of 

which yielded observed gamma-rays on bombardment with protons. 

Excitation of the first level of the highest abundant isotope, 
64 Zn (48.89 atom %) resulted in a very intense peak corresponding 

to a gamma-ray of 992 keV. A comparable photopeak was observed 

for the next most abundant isotope 66zn (27.8 atom ~) while 

the third gamma-ray, useful for analysis, was produced by the 

same process on 68 zn (18.57 atom%). Of the two less abundant 

isotopes, the 360-keV 67 zn n(2,0)_ gamma-ray may be useful 

Yield. Yield. 

quanta Sensitivity Ey quanta Sensitivit} 
Assignment sr- 1nc- 1 I:! g . !( 1 mC- 1 keV Assignment sr- 1 nc- 1 µ -1mc-1 

. - ... -
66 Zn y(l,O) 290 3 500 828 67 Zn n(3,0) 64 900 
67 Zn n(l ,O) 834 66 Zn p{2, 1) 220 8 600 

67Zn y(l ,O) 210 200 843 67 Zn n(5, 2) 200 10 200 
68 Zn n{l,O) 871 67 Zn p(5,0). 300 7 400 
67 Zn p(2,0) 110 10 300 871 68 Zny(3,0)· 
6 ~Zn y(l,O) 100 12 400 888 67 Zn p(6,0) 130 12 600 
68 Zn y(5,3) 44 16 700 910 10 zn y(S,O). 79 3 200 
68 Zn y(l,O) 930 2 200 911 67 Zn n(4 ,O) 
&ezn n ( S, 1) 992 6 ~Zn p(1,0) 10 200 210 
67 Zn Y(S, 1) 10 39 66 Zn p(l,O) s 220 320 

. - . r 
10 300 1053 67 Zn n(6,Z) · 100 

67 Zn y(2,0) . 1077 68 Zn p(l,O) 630 1 100 
67 Zn n(2,0) 540 980 11107 

68 Zn y(5,0) 320 7 800 
70 Zn n(l,O) 270 000 1107 70 Zn y(7,0) 
68 Zn y{2,0) 400 7 100 1160 67 Zn n(7,2) 230 4 300 
6 8 Zn p ( 2, 1) 1196 67 Zn n(8; 2) 110 15 000 
68 Zn n(8,0) 100 19 700 '' 1202 69 Zn n(S,O) 450 4 000 
70 Zn n(2,0) 83 22 600 1206 6 8 Zn y ( 7, 1) 12 32 600 
10 zn n(3,0) 170 13 100 11333 

66 Znp(3,1) 180 8 800 
18 Zn y(4,1) 24 42 400 1335 68 Zn y(6,0) 
&azn p(3,1) 480 ·s soo 11412 

6 6 Zn p(4, 1) 160 12 400 
6 ~Znp(2,1) 1413 67 Zn n(6,0) 

1555 67 Zn n(8,0) 130 14 700 



73 30Zn,31Ga 

especially if 67zn is enriched .in the target, but 70zn yielded 

only low intensity gamma-rays because its natural abundance was 

only 0.62 atom %. 

The most serious sources of interferences when considering 

using any 6f the intense photopeaks for analysis, would be 

the presence of copper which, through proton capture reactions 

on 63cu and 6Scu, prriduced gamma-rays of 992 and 360 keV 

respectively. The presence of gallium in the matrix would 

interfere with the use of the 992-and 1037-keV gamma-rays but to 

a lesser extent [Ch 72]. 

~ 
Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 500 5 000 5 500 6 000 ) 

175 38 160 1 210 1 510 . 1 940 2 310 

""} 321 24 220 930 1 040 1 120 1 460 

324 
360 33 98 1 540 1 620 1 780 1 990 

508 45 730 1 270 1 470 2 120 2 430 

992 2 110 4 710 10 200 14 900 17 400 ·21 300 

1039 780 2 110. 5 220 7 900 9 420 12 600 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

E (keV) smin.h.1g.g-1 Ep at smin. ·y 
a a a a (kev) 0 1 2 9 

175 +134 960 -74 400 +13 756 - 850 210 6 000 

""} 
-

321 - 22 016 +22 028 -55 947 + 424 320 5 820 
324 
360 +157 752 -89 433 +16 945 -1 069 240 6 000 
508 + 58 504 -32 066 + 5 846 ' - 345 910 4 750 
992 + 20 125 -10 757 + 1 930 - 116 92 6 000 

1039 + 51 883 -30 112 + 5 840 - 376 150 6 000 

Gallium : - Both isotopes of gallium provided a number of 
gamma-rays, many of which were of sufficient intensity to 



Ey 

keV -
87 

113 

114 3 
146 
176 
233 
24 7 
287 
307 
318 
374 
390 
398 
500 
512 
521 
532 

574 
596 

620 
668 
691 

708 
744 

1786 
788 
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determine the element to below 300 µg. g -1 . Of the lower 
abundant isotope, the photon that originated from the decay of 

the first transition state was the only Coulomb-excited gamma­

ray which offered a sensitivity of below th~ mg.g-1 range. No 

gamma-rays from the reaction 71Ga(p,ny)71Ge could be detected. 

Both Coulomb-excition and reactions on the higher abundant 

isotope of mass 69, provided gamma-rays of good analytical 

potential, the best of which was the 176-keV 69Ga y(2,l)'gamma­

ray, which, although situated on a high Compton continuum, 

showed increasing sensitivity with increasing bombarding energy. 

Yield. Yield. 
quanta Sensitivity Ey quanta Sensitivity 

Assignment sr- 1 nc- 1 µg.g-1mc-1 keV Assignment sr- 1 nc- 1 µg.g-1mc-1 --
69Gan(l,O) 230 2 300 812 69 Ga n(5,0) 280 2 100 
71 Ga y(8,6) 100 4 400 834 71 Ga y(2,0) 280 2 000 
7 1 Ga y ( 2, 1) 330 1 300 872 6 9 Ga p (3 ,0) 110 4 300 
6 9 Ga ri ( 2 , 1 ) 894 71 Ga y(4,2) · 72 6 300 
69Ga y(2,1) 2 250 140 927 69Ga n(9,2) 140 3 800 

''Ga n(2 ,O) 790 400 941 69Ga y ( 4 '2) 140 3 300 
69Ga p(13,9) 110 3 ioo 965 71Ga p ( 5 '0) 44 10 600 
69Ga n(3,2) 970 450 995 . 69Ga n(8 ,0) 23 22 500 
69 Ga p(6,4) 100 3 400 1027 69 Ga p ( 4. 0) 1 540 381 

' 
6 9Ga p ( 1 • 0) 250 1 800 1040 69 Ga y(l ,O) 600 970 
69 Ga n(3,0) 300 1 200 1099 69 Ga y(ll,3) 260 2 200 
71 Ga p ( 1, O) 560 700 1106 69 Ga p(5 ,0) 120 1 400 

69Ga n(4,0) 540 750 111 3 69 Ga y(4, 1) 84 1 800 
6 .9Ga p(7,4) 950 490 1140 69 Ga y (6, 1) 190 1 750 
71Ga p(3,0) 180 2 300 1182 69 Ga n(13,2) 42 6 700 
71Ga p(4,1) 370 1 100 1208 6 9 Ga p ( 7, 1) 16 17 900 
69 Ga p(5,2) 91 4 400 1216 69 Ga y(2,0) 39 7 300 
69 Ga p(2. 0) 400 1 230 1230 71 Ga y(5,2) 15 17 800 
11 Ga p(6 ,3) 250 1 800 1307 69 Ga n(12,0) 140 2 200 
71 Ga p(6,2) 120 4 200 1332 69 Ga y(13,4) 78 36 700 
69 Ga y (3, 1) 100 5 200 1336 69 Ga p(6,0) 
7 1 Ga y ( 1, O) 230 2 500 1339 69 Ga y(9,3) 
69 Ga p(4,1) 420 1 400 1412 69 Ga y(8. 1) 63 4 300 
69 Ga y(8,3) 68 5 500 1464 11Ga y(3,0) 33 7 300 

7 lGa y(S,4) 70 7 700 1527 69 Ga p(7,0) 64 4 100 
69 Ga P (·5, 1) 1708 69 Ga y(3,0) 82 3 700 
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~ 
Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 500 5 000 5 500 6 000 ) 

Ey 

176 700 1 800 2 250 7 170 11 100 1; 200 
233 130 710 790 2 300 4 300 8 700 
287 57 570 970 2 990 5 4 70 10 900 
390 145 310 560 730 1 025 2 140 
398 200 370 540 710 780 1 160 
500 43 320 950 1 140 1 370 1 705 

1027 405 635 1 540 1 715 2 280 4 340 
1040 140 360 600 775 990 1 140 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

(keV) 5minJµg.g-I E at smin. p 

176 

233 

287 
390 

398 
500 

1027 
1040 

a a a a (keV) 0 I 2 ' 
+ 1 946 - 825 + 116 - 5. 1 60 6 000 

- 6 062 + 4 121 - 846 + 55 160 6 000 

+19 958 -11 145 +2 109 -133 210 6 000 

+10 706 - 5 927 +1 170 - 77 550 6 000 

+ 6 213 - 2 611 + 408 - 21 640 6 000 

+19 098 -10 214 +1 858 -112 450 6 000 

+22 465 -12 044 +2 184 ·132 270 6 000 

+10 434 - 5 763 +1 183 - 82 650 6 000 

Germanium : - A disc, cut from a pure_ germanium crystal 

was bombarded to obtain the gamma-ray spectra. Three of the 

five naturally-occurring isotopes of the element were Coulomb 

excited to yield gamma-rays. The radiation from the first 

three levels of 73 Ge were too low in energy to be detected by 

the gamma-ray spectrometer, and those photons which were 

observed were of low intensity. It appeared that the best 

sensitivity for the analysis of germanium was offered by a 

gamma-ray which originated from the (p,ny) reactio~ on 73 Ge, 

but its energy was 510 keV, and could not be resolved from the 

annihilation gamma-rays of 511 keV. 

ray served little analytical purpose. 

Therefore this gamma-

The first excited state of 7 4 Ge had the correct spin and 



Ey 

~ev -
46 

87 
109 
121 
166 
202 
236 
254 
295 
302 
351 
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I 

parity values for an E2 transition but no gamma-ray of 

596-keV was observed from· this level. In fact, only two 

photopeaks from this isotope, which had the highest natural 

abundance, were present in the spectrum and both of these 
were of low intensity. 

Yield. Yield. 
quanta Sensitivity Ey quanta Sensitivit) 

Assignment sr- 1 nc- 1 µg.g-1mc-1 keV Assignment sr- 1nc- 1 u11:.11:-1mc-1 
76 Ge n ( 1, 0) 290 5 500 354 73 Ge p(4,0) 3 65 000 
76 Ge n(2,0) 23 21 800 442 73 Ge n(5, 1) 15 22 300 
7 6 Ge p (6, 5) 0.3 968 000 510 73 Ge n(5,0) 1 530 230 
76 Ge n(3,0) 0.3 880 000 546 76 Ge p(Z, 1) 1 214 000 
7 6 Ge n ( 4, 0) 8 40 000 563 76 Ge p(l,O) 0.7 258 000 
HGe n(3,0) 0.5 651 000 578 73 Ge n(7,0) 15 21 000 
76 Ge n(8, 3) 41 4 000 - 609 HGe p(Z,1) 30 11 400 
73 Ge n(3,0) 34 12 000 770 73Ge n(lO,O) 6 57 000 
'3Ge p(5,3) 28 9 300 847 76 Ge p(3, J) 160 2 300 
?&Ge p(3,2) 11 25 000 911 76 Ge p(6,2) 18 17 000 
73 Ge p(5,1) 14 20 000 

Most of the observed gamma-rays were produced from inelastic 
scattering and the (p,ny) ·reaction on 76Ge. Of these,the 
reaction ·· 76 Ge(p,ny) 76As produced a gamma-ray from which a 

sensitivity of 3100 µg.g- 1 was calculated. The 847 keV 
I 

gamma-ray, also produced from the latter reaction, provided 
a sensitivity of below 2000 µg.g';.. 1 but even this lower value 

was not attainable in practice because of the presence of the 
intense 844-keV gamma-ray from aluminium, the material used for 
the construction of the scattering chamber. 

~ 
Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 500 5 000 5 500 6 000 v 

46 18 78 290 690 870 1 010 

236 6.9 27 41 85 170 490 

295 7.3 21 34 110 210 360 

510 120 1 130 1 530 1 930 2 550 2 700 _J 
2300 21. 54 160 195 210 390 
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Co-efficients of polynomials 
fitted to Sensitivity Functions 

E (keV) s I -I E at S . y min. µg.g p m1n. 
a a a a (keV) 0 1 2 9 

46 +437 776 -24 7 184 +46 984 -2 976 3 100 6 000 
236 +374 504 -211 624 +40 021 -2 507 3 800 4 900 
295 - 66 720 + 84 576 -23 104 +1 856 9 300 s 000 
510 + 614 - 131 10.6 0 210 

I 6 000 
2300 +250 368 -141 868 +26 916 -1 695 2 000 6 000 

Arsenic · - Although the element has 6nly one naturally-

Yield. Yield. 
Ey qtJanta Sensitivity Ey 

q~a:ita 
Sensitivit} 

keV Assignment sr- 1nc- 1 }Jg , g - 1 mC- 1 · keV Assignment sr-;;:-.c- 1 µg.g-1mc-1 
>---

113 'sAs n(l ,O) 3 200 270 I 572 75 As p(7,0) 285 2 400 

1133 75As n(2,0) 148 4 100 575 'sAs p(14,6) 

136 75As p(S,2) 581 7sAs p(11,3) 28 19 000 

141 'SAs n ( 5, 3) 1 380 570 582 7sAs p(13,4) 

189 7SAs p(6 ,3) 32 14 600 585 1 sAs p.(12,3) 
199 'SAs p(l ,O) 190 3 300 586 'sAs µ(6,0) 

1203 'sAs p(S, 1) 48 12 100 596 'sAs p(11,2) 120 4 980 

204 'sAs p(6,2) I 603 'sAs p(12,2) 670 1 100 

229 7sAs n(13,7) so 11 300 607 'sAs p(13,3) 

236 75As n(9,5) 110 5 500 I 615 7 sAs n(7,0) . SS 6 600 

265 'sAs p(2 ,0) 71 7 200 618 7 SAS p(9,0) 

280 1 sAs p(3,0) 330 1 400 I 621 7 sAs p{13,2) 230 2 900· 

287 'sAs n(3,0) 4 900 100 623 7 sAs p(lO, 1) 

293 75As n(4,0) 4 70 1 200 643 75As p(14,5) SS 6 700 

304 'sAs p(4 ,0) 8 58 000 657 'sAs y(3,1) 130 4 500 

1314 75As p(13,7) 315 2 000 I 
662 'sAs p(11,1) 32 15 600 

316 75As n(5,1) 666 7sAs p(lZ, 1)' 

338 75As p(9,3) 180 3 600 688 7SAs p(13, 1) zso 2 800 

374 75As p (7, 1) 460 1 300 691 'sAs a(l,O) 125 5 500 

397 75As p(12,6) 13 39 400 740 's As p( 14 ,4) 105 6 400 

401 ?sAs p(5,0) 25 18 300 764 'sAs p(14,3) iS 8 100 

1418 75As p{13,6) 9 40 500 772 'sAs y(l,O). iO 8 500 
418 7sAs p(9,1) 778 7 SAS p(14,2) lZ 43 700 

1426 7 SAS p(14 ,9) 830 820 822 7 SAS p(10,0) lZS 5 100 
428 7sAs n(S ,O) 845 75As p(14,1) 500 1 400 

460 75 As p(ll.5) 130 4 500 856 'sAs p(l 1 ~O) 130 4 800 

466 'sAs p(12,S) 45 11 300 863 'sAs p(12,0) 105 s 800 

469 75As p
0

(6 ,0) 886 7sAs p(13,0) 210 3 100 

471 'sAs p(14,7) 1044 'sAs p(14,0) 74 9 100 

1486 7SAs p(13,5) 120 5 000 
557 7 SAS p(ll,4) 
557 7sAs p(l0,2) 75 8 100 
558 7 sAs y ( 1, O) 
561 'sAs p(12,4} 
563 75As y(2,1) 
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Yield. Yield. 
Ey quanta Sensitivity Ey quanta Sensitivit) 

keV Assi1mment sr- 1nc- 1 µg.g-1mc-1 keV Assignment sr- 1nc- 1 tll! .S!- l mc- 1 - --
133 nse y(l,O) 81 9 300 1393 7 6 Se a(5,0) 3.4 111 200 

\148 
7 ~Se a(2,0) 12 51 400 398 82 Se n(6,2) 

1 H 77Se n(4,0) 407 a o Se n(16,6) 5.2 87 300 
149 7eSe n(4,1) 14 25 a2se n(S,O) 21 41 300 
1S8 .11Se et( 1 ,0) 1 5 39 1.00 425 73 Se a(7,2) 
162 11Sc p(l,O) 67 9 700 

14

28 76 Se a(6,0) 9.8 52 300 
170 7 6Se a(4,2) 63 10 000 4 30 a2se n(6,1) 

1195 aose a(l,O) 68 8 400 4 32 a o Se n (9, 1) 
19 7 aose n(9,5) 456 a o Se n(lO,l} 15 32 300 
207 77Se a(6 ,O) 830 1 000 1467 a o Sc n(9 ,0) 100 9 900 
212 aose n(l0,5) 150 4 600 470 a 2 Se n(7,2) 
216 aose a(2 ,0) 1 030 820 4 84 74 Se a(8,3) 9.2 85 600 

1219 eose n(3, 1) 25 18 700 1492 a o Se y(6,1) 3.9 112 500 
219 7 ~Se p(2,1) 493 aose n(lO,O) 

1234 aose n(4,1) 22 17 300 I 5 21 
11 se n(7,0) 6.4 92 600 

2 35 76Se a(5,3) 525 

1244 e oSe n(S, 1) 225 3 700 538 Bo Se y(3,0) 82 8 100 
247 e 2Se n(3, 1) 543 a 2 Se a(2,1) 68 6 200 
261 Bose Y(2,1) 4.6 97 500 552 aose y(8,1) 84 8 300 
269 76Se a(6,3) 150 4 800 1559 

76 Se p(1,0) 210 5 000 
271 Bose n(4,2) 22 35 500 561 Bo Se y(9,1) 
276 Bose Y(l,O) 24 25 200 563 76 Se o(Z 1) 

7 8 . • 

1286 76Se a(8 ,4) 36 20 200 614 Se p(l,O) 1 240 930 
290 Bose Y(4,1) 1635 

74 Sc_p(1,0) 24 21 400 
1293 B 2 Se n(8,0) 18 41 100 638 82 Se n(8,0) 
294 8 ose n(8,2) 646 82 Sen(9,1) 4.2 114 300 

8 2 650 B 0 Se y (5 ,0) 299 B 2Se n(4,2) 5.4 84 800 4.8 105 900 
1308 76Sc Y(5,2) 12 48 200 655 82 Se n(l,O) 19.2 32 800 
309 B Se a(S,2) 666 Bose p(l,O) 310 3 300 
315 

0 se n(6,0) 150 5 700 1681 
74 Se a ( 4, 1) 44 20 800 

323 7 ~Se Cl(4,3) 3.8 101 200 684 82 Se y(2,0) 

1327 
76Se a(5,1) 1.9 150 600 1693 

78 Se p(2,1) 66 13 700 
329 Bo Se n(7,1) 696 B2 Se y(8, 1) 
331 a 2 Se n(4,1) 701 82 Se n(16,3) 59 7 300 
336 ?eSe n(12,1) 17 27 400 728 7 ~Sep(4,1) 47 10 400 

1343 e o Se n(S, 1) 24 23 600 767 80 Se y(6,0) 28 29 700 
344 76Se a(6,2) 783 80 Se n(Z, 1) 4.6 96 900 

134 7 a2Se n(5,2) 4.3 95 700 813 Bose )')(3, 1) 50 1S 400 
351 a 2 Se Y(7,2) 828 80 Sc y(7,0) 12 56 500 

1357 
B2Se y ( 1'0) 1.9 162 800 830 nse a(7,4) 

359 
7 ~Se 0 (3,1) 830 8 2 Se p ( 11 , 0) 

361 76Se a(6,ll 831 74 Se a(7 ,4) 

366 Bose nt7,0) 160 5 200 886 78 Se p(3, 1) 40 . 17 200 

377 e i Se n(4,0) 42 13 900 978 1 ~se a(7,0) 54 12 300 

391 77 Se n(13,0) 3.2 112 400 1988 a 2 Se y(S,0) 14 49 300 
991 7 "Se a(8 ,0) 

~ 
Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 500 5 000 5 500 6 000 ) 

216} 53 275 1 030. 940 1 2 160 2 670 
219 

244} 125 220 225 370 620 890 
247 

559} 
561 61 125 210 370 420 650 
563 
614 210 680 1 240 1 310 1 520 1 780 
666 125 250 310 450 610 980 
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. ~ B 34 ..... e'35 r 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

Ey (keV) s I -I E at S . min. µg.g p min. 
a a a a 

0 I 2 ! (keV) 

216} + 44 288 -24 713 + 4 669 - 29.t 690 6 000 
219 

244} +175 680 -98 552 +18 595 -1 tc6 1 910 6 000 
247 

559} 561 + 23 616 - 7 912 + 1 130 - 63.4 3 .170 6 000 

563 . 

614 + 11 049 - 3 6G3 ·+ 317 0 820 5 680 

666 + 88 328 -45 852 + 8 195 - 48S 2 610 6 000 

Bromine : - Analysis of the spectrum of potassium bromide 

Ey 
keV -

111 
130 

1144 
147 
161 
183 
190 

1217 
219 
262 

1276 
276 
303 
306 
320 
351 

1384 
385 
402 

showed that bromine gamma-rays were emitted as a result of 
inelastic scattering and the (p,ny) reactions on both the 79Br and 
8 1Br isotopes. In addition, proton capture on 79Br provided a 

photon of low intensity. 

Yield. Yield. 

quanta Sensitivity Ey quanta Sensitivity 

Assignment sr- 1nc- 1 µg.g-1inc-1 keY Assignment sr- 1nc- 1 µg.g-1mc-1 

79 Br n(6,4) 115 4 700 1445 
11 Er n(8~3) 490 1 600 

79 Br n(1,0} 420 2 200 446 11 5r n(5,1) 
79 Br n(4,2) 740 1 300 457 81 Er n(2,0) 240 2 100 

79 Br n(2,0) 477 Hsr n(9,3) 63 10 700 

79 Br n(4, 1) 120 4 000 511 11Er n(6, 1) 900 720 

79 Br n(3,0) 1 020 760 512 79 ~r n(l2,3) 
81 Br n(l,O) 1 040 760 513 HEr n(9 ,2) 
79 Br p(2,0) 210 2 200 523 79 or p(6,0) 92 7 800 

79 Br n(6,3) I 537 
11 .Sr n(8,2) 98 7 700 

79 Br p(3,0) 44 10 600 538 11 E.r p(3,0) 
81 Br p(l,O) 145 3 300 549 ' 1 E·r n(3,0) 370 2 100 

79 Br n(9,5) 569 ttsr n(9,2) 83 8 500 

79 Br n(7,2) 130 5 800 I 605 7 .,Br p(7 ,0) 420 2 200 

79 Br p(4,0) 15 61 800 608 11 Er n(4 ,O) 
79 Br n(7,1) so 12 500 616 Hgy y(l ,0) 120 6 100 

7'Br n (8, 3) 150 4 400 695 11 Br n(12,0) 140 7 900 

79 Br n(5,0) 490 1 700 729 uer n(7,1) 430 2 100 

79 Br n(l0,4) I 835 uar n(9,1) 91 8 400 

79 Br n(6 ,0) 180 3 900 837 ttiBr p(7 ,0) 

1107 s:iEr n(lO,O) 73 12 000 
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In the case of 81 Br the second excited state [Ro 72] of 536.1 keV 
and spin and parity of %+ has a half-life of 36 µ s and decays 

to the first state of 276.4 keV by an M2 transition, with the 

emission of a 260-keV gamma-ray. The first excited state 

[Co 74] of 79 Br at 207.2 keV has a spin_and parity of y2+and 

decays with a half-life of 4.88s with an E3 transition to the 
ground state. 

scattering. 
Both these levels were not excited by inelastic 

From an analytical point of view, the gamma-rays resulting from 

the (p,ny) reaction on both nuclides were more significant than 

the gamma-rays from Coulomb excitation. Sensitivities of about 
360 µg.g-1 were achieved using the 190-keV BlBr n(l,O) gamma­

ray. . The good sensitivity values for those gamma-rays which 

were considered useful for analysis of bromine were in some 

cases due to the coupling of gamma-rays, such as the 145-keV 

~ 
Yield ·(quanta sr- 1nC"' 1 ) 

3 500 4 000 4 500 5 000 5 500 6 000 v 

144 
85 130 740 1 670 3 040 

147 
183 100 430 1 020 2 450 4 150 

190 95 560 1 040 2 890 3 830 

384} 35 215 490 980 3 700 
385 -
445 

50 410 900 1 820 4 170 
446 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

5min.fµg.g-i Ep at smin. Ey (keV) 

a a a a (keV) 0 l 2 , 

144} - 1 154 + 2 274 558 0 940 6 000 -147 
183 + 3 988 - 1 198 120 - 3 470 6 000 
190 - 4 118 + 3 967 - 955 + 70 360 6 000 

384} +27 058 -13 472 +2 395 -145 1 100 6 000 
385 

445} 48 104 -27 441 +5 285 -339 390 s 900 
446 



Ey 

keV --
151 
232 
239 

1355 
355 

1380 
381 
388 
403 
439 

I 484 

1485 

82 

pair 79Br n(4.,2) and n(2,0)~ the 384-keV pair 79Br n(5,0) and 
n(l0,4)·and the 445-keV BlBr n(S,3) and n(5,l). 

Rubidium : Gamma-rays from the decay of the first level of 

both stable isotopes of rubidium were observed Khen a target of 

rubidium sulphate was bombarded, but these were of low intensity 

and little analytical importance. 

Two different reactions on 87 Rb provided gamma-rays of 484 keV 
,and 485 keV. Since these two photons were close to each other 

in energy, and their respective photopeaks were integrated 

together and gave a combined sensitivity of about 400 µg.g-1 

Yield. Yield. 

quanta Sensitivity Ey quanta Sensitivity 

Assignment sr- 1nc- 1 11g. g- imc-1 keV Assignment sr- 1nc- 1 n-g-1mc-1 

8 5 Rb p(l ,O) 71 2 600 504 a sRb I1(3,2) 440 820 
8 5 Rb n ( 1, 0) 1 300 240 537 a sRb n(5,1) 320 1 200 
8 5 Rb n (2, 0) 28 10 000 550 e sRb n(9,5) 360 1 100 
8 7 Rb n ( 3, 2) 51 7 200 769 s sRb n (5 ,O) 270 1 510 
8 5 Rb p (3, 2) 865 a 'Rb n(4,1) 130 3 800 
8 SRb (6 t 3) 43 7 900 914 8 SRb n(8,0) 190 2 200 
8 7 Rb n ( 4, 2) 1031 (j"S Rb n (9, 1) 75 3 600 
8 7 Rb n(l ,O) 39 8 000 1077 8 SRb y(l,O) 66 7 200 
8 7 Rb p(l ,O) 12 24 800 1229 e1Rb n(3,0) 150 3 600 
8 SRb y(8,4) 47 9 400 1238 8 7 Rb n (7, 2) 17 23 900 
8 7 Rb y ( 4, 2) 340 980 1296 8 7 Rb n(8,2) 52 10 000 
87 Rb n(2, 1) 1771 8 7 Rb n(S,O) 72 10 600 

The most intense gamma-rays originated from the (p,nY) reaction 
on the more abundant isotope, 8 5 Rb (72.17 atom %) wheri using the 

232 kev-asRb n(l,O) gamma-ray, an analytical sensitivity of 
17 Oµg. g -1 could be expected, 
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I~ 
Yield (quanta sr- 1 nc- 1 ) 

3 500 4 000 4 500 s 000 5 500 6 000 
) 

232 240 560 1 300 3 160 4 960 6 010 
-484) 

57 120 340 710 1 300 1 620 
485{ 

504 SS 160 440 990 1 520 1 990 
537 56 140 320 610 800 1 360 
550 51 83 360 790 1 630 3 290 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

Ey (l<eV) 5min./µg.g-' E at smin. p 
a a a a (keV) 

0 l :l J 

232 + 6 551 - 3 356 + 585 - 3-t 170 s 320 

484} +13 614 - s 081 + 586 - 17 640 6 000 
485 

504 
537 

550 

Ey 
keV 
0---

1232 
232 
336 
3S8 
602 
792 

. 792 

793 
793 

+44 798 -24 459 +4 497 -274 600 5 100 

·+20 556 ;..10 205 +1 750 - 98 960 5 000 

+12 858 - 4 .352 + 386 0 630 5 500 

Strontium · - Bombardment of a strontium chloride target 

produced strontium gamma-rays from Coulomb excitation the 

(p,ny) reaction and by proton-capture. Strontium has four 

stable isotopes and the most dominant peaks in the spectrum 

were from gamma-rays resulting from the decay of levels of 

87Sr. These offered sensitivities of about 3000 µg.g- 1 • 

The most useful gamma-ray, however, ~as one due to the (p,ny) 

Yield. Yield. 
quanta Sensitivity Ey quanta Sensitivit} 

Assignment sr- 1nc- 1 µg.g-1mc-1 keV Assignment sr- 1nc- 1 J.:Q'. g- 1 mc- 1 

87Sr y(l ,O) 300 530 I 843 nsr y(7 ,O) 42 5 650 
88 Sr n(l,O) 843 e•sr n(7,0) 
98 Sr p(S,3) 7 64 300 873 usr p(2,0) 14 24 600 
87 Sr p(l ;o) 15 22 600 1229 '

7 Sr p(3,0) 16 22 240 
8 ~Sr p(4,2) 13 22 800 1740 ~ 7 Sr p(S,OJ 13 20 960 
assr· y(Z,O) 18 20 700 ·1771 '

7 Sr p(7,0) 14 17 970 
87 Sr n(2,0) 
8 ~Sr n(l,O) 
8 ~Sr p(l ,O) 



84 

reaction on 88 Sr, the most abundant isotope. Proton-capture 

on 87 Sr provided exactly the same gamma-ray which contributed 

to the peak area of the photopeak, rendering it sensitive to 

about 400 µg.g- 1 at a bombarding energy of 6000 keV. 

The apparently intense spectrum peaks corresponding to gamma­

rays of 1229, 1740 and 1771 keV are not useful for analysis 

because, by co-incidence intense gamma-rays from chlorine are 

formed with similar energies. 

~ 
Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 500 s 000 s 500 6 000 
) 

232 so 77 300 480 520 610 
843 S.9 9 42 57 88 110 

1229 3.6 9.8 16 21 31 42 
1740 5,3 10 13 17 19 22 
1771 9.5 11 14 11 22 40 

Co-efficients of polynomials 
fitted to Sensitivity Functipns 

IEY (keV) snin.h.1g.g-l Ep at smin. 

232 
843 

1229 
1740 
1771 

a a a a (keV) 0 l 2 3 

+ 21 348 - 10 509 + 1 745 - 96 380 6 000 
+443 904 -240 664 + 43 722 -2 628 s 160 s 070 

+ 48 552 - 25 308 + 4 572 - 273 20 180 s 100 
+990 000 -692 464 +121 324 -7 066 21 920 6 000 
+133 776 - 49 880 + s 522 - 140 22 910 s 800 

Yttrium : - A target of yttrium oxide was used to obtain the 

. gamma-ray spectra. Coulomb excitation of the first two 
levels of 89y resulted in relatively weak gamma-rays. The 

most important gamma-rays originated from the proton-capture 

reaction on the isotope and of the gamma-rays produced the 420-, 

564-and 2179 keV photons were analytically the most significant. 

Hovever, even under the most approplate bombarding energies, 

the best sensitivities that could be achieved was in the mg.g-l 

region. 



85 

Yield. Yield. 
Ey 

quanta Sensitivity Ey Sensitivity 
keV Assignment sr- 1nc- 1 U g • g- I mC- l . keV 

quanta 
Assignment sr- 1nc- 1 u2o1?- 1mc- 1 

357 89 Y n(3,2) 5.3 32 400 891 89y y(6. 2) 12 15 800 

4ZO 89y y(4,3) 46 5 300 908 8 9y p(1,0) zo 10 900 

506 89 Yn(Z,1) 280 940 11Z2 8 9y y(7 ,Z) zz 14 700 

564 8 9y y(S,Z) 73 2 600 11so7 
89y p(Z,O) 58 2 zoo 

588 8 9y n(1,0) Z60 zoo 1511 89 Y n(4,0) 

770 "Y n(8,2) 15 11 800 1759 89y y(l,0) 11 29 700 

864 a9y n(3,1) 13 19 400 Z179 8 9y y(2,0) 110 700 

·~ 
Yield (quanta sr- 1 nc- 1 ) 

-v 3 500 4 000 4 500 5 000 5 500 6 000 

E 

506 70 110 280 430 670 810 
564 Z9 38 73 110 140 190 
588 43 100 260 3 740 6 170 8 710 

1507} 3 5 58 360 730 990 
1511 
Z179 37 96 110 16C zzo 410 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

(keV) sminJµg.~-I E 
y p 

at S . min. 
a a a a .(keV) 0 1 2 3 

506 +109 480 - 5 696 + 1 056 - 63 91 'O 4 620 

564 +128 2ZO - 70 424 +13 064 - 803 2 310 5 020 

588 +127 348 - 69 174 +12 520 - 74 7 1 190 5 000 

1507} +229 116 -126 968 +23 566 -1 456 1 080 6 000 
1511 
2179 + 7 694 - 357 + 732 - 52 1 430 6 000 

Zirconium : - This element has five naturally-occurring stable 

isotopes ranging in abundance from 2.8 to 51.4 atom %. 

Gamma-rays were observed from all these isotopes. 

The first excited levels of all the zirconium isotopes yielded 

gamma-rays of moderate intensities. 
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Yield. Yield. Ey 
quanta Sensitivity Ey Sensitivity quanta keV Assignment sr- 1nc- 1 µg.g-1mc-1 keV Assignment sr- 1nc- 1 \J Q' .11: - I mC- I -

92 92 Zr n(2,1) 200 2 000 s 60 92 Zr p(3, 1) 14 21 900 
105 91 Zr n(l ,O) 350 1 100 616 96 Zrp(4,1) 10 33 800 
151 92 Zr n(3, 1) 120 2 600 642 9 ~Zr n(lO,O) 92 4 400 
163 90 Zr n(3, 1) 160 1 700 751 9'•Zr p(4, 1) 85 5 100 
164 96 Zr p(2,1) 804 ' 2Zr n( 9, 3) 8.6 44 800 
165 92 Zr n(S,2) 918 94 Zr p( 1 ,O) 18.7 17 300 
180 96 Zr n(2,0) 32 7 500 934 92zr p(l,O) 60 6 500 
195 92 Zr n(6,3) 29 9 100 9 79 93zr n( 7, 0) 6.9 53 900 

1233 
96 Zr n(3,0) 3.5 68 300 1083 91 Zr n(2, 1) 205 1 900 

234 9 ~Zr y(l,O) 1129 9ozr p(6,3) 23 18 800 
253 HZr n(6,2) SS 5 500 1205 9tzr p(l,O) 175 2 300 
293 HZr n(7, 1) 190 1 500 1385 g2zr p(2 ,O) 28 11 900 
305 96 Zr p(4. 3) 6.7 43 100 1466 91zr p(2 ,O) 24 15 400 
311 96 Zr p(3,1) 105 ? 800 1508 91 Zr n(S, 1) !i6 4 400 .. 
329 9~zr n(l0,4) 84 3 500 1594 96 Zr p(l,O) 66 4 900 
344 HZr i1(7 ,O) 15 17 600 · 11758 96zr p(2 ,O) 25 15 200 
357 92 Zr n(4,0) 22 12 700 1761 gozr p(l,O) 
452 9GZr p(4,2) 35 8 200 1778 92 Zr p(3,0) 17 19 400 
535 96Zr p(6,3) 105 3 100 1848 92zr p( 4 ,O) 6.6 43 3GO 

I~ 
Yield (quanta sr- 1nc- 1) 

3 500. 4 000 4 500 5 000 s 500 6 000 ) 

92 35 110 200 310 450 570 
105 75 190 350 460 590 780 

163} 
164 40 83 160 210 275 340 
165 
293 85 160 190 

. 
310 460 525. 

1083 80 170 205 310 480 510 

Most of the Coulomb-excited gamma-rays were from 96 Zr, the 

isotope with the lowest natural abundance, and th~s were of low 

intensity. 

Gamma-rays from the (p,nY) reaction were generally more intense 

than from Coulomb excitation. The best sensitivities for the 

analysis of zirconium were attained at the maximum bombarding 

energies. 
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Co-efficients of polynomials 
fitted to Functions Sensitivity 

Ey (keV) smin/µg.g-l E at S . p min. 
a a a a 

(keV) 0 I 2 5 

92 +26 652 -13 716 +2 568 -164 1 370 6 000 
105 + 5 363 - 1 407 + 104 0 670 6 000 

164 +23 890 -12 400 +2 318 -146 1 290 6 000 
163} 
165 . 

293 

1083 

Ey 

keV --
93 

110 
123 

1203 
204 
235 
268 
291 
318 
326 
339 
436 
494 
686 

1703: 
704 

+24 146 -12 852 +2 459 -160 970 6 000 
+ 9 826 - 2 618 + 189 0 940 6 000 

Niobium : - The target of niobium oxide, compressed into a 

pellet was irradiated with protons. Although the decay of the 

first excited state of 93 Nb was E2 in character, no gamma-ray 

from this level was observed. The gamma-rays of 1364, 1429 

and 1530 keV provided the best potential sensitivities for 
analysis. 

Yield. Yield. 
quanta Sensitivity' Ey quanta Sensitivity 

Assignment sr- 1 nc- 1 µg. g-•mc-1 keV Assignment sr- 1 nc- 1 }Jg.g-1mc-1 --
93Nb y(6,S) 1. 6 95 800 726 93 Nb y(5,2) 22 28 800 
93 Nb n(3,2) 6.6 56 300 744 9gNb p(3,0) 11 12 600 
93 Nb y(7,5) 30 ·14 200 780 53 Nb p(4,1) 230 2 600 
93 Nb y(4 ,3) 25 15 100 809 9 3Nb p(4,0) 14 31 400 
93Nb p(7,4) 850 93Nb y(7,2) 2 0 21 900 
93Nb p(7 ,3) 27 16 300 871 93 Nb y(l ,O) 90 7 800 
93Nb y(9,5) 64 11 500 944 . 93 Nb n(l ,O) 40 16 900 
93Nb y(3,2) 8.3 39 600 950 93 Nb p(6,0) 110 4 900 
93 Nb p(8,3) 7 .4 . 42 300 979 93Nb y(3, 1) 46 14 200 
93Nb y(6,4) 8.8 38 100 993 93Nb y(4, 1) 14 32 600 
93 Nb p(5,1) 12 32 800 1034 93 Nb p(8,1) 85 6 800 
93 Nb y(5,3) 12.3 27 300 1083 93 Nb p(8,0) 120 4 400 
93 Nb y(4,2) 8.2 43 300 1364 9sNb n(2,0) 1 270 610 
9 3Nb p(2,0) 110 6 200 1429 93 Nb y(S,1) 1 420 420 
93Nb y(2,1) 106 6 700 1530 93 Nb y(6,1) 1 360 530 
93 Nb y(9,3) 
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·~ 
Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 500 5 000 5 500 6 000 
J 

780 100 145 230 275 320 405 
1083 40 85 120 180 210 305 
1364 220 805 1 270 1 590 2 230 2 790 
1429 215 740 1 420 1 820 2 400 2 960 
1530 205 840 1 360 1 730 2 190 2 610 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

E (keV) smin.Jµg.g- 1 Ep at S . y min. 
a a a a (keV) 0 1 2 3 

780 +1 780 +3 394 -1 110 + 87 1 010 6 000 

1083 +3 056 i4 680 -1 487 +114 2 170 6 000 

1364 +6 011 -2 516 + 374 - 18 470 5 ·suo 
1429 + 837 - 88 + 3.2 - 0.41 320 6 000 

1530 +3 500 -1 509 + 253 - 14 4 80' 6 000 

Mo'lybdenum Beca~se natural molybdenum is composed of 

Yield. Yield. 
Ey quanta Sensitivity Ey quanta Sensitivity 

keV Assignment sr- 1nc- 1 µg.g-1mc-1 keV Assignment sr- 1nc- 1 µg.g- 1mc- 1 
-- --
1139 98Mo n(5,0) 13 20 600 567 9 sMo p(2,1) SS 8 200 

140 98Mo y ( 1, 0) 585 gsMo y(3,1) 25 - 8 300 
181 9 a Mo y(3,0) 180 2 400 592 9 sMo p(3,1) 11 16 300 

1203 'sMo n ( 4, 3) 80 3 100 I 630 9 sMo n{3,0) 175 2 100 
204 gsMo p(1,0) 630 9 4Mo y(3,0) 

I 
216 9 6Mo y(2,0) so 6 000 669 9 7Mo n('I0,6) 40 9 6QO 
216 91Mo n(2,0) 703 9 ~Mo p(2,1) 60 6 200 
216 'sMo y(2,0) 723 'eMo p(3,1) 30 12 100 
228 'sMo y(3, 1) 6 40 000 I 767 'sMo p(2,0) 80 4 200 . 
242 9 2Mo p ( 3, 2) 22 34 800 773 '2Mo p(2,1) 
294 'sMo n(3,2) 36 5 800 778 9 ~Mo p( 1 ,o) 100 4 500 
298 9 4Mo y(2, 1) 22 16 300 I 786 9 sf.lo p(3,0) 6.7 49 700 

1324 
9 6 Mo y(3,0) 105 3 900 787 'eMo p ( 1, O) 

324 97Mo n(3,0) 843 '6Mo p(2, 1) 26 11 600 

1336 95Mo n(2,0) · 135 2 500 8 71 9 "Mo p ( 1, O) 7.7 22 200 
336 '4Mo y(2,0) 972 'a Mo p(4, 1) 2.7 53 500 
353 '

8 Mo n (9, 0) 17 20 900 1230 geMo p(5,1) 4.6 38 300 

1480 'zMo p(10,7) 70 5 900 1372 lOOMO p(5,1) 21 20 500 
481 97Mo p(l,tl) 1583 t 2Mo p(7,1) 12 28 100 
537 I 0 OMO p ( 1'0) 15 22 400 1760 'a Mo p{4,0) 14 24 600 
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~ Yield (qunnta sr- 1nc- 1 ) 

3 500 4 000 4 500 5 000 5 
) 

500 6 000 

E y 

181 74 120 180 285 460 790 
324 40 75 105 130 320 720 
336 52 80 135 235 550 620 
630} 31 60 175 340 800 1 010 631 

778 38 49 100 125 240 360 . 

seven stable isotopes, ranging in abundance from 9.1 to 24.4 

atom %, it was not surprising that all the nuclides contributed 

to the gamma-ray spectrum. Of the Coulomb-excited gamma-rays 

that were produced, the decay of the first excited state of all 

the nuclides, except for 92 Mo, were observed. The only useful 

. gamma-ray, due to the inelastic process was the 778-keV gamma­

ray. 

The 98Mo y(3,0) gamma-ray of 181 keV offered reasonable sensi­

tivity. The gamma-ray of 336 keV showed the best potential 

for determination of molybdenum. 

Co-effidents of polynomials 
fitted to Sensitivity Functions 

(keV) 8min/µg.g-l Ep at smin. 
a a a a (keV) 0 I 2 3 

181 +26 994 -15 500 +3 163 -217 1 280 6 000 

324 +SO 288 -23 800 +4 126 -251 1 780 6 000 

336 +92 240 -46 848 +8 074 -467 1 240 6 000 
I 

630} - 8 612 + 8 562 -2 033 +147 I 280 6 000 
631, 

778 +51 560 -28 084 +5 689 -395 2 730 6 000 

Ruthenium : Ruthenium sponge was compressed into a pellet 

and this was bombarded to examine the. gamma-ray spectra of 

this element. Most of the Coulomb excited gamma-rays were 

from the decay of the lower levels and the only isotope that 

did not prod.uce any detectable photons from the decay of the 
first excited state was 96Ru. 
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44Ru 

Yield. Yield. 
Ey quanta Sensitivity Ey quanta Sensitivity 

keV Assignment sr- 1nc- 1 !:!8. ~C lmc-1 keV Assiennent sr- 1nc- 1 l:!S·!C1mc-1 

89 99 Ru p(1, 0) 2S 1 s 400 441 9 6 Ru p (6, S) 89 s 400 
97 1 0 ~Ru n ( 2 , 0) 20 19 300 475 102 Ru p(l,O) 330 910 

120 "Ru n(6,4) 2.8 26 200 496 1 0 1 Ru n ( 7 , 3) 31 14 200 
127 1 0 1 Ru p ( 1 , 0) so 9 100 496 10 0 Ru )· ( 7, 3) 
129 10 ~Ru n(3,0) S40 1 0 0 Ru p ( 1 , 0) 140 3 300 
130 104 Ru y(l,O) 545 101 Ru p(lO,O) 12 10 300 
1s1 99 Ru y(3,0) 2.0 4S 700 546 1 0 1 Ru n ( 7 , 2) 
181 1 0 ~ Ru n ( 4 , 0) 74 5 200 546 I o o Ru Y (7 ' 2) . 
182 1 0 1 Ru n ( 2, 0) 610 1 0 2 Ru y ( 6 , 0) 9.6 13 :mo 
182 10 0 Ru y ( 2, 0) 616 1 0 1 Ru p ( 11 , 0) 62 s 900 
19 7 1 0 1 Ru n ( 3, 1) 10 19 300 617 9 9 Ru p(6 ,0) 
197 10 0 Ru y ( 3, 1) 653 9 eRu p ( 1, O) 190 3 200 
198 1 0 1 Ru p ( 4 , 1) 690 1 0 0 Ru p ( 3, 1) 35 17 400 

217 96 Ru p (5, 4) 45 7 700 694 1 0 1 Ru n ( 7 , 1 ) 

1264 
99 Run(4,2) 31 11 200 694 .1 o o Ru y ( 7' 1) 

264 98 Ru Y(4,2) ·I 719 9 9 Ru p (8, O) 42 13 100 

297 1 0 2 Ru Y ( 3, 0) 100 3 800 720 1 0 1 Ru p ( 16, 0) 

305 1 0 1 Ru n ( 3, 0) 110 3 400 826 10 0 Ru p ( 4 , 1) 28 14 800 

305 10 0 Ru Y ( 3, 0) 851 1 0 1 Ru n ( 7 , 0) 4.3 31 200 

307 1 0 1 Ru p ( 2, 0) 851 100 Ru y(7 ,0) 

355 1 0 1 Ru n ( 4 , 0) 500 800 1004 Ru 5.7 35 600 

355 10 0 Ru y ( 4 , 0) 1013 9 6 Ru n ( 4 , 1 ) SS s 300 

358 1 0 
- Ru p ( 1 , 0) 1645 Ru 8.6 32 100 

410 1 0 ~Ru y ( 4 , 0) 23 13 200 1756 96 Ru p(6, 1) 13 23 600 

422 101 Ru p(6,0) 12 23 100 

1427 
99 Ru n(3,0) 48 7 vOO 

427 98 Ru y(3,0) 

De-exciation of the first level ·of three of the ruthenium 

isotopes, those of mass number 98,102 and 104, resulted in 

~ 
Yield {quanta sr- 1nc- 1 ) 

3 500 4000 4 500 s 000 s 500 6 000 ) 

297 25 55 100 310 540 670 

305} 35 70 110 375 720 890 
307 

357} 160 270 500 710 1 090 1 430 
358 
475 130 230 330 560 880 1 160" 
653 20 52 190 130 690 950 
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gamma-rays of such intensity that the element could be determined 
to below 1000 µg.g-1. 

The intensity of the spectrum peak corresponding to 355 keV 

was due to the sum1iling of yields of the gamma-rays lOlRu n(4,0) 

and 104 Ru p(l,O). 

-Co-efficients of polynomials 
fitted to Sensitivity Functions 

(keV) sminJµg.g-i Ep at smin. 
a a a a (keV) 0 1 2 ' 

297 + 9 568 - 336 - 372 + 34 1 760 6 000 

305} +43 980 -23 924 +4 801 -330 2 100 6 000 
307 

357} + 3 752 - 1 226 139 3 700 5 330 + -358 
475 + 1 608 ... 105 - 49 + 8 910 4 770 
653 +19 180 - 7 223 +1 109 - 63 2 050 6 000 

' Rhodium · - The rhodium gamma-ray spectrum was dominated by 

Ey 
Kev ....__ 

119 
148 
244 
267 
295 
357 
380 

two gamma-rays originating from de-excitation of the third and 

fourth levels of 103 Rh. While many other levels were also 

excited, the gamma-rays produced were of such low intensity 

that many of them were not observed over the background continuum 

of the spectrum and those which were observed were of little 

analytical value. 

Although the observed spectrum showed that the 12th excited 

state of 103Rh was excited by inelastic scattering of protons 

Yield. Yield. 
quanta Sensitivity Ey quanta Sensitivity 

Assignment sr- 1 nc- 1 H8·&-•mc-1 keV Assignment sr- 1nc- 1 !!.P.2-1mc-1 

103 Rh n(l,O) 620 950 385 103 Rh n(S,1) 71 5 400 
10 3 Rh n(3, 1) 150 3 100 504 I 0 3Rh n(5,0) 30 16 500 
1 0 3 Rh n ( 2, 0) 100 3 800 532 103Rh n(6,0) 66 9 700 
103 Rh n(3,0) 83 5 200 608 I 0 3 PJi p(7,1) 65 10 600 
103 Rh p(3,0) 590 710 626 to 'Rh n(7,0) 52 14 000 
10 3 Rh p(4 ,0) 690 700 880 Io 'Rh P(12,0) 4 142 000 
1 0 'Rh n ( 4 , 1) ,95 4 100 
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I~ 
Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 500 5 000 5 500 
) 

6 000 

!Er 

119 140 370 620 870 1 520 2 350 
148 25 95 150 320 530 750 
244 27 85 100 270 560 850 
295 120 490 590 640 690 780 
357 210 560 690 790 870 1 040 

Co-efficients of polynomials l fitted to Sensitivity Functions 
(keV) smin.fµg.g-i E p at smin. 

119 
148 

244 

295 

357 

a a a a (keV) 0 I 2 3 

+19 560 - 9 135 +1 4c2 - 78 520 6 000 

- 3 856 +14 908 -4 750 +398 400 5 820 
+ 8 808 + 1 260 - 884 + 78 1 400 6 000 

+11 128 - 7 001 +1 466 - 97 360 3 900 

+10 009 - 4 772 + 587 0 310· 4 000 

only the 3rd, 4th and 7th excited states were populated by the 

same process. The excitation energy for the first excited 

state is 40 keV, but this energy gamma-ray emitted in its decay 

was not detected because the energy lay below the detection 

threshold. All the remaining states could not be reached 

by Coulomb excitation [Th 67]. 

No gamma-rays were attributable to the (p,ay) reaction or proton­

capture but most of the peaks in the spectrum were from gamma­

rays from the (p,ny) reaction, of which those of 119 keV and 
148 keV were analytically the most important, especially because 

there was a substantial increase in their yields with increasing 

bombarding energies. 

Palladium : - Coulomb excitation and reaction gamma-rays 

were observed from all of the seven naturally-occurring stable 

isotopes of palladium. Decay_ gamma-rays from the first level 



Ey 

keV 

79 
93 
93 

113 
189 
191 
193 
195 

198 
206 

1235 
237 

248 
267 
281 

321 
325 

93 

Yield. Yield. 
quanta Sensitivity Ey quanta Sensiti vi t 

Assignment sr- 1nc- 1 µS?. g-1r.1c-1 keV Assignment sr- 1nc- 1 !!.&.:. g-1mC-1 

1°'Pd n(l,O) 17 54 300 1345 lOSpd p{4,0) 25 39 500 
1o&pd y(2,0) 74 14 100 346 105 Pd n(3,0) 
llOp(l y(l,0) 378 llOpd p(l,0) 290 100 
1D9pd p(l,O) 105 8 300 423 105pd y(4,0) 130 7 300 
109pJ p( 2 ,0) 215 6 900 433 iospd p(5,0) 2 700 260 
llOpd n(2,0) 433 IUSpd n(5,0) 
108 Pd n(4,0) 434 108pd p(1,0) 
I06pd y(3, 1) 17 65 100 442 105pd p(6,0) 470 2 100 
llOpd n(3,0)- 275 4 400 498 108pdp(2,1) 93 11 100 
106 Pd.n(3,0) 140 8 600 512 :o&pd p(l,O) 2 025 630 
llOpd n(4,0) 150 8 100 550 lHpd y(8,4) 130 7 500 
110 Pd· n(5,0) 1556 lO''Pd p(l,0) 560 2 300 
llOpd n(6,0) 105 10 1()(1 1556 102pd p(l,O) 
llOpd n(7,0) 85 12 200 768 lO~Pd p{2, 1) 25 46 300 
iospd p(l,O) 180 7 100 786 lO~pd p(4,1) 85 14 600 
lO~pd y(3, 1) 9.6 88 700 786 io&pd y(5,0) 
106pd y(3,0) 130 9 900 

of all the nuclides were observed and 104 Pd and 102 Pd which by 

chance had equal excitation energies for their first excited 

states produced gamma-rays of 556 keV. 

The 378-keV 110 Pd p(l,O) photon was reasonably intense and a deter­

minatibn limit of less than 1000 µg.g-1 was achieved. fhe most 
sensitive gamma-ray was one of 433 keV. The photopeak _of this 

gamma-ray was substantially increased by contribution of counts 

from three sources viz., the gamma-ray from the decay of the 

fifth level of 105pd; the gamma-ray formed by the (p,ny) 

reaction on l05pd; and, the Coulomb excited gamma-ray from the 

decay of the high abundant 1o8pd isotope. 

~ 
/ 

Yield (quanta sr- 1nc- 1) 

3 500 4 000 4 500 5 000 s 500 6 000 y ) 

198 8 46 275 320 490 760 
378 240 440 .1 290 1 490 1 860 2 340 

433} 310 750 2 700 300 4 6 420 3 120 
434 
442 46 100 4 70 630 780 1 190 
556 75 150 560 880 1 190 1 640 

• 
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Co-efficients of polynomials 
fitted to Sensi ti vi ty Functions 

Ey (keV) 5min./lJg.g-l Ep at smin. 
a a a a (keV) 0 l 2 ' 

198 +585 408 -325 856 +60 564 -3 748 1 070 6 000 
378 + 11 718 - 5 258 + 872 - 51 610 6 000 

433} + 14 853 8 157 + 1 513 93 180 000 - - 6 
434 

442 

556 

Ey 
keV 

93 
98 

144 
203 
205 
24 7 
259 
285 

1288 
311 
325 

1325 
348 
362 

1366 
367 
391 
415 

1423 
426 

447 

1462 
462 

+ 13 806 - 4 143 + 359 0 1 840 6 000 
+ 19 724 - 10 816 + 2 278 - 164 1 430 6 000 

SiZver · - The element produced a large number of gamma-rays 

within the first 1000 keV of the spectrum. Most of the photons 

were fairly weak with the exception of two prominent pairs 

between 300 and 450 keV. 

Yield. Yield. 
quanta Sensitivity Ey quanta Sensi ti vit 

Assignment sr- 1 nc- 1 µg.g-1mc-1 keV Assignment sr- 1nc- 1 l::!&·t(1mc-1 

101Ag p(l,O) 17 14 soo sos· 107Ag n(4,0) 31 9 300 
io'Ag p(3,2) 1. 7 93 300 526 lo'Ag p(5,3) 1 122 000 
io'Ag n(2, 1) 1.9 84 300 614 1 o 9 Ag· n(7,1) 27 10 200 
109Ag n(2,0) 87 2 600 l 623 

109Ag n(6,0) 14 20 800 
107Ag n(l,O) 625 107Ag p(S,2) 
109Ag n(7,4) 633 101Ag y( I, 0) 8.4 32 200 
1 0 9 Ag n ( 5, 2) 7.4 24 700 702 109Ag p(S,O) 43 7 300 

io'Ag p(5,4) 16 12 800 722 109Ag n(S,O) 16 18 soo 
Io 'Ag n(3, 1) 29 5 900 724 107Ag p(7,3) 
to9Ag p(3,0) 738 t07Ag p(8,3) 12.8 23 200 
101Ag p(2,0) 230 930 786 101Ag p(4 ,O) 10 30 200 
101Ag n(2,0) 290 830 1832 . 109Ag n(lO, 1) 20 13 300 
109Ag n(3,0) 834 I07Ag p(S,2) 
to'Ag p(4,3) 43 4 300 872 io'Ag p(2,1) 9.9 90 000 
101Ag ~(3,0) 140 300 891 1o'Ag n ( 10, 0) 14 17 900 
1 0 9 Ag n ( 4, 1) 909 1o'Ag p(9,4) 20 25 300 
I09Ag p(5,3) 1.3 90 500 927 109Ag n(ll,O) 11 22 800 
1o'Ag p(4,0) 260 730 .974 lo'Ag p(6,0) 8.0 31 300 
1 o 1 Ag p(3,0) 280 805 997 1o'Ag n(13,0) 7.3 29 300 
to' Ag n(4,0) 1013 io'Ag p(9,3) 4.8 35 600 
1o'Ag p(6,4) 2.2 73 100 
I 0 7 Ag p(4,2) 14 12 600 
1o'Ag n(S,O) 
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The heavier of the two naturally-occurring isotopes of silver, 

that of mass number 107, gave gamma-rays of 325 and 423 keV 

with reasonable sensitivities. These resulted respectively from 

the transition from the second and third levels to the. ground 

state. 

~ 
Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 500 5 000 5 500 6 000 y 
) 

E 
y 

.. ____ 

311 110 160 230 320 440 580 
325 93 170 290 320 455 560 

415 105 180 260 390 550 670 

423} 105 165 280 360 420 490 
426 

362} 
366 75 100 140 180 210 320 

367 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

(keV) 5min./µg.g-l Ep at smin. 

311 
325 

415 

.423} 
426 

362} 
366 
367 

a a a a (keV) 0 1 2 , 

+ 8 391 - 4 780 + 987 - 66 840 4 000 

+17 698 -10 249 +2 028 -129 830 4 500 

+12 785 - 7 363 +1 464 - 94 700 4 000 

+21 838 -13 606 +2 853 -192 800 4 500 

+ 6 442 - 1 612 + 56 .+ 10 1 090 5 600 

The gamma-ray of importance was of 325 keV from the (p,ny) 

reaction on 107Ag and was the same energy as.another. gamma-ray 

from Coulomb excitation of the same isotope. 

The decay of the third and fourth levels to the ground state 

of 109Ag resulted in gamma-rays which provided the best sensitivity 



Ey 

keV -
96 

102 

145 

246 

1

255 
255 

264 

1

278 

278 

289 

299 

1

311 

316 

342 

345 

1

377 
377 

1

392 

392 

1

513 

514 

I 538 
53 fl 

559 

584 

616 

617 
621 

1

633 

633 
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for analysis of silver. These gamma-rays have energies of 
311 keV and 415 keV respectively. The first two levels of 
109 Ag were not populated by Coulomb excitation because they had 
spin and parity va1ues of '%+ and 9/ 2+ compared to :Y2 - of the 
ground state. 

Sensitivity limits in general did not reach below the mg.g-1 level 

even with increasing bombarding beams. 

Cadmium 

Assignment 

l I l Cd p ( 2, 1) 

1 a 6 Cd p ( 4 , 2) 
106 Cd p(7,5) 
111 Cdp(1,0) 
l l 2 Cd y ( 2, 1) 

113 Cd n(2,1) 
113 Cdp(1,0) 
11 \Cd n(_2,0) 
113 Cd y(2,0) 
116 Cd n(9,1) 

113 Cd p(2,0) 

11 ~Cd y(2, 1) 
113Cd p(3,0) 
111 Cd p(2,0} 

1 I \Cd y ( 3, 1) 
11 \Cd n(5,0) 
113 Cd y(5,0) 
112 Cdy(1,0) 
113 Cd n(l,O) 
111 cd p(7 ,2) 
116 Cd p(l ,O) 
11 °Cd y(l,O) 
111 Cd n(l,O) 

I I ~Cd p(l ,0) 
1 '~cd p(5 ,o) 
106 Cd p(2,1) 
112 Cd p(l,O) 
111 Cd p(4 ,O) 
106 Cd p{l,O) 
108 Cd p(l,O) 

All eight stable isotopes of cadmium were 

Yield. 

8.3 

8.9 

5. 1 

8.4 

18 

23 

12 

45 

18 

19 

22 

5.3 

8. 1 

125 

19 

120 

21 

92 

270 

20 

Sens it fr lty 
}J8. 8- imc- 1 

7 000 

s 300 

11 900 
6 900 

3 100 

2 800 

4 300 

1 300 

3 100 

5 100 

2 900 

11 200 

9 400 

670 

2 900 

640 

3 500 

900 

590 

4 000 

Ey 
keV 

650 

650 

650 

650 

'1658 
660 

671 
695 

1

730 

730 

1

742 

742 

770 
782 

818 

1

82,6 
826 

853 

881 

1
963 

963 

I ~~: 026 
1063 

1

1101 
1101 

1

1132 

1132 

~ 
218 

218 
220 

1509 

~542 
Ps42 

Yield. 
qu.anta 

Assignment sr-•nc- 1 

111 Cd n(5,1) 21 
11 °Cd y(5, 1) 
108 Cd y(1,0) 
11 \Cdp(3,1) 
110 cd p(l,O) 39 
116 Cd y(3,0) 
loecd y(6,1) 4 
112 Cd p(2,1) 20 
11 \Cd n(7,0) 6 
113Cd y(7,0) 
i11ca y(8,0) 7 
112 Cd n(8,0) 
116 Cd p(4,1) 4 
106 Cd p(8,2) 2 
i1ocd p(2,1) 4 

11\Cd n(9,0) 8 
113 Cd y(9,0) 
111 Cd p(7,0) 5 
116 Cd n(6,0) 3 

112 Cd n(lO,O) 2 
111 Cd y(lO,O) 

1 12 cd y(3,0) 16 
113 Cd n(3,0) 
108 cd n(3,0) 
i3eca y(lZ,1) 7 

111cd n(3,0) 33 
110 cd y{3,0) 
11 2 cd y(4,0) 11 
113 Cd n(4,0) 
1 1 1 cd n(6,0) 11 
110 Cd y(6 ,O) 
116 Cd p(2,0) 
1oecd p(Z,O) 4 
111 Cd n(9,0) 4 
110 cd y(9,0) 

Sensitivity 
uS!. S!- 1 mc- 1 

2 400 

600 

13 700 
3 400 

11 300 

9 600 

4 500 

36 100 
16 900 

8 000 

11 400 
24 800 

I 

67 900 

3 zoo 

12 zoo 
2 200 

15 700 

6 100 

14 600 
10 600 
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Coulomb-excited or underwent react ion to y:\_eld a large amount 
of gamma-rays. 

Decay 6f the first level of all the nuclides resulted in gamma­

rays, some of which w~r~ of such intensity that they offered 

good potential for the determination of cadmium. The three 

gamma-rays of particular interest were the 559-keV, 617-keV and 
658-keV photons from thel 14 Cd, 112 Cd and 11ocd isotopes 

respectively. The sensitivities derived from two 6f the three 

mentioned gamma-rays were further enhanced by contribution 

from other ganuna-rays. Decay of the first level of 11 6Cd 

produced a gamma-ray of 514 keV which was difficult to resolve 

from the erratic 511-keV annihilation photon. 

~ 
Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 500 5 000 5 500 6 000 -

289 7.3 29 45 110 190 310 
559 25 64 120 180 270 420 

616} 23 SS 92 140 210 ';J 617 
621 43 165 270 370 420 630 

658} 8.3 16 39 54 120 175 
660 

Co-efficients of polynomials 
Ep at smin. 

I\ (keV) fitted to Sensitivity Functions 5min/µg.g-l 

a -a a a (keV) 
0 l 2 ' 

289 - 7 634 + 6 829 -1 687 +136 1 300 4 500 
554 +24 146 -13 926 +2 750 0 320 6 000 

616} +21. 274 -11 441 +2 144 -135 660 6 000 
617 
621 +10 974 - 6 075 +I 190 - 79 420 6 000 

658} +13 036 - 5 634 915 - 49 1 420 6 000 + 
660 
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keV 
>---

11 s 
336 

355 

444 

489 

1496 
497 

612 

705 

719 
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Indium : - It was not surprising to find that the majority of 

the gamma-rays produced, when a target of pure indium metal 

was bombarded, originated from reactions on the heavier of the 

two isotopes since. the lower abundant isotope only had a 

natural abundance of 4.8 atom %. In fact, only one gamma-ray 
496-keV 1131n n(4,0), was assigned to this isotope. 

Yield. Yield. 
quanta Sensitivity Ey quanta Sensitivity 

Assignment sr- 1nc- 1 µg.g-1mc-1. keV Assignment sr- 1nc- 1 µg.g-1mc-1 

115 Inn(2,1) 150 2 000 933 115 In p(S,O) 33 8 900 
115 In p(l,O) 7.4 28 700 972 i1sin y(S,1) 10 35 500 
115 In y(4,2) 2.3 83 300 986 115 In n(4,0) 30 11 200 
115 In p(7,2) 17 15 200 1077 115 Jn p(4,0) so 7 200 
115 In n(4,1) 51 s 800 1132 115 In p(9,0) 26 11 800 
113 In n(4,0) 870 340 1280 115 In n(S,O) 29 10 500 
115 In.n(1,0) 1463 115 In p(14,0) 21 13 600 
11 s In n(2,0) 4 6 900 1633 115 In n(7,0) 48 6 500 
11srn n(7,1) 6.9 43 000 1757 11srn (2,0) 6.9 49 300 
11srn n(3,0) 3.7 78 600 

A Yield (quanta sr- 1nc- 1) 

3 500 4 000 4 500 5 000 5 500 6 000 ) 

115 25 . 8"7 150 310 470 620 
489 13 24 51 73 101 182 

496} -
100 420 870 1 273 1 344 1 604 

497 
1078 10.4 28 50 72 109 147 

1633 27 34 48 56 73 9z 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

E (keV) sminJµg.g-l Ep at smin. y 
a a a a (keV) 0 1 2 ' 

115 +62 448 -34 258 +6 451 
/ 

-404 1 770 6 000 
489 +45 198 -14 622 +1 319 0 4 800 6 000 

496} + 3 352 - 1 036 86 0 250 6 000 + 
497 

1078 +SO 129 -15 037 .+1 234 0 4 260 6 000 
1633 +66 928 -34 200 +6 427 -403 6 130 6 000 



Ey 
keV ,____ 

1115 
I 116 

122 

11 S9 
160 
167 
194 
ZS6 
Z70 
273 
273 

332 
382 
439 
447 
497 
S27 
542 
5 73 

1643 
644 

99 

49In,SOSn 

Gamma-rays from the more abundant isotope were in general, of 

low intensity with the exception of the 497-keV llSin n(l,O) 

gamma-ray. Possibly this gamma-ray was contributed by the 496 
keV gamma-ray from 113In. 

Tin : - Gamma-ray production from most of the stable 

isotopes of tin were observed during the bombardment of a sheet 

of pure metal. 

The first levels of six of the ~uclide~ ~ere excited by inelastic 

scattering. 119Sn has its first level at 23.9 keV the gamma-

ray of which was too low in energy to be observed by the 

Ge(Li) detector used. No gamma-ray was observed from the 

first excited state of 122Sn and 124 Sn probably because of their 

relatively low natural abundance of 4.7 and 5.8 atom % respectively. 

Yield. Yield. 
quanta Sensitivity Ey quanta Sensitivity 

Assignment sr- 1nc- 1 µg.g-1mc-1 keV Assi1mment sr- 1nc- 1 ui!.Q- 1mc- 1 --
1 2 2 Sn n (7, 2) 3.4 18 700 683 111sn n(7,2) 30 16 100 
115Sn p(2, 1) 700 i 1 <1sn n(3,0) 240 z 500 
122 Sn n(3,0) 1. 7 27 600 I 719 117sn n(2,0) 100 s 800 
117Sn p(l ,0) S.3 9 400 724 11s5n n ( 1, 0) 
122 Sn y(l ,O) 

I 897 i1'sn p(4,1) 15 3Z 600 
122 Sn n(6,0) zo 17 900 898 ii~sn p(S, 1) 
122 Sn n(9,1) 10 34 100 I 9Z1 111sn p(4,0) lOS 6 000 
122 Sn n(9,0) 30 14 soo 923 111sn n(3 00) 
119 Sn n(l,O) lSO 3 zoo I 970 11 "Sn p(6,1) 20 Z3 400 
1 1 5 Sn n ( Z, 1) 971 1 usn n(4 ,O) 
116 Sn y(Z,1) 987 11ssn p(4,0) 10 33 400 

1049 11 ssn n(S,O) 6S 8 900 
1 2 ~Sn y ( 1 , 0) ZS lS 900 1090 ti=sn p(7,0) so 10 600 
i22sn y(2, 1) S.7 78 900 1172 12s Sn p(l,O) 60 8 zoo 
1 2 0 Sn y ( 4 , Z) 4.2 1Z1 000 1213 1issn n(6,0) lS Z8 400 

Sn 35 13 400 1230 11 !Sn p(l ,O) 45 lZ 600 
115 Sn p(l,O) 4S 7 800 11293 tHSn p(l,0) 25 zo 600 
117Sn n(l,O) BS s 600 1300 1 1 "Sn p ( 1 , 0) 
122 Sn y(Z,O) 35 1 z 700 1339 11 'Sn n(B,O) so 12 zoo 
120 Sn y(3,0) ZS 1 s 700 1413 1 Bs:i 11(9,0) SS 11 500 
1 nsri y(Z,O) 190 z 600 1750 11 JSn n(12,0) 30 Z6 300 
1 1 9 Sn n ( 2, 0) 
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The gamma-rays produced from proton-capture and (p,ny) reactions 

on the various tin nuclides proved to be of greater intensity 

than Coulomb-excited gamma-rays and thus offered the best 

analytical potential. 

~~ 
Yield (quant2 sr- 1nc- 1 ) 

E 3 500 4 000 4 500 5 000 5 500 6 000 y 

270} 271 10 . 65 150 225 1 220 1 870 
273 
527 15 25 85 175 780 1 160 

643} 8.2 25 190 570 990 1 630 
644 
700 30 145 240 890 1 410 1 940 

719} 4.8 30 100 205 960 1 710 
724 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

IEY (keV) 5minJµg.g-i Ep at smin. 
a a a n (keV) 0 1 2 s 

270} 
271 + 58 414 - 20 458 + 1 836 0 1 610 6 000 

273 
527 + 19 328 + 15 060 - 6 982 + 664 1 730 6 000 

643} +633 664 -351 248 +64 810 -3 974 920 6 000 
644 
700 +172 488 - 89 922 +15 712 - 915 710 6 000 

719} + 51 940 - 10 872 899 216 730 6 000 - + 
724 

Antimony : The element has 2 naturally occurring stable 

isotopes of comparable abundances viz. 121 Sb (5'7.3% by mass) 

and 1 2 3Sb (42.7%). On bombardment of antimony in its pure 

metallic form, gamma-rays were produced with relatively weak 

intensities in the low energy region of the spectrum ( 122 keV). 

The higher intensity gamma-rays were due to the (p,ny) reaction 

on both the isotopes. Sensitivities were confined to above 

' 

the µg.g-1 concentration range in all cases. The best sensitivity 

was offered by that photopeak which resulted from the combined 

contribution of the 438-keV 121sb n(4,0) and 440~keV 123 Sb n(3,0) 

gamma-rays. 



101 s1Sb,szTe 

Yield. Yield. 
Ey quanta Sensitivity By cuanta Sensitivity 

keV Assignment sr- 1nc- 1 ~&·l.(1mc-1 keV Assignment sr- 1nC- 1 .l!._g~mc-1 

I 65 
123 Sb n(5,3) 1 5 12 200 1438 

121sb n(4,0) 1 460 770 

66 121sb p(3,2) 440 123Sb n(3,0) 
, , 59 123Sb n (1,0) 220 4 500 1464 

121sb n(6,0) 130 7 600 

160 123Sb p(1,0) 470 121sb p(2,1) 
212 121sh n(1,0) 540 900 475 12 isb n(7,0) 210 4 800 

2 31 121sb n(5, 1) 110 7 700 507 121sb p(2,0) 110 8 600 

1245 
) 2 t Sb n(2,0) 560 1 900 532 121sb n(8,0) 79 10 200 

248 121sb n(2 ,0) I 537 
121sb p(3,1) 82 9 400 

2 81 ,., 123Sb n(3, 1) 220 4 700 ·542 123sb p(2,0) 

294 121sb n{3,0) 250 4 401) 573 121sb p(3,0) 105 6 700 

332 121sb p (4, 1) 210 4 500 594 121sb n(9,0) 95 9 500 

1382 
123Sb p(2,1) 180 3 600 681 121sb n(lO,O) 53 14 900 

382 121sb n(9, 1) .1000 121sb p(5,1) 15 30 900 

1102 12 isb p(6,1) 27 23 800 

I~ 
·.Yield (quanta sr-: 1nc- 1) 

·3 500 4 000 4 500 5 000 5 500 6 000 
-

212 37 86 540 550 710 820 

245} 20 35 560 610 730 890 
z.t8 

294 24 71 250 440 Siu 760 

382 23 40 180 210 3SO 460 ' 

4381 290 580 1 460 2 010. 2 820 3 640 
440J 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

E (keV) s . /µg.g-1 E at smin. y min. 'p 
a a a a (keV) 0 1 2 ' 

212 +122 464 - 66 854 +12 292 - 750 1 700 6 000 

245}' +125 164 - 67 808 +12 382 755 1 100 6 000 -248 
294 +211 520 -120 008 +22 945 -1 465 1 090 6 000 

382 - 41 964 + 32 596 - 7 332 + 519 1 840 6 000 

438} + 22 482 - 14 238 + 3 040 211 640 4 000 -
440 

Tellurium · - Pure tellurium powder, compressed into a pellet 

was used as a t~rget. In. general, the peaks in the spectra 

' 



Ey 
keV 
~ 

1109 
114 
133 

1173 
176 

211 
349 

372 

384 
393 
408 

428 

443 

1452 
4S4 

102 52Te 

were small .. The decay of the first levels of six of the e_ight 

stable isotopes resulted in observed gamma-rays. 

In the case of 125!e,the p(l,O) gamma-ray had an energy below 

the detection limit of the Ge(Li) detector and 123Te was present 

in low concentrations, having a natural abundance of 0.89 atom %. 

Yield. Yield. 
quanta Sensitivity Ey quanta Sensitivity 

Assignment sr- 1nc- 1 µg.g-1mc-1 keV Assignment sr- 1 nc- 1 lJg.g-1mc-1 

12sTe p(2,1) 32 24 100 463 125 Te p{S,O) 34 22 200 
12sTe n ( 1, 0) sos 123Te p(S,O) 43 11 700 
12 ore y(2,0) 43 . 18 700 S39 123Te p(6' 1) 74 9 100 
12sTe p (7, S) 62 11 700 I S60 120Te p(l ,O) 120 s 600 
12sTe p(3,0) S64 12 2Te p ( 1'0) 
12sTe n(6,3) 23 28 soo I 603 12~Te p(l,O) 110 6 300 
l30Te p ( 6' 3) 72 13 400 603 1 3 o Te yp,o) 
125Te n(4,0) 45 24 600 636 12sTe n(6,4) 63 11 300 
13oTe Y(6,2) 21 31 600 667 126Te p{l ,0) 390 1 900 
1 3 oTe p(6,2) 14 48 400 743 128 Te p(l,0) 400 1 980 
12sTe p(4,1) 27 24 soo 839 130Te p(l ,0) 230 3 400 
12sTe p(S,1) 46 lS 600 1633 130 Te p(3,0) 220 6 500 
125Te p{4,0) 93 8 600 
130 Te Y(3, 1) 13 so 200 
125 Te n(S,O) 

~ 
Yield (quanta sr- 1nc- 1) 

3 soo 4 000 4 soo s 000 s 500 6 000 ) 

560}. 30 70 120 160 180 210 
564 
603 15 65 110 180 220 280 
667 32 130 390 425 515 620 
743 37 140 400 625 760 890 
839 16 25 230 410 540 780 

.Co-efficients of polynomials 
fitted to Sensitivity Functions 

E (keV) sorin/ug.g-1 E at ~;l y p min.. 
a a a a (keV) 0 I 2 , 

560} + 26 695 - 8 004 748 0 5 300 5 350 + 
564 

603 + 34 816 -14 976 +2 616 -154 5 830 6 000 
667 + 4 264 - 1 342 + 280 - 22 1 600 6 000 

743 + 11 208 - 4 604 + 765 - 43 1 770 6 000 
839 +100 520 -52 372 +9 324 -553 2 560 5 450 



I.:~ 
114 
125 
i46 

1

17 3 

173 
196 

}
201 
204 
216 

244 

1

317 
321 

360 
370 

. 375 

411 
413 
418 
443 
462 
490 

513 
571 
587 
594 

600 
629 

659 
677 

687 
695 
706 

1

717 
720 

745 
749 
765 

7S8 

1

804 
808 

841 

856 
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Iodine : - Iodine crystals were crushed and compressed into 

a pellet which was bombarded. . The beam current was kept low 

because the element sublimes very easily when being heated. 

Assignment 
127 1 n(4,2) 
121 ! n(l,O) 

221 1 p( 2 , 1) 
121 I n(2, 1) 

2211 p(3,2) 
inr n(3, 1) 

1211 p(5,4) 
1211 p(2,0) 
127! p(4,2) 

1211 p(5,3) 
127! p(3,1) 
121 1 n(3,0) 
121! p(4, 1) 

1211 p(9,3) 
1271 p(3,0) 
1271 n(4 ,0) 
1211 p(5,2) 
127! p(4,0) 

1271 p(12,7) 
127 1 n(S, I) 
1 ul p(17,9) 
127 1 p(8,2) 
1271 p(6, 1) 
127 1 n(5 ,0) 
inlp(7,1) 
121 1 p(1S,5) 
2211 p(6,0) 
1211 p(8, 1) 
127 1 p(12,4) 
1271 p(4, 1) 
127 I a(7,4) 
127 1 p(l3,4) 

121 1 p( 8 ,0) 
127 1 p(12,3) 
127! p(9,0) 
127 1 p(13,3). 
127 1 :p(14,4) 
127 1 p(l0,2) 
127 1 n(6,1) 
127 1 p(14,3) 
121 1 p(ll,2) 
1
· 
27 I p ( 1 8 • 4 ) 

Yield. 

quanta 
sr- 1nc- 1 

2 620 
160 

200 
300 

43 
210 

240 

12 
zoo 

240 

61 
84 

6.4 
6. 1 

12 
600 

66 

62 
860 

65 
46 
83 

180 

140 
240 

490 

90 
200 
230 

81 

460 

650 
630 

180 

300 

·55 

35 

Sensitivity 

~1mc-' 

280 
3 900 

450 
. 1 200 

10 000 
1 900 

800 
·34 000 

2 400 

2 800 
8 300 
7 500 

73 000 
71 000 
SS 000 

8 700 

10 200 
11 100 

000 
10 300 
12 100 

8 800 
3 900 
5 zoo 
2 200 

700 

15 800 
5 700 
5 500 

22 300 

z 900 
1 800 
z zoo 
6 600 
4 zoo 

19 800 
27 300 

Ey 
keV 

865 
874 
892 
898 
908 
920 
929 
933 
970 
987 
991 

1016 

1

1037 
1044 
1054 

1066 
1070 
1095 
1110 

1

1124 
1125 
1139 
1143 
1161 
1178 
1183 
1196 
1213 

1219 

1230 
1261 
1326 
1350 
1394 
1409 

1453 
1535 
1582 
1585 
1629 
1778 
1975 

Assignment 

l 
127 1 n(7,4) 
1211 n(~.4) 

127 ln(11,2) 
127 1 p(25,9) 
127 1 p(13,2) 
1211 n(9,8) 
1271 p(l0, 1) 
121 ly(2,1) 
127! p(ll,1) 

127! p(10,0) 
127 1 p(lS,2) 
127 1 p(12,1) 
127! p(11,0) 
1211 a(5, 1) 
127 1 p(13, 1) 
1211 n(7,1) 
127 1 p(12,0) 
127 1 n(9,4) 
121 ! p(13,0) 
1211 p(14,1) 

127! p(24,3) 
127 1 y(3, 1) 
121 1 p(lS,1) 

1211 n(8, 1) 

1211 •p(14,0) 
121 1 n(7,0) 
127 ! n(10,3) 
127

1 p(15,0) 
127 1 p(16,0) 
127 1 n(11,4) 
127 1 n(18,3) 

1211 p(19,1) 
127 1 n(Z0,4) 
121 1 n(l0,1) 
127 1 n(12,4) 
127 1 n(10,0) 
127 1 n(15,0) 
127 1 n(17,1) 
127 1 n(22,2) 
127 1 n{12,0) 
127 1 n(Z3,0) 

Yield. 

quanta 
sr- 1nc- 1 

560 
36 
5,4 

52 
480 

39 
320 
330 

2 140 
240 
980 
100 
980 

48 

4.6 
100 
110 
39 
41 

37 

23 
38 

270 
370 
250 

9.3 
6.7 

190 
200 

180 
170 

20 

210 
154 
220 

9.6 
4.5 

35 
40 
25 

Sensitivit}l 
µg.g-1r.i.c-1 I 

2 200 I 
28 200 

124 600 
22 100 

2 200 
32 500 

3 200 
3 200 

430 
4 400 

480 
10 200 

1 400 

14 100 

106 100 

9 900 
10 000 

19 500 
19 300 

16 300 
22 100 

16 800 

4 300 
2 600 
S JQO 

42 eoo 
91 300 

4 400 
3 900 

s 400 
2 500 

42 800 

3. 800 

10 900 
3 800 

46 500 
105 200 

30 300 

15 600 
59 800 
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~ 
Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 500 5 000 s 500 6 000 
) 

E 
y 

114 490 1 280 2 620 4 780 7 540 9 620 
146 310 690 1 200 2 150 3 480 4 620 
513 170 440 860 1 240 1 420 1 530 
677 180 840 1 500 2 380 3 960 4 670 
970 190 920 2 140 4 100 7 000 9 100 
991 360 830 1 980 4 290 s 910 11 700 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

(keV) siain. hig. g-1 Ep at smin. 

114 
146 

513 
67.7 
970 
991 

a a a a (keV) 
0 l 2 ' 

+ 9 347 - 4 825 + 851 - 50 200 6 000 
+ 8 533 - 4 092 + 688 - 39 350 6 000 

-25 066 +19 181 -4 350 +312 500 5 730 
+17 596 - 9 340 +I 724 -107 520 6 000 

+ 6 985 - 3 089 + 473 - 24 250 6 000 
+ 1 460 + 574 - 306 + 29 210 6 000 

Many levels.of 127I(100 atom% in nature) were excited by 

inelastic scattering and some gamma-rays which Kere produced 

by this process were of such a high intensity that they could be 

used to determine iodine at concentrations above 250 µg.g-1, 

Most of the other gamma-rays were due to the (p~ny) reaction. 

Of these, the 114-keV 127 I n(4,2) gamma-ray -i...-as analytically 

the most important, offering a sensitivity· of ZOO µg.g-l 

at a bombarding energy of 6000 keV. 

Caesium : - This mopo-isotopic element was studied by 

examining the gamma-ray spectrum for caesium carbonate. 

Coulomb excitation populated many levels of 133Cs although there 

was no sign of a gamma-ray resulting from the decay of the first 

level at 81 keV. 



105 
55Cs 

Yield. Yield. 
Ey quanta Sensitivity Ey quanta Sensitivit 

eV Assignment sr- 1nc- 1 ll g • g - 1 mC- I keV Assignment sr- 1nc- 1 .!:1g.g-1mc-1 

161 1ssc5 p(2,0) 65 6 600 339 is 'Cs n(6,3) 38 10 500 

1276 1''Cs p(4,2) 16 17 300 356 I 3 'Cs p(4,1) 14 26 100 

1216 t33Cs n(2,1) 384 13'Cs p(3,0) 12 30 400 

279 1 3 3Cs n(3, 1) 18 14 200 1560 
133Cs p(7, 1) 14 32 700 

I 286 t 3 s Cs n ( 5, 3) 564 1 9, Cs n(5,1) 

~90 
1 3 ,Cs n(4,1) 605 1 3, Cs p(5,0) 42 11 300 

91 113Cs n(3,0) 633 19'Cs p(6,0) 140 3 900 

02 1sscs n(4,0) 44 7 800 769 tsscs p(lO,O) 20 23 500 

03 1s3cs p(3,1) 872 t 3 s Cs p(13,0) 10 37 6(.0 

~ 
Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 500 5 000 5 500 6 000 ) 

161 

302} 
303 
339 
605 
633 

Ey (keV) 

161 

302} 
303 
339 
605 
633 

10 32 65 105 165 210 

25 37 44 110 l85 250 

6.7 22 38 48 75 160 

6.3 26 42 76 92 110 
54 75 140 210 260 320 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

s I - 1 
Ep at smin. min. ll&·& 

a a a a (keV) 0 1 2 , 

+177 304 -94 232 +17 294 -1 064 4 310 6 000 

+ 29 912 -15 504 + 3 772 - 314 5 000 6 000 
, 

+ 87 646 -27 986 + 2 449 0 7 630 6 000 
+ 99 840 -30 296 + 2 252 + 32 6 010 6 000 
+ 7 216 ·- 1 820 + 452 - 48 2 110 6 000 

Gamma-rays also resulted from the 13 3Cs(p,ny) 133 Ba reaction 

but these photons were not very intense and of little analytical 

value. 



Ey 
keV -

120 

155 
170 
177 
182 
207 
245 
279 
304 
310 
336 
341 
357 
438 
448 
481 
480 

576 
588 
605 

654 

1671 
671 

106 

Barium : - When a target of barium nitrate was bombarded, 

gamma-rays originated from Coulomb excitation and reactions 

on all of the seven natural isotopes of barium. Most of the 

gamma-rays, howeve~, were of low intensity and offered little 

potential analytical use, except as a source of interference 

in other determinations. Sensitivity of about 3000 µg.g-1 was 

achieved at bombarding energies of 6000 keV. 

Yield. Yield. 

quanta Sensitivity Ey quanta Sensitivity 
Assignment sr- 1nc- 1 µg.g~1mc-1 keV Assignment sr- 1nc- 1 ug.g- 1mc- 1 

--
13sBa n { 1, 0) 11 62 100 707 I 3 ella n(16,5) 35 18 100 
132Ba n ( 1 , O) 6.6 75 600 717 13sBa p{5,0) 33 18 900 
130Ba y(3,1) 18 24 900 751 13'Ba y(14, 1) 37 18 400 
13sBa n(6,2) 11 41 300 753 l3~Ba y(12,1) 
l33Ba n ( 1, 0) 8.6 52 000 753 13sBa n(12, 1) 
1 3 sBa y(2,0) 18 26 500 761 1 36Ba p(3,1) 41 15 800 
I 3 o Ba y(6,3) 35 16 900 796 l3~Ba p(3,2) 40 16 100 
131Ba p ( 1, O) 23 24 900 842 1 3 eBa n(15,0) 45 13 400 
130Ba y(4,0) 24 24 400 855 13sBa p(6,0) 44 14 800 
13sBa n(9,4) 19 31 900 866 13sBa u(20,4) 44 14 600 
130Ba y(8,4) 15 38 200 908 130Ba p(3,0) 43 14 900 
13sBa n (7, 1) 13 41 900 936 13eBa n(16,0) 44 14 500 
130Ba p ( 1, 0) 21 25 300 941 t3sBa n(19,2) 57 10 300 
13sBa n (9, 1) 31 . 21 200 961 13aBa n(19,0) 44 15 400 
ll'Ba n(2,0) 31 20 100 990 1a2Ba p(2,0) 45 15 100 
13sBa p(3,0) 29 22 500 1039 13~Ba p(4,1) 75 6 400 
1 36Ba n(2,0) 34 16 500 1048 13&Ba p(4,1) 82 6 100 
1 3 & Ba n(12,3) 35 19 300 1173 130Ba y(l 1,0) 93 5 900 
1ssBa p(4,0) 21 27 900 1235 13gBa p(6,1) 120 4 700 
13~Ba p ( 1 , O) 22 23 400 1261 I 3 6 fla p(7,1) 66 7 100 
t3sBa p(7, 1) 24 27 300 1309 136 Ba p(8, 1) 260 2 900 
13 oBa y(9 ,0) 26 24 600 1550 1J6 Ba p(2,0) 230 3 500 

\ 

136Ba p(9,2) 

~ 
Yield (quanta sr- 1nc- 1) 

3 500 4 000 4 500 5 000 5 500 6 000 ) 

1048 10 47 82 120 180 210 
1173 14 61 93 225 410 610 

1235 11 67 120 130 220 280 

. 1309 17 99 260 310 710 840 

1550 41 120 230 360 420 720 

\ 
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Co-efficients of polynomials 
fitted to Sensitivity Functions 

Ey (keV) 5min./µg.g-I E at S . 

1048 
1173 

1235 
1309 

1550 

Ey. 
keV 

116 
139 

195 
230 

1

255 
255 

1

290 

290 

4 79 

1

500 
500 
511 

j580 
ls8o 
642 

1

754 
754 

p min. 
a a a a 

(keV) 0 I 2 ' 
+ 48 000 15 580 + 1 482 + 16. 1 4 000 6 000 
+132 840 - 66 040 + 11 336 - 651 4 100 6 000 
+233 592 -128 304 +23 857 -1 4 74 4 330 6 000 
+106 216 - 63 904 +13 065 - 883 2 370 6 000 
+118 464 - 66 488 +12 749 0 2 970 6 000 

··-

Lanthanum : - The element has two isotopes 13 9La(99.911 atom %) 

and 138 La(0.089. atom%). The target used for the study of 

lanthanum was lanthanum oxide. Coulomb excitation resulted 

in very weak_ gamma-rays, all of which were of such low intensity 

that they were useless for analytical purposes. 

Assignment 

138 La p(2,0) 
139 La y{l ,O) 
1 38 La y { 2, 1) 
138 La p(5,0) 
1 99 La n{1,0) 
138 La y{l,O) 
139 La n{5,4) 
139 La y{5,4) 
138 La p{8,0) 
139 La n{3, 1) 
1 38 La y(3, 1) 
138 La p(9,0) 
139 La n{4,2) 
138 La y(4,2) 
138 La p(11,0) 
139 La n{3,0) 
138 La y{3,0) 

Y1el • 
quanta 

sr- 1 nc- 1 

5.3 
3.4 
3.1 

13 
5.8 

3,2 

3.7 
3 .1 

74 
4.5 

5.8 
18 

Sensitivity 
µg.g-1mc-1 

29 100 

37 400 
36 100 

23 200 
26 800 

42 000 

38 000 
41 000 

4 800 
46 000 

33 800 
23 000 

Ey 
keV 

789 

1

1231 
1231 

1

1320 
1320 

1

134 7 
1347 

1
1597 
1597 

1
16 31 
1631 

1

17 30 
. 1730 

1

1985 

1985 

Assignment 

138 La n(1,0) 
139 La n{12,3) 
138 La y(12,3) 
139 La n(5,0) 
138 La y{5,0) 
139 La n(6,0) 
1 3 8 La y ( 6, 0) 
138 La n(7,0) 
139 La y(7,0) 
139 La n(8,0) 
1 38 La y{8 ,0) 
1 3 9 La n ( 1 2 , 1) 
1 u La y ( 12, 1) 
139 La n(12,0) 
138 La y(12,0) 

ie 
quanta 

sr- 1 nc- 1 

2.7 

4.4 

7. 1 

6.4 

4.3 

4.2 

2.6 

3.6 

Sensi ti vi tyl 
J:!.8..:lC t m C - t 

58 000 

75 900 

24 600 

33 700 

34 400 

46 964 

54 600 

17 100 

~ 
Yield (quanta sr- 1 nc- 1 ) 

3 500 4 000 4 500 I 5 000 5 500 6 000 ) 

116 0.46 2.7 5.3 9.3 16 27 
' 

230 4.3 8.2 13 24 37 51 

255 0.73 1. 3 ' 5 .8 12 21 . 4 7 

. 754 3.i 9.8 18 24 43 62 

1320 1. 2 3. 1 7. 1 16 21 37 

\ 
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Co-efficients of polynomials 
fitted to Se1:sitivity Functions 

E (keV) 8minJµg.g-l Ep at S . y min. 
a a a a (keV) 0 1 2 3 

116 +381 952 -194 144 + 35 792 -2 255 19 200 6 000 
230 +800 320 -428 38-1 + 78 383 -4 788 17 900 6 000 
255 +381 056 -144 672 + 17 380 - 587 12 700 6 000 
754 +995 000 -751 616 +141 536 -8 917 11 500 6 000 

1320 +990 000 -606 144 +118 240 -7 690 18 200 6 000 

Cerium : Under irradiation with protons, a pellet of cerium 

sulphate emitted few gamma-rays all of which were of low 

intensity and little analytical value. 

Yield. Yield. 
Ey quanta Sensitivity Ey quanta 

,keV Assignment sr- 1nc- 1 µg.g-1mc-1 keV Assignment sr- 1nc- 1 

~ 13sce n(3, 1) 9.2 4 900 200 13ace n(2,0) 21 

i 1124 142ce n(7 ,0) 11 38 500 295 1 uce n(5,1) 13 
: I 126 1iace n(3,2) 

I~ Yield (quanta sr- 1nc- 1 ) 

IE (keV) 3 500 4 000 4 500 5 000 5 500 I y 

I 
110 2.9 6.5 9.2 11 13 

124} 2.1 5.4 11 12 17 
I 126 : 

I 200 8.8 14 21 .. 26 29 
295 3.8 4.9 13 18 22 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

5min,/~g.g-l E (keV) Ep y 
a a a a 

0 1 2 I 

110 +129 320 - 68 664 + 12 636 - 784 2 990 

124} +994 000 -612 320 +118 784 -7 741 22 700 
126 
200 + 235 538 - 111 494 + 27 174 -3 528 21 040 

295 +262 592 -134 528 + 26 904 -1 844 25 500 

Sens it iv itlj 
\J -1mc- 1 1 

22 600 

53 500 

l 
6 000 

17 

ZS 

41 
35 

at smin. 

(keV) 

6 000 

6 000 

6 000 

6 000 



Ey 

keV -
108 
145 

194 

197 

508 

525 

597 
75 7 

9 71 

109 

Praseodymium : - The single isotope element of mass 141 

was investigated by analysing· the spectrum obtained from the 

bombardment of praseody~ium oxide. Coulomb excitation of the 

first three levels resulted in few gamma-rays, all of which 

were too weak to be used for analysis. Of slightly higher 

intensities were the gamma-rays that originated from the 

(p,ny) reaction but even with these, sensitivities of better 
I~ 

than the mg.g~ 1 limit were not achieved. 

Yield. 
Yield. 

quanta Sensitivity 
Ey Sensi ti vit) 

quanta 
Assignment sr- 1 nc- 1 µ_2. !( imc-1 kcV Assignment sr- 1nc- 1 µQ.l!-1mc-1 
1 ~ 1 Pr Y(4,2) 3.7 45 600 1036 t4tpr y(5,4) 110 2 200 
1 ~ 1 Pr p(l,0) 2.6 61 000 1127 l4tpr p(3,0) 27 10 200 141 Pr n(1,0) 4.8 34 200 1223 l4lpr n(3,0) 21 10 600 141 Pr n(5,3) 4.6 36 100 1345 141 Pr n(4,0) 15 13 200 1qPr y(2,1) 3.4 48 600 1371 1 4 1 Pr n ( 5, 1) 240 1 100 
11t

1Pr y(3, 1) 8.1 24 500 14 u 3 141 Prn(7,1) 10 16 900 
1 ~ 1 Pr n(9,3) 21 14 200 14 70 141 Pr y(15, 1) 90 2 600 141 Pr n(2,0) 32 7 100 1576 1 4 1 Pr y ( 1 , O) 25 8 400 
l4lpr p( 2 ,1) 80 2 800 i 626 1 uPrn(9,1) B 36 600 

~ 
Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 500 5 000 s 500 6 000 y 
) 

757 10 18 32 42 64 - 89 
-971 17. 40 80 1'I 0 194 310 

1036 27 54 110 180 260 405 
1371 40 90 240 410 570 i40 

1470 35 so 90 125 310 430 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

sminJµg.g-t Ep at Smin. E (keV) y 
a a (keV) a a 

0 1 ' 2 ! 

757 +71 712 -32 968 +5 814 -366 4 000 6 000 

971 +35 056 -17 806 +3 342 -218 1 320 6 000 

1036 +18 120 + 7 442 +1 146 - 61 1 560 6 000 
1371 + 6 660 - 1 957 + 162 0 740 6 000 

14 70 -12 604 +10 692 -2 312 156 2 020 6 000 



E;r 

ke\i7 

1130 

3:(12 

454 

110 

lleody';~ium : - Four of the seven stable neodymium isotopes 

yielded gamma-rays when a target of neodymium nitrate was 

bombarded. All the gamma-rays were due to Coulomb excitation. 

Of these, the 130-keV. gamma-ray from the lowest abundant isotope, 

150Nd, was the only gamma-ray that could be used to calculate 

a sensitivity of analysis and even then the sensitivity was no 

better than the mg.g-Irange. 

Yield. Yield. 

quanta Sensitivjty Ey quanta Sensitivity 

.Assignment sr- 1 nc- 1 11!~. !( t me- t keV Assi1mment sr- 1 nc- 1 .l!.&.:JC. 1 rn~ 

1s0Nd p(l ,O) 110 800 697 14 ~N<l p(l,O) 51 6 900 

n 8 Nd p(l ,O) 73 2 800 864 1 ~ 4 Nd p(4,1) 45 6 400 

IHNd p(l ,O) 100 2 200 1042 1 ~ 6 Nd p(2,0) 15 8 800 

~ 
Yield (quanta sr-.1nc- 1) 

) 

. 

3 500 4 000 4 500 5 000 5 500 6 000 y 

E 
y; 

no 48 52 110 160 210 280 
302 33 37 73 110 170 210 

454 34 40 100 14 5 185 218 

'697 26 33 51 72 96 105 

864 11 21 45 51 73 94 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

(keV) smin.h.tg.g-1 Ep at smin. 

130 

302 

454 

:69 7 

864 

a a a a (keV) 0 . 1 2 s 

+ 34 388 - 15 716 + 2 470 - 130 970 6 000 

- 9 388 + 13 026 - 3 583 + 283 940 5 770 

- 3 968 - 9 368 - 2 832 + 235 920 5 720 

+464 640 -256 768 +4 7 796 -2 965 4 250 6 000 

+218 144 -123 288 +24 058 -1 580 3 230 6 000 

Samar.ium ; - Gamma-rays were observed from all seven 

naturally-occurring samarium isotopes during the bombarding of 

a target of samarium III oxide (Sm203). De-excitation from 

the first level to the. ground state of the most abundant isotope, 

1S 2sm, provided a potentially useful. gamma-ray of 122 keV. 



Ey 

hv -
68 

1121 
122 

197 

229 

111 
62Sm 

The first and second levels of 147Sm were both Coulomb excited 

and by a fortunate chance the 147 Sm p(l,O) gamma-ray had .an 

energy very close to the 122-keV gamma-ray from the 1s2sm isotope 

mentioned above,thus enhancing its analytically significance. 

A similar type of overlapping occurred at 333 keV from 

144sm n(l,O) and isosm p(l,O). The sensitivities attainable 

Yield. Yield. 
quanta Sensitivity Ey quanta Sensitivity 

Assignment ·sr- 1nc- 1 µg.g-1mc-1 keV Assignment sr- 1nc- 1 µ11:.11:-1mc-1 

1 5 ~Sm n ( 1 , 0) so 8 300 328 1
"

9Sm p(3,1) 22 12 200 
1 " 7 Sm p ( 1 , 0) 380 790 1333 

1 ""Sm n ( 1, 0) 500 sso 

152 Sm p(1,0) 334 1 5 0 Sm p ( 1 , O) 

1
"

7 Sm p(2,0) S3 4 600 3SO 149 Sm p(3,0) . 11 20 900 

· 1 " 7 Sm n ( 1 , 0) 7.4 30 800 sso 111 8 Sm p ( 1 , 0) 240 200 

!~ Yield (quanta sr- 1 nc- 1) 

3 soo 4 000 4 soo s 000 5 500 6 000 . 

68 13 31 so 61 68 82 

121} 200 270 380 490 1 240 2 560 
122 
197 - 1 s ~ 42 S3 1 so 210 31S 

333} 170 480 500 740 960 . 1 290 
334 
550 56 125 240 410 570 840 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

Ey (keV) smin.hig.g-1 Ep at smin. 
a a a a (keV) 0 1 2 3 

68 + 22 181 - 5 567 + 676 0 I 10 700 4 000 

121} 3 353 1 448 270 16 840 4 000 + - + -
122 
197 +210 744 -111 112 +19 750 -1 156 4 600 4 500 

333} 8 993 4 915 944 59 570 4 500 + - + -334 
550 + 10 730 - 3 563 + 322 0 880 5 530 



I Ey 
keV 

84 

1110 
110 

135 

175 

J J 2 

using these gamma-rays were 840 and 570 µg.g-1 respectively. 

A gamma-ray which might be considered for analytical use was 

the 550-keV 148 Sm p(l,O) photon for which a sensitivity of 
880 µg.gd was calculated. 

Europium : - Europium oxide pellets were used as targets. 

The Coulomb excited 153Eu gamma-rays of 84 keV were relatively 

intense and"interference-free. By contrast the corresponding 

131Eu p(l,O) gamma-ray was not observed because the energy 

threshold of the Ge(Li) detector. The gamma-ray that 

Yield. Yield. 
quanta Sensitivity Ey quanta Sensitivit 

t.ssignment sr- 1nc- 1 .1:!8·&-1mc-1 keV Assignment sr- 1nc- 1 -1mc-1 

153 Eu p(l,O) 480 100 197 1s1Eu p(2,0) 250 420 
151 Eu p(3 ,0) 120 3 500 286 lSlEu p(4,1) 275 1 310 
151 Eu p(4,2) 308 1s1Eu p(4 ,O) 190 2 100 
151 Eu n(5 ,O) 49 6 300 512 1s1 Eu n(7,1) 500 000 
is1Eu p(2,1) 38 9 400 

~ 
Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 500 5 000 5 500 6 000 ) 
r 

84 205 310 480 980 1 460 2 120 
110 44 95 120 135 210 460 
197 48 . 160 250 340 530 610 
268 36 110 275 390 480 620 
308 80 150 190 340 570 870 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

Ey (keV) 5minJµg.g~l E at S . 
p min. 

a. a a a (keV) 0 1 2 ' 
84 +26 350 -11 602 +1 720 - 82 78(J 6 000 

110 +58 860 -34 024 +7 106 - 506 1 280 6 000 
197 - 1 736 + 5 194 -1 4 78 + 113 660 6 000 
268 +30 658 +15 080 +2 572 -1 487 640 {, 000 
308 -19 020 +17 356 .. 1 435 + 302 . 1 400 6 000 



Ey 
keV 

65 

105 

123 

131 
146 

113 

originated from the decay of the second level of 197 keV was 

interferred with by the IBo p(Z,O) photon of 197 keV. 

Best sensitivities for analysis were achieved at the highest 
available bombardi~g energies. 

Gadolinium · - A target of gadolinium oxide (Gd203) was 

bombarded. The majority of the gamma-rays were produced by 

Coulomb excitation. All the photons, however, were of low 

intensity and the sensitivities offered · for gadolinium analysis 

were poor even at the highest available bombarding energies. 

Yield. Yield. 
quanta Sensitivity Ey quanta Sensitivity 

Assignment sr- 1nc- 1 µg.g-1mc-1 keV Assignment sr- 1nc- 1 .!UL!..&-1mc-1 

155 Gd n(l ,O) 25 21 700 232 15 "Gd p(6,4) 18 19 000 
1ssGd p(-3,2) 3.7 94 600 296 156 Gd p(3,2) 22 17 300 
1s"Gd p(l ,0) 16 21 900 322 155 Gd p(4,0) 33 12 100 
1s1Gd p(2,0) 2.5 100 100 34 7 P"Gd p(3,2) 10 42 800 
1ssGd p(2,0) 13 29 000 

~ 
Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 500 5 000 5 500 6 000 v 

65 8.9 · 13 25 30 37 43 

123 4. 1 11 16 22 29 ·- 38 

232 5.7 10 18 - 30 38 50 
296 6.5 16 22 30 42 78 

322 8.2 17 33 49 65 90 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

Ey (keV) smin./ilg.g-1 Ep at smin. 
a a a a (keV) 0 1 2 9 

65 +946 816 -530 592 +101 428 - 6 478 15 400 6 000 
123 +180 000 - 76 560 + 12 564 - 738 13 300 6 000 

232 + 47 328 - 8 968 + 594 0 1 5 000 6 000 
296 +148 352 - 55 248 + 7 072 - 278 12 000 6 000 

322 -961 088 +748 960 -186 896 +15 207 89 200 6 000 



Ey 

keV 

57 

58 

80 

80 

104 

1121 
122 

114 

'l'erbium : - A targ~t of terbium peroxide (Tb40 7 ) was 

compressed into a pellet and bombarded. The element has a 

single naturally-occurring isotope, 159 Tb, and all the gamma­

rays originated either from Coulomb excitation or 'from the 

(p,ny) reaction on this isotope. Decay of the first level of 

'1 59 Tb resulted in a relatively low intensity photon and was not 

of much analytical significance~ Far more useful were the 

gamma-rays which resulted from the decay of the second level to 

the first level and to the ground level. By a fortunate chance 

both the gamma-rays, of 136 and 80 keV respectively, were 

analytically enhanced by gamma-rays 6f the same energies due 

to the (p,ny) reaction. Little improvement in sensitivity 

limits were attained when higher energy bombarding·beams were 

used. The use of a high resolution intrinsic germanium 

detector would have been useful for analysis not only because 

most of the photopeaks were situated in the low energy region 

of the spectrum but also because of the possibility of using 

the Tb X-rays for the determination of this element. 

Yield. Yield. 

quanta Sensitivity Ey quanta Sensitivity 

Assignment sr- 1nc- 1 ~g.g-1mc-1 keV ·Assignment sr- 1 nc- 1 l!.8·&-•mc-1 

159 Tb n(1,0) i6 22 600 
1136 

1s9Tb n(2 ,0) 181 1 800 

1s9Tb p(l ,O) 138 is 9Tb p(2,0) 

1 s 'Tb p (2. 1) 220 2 700 348 1s'Tb p(4,0) 15 7 200 

1s'Tb n(2,1) 371 1 s 'Tb p(6,1) 9 .1 33 000 

1 s 9 Tb p(3,2) 14 25 800 560 1s9Tb p (9, 1) 7.7 38 900 
-

1s'Tb n(3, 1) 19 17 400 580 1s'Tb p(8,0) so 5 300 

1s'Tb p(5,3) .617 1 s'Tb p(9,0) 15 19 300 

~ 
Yield (quanta sr- 1nc- 1) 

3 500 4 000 4 500 5 000 5 500 6 000 v 

80 80 113 220 250 290 400 

121} 0.8 2. 1 
122 

19 72 280 940 

136} 81 125 1&0 235 300 430 
138 
348 5.1 9.3 15 27 83 115 
580 20 30 so 81 120 19 5 
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Co-efficients of polynomials 
fitted to Sensitivity Functions 

E (keV) s I - 1 E at S . y min. iig.g p min. 
a a a a (keV) 0 1 2 s 

80 +17 736 - 9 320 +1 926 -133 2 510 6 00() 

121} -15 008 +20 544 -3 
122 

568 +135 9 000 6 000 

136} +16 036 - 7 924 +1 437 - 84 
I 

1 760 4 500 
138 
3-18 +86 384 -39 976 +6 716 -381 

I 
6 000 6 000 

580 +39 328 -18 844 +3 613 -240 4 290 6 000 

The majority of the gamma-rays that were Dysprosium : -

produced when a 

were as a result 

target of dysprosium oxide (Dy 2 03) was bombarded, 

of Coulomb excitation on five of the seven 

Yield. Yield. 
. Ey 

quanta Sensitivity Ey . quanta Sensitivity 
keV Assignment sr- 1nc- 1 .l!&.!.&- 1mc- 1 keV Assignment sr- 1nc- 1 .l!&.!.&2~ 

73 16 ~Dy p(l ,0) 100 4 300 390 163Dy p(S ,0) 15 9 600 

94 . 16 3Dy p(2, 1) 15 11 300 422 1S3Dy p(7 ,0) 5.8 23 800 

95 t63Dy n(l,O) 440 l63Dy n(3,0) 6.2 19 500 

114 163Dy p(3,2) 30 5 800 538 1 s&Dy p(3, 1) 7.9 11 300 

1167 
1&3Dy p(2,0) 330 1 640 674 th Dy p(6 ,2) 10 11 200. 

169 1 & "Dy p ( 2 • 1) 689 16 "Dy p(4, 1) 10 9 200 

185 1 & 2 Dy p(2,1) 13 11 500 762 tt~ny p(4,0) 11 12 400 
19 7 1&0Dy p(2,1) 13 11 200 843 16 "Dy p(6, 1) 12 11 900 

24 2 1 & "Dy p(2,0) 18 8 600 871 I 6 0 Dy p ( 7 '2) 12 11 800 

1297 1&0Dy p(3,1) 14 11 700 884 is&Dy p(7,1} 16 6 900 

298 1&3Dy n(2,0) 891 1s&Dy p(6,0) 14 8 700 

342 t&"Dy p (5 '3) 20 8 600 962 16 0 Dy p ( 6 , 1) 40 5 600 

351 1&~Dy p(4,0) 25 6 500 

~ 
Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 500 5 000 s 500 6 000 v 

73. 25 61 100 135 220 300 
114 7.5 15 30 40 SS 140 

167} 87 165 330 420 550 610 
168 
351 6.7 15 25 29 41 67 
962 9.2 23 40 60 120 160 
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Co-efficients of polynomials 
fitted to Sensitivity Functions 

E (keV) s I -I E at S . y min. µg.g p min. 
a a a a (keV) 0 l 2 3 

73 + 16 920 - 5 948 + 929 - 52 3 480 6 000 
114 +309 456 . -169 224 +31 246 -1 918 4 890 6 000 

167} + 39 168 - 21 776 + 4 149 259 1 540 5 000 -168 

351 +198 448 -118 320 +24 100 -1 621 6 000 6 000 

962 + 79 008 - 35 068 + 5 175 - 243 2 4 37 6 000 

Ey 

keV 

95 

11 5 

1 54 
210 

289 
296 

357 
361 

stable isotopes of the element. Two other gamma-rays from the 

reaction;63 Dy(p,ny) 163 Ho were detected but were of low intensity. 

The most prominent peak in the spectrum was that of 167-keV, 

163Dy p(2,0). Decay of the 164 Dy isotope resulted in a gamma­

ray of 169 keV. Both of these integrated· together gave a 

sensitivity of 1500 µg.g- 1 for a bombarding energy of 5000 keV. 

Holmium : - This single-isotope lanthanide was investigated 

by the bombardment of a holmium oxide (Ho 2 0) pellet. Gamma­

rays were produced either by Coulomb-excitation or by the (p,ny) 

reaction. The gamma-rays originating from the latter were 

weak and of little analytical value. Intense peaks were 

observed corresponding to 115 keV and 154 keV resulting from 

Coulomb excitation of the second level of l65Ho. 

Using these gamma-rays, good sensitivity for holmium analysis 

was offered, improving with increasing bombarding energy. 

Yield. Yield. 

quanta Sensitivity Ey quanta Sensitivity 

Assignment sr- 1 nc- 1 l!g. !C lmc-1 kcV Assignment sr- 1 nc- 1 iig.rC1mc-1 

l6sHo p ( 1, 0) 145 4 900 47Z t65Ho p(7,1) 15 43 000 
t6sH0 p(2,1) 220 2 800 516 t6sH0 p(6,0) 12 47 000 
t6sHo p(5,3) 690 700 535 t6sH0 n(13,0) 5.3 110 000 
t6sHo p(2,0) 130 2 900 567 t6sHo p(7,0) 6. 1 108 000 
t6sHo p(S,2) 4.7 86 000 594 t6s

110 p(l0,2) 40 17 900 
l6sH 0 n(6,0) 6. 1 68 000 608 t65Ho n(1S,0) 16 42 100 
t6sHo n(S,O) 60 8 400 689 16 S}(O p(10,0) 22 37 000 
1651fo p(4,0) 45 10 400 
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I~ 
Yield (quanta sr- 1 nc- 1) 

3 500 4 000 4 500 5 000 5 500 6 000 ) 

--
95 81 105 145 250 290 320 

11 5 75 140 220 1 970 2 790 3 640 

154 100 220 690 840 1 210 1 590 

210 28 47 130 140 170 210 

357 18 20 60 80 180 230 

Co-efficients of polynomials 
fitted to Sensitivity Functions ::.~~in.1 E (keV) smin./ug.g-1 E 

y p 

95 
115 

154 
210 

357 

Ey 
keV 

78 
79 
79 
80 
81 
90 

117 8 
178 

a a a a 
0 l 2 , 

+ 9 368 - 2 176 + 2 115 0 3 790 5 150 
+40 152 +22 618 + 4 286 - 270 300 6 000 

+51 600 -28 445 + 5 286 - 326 640 6 000 

+32 040 -12 () 12 + 1 687 - 77 3 940 6 000 

-72 623 +63 960 -15 238 +1 181 4 120· 6 000 

Erbium : - A target of erbium oxide (Er203) was bombarded 

for the study of erbium. The excitation of the first levels 

of four of the six naturally occurring isotopes produced 

gamma-rays which are shown as a common peak in, the spectrum. 

The peak~ however, was of very low intensity and like all the 

other detected gamma-rays, was too weak to be of any, significance 

for the determination of erbium. 

Yield. Yield. 

quanta Sensitivity Ey quanta Sensitivit) 

Assignment sr- 1 nc- 1 l1..&..!.2- i me- 1 keV Assignment sr- 1 nc- 1 u0'.!!- 1mc- 1 

16 ~Er n(3,0) 11 28 900 200 l&~Er p(2,1) 2. 1 102 300 
170 Er p(l,O) 495 167Er p(6, 1.) 13 21 800 
167Er p(l,O) 532 u 7Er p(S,O) 1.9 126 400 

1&aEr p ( 1, O) 562 167 Er p(7,1) 2 . 1 121 400 
1 & & Er p(l,O) 705 166Er p(4, 1) 16 22 600 
16 ~Er p{1,0) 5.4 75 800 786 166 Er p(4,0) 3.4 97 600 

16'Er p{2,0) 32 20 600 
162 Er n(5,0) 
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~ 
-

Yield (quanta sr- 1 nc- 1 ) 

3 500 4 000 4 500 5 000 5 500 6 000 
) 

,__c 

Ey 

"} 79 
6.3 8.9 11 14 17 23 I 

80 

81 

90 1. 7 3. 1 S.4 7.3 11 14 
178 3.8 18 32 44 47 57 
495 5.4 8.8 13 16 20 27 
705 8. 1 12 16 18 27 34 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

(keV) 5min.fJg.g-i Ep at S . 

18} 79 
80 

81 
90 

178 

49S 

70S 

min. 
a a a a (keV) 0 1 2 3 

+SSS 776 -296 896 +SS 872 -3 S3S 22 100 6 000 

+ 33 792 + 82 368 -2S 280 +2 084 67 700 s 830 
+632 736 -334 272 +60 323 -3 650 9 880 6 000 

+2SO 496 -108 352 +16 716 - 881 11 900 6 000 
+134 850 - 3i 802 + 2 830 0 10 500 6 000 

. 
Thullium : - The single ~sotope element was studied by 

bombarding a pellet of thulia (Tm20 3 ). All the gamma-rays 

originated from Coulomb excitation. The first excited state 

(at 8.4 keV) of the 169Tm isotope was well below the threshold 

of the Ge(Li) detector used, and the peak of this energy·could, 

therefore, not be observed in the spectrum. The decay of the 

second level produced the two most intense gamma-rays, that of 

110 and 118 keV. These, together with Tm X-rays of SO keV 

offered the best analytical potential with calculated sensiti­

vities of the order of 600 µg.g~ 1 • It is likely that the use 

of a ·detector specially designed for low energy photons, such 

as a thin Ge(Li) or intrinsic germanium detector could greatly 

improve the potential sensitivity of analysis. 

l 
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Yield. Yield. 
Ey 

quanta Sensitivity 'Ey Sensitivity quanta keV Assignment sr- 1 nc- 1 pg.g-1mc-1 keV Assignment sr- 1 nc- 1 lJg.g-1mc-1 -
110 u 9 Tm p ( 2 , 1) 520 550 453 169 Tm p(6,2) 10 22 100 
118 169 Tm p(2,0) 93 2 500 563 1 6 9 Tm p ( 6 , 1 ) 25 9 500 
130 1 6 9 Tm p ( 3, 2) 6.7 30 400 571 169 Tm p(6,0) 30 8 300 

193 1 6 9 Tm p ( 4 , 3) 7.6 28 900 625 16 9 Tm p ( 7 , 1) 9. 3, 26 300 

228 1 6 9 Tm p ( 5, 2) 7.3 33 000 

~ 
Yield (quanta sr- 1nc- 1) 

3 500 4 000 4 50G 5 000 5 500 6 000 ) 

110 252 480 520 537 643 1 090 
118 44 75 93 100 120 190 
453 5.4 7.2 10 12 17 77 
563 6 8 25 46 65 130 
571 5 12 30 52 77 140 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

Ey (keV) s . /lJg.g-1 min. Ep at S . m.tn. 

110 
118 

453 

563 
571 

Ey 

eV 

177 

a a a a (keV) 0 1 2 , 

+ 2 979 - 1 002 + 104 0 550 4 500 

+ 27 ~52 - 14 700 + 2 888 - 184 3 000 4 500 

+244 416 ... 145 408 +30 788 -2 092 22 100 4 500 

+154 192 - 65 336 + 9 378 - 438 4 960 6 000 

+320 496 -165 880 +29 160 -1 712 4 850 6 000 

Ytterbium · - Although the element had seven naturally 

occurring isotopes, only a single low intensity gamma-ray from 

ytterbium was observed during the bombardment of ytterbium III 

oxide. The photopeak originated from the Coulomb excitation 

of the most abundant isotope, 174Yb, and produced a gamma-ray 

of 177 keV. The excitation of 52-keV X-rays appeared to be 

more applicable for analytical purposes. 

Yield. Yield. 
auanta Sensitivity Ey quanta Sensitivit 

Assi£nment sr- 1 nc- 1 l!&·C1mc-1 keV Assignment sr- 1nc- 1 !!.& • -1mc-1 

u ~Yb p ( 2 , 1 ) 11 16 300 

I 



120 7 0 Yb' 71 Lu . 

A Yield (quanta sr- 1nc- 1 ) 

·3 500 4 000 4 500 5 000 ) 5 500 6 000 

E 

177 6.3 7. 1 11 15 26 40 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

(keV) s I - 1 
. Ep at S . 

y min. µg.g min. 

177 

Ey 

eV 

182 
82 

114 

J38 

186 

a a a a 
0 1 ~ 3 (keV) 

+108 928 -59 008 +12 676 -918 12 800 6 000 

Lutetium : - A pellet of high purity lutetium IIi oxide 

(Lu203) was bombarded. The element has two naturally occurring 

isotopes viz. 175 Lu (97.4 atom%) and 176 Lu. (2.59 atom%). 

De-excitation of the first two levels of 175 Lu produced the most 

useful gamma-rays for analysis. 

A single gamma-ray of 82 keV resulted from the decay of the first 

level to the ground level of l76Lu. The photopeak from this 

gamma-ray was, however, feeble even though there was a contribution 

from another gamma-ray of the same energy from the (p,ny) reaction 

on 175 Lu. 

Of the other gamma-rays originating from reactions on 176Lu, 

the one of 190 keV was analytically. useful. 

Use of the 114-,138-and 252-keV gamma-rays gave sensitivities. 

of below 1000 µg.g 4 at a proton bombarding energy of 4500 keV, 

improving steadily with higher bombarding energies. It should 

also be noted that for the analytical determination of this 

element, effective use could be ~ade of the intense X-rays 

Yield. Yield. 

quanta Sensitivity Ey quanta Sensitivit. 

Assignment sr- 1 nc- 1 µg ·E( imc-1 keV Assignment sr- 1n<:;.:_: ~-1mc-1 

175 Lu n(l,O) 4 98 500 190 178 Lu p(2,1) 110 2 100 

176 Lu p(l,O) 252 175 Lu p(2,0) 560 500 

175 Lu p(l,O) 730 470 293 176 Lu p(3,2) 4.4 58 800 

175 Lup(2,1) 290 990 3~0 176 Lu p(4,2) 11 21 300 

175 Lu n(3,0) 105 2 400 597 175 Lu p(4,0) 14 19 200 
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of about 54 keV. Since the intense gamma-rays are of low 

energy ( < 300 keV) a high resolution intrinsic germa:_ium detector 

could be used for measuring both the X-rays and gamr.a-rays 

simultaneously and might lead to enhanched sensitivity. 

~ 
Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 500 5 000 5 500 6 000 ) 

114 311 535 730 1 000 1 540 1 960 

138 100 190 290 380 640 1 440 

186 42 67 105 150 200 275 

190 41 67 110 150 184 239 
252 200 350 560 790 1 090 1 480 

Co-efficients of polynomials 
fitted to Functions 

s I -1 I Sensitivity 
!Ey (keV) min. µg.g t Ep at smin. 

114 

138 

186 
190 

252 

a a a a (keV) 0 l 2 ~ ! 
' 

+ 7 591 - 4 192 + 822 - 54 370 I 6 000 . 

+16 264 - 8 O.i6 +1 375 - 77 800 ! 5 000 
'+14 164 - 4 610 + 441 0 2 000 5 000 
+26 744 -12 780 +2 104 -108 j 1 770 I 5 o~ + 5 707 - 2 914 + 538 - 33 380 I 5 000 

Hafnium Gamma·-rays were observed from all six naturally-

occurring hafnium isotopes during the bombardment of a lump 
of pure hafnium metal. 

Of the many gamma-rays, some offered potential sensitivity of 

below the mg.g- 1 range. Of special merit were those gamma­

rays which had identical energies but were formed by different 

reactions on different isotopes, as was the case for the 172-and 

181-keV gamma-rays. Both of these yielded sensiti¥ities of less 
than 400 µg.g ~ with 6000 keV protons. 

Peaks from the gamma-rays of 207 and 208 keV were integrated 

together and a sensitivity of 170 µg.g~ 1 was calculated at a 

bombarding energy of 6000 keV. 

Gamma-rays of 401,445 and 520 keV remained unassigned. 



122 
72Hf 

Yield. Yield. 
Sensitivity! Ey quanta Sensitivity Ey quanta 

kcV Assignment sr- 1nc- 1 l:!.& .g-1mc-1 keV Assignment sr- 1nc- 1 -1mc-1 --·--
51 lHHf y(2,0) 140 13 300 277 17711£ p ( 5. 1) 620 1 080 

1 66 Hf kf3 290 4 050 1301 
1 e o Hf y(:\,0) so 8 300 

69 17 ~Hf y(3,0) 306 I 7 8fff p(Z,O) 
71 176 Hf y(1,0) 321 111Hf p(3,0) 40 13 000 
il 177Hf n(l,O) 338 IBOIJf p(3,2) 80 s 800 
87 17 "Hfy(4,1) 420 3 300 339 1 e oHf y(5,0) 

88 176 Hf p(l,O) 344 I 79Hf n(6,0) 
91 lHHf p(1,0) 344 1 7 ellf y(6,0) 
93 178 Hf p(l,0) 1356 

178 Hf y(7,0) 280 ·2 lOC 
93 18 ~Hf p(l,O) 356 179 !1.f nc1;01 

12 31 
179 Hfp(l,O) 510 850 375 179 Hf p(S,0) 82 6 400 

124 1nHf y(1,0) 390 117Hf p(5,0) 300 2 000 
131 177Hf n(3,0) 180 4 620 401 Hf 220 2 700 
1 31 176 Hf y(3,0) 421 t 79Hf p(6,0) 80 6 500 
133 179 Hf n(2,0) 426 I 1 B Jff p ( 4 ' 3) 160 3 400 
134 178Hf y(2,0) 427 177Hf p(7,0) 
136 180 Hf y(2 ,O) 445 Hf 120 5 000 

13 7 177 Hf p(2,1) 520 Hf 250 2 500 

14 6 t79Hf p(3, 1) 740 1 150 S48 18 OHf p(3, 1) 100 6 000 
159 180 Hf y(3,0) 260 6 700 597 116 Hf p(3,0) SlO 700 
165 180 Hf y(4,2) 320 s 300 608 t 1"Hf p(3,0) 2SO 2 100 

1721 
176 Hf y(4,0) S20 490 61S 1e0Hf y(9,0) 220 2 100 

172 177 Hf n(4,0) 632 178 Hf p(3,0) 96 6 500 

1 811 
178 Hf y(3,0) 2 100 380 680 179 Hf p(1S,O) 105 6 900 

1 81 179 Hf n(3,0) 701 179Hf p(16,0) 200 4 000 

2021 
176 Hf p(2, 1) 2 S60 300 708 t76Hf p(4,2) 200 3 700 

203 180 Hf y(S,2) 849 teoHf p(6,2) 160 1 600 

1207 
17 ~Hf p(2, 1) 3 370 240 892 180 Hf p(9,2) 11 s 5 400 

208 177Hf p(3,1) 983 180 Hf p(l 1,2) 65 8 soo 
210 178 Hf y(6,2) 991 18 0 Hf p ( 4, 1) 300 250 

7.1 s 180 Hf p(2, 1) 830 910 1046 180 Hf p{5, 1) 160 3 800 

2371 
178 Hf y{4,0) . 60 7 900 1090 ieoHf p(7,1) 120 7 000 

237 179 Hf n(4,0) 1107 180 Hf p(9,1) 250 2 500 

249 177Hf p(2,0) 570 300 
269 179 Hf p(3,0) 570 270 

~ 
Yield (quanta sr- 1nc- 1 ) 

3 500 4 000 4 soo 5 000 s 500 6 000 ~ 

172 42 sos 1 S20 2 940 3 460 s 430 

181 93 4SO 2 100 5 210 7 130 10 200 

202} 780 1 010 2 S60 4 790 5 700 7 980 
203 

207} 
208 340 790 3 370 6 720 8 930 11 200 

210 
215 87 247 830 1 290 1 750 2 310 

59 7 250 450 510 1 680 2 520 3 980 
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Co-efficients of polynomials 
fitted to Sensitivity Functions 

(keV) Smin./i.1z.g-I Ep at s min. 
a a a a (keV) 0 I 2 ! 

172 + 63 048 - 36 586 + 7 100 - 457 37() 6 000 
181 + 39 007 - 22 017 + 4 162 - 262 220 6 000 

2021 
203f 

+ 48 712 - 27 333 + 5 109 - 317 170 6 000 

'"'} 208 + 45 4 76 - 25 926 + 4 929 - 311 190 6 000 

210 

215 
597 

+778 056 -449 711 +86 180 -s 469 1 010 6 000 

- 5 249 + 4 311 - 970 + 68 390 6 000 --

Tantalum : - Intense low energy_ gamma-rays were excited by 

inelastic scattering during the bombardment of a pure tantalum 

sheet. 

Indications are that use can be made of the 136-keV photopeak 
. - l for the determination of the element to below the wg.g 

level with improving sensitivities at higher bombarding 

energies. Such analysis, of course, would necessitate that all 

collimators be replaced with materials other than the tantalum 

ones used in this investigation. 

The lack of gamma-rays of higher energy gave an indication that 

tantalum would be the useful backing on which other materials 

could be deposited for analysis by proton-induced prompt 

gamma-ray spectrometry. 

Yield. Yield. 
q11anta Sensitivity Ey quanta Sensitivity 

Assignment sr- 1nc- 1 µg.g-1mc-1 keV Assignment sr-:nc- 1 ug.g-1mc-1 

136 1a1 Ta p(2,0) 810 020 301 181 Ta p(4,0) 170 4 500 

165 1a1 Ta p(4,2) 110 6 300 
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........_""'-E (keV) 

·~ 
Yield (quanta sr- 1nc- 1 ) 

Ey(keV) 3 500 4 000 4 500 5 000 5 500 6 000 

136 720 805 810 1 090 1 260 1 730 
165 27 88 110 320 470 540 
301 38 96 170 250 390 670 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

t: (keV) s I - 1 . Ep at S . ~y min. µg • g min. 

136 

165 

301 

Ey 
keV 

99 
100 

104 
111 
122 
234 
236 

-a a a a 
0 l 2 3 (keV) 

+17 076 - 8 754 +1 588 - 97 800 6 000 
+ 4 096 + 1 844 - 203 - 22 3 100 6 000 
+44 5-84 -22 712 +4 445 -304 I 2 520 6 000 

Tungs·ten : - The three most useful gamma-rays for analysis were 

those with energies falling within the first 150 keV of the 

spectrum. Of these the 186w p(l,O) gamma-ray provided the 

best sensitivity but care had to be taken when using this gamma­

ray for the d~termination of tungsten in a iron matrix because of 

interference from the 5 7 Fe p(Z,l) gamma-ray. 

Yield. Yield. 

quanta Sensitivity Ey quanta Sensitivit 

Assignment sr- 1 nc- 1 µg.~(1mc-1 keV Assignment sr- 1nc- 1 l!E.~. g- i mc·· t 

18 3 W p(2 ,O) 105 3 200 292 1 nw p(4,0) 3 63 900 
182 W p{l ,O) 338 180 w p(2,0) 3 50 500 
180 w p{l ,O) 341 186 W p(3,2) 
18 \w p(1,0) 300 300 351 ia2w p(3,2) 12 12 200 
186\'l p(1,0) 480 700 585 180\'l p(3, 1) 1 126 000 
180 w p(2, 1) 12 13 900 615 usw p(3,1) 19 10 600 
18 \W n(6,0) 149 000 1121 182 w p(4, 1) 3 38 800 
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~ 
Yield (quanta sr- 1nc- 1 ) 

3 500 4 r.oo 4 500 5 000 5 500 6 000 ) 

,...__. 

E 
y 

99 l 
100 f 58 n 105 180 225 510 
104 

111 

122 
351 
615 

139 ZlS 300 620 1 230 1 730 
74 210 480 590 640 1 270 
1.9 8.9 12 115 305 410 
2.3 13 19 150 260 350 

Because the intense gamma-rays were in the low energy region 

of the spectrum, where the W X-rays also featured prominently, 

use could be made of an intrinsic germanium detector to measure 

the photons. Analysis using these X-rays were carried out 

using lithium-drifted and intrinsic germanium detectors [Gi 79b]. 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

(keV) s . /µg. g-1 min. Ep at smin. 
a a a a (keV) 0 1 2 3 

99'} 100 + 35 984 - · 18 800 + 3 601 - 231 2 840 6 000 

104 

111 

122 
351 
615 

+ 6 416 - 3 238 + 680 - 47.4 1 220 6 000 

+ 570 + 194 - 45~1 2.26 630 6 000 

+496 464 -284 160 SS 288 -3 583 7 740 . 6 000 

+182 640 - 87 200 14 556 - 819 7 000 6 000 

Rhenium : - The data for this element were obtained from the 

bombardment of targets of the pure metal. 

Coulomb excitation of l8 7 Re resulted in the formation of a 

72-keV gamma-ray which corresponded closely to the energy of the 
R~', k

8
· X-rays. The values for yields and sensitivities as 

given in the tables Kere based on the nett integrated counts of 

both the X- and gamma-rays., 



Ey 

keV 

I 7G 
72 

, 16 

125 

1134 
137 

111 SS 
I 151 

126 

Yield. Yield. 
quanta Sensitivity Ey quanta Sensitivit 

Assignment sr- 1nc- 1 ti·!.C1mc-1 keV Assignment sr- 1nc- 1 l!&·g-1rr.c-1 

Re ka . 630 880 159 1 as Re p(Z,i) 205 960 
\87Re p(Z, 1) 167 1s1Re p(3, 1) 360 180 
l&7Re n(S ,0) 310 2 310 206 le?Re p ( 2. !I) 380 950 
i es Re p ( 1, 0) 1 040 780 285 1 as Re p ( 2. !'I) 39 8 200 
1a1 Re p ( 1, 0) 1 zoo 440 301 ia'Re p(3,e-J} 74 s 000 

' 1 8 5 Re Y ( 1 , 0) 323 1a1Re y(Z,1) 31 , 1 200 
1 8 7 Re 'Y ( 1 , 0) 180 2 350 359 101Re n(!l,3) 51 7 100 
1 8 7 Re n ( 4 , 3) 512 ta'Re p (6 .,fil') 510 890 

The gamma-ray offering the. best sensitivity originated from 

the decay of the first level of 187Re. The area of the photo­

peak from the 134-keV 187Re p(l,O) gamma-ray ~as enhanced by 

the close-lying photopeak from the 185 Re y(l,O) gamma-ray. 

~ 
Yield (quanta sr- 1nc- 1) 

3 500 4 000 4 500 s 000 s 500 6 000 ) 

70} 870 1 420 1 630 2 100 2 650 3 150 
72 

125 420 890 1 040 1 630 2 120 2 730 

134} 305 720 1 200 1 890 2 210 2 470 
137 

167 130 280 360 560 880 1 160 . 
206 145 260 380 480 720 980 

Co-efficients of polynomials 

smin/ug.g-• I Ep 
fitted to Sensitivity Functions 

E (keV) at smin. y 
a a a a (keV) 0 l 2 3 

70} - 2 821 +3 , 13 753 +SS S40 6 000 -
72 

125 +11 038 -5 683 +1 049 -65 620 6 000 

134} + 4 284 -2 111 388 -24 360 6 000 + 
137 
167 - 262 +1 59S - 432 +32 740 •6 000 

206 +12 358 -s 691 + 960 -SS 810 6 000 



Ey 

kcV 

lj6s 
65 

70 

72 

73 

11 74 

1112 
114 
120 

111 SS 
I 1s1 
'118 7 

187 
187 

187 
187 
187 
188 
188 
189 

I 189 
206 

1219 
I 223 
I 2 81 
I 
I 281 

I 283 

I ~9 7 
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Osmium : - Powdered osmium was compressed into a pellet which 

was bombarded to provide the gamma-ray spectra. All the 

isotopes of this element have close-lying nuclear excitation 

states of low excitation energy. As a result several of the 

intense photopeaks represent composite yields from different 

isotopes. 

The X-rays of osmium were useful for analysis not only because 

of their high yield but also because of the formation of several 

gamma-rays which combined to give unresolved spectrum peaks of 

65 keV and of 72 keV. 

Since the photopeaks are within the first 250 keV of the 

spectrum, a high resolution intrinsic germanium detector could be 

used for analysis to good effect. 

Yield. Yield. 

quanta Sensitivity Ey quanta Sensi tivit 
Assignment sr- 1nc- 1 l:!&·s-1mc-1 keV Assignment sr- 1nc- 1 1Jg.g-1mc-1 

Os ka 3 300 240 354 186 05 p ( 12. 7) 3.9 61 500 
1870s p(2,1)· 375 192 05 p(3, 1) 2.9 84 700 
1890s p (2. 0) 3 020 460 396 19oos p(S,3) 1.4 160 000 
1890s n(6,4) 420 192os p(S,2) 1. 7 152 000 

Os ka 435 186 05 p ( 4 '2) 3.2 95 goo· 
1870s p(2,0) 462 1880s p(4,2) 2 .9 92 700 
18105 p ( 5. 1) 5.9 47 000 478 188 05 p(3,l) 2.6 108 000 

1890s n(2,0) 487 · 1 8 o0s p(S,2) 9.4 42 600 
18~os p(1,0) 5.8 so 400 487 188 05 n(7,0) 
l880s p(1,0) 65 4 600 487 1870s y(7,0) 
181os p(8,4) 489 192 05 p(2,C) 
i 8'los n(4,2) 160 2 000 490 186 05 p(11,6) 
l88Qs y(4,2) 1491 1870s p(8,1) 
19 oos p ( 1, 0) 1530 1e'os n(l3,S) 0.6 179 000 

1870s n(3,0) 530 1 8 6 Os y(13,5) 
186 05 y(3,0) 1557 

186 05 p(12,6) 4.0 73 400 

191os p(6,0) 558 190 05 p(3,0) 
1880s n(3,0) 1568 

190 05 p(4,1) 1. 2 210 000 

1870s y(3,0) 569 :'zos p(12,8) 
181os p ( 7, 0) 580 192os p(6,2) 9.4 48 300 

18'0s p(4,1) 1608 1e9os n(ll,1) 11.4 43 900 
192 05 p ( 1, O) 230 1 400 608 1e805 y(ll, 1) 
18'0s p(4,0) 21 12 600 1630 

1e6os p(3, 1) 1.4 210 000 

1 8 'Os n(S,1) 633 1e805 p(3,0) 
1a8os n(S,O) 4.7 56 400 743 Os 1. 7 250 000 

l870s y(S,0) 1767 
190 0s p(S, 1) 2. 1 185 000 

i '20s p(2,1J 767 186 0s p(3,0) 
1eG 05 ~(211) 2.2 94 100 
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~ 
Yield (quanta sr- 1 nc- 1 ) 

3 soo 4 000 4 soo s 000 s soo 6 000 ) 

--·~ 

Ey 

6S 1 650 1 960 3 300 4 SlO 6 270 8 990 

;: } 1 490 2 170 3 020 4 7SO 6 190 9 130 
73 

74 

1 SS} 17 34 65 86 225 540 
1S7 

187} 
188 50 80 160 320 610 900 
1119 

206 110 lSO 230 360 540 910 

Co-efficients of polynomials 
fitted to Sens iti vi ty Functions 

(keV) smin. /i1g. g-1 Ep at smin. 
a a a a (keV) 0 1 2 9 

65 + 5.5 + 290 - 79 + 5.9 160 6 000 
70 l 
n I 

+ 4 570 - 2 385 470 - 32 300 6 000 + 
73 [ 
74 

15S} + 8 068 + 4 276 -1 697 +132 1 010 6 000. 
157 

187} 
188 +43 464 -21 684 -3 795 -226 1 110 . 6 000 
189 
206 - 312 + 2 804 - 835 + 67 890 6 000 

Iridium : - Bombardment of iridium metal resulted in a 

small flux of low energy Coulomb-excited gamma-rays. The 

energy of the first excited state of 193 Ir co-incided exactly 

with that of the Ir K5 X-rays, therefore the data for yield 

and sensitivity in the tables represent the combined value 

of both gamma- and X-rays. This was also the case for the 

67-keV. gamma-ray, the peak of which overlapped with that of 

the K X-ray of iridium. In order to use the low ener~y a 
photons efficiently, the intrinsic germanium detector would be 

preferred. 
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I Ey 
Yield. Yield. 

kcV 
quanta Sensitivity Ey quanta Sensitivity 

Assignment sr- 1nc- 1 l!S· !C lmc-1 keV Ass!..sE_~ sr- 1nc- 1 .l.!..!L:J;-1mc-1 

67 19 'Ir p(3,1) 5 400 110 299 193Ir p(5,0) 23 8 400 
73 193 Ir p(l,O) 1 760 330 343 l91Jr p(5,0) 34 5 700 

129 I 9 I IT p(2,0) 61 4 900 351 191 1 r p(6,0) 30 6 600 
139 193Jr p(3,0) 115 2 200 358 19Jlr p(6,0) 66 3 300 
214 19 1 Ir p(4,2) 51 6 200 391 i 9 i Ir p(7 ,O) 4 90 500 
219 193 Ir p(5,2) 57 5 700 588 t91Ir p(9,0) 7 49 000 

~~ 
·-

Yield (quanta sr- 1 nc- 1) 

Ey(keV 3 500 4 000 4 500 5 000 5 500 6 000 

67 1 470 3 300 5 400 10 100 15 800 17 400 
73 540 1 100 1 760 3 300 s 100 8 400 

129 34 53 61 105 135 172 
139 46 87 115 190 260 310 
358 17 29 66 83 87 92 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

E y (keVJ smin /Ilg. g-1 En at smin. 

67 

73 
129 
139 
358 

Ey 
keV ,__ 

173 
211 
239 
3i9 

356 

. 
a a a a (keV) 0 1 2 3 

' 
+ 1 138 - 375 + 33 0 62 . 5 750 
+ 2 644 - 775 + 59 0 120 6 000 
-48 016 +35 892 -7 767 +534 2 980 6 000 
+13 339 - 3 827 + 302 0 1 240 6 000 
+41 654 -13 158 +1 086 0 1 840 6 000 

Platinum : - Gamma-rays were observed from excitation of 

levels of most of the stable isotopes, although the very low 

abundant 190pt was not detected. Decay of the first levels 

of 19 4 Pt and 196pt resulted in analytically significant gamma-

Yield. Yield. 
quanta Sensitivity Ey quanta Sensitivity 

Assignment sr- 1nc- 1 }Jg• g- 1 me- I keV Assignment sr- 1nc- 1 IJ!! d?-1mc-1 

i 9 2 Pt p(3,2) 53 10 800 407 198pt p(l ,O) 160 3 500 
195pt p(4 ,O) 290 1 870 587 192pt p(S,2) 21 31 500 
195pt p(S,O) 170 2· 500 1608 

194pt p ( s, 2) 17 37 300 
194pt p(l ,O) 410 390 612 19 2pt p(2,0) 
196pt p(l,O) 960 490 903 196pt p(6,1) 20 32 000 
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rays of 329 and 356 keV respectively. Both these photons 

offered a sensitivity of about 500 µg.g·l. The Pt X-rays 

again featured prominently and could be used fbr platinum 
detenninations. 

I~ Yield (q:i:inta sr- 1nc- 1 ) 

3 500 4 000 4 500 5 000 5 500 6 000 
) 

E 'y 

211 190 260 290 380 5il0 900 
239 so 110 170 18() 205 290 
329 650 1 140 1 410 2 050 2 820 3 330 

I 
356 3 690 710 960 1 410 1 770 2 250 
407 60 110 160 290 410 830 

Co-:efficients cf polynomials 
fit tea to Functions Sensitivity 

(keV) 5min/µg.g-i Ep at S . 

211 
239 

329 
356 

407 

min. 
a a a a (keV) 0 1 2 3 

+ 2 230 + 222 - 94 + 6.9 1 640 6 000 
+209 536 -22 140 +23 512 -1 469 2 140 4 470 
+ 14 983 - 8 543 + 1 64 7 - 103 380 4 680. 
+ 8 725 - 4 840 + n4 - 58 390 4 500 
+ 97 872 -52 804 + 9 833 - 616 2 11 0 6 000 

Gold · - This noble metal has a single natural isotope of 

mass 197 . Several levels of gold was excited by Coulomb 
excitation. The energy of the first excited state ~o-incided 

exactly with that of the gold k
8 

X-rays so that the data given 

for yield and sensitivity are the sum of both gamma and X-rays. 

Promiment photopeaks were recorded corresponding to the decay 
of the 3rd and 6th excited level at 279 keV and 548 keV 

respectively. The level at 409 keV had a parity of 1}2-compared 

to %+ ,Yi+ ,%+ and %+of the ground and the first three 
excited states res~ectively and, thus it was not excited by 
proton inelastic scattering. The existence of the fifth level 
at 502 keV was not well established [Ha 77] and therefore 

failure to observe any gamma-rays from this level was not 

surprising. 



Ey 

keV 
I 80 

I 82 
158 

208 

24 8 

285 
315 

331 
351 

364 
36 7 

367 

1 32 
soHg 

The p(l,O) gamma-rays of 198Hg; l99Hg, 200Hg and 202Hg offered 

the best sensitivities for analysis though the sensitivities 

at ta i.n e d were no b et t er than 1 2 0 0 µ g . g -1 • Thi s v a 1 u e was 

calculated from the combined yields of four ganuna- rays having 

energies between 364 and 368 keV. 

The KS X-rays of mercury also formed a doublet with a gamma-ray 

of 82 keV. Since these two photopeaks could not be stripped 

from each other,_ they were integrated together providing a 

sensitivity of 500 µg.g- 1 at a bombarding energy of 6000 keV. 

Yield. Yield. 
quanta Sens i ti vi ty Ey quanta Sensi-t i vi ty 

Assignment sr- 1nc- 1 µg. 8- 1mc- 1 keV Assignment sr- 1nc- 1 pg.g-1mc-1 ---
Hg kB 470 620 426 l96Hg .p(1,0) 96 800 

2 0 OHg p(3,2) . 440 202Hg p(1,0) 240 1 300 
199Hg P ( 1I0) 20 9 800 491 202Jig p(4,0) 22 9 900 
t99Hg p(2,0) 2.7 43 300 491 202 Hg n(4,0) 
199Hg p(5,2) 18 12 700 543 2oaHg p(4,0) 58 4 200 
19911g p(6,2) 22 8 500 579 200Hg p(2, 1) 8.3 23 300 
202Hg n(2,0) 43 3 100 588 2 o i Hg n ( 3' 1) 12 16 700 
201 Hg n(1,0) 39 3 400 608 1 96 Hg y ( 2, 0) 4.8 76 700 
202 Hg n(3,0) 21 8 800 611 196 Hg p(2, 1) 
2c2Hg y(4,0) 190 1 400 787 202Hgy(4,1) 14 18 300 
198 Hg y(1,0) 1029 2 0 OJig p(3,0) 6.7 52 300 

" 9Hg n(l,O). 1121 .199 Hg n(3,0) 8.4 46 000 

[°' 200Hg p(1,0) 

386 19 6 Hg y(l,O) 4 .4· 45 000 

412 19&Hg p(1,0) 120 2 400 

~ 
Yield (qu:mta sr- 1nc- 1 ) 

) 

. 

3 500 4 000 4 500 5 000 5 500 6 000 
--

80 210 360 470 585 720 940 

I 315 9.8 25 43. 57 78 125 

'"'} 367 59 92 190 210 340 515 

368 
412 39 48 120 190 265 340 

426 36 75 96 120 180 , 240 

440 .. 45 170 240 325 515 760 
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Co-efficients of polyno;.:ials 
fitted to Sensitivity Functions 

E (keV) 5 min./µg.g-l E at smin. y p 
a a a a (keV) 0 1 2 3 

80 - 1 504 + 1 570 - 354 + 24.B 520 6 000 
315 +78 136 -42 036 + 7 853 -491 2 540 6 000 

364} 
367 - 206 + 2 386 - 712 + 59.2 1 230 6 000 
368 
412 +94 888 -53 590 +10 302 -659 1 840 6 000 
426 + 6 390 - 1 756 + 188 - 5.3 1 490 6 000 
440 +11 038 - 5 893 + 1 172 - 76.3 1 300 4 500 

'1.'ha l lium : - Gamma-rays from both stable isotopes of thallium 
were observed when a tablet of thallium sulphate was bombarded. 
The gamma-rays were of low intensity and offered poor sensitivi-
ties. 

I.:~ 
Yield. Yield. 
quanta Se1isitivity Ey quanta Sensitivit 

Assignment sr- 1nc- 1 .l!.&·&-1mc-1 keV Assignment sr- 1 nc- 1 µ • -1mc-1 

89 203Tl y(9,8) 37 10 900 441 2osr1 n(4,2) 45 3 100 

118 s 2 0 5,fl n(S,3) 19 "19 500 619 2osTl p (3 ,O) 7.8 17 400 

,187 2 o. 3Tl n(2,0) 1663 
203Tl y(4,1) 10 61 800 

2f19 203Tl y ( 4. 3) 100 5 800 663 2 0 STJ. y(4,1) 

225 203Tl n(4,3) 65 7 300 I 680 2031'1 n(6,2) 5.4 38 100 

236 2osTl y(6,4) 63 7 500 I 681 2031'1 p(2,0) 

261 2osTl n(2,1) 120 4 300 699 2osTl n(S,1) 22 35 400 

272 203Tl n(6,3) 92 5 000 710 203Tl n(7,2) 30 24 500 
2 79 2o'Tl p( 1 ,0) 125 3 600 740 203Tl n(6,1) 30 24 600 

296 2osTl n(8,4) 41 9 900 761 2os 11 n(4,0) 35 11 700 

308 2o'Tl y(5,2) 12 9 900 765 203Tl p(3, 1) 27 20 200 

317 2osTl y(7,4) 9. 1 13 400 770 203Tl n (7, 1) 28 26 300 

338 203Tl n(B,3) 7.4 17 300 803 2 0 sr1 y ( 1'0) 4 1 25 500 

~1 
2 o 'Tl p (2. 1) 1 5 8 700 1663 2031'1 y(7,0) 43 22 700 

9 2 0 31'1 n(3,2) 13 8 500 

~p(keV) Yield (quanta sr- 1nc- 1 ) 
....._,_ 

E (kcv)~ 3 500 4 coo 4 500 5 000 5 500 6 000 y . 
....__ . 

209 24 73 100 125 140 175 
261 17 63 120 140 170 210 
272 18 35 92 100 110 160 
279 23 74 125 170 220 270 
441 9.8 31 45 57 73 88 
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Co-efficients of polynomials 
fitted to Sensitivity Functions 

Ey (keV) snin.h.1g.g-1 E at S . p min. 
a a a a 

0 1 2 ' (keV) 

209 +19 944 - 3 604 - 41 + 28 3 200 6 000 
261 +14 440 • 4 236 + 550 - 24 3 670 6 000 
272 +32 912 -15 108 +2 710 -163 4 770 6 000 
279 + 9 952 - 2 640 + 386 - 24 2 800 6 000 
441 +85 752 -43 508 +7 589 -440 I 2 700 6 000 

Lead · - Elemental lead was bombarded but all the gamma-

rays were 6£ low intensity and served little analytical use. 

Yield. Yield. 
Ey quanta Sensitivity Ey quanta Sensitivity 

keV Assignment sr- 1 nc- 1 µg.g-1mc-1 keV Assignment sr- 1 nc- 1 µg.g-1mc-1 

446 : o a Pb n(l ,O) 20 ·6 980 570 207pb p(l,O) 2.3 42 300 

510 208pb n(2,0) 110 1 380 603 206pb n(3,0) 4.5 30 400 

1~~ Yield (quanta sr- 1nc- 1 ) 

L" (kc:) 3 500 4 000 4 500 5 000 5 500 6 000 y "'-..._ 

' 
443 7.3 14 20 25 32 37 
559 1. 1 1.6 2.3 4.5 5.8 7.9 
603 2.0 3.7 4.5 6.9 8.9 12 

r---· Co-efficients of polynomials 

E (keV) l fitted to Sensitivity Functions 
smin./ll&·&-1 E at smin. y . p 

a a a a (keV) 0 1 2 ' 
443 + 33 440 - 10 228 + 1 158 - 49 3 220 

I 

6 000 

569 +962 624 -492 238 +88 247 -s 375 26 700 6 000 

603 +180 512 -719 040 +11 768 - 710 20 800 6 000 



Ey 
kc_'.'._ 

I so 
82 

146 
119S 

'19 s 
242 
246 
292 

297 

520 
54 5 
7;, 3 
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Bismuth · - A pure bismuth target was irradiated for the 

study of gamma-rays of the element. Gamma-rays were emitted 

as a result of Coulomb excitation of 2 09Bi but in addition 

there were gamma-rays from 209 Bi(p,ny) 209 Po and from proton-

capture reactions. 

All the gamma-rays were of low intensity and of little analytical 

significance. 

Yield. Yield. 
Sensitivity Ey quanta Sensitivit quanta 

Assignment sr- 1nc- 1 iig.g-1mc-1 keV Assignment sr- 1nc- 1 ii -1mc-1 

2o'Bi y ( 4, 3) 3.2 101 000 816 209Bi n(13,3) 20 23 100 
2o'Bi n(6,S) 863 2o'Bi n(6,1) S.6 84 900 
2o'Bi n(8, S) S2 s 900 873 209Bi n(7,1) 31 16 300 

. 209Bi n(9,S) 27 12 100 896 2o'Bi p ( 1, 0) 82 6 300 
2o'Bi n(6,4) 992 2o'Bi p(6,2) 6.8 43 000 
209Bi n(7 ,3) so 6 100 11 39 2o'Bi y(7,1) 33 12 400 
2o'Bi y(2,1) 2.8 150 000 1213 209Bi n(4,0) 23 11 500 
:! o 'Bi y(3, 1) 13 24 300 1327 2osBi n(S ,0) 38 8 700 
2o'Bi n(8,3) 4.9 80 400 1418 2osRi n(7,0) 16 30 100 
2o'Bi n(12,7) 3.S 99 000 1609 2 o 9 Bi p(2,0) 39 14 000 
2 o 'Bi n(l,O) 5.2 61 600 1687 2osBi p(5, 1) 5 .6 . 82 600 
2 o '·Bi y(5,2) 68 7 500 2061 2osni n(15,0) 18 19 900 

""' E (keV) 

EyC~~ 
Yield (quanta sr- 1nc- 1 ) 

3 soo 4 000 4 soo s 000 5 soo 6 000 

146 9.8 19 S2 73 84 10S 
242 H 27 so 63 89 140 

753 21 48 68 93 110 160 
896 7.3 26 82 140 205 270 

1327 3.6 15 38 51 83 120 

Co-efficients of polynomials 
fitted to Sensitivity Functions 

Ey (keV) s I - 1 Ep at smin. min. iig.g 
a a a a (ke\') 0 1 2 , 

146 + 82 704 - 35 576 + 5 402 - 274 4 660 6 000 

;!4 2 + 60 261 - 19 679 + 1 712 0 3 730 6 000 . 
753 +248 816 -135 384 +2S 190 -1 557 6 940 6 000 

896 +158 704 - 89 378 +17 370 -1 121 s .950 6 000 

1327 + 12 790 - 912 + 22 0 8 050 6 000 



Ey 

keV 

64 

113 

131 

163 

169 

273 

290 

304 

310 

320 

380 
447 

S19 

529 
S69 

586 

617. 

627 

665 

136 

Tho1~ium : - A pellet of thorium nitrate, Th(N03) 4 , was 

irradiated to produce the gamma-ray spectra of thorium. This 

element is mono-isotopic in nature and the gamma-rays that were 

generated were either from Coulomb excitation or from proton-

capture. Since the levels of the isotope are very close-lying, 

a large number of gamma-rays were excited, but most of them 

were not intense. 

Sensitivities of below 1000 µg.g- 1 were achieved using some of 

the Coulomb excited gamma-rays.with the expectation of better 

sensitivities for higher energy proton beams .. 

Yield. Yield. 

quanta Sensitivity Ey quanta Sensitivity 
Assignment sr- 1nc- 1 ~g-1mc-1 keV Assignment sr- 1nc- 1 

\J . -1mc-1 

2 3 2 Th y ( 3 • 1) 180 6 300 681 2 3 2 Th p ( S • 1) 2 soo 390 
.2 3 z Th p { 2 • 1) 2SO 2 800 714 232 Th p(4,0) 49 20 200 
232Th y(12,3) 27 18 100 72S 232Th p(6,1) iOS 8 600 
232Th y(8,0) 600 1 100 774 2 3 2 Th p ( 6 , 0) 800 1 400 
232Th y(9,0) 160 3 400 780 2 32 Th p ( 8 , 0) 890 300 
2 3 2Th y(16,0) 320 1 800 824 z 3 z Th p ( 9 , 1) 420 2 400 
2!2Th y(17,0) 140 4 700 890 13 2 Th p ( 1 2 , 0) 730 300 
232Th y(20,0) 130 3 700 943 2 3 2Th p(13,2) S40 610 
2 3 2 'fh y(23,2) SS 10 700 981 2 3 2 Th p(19,2) 3 700 270 
232 Th y(24,4) 73 7 900 1029 232Th p(15, 1) 3 750 260. 
2 3 2 Th y ( 2 7, 3) 220 3 800 1056 z32Th p(ZO, 1) 310 2 800 
232 Th y(26,0) 240 3 100 1076 232Th p.(18,1) 120 000 
13 2 Th y ( 3 0 , 1) S7 13 600 1122 2 3 2th p(18,0) 110 10 000 
212Th y(31,0) 76 10 200 1143 2 3 2 Th p ( 2 1 , 0) 460 1 900 
2 32Th y(34,0) 82 8 700 1338 2 3 2 Th p ( 2 6 , l) 150 6 100 
2 3 2th y(36,0) 390 2 400 1392 232Th p(32,2) 230 3 900 
2 3 2th p(6,2) 84 11 400 1440 212Th p(30,1) 870 400J 212Th p(12 ,3) 72 13 200 1448 212Th p(37,2) 290 2 400 
2 3 2Th p(4,1) 465 2 100 

~ 
Yield (quanta sr- 1nc- 1 ) 

3 soo 4 000 4 soo s 000 5 500 6 000 ) 

163 210 460 600 720 930 1 100 

681 160 270 465 540 610 640 

981 2 200 2 710 3 700 4 210 4 830 s 730 

1029. 2 005 2 730 3 750 4 380 5 430 7 110 
1076 810 970 1 120 1 420 1 780 2 370 
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----- ·-,---
Co-efficients of polynomials 

fitted to Sensitivity Functions 
Ey (keV) smin.hig.g-1 E at S . 

p min. 
a a a a (keV) 0 1 2 3 

163 +53 954 -28 666 +5 156 +308 920 6 000 
681 + 4 684 - 1 925 + 264 - 10 340 5 000 
981 +13 142 - 7 212 !1 345 - 84 160 6 000 

J029 +17 023 - 9 578 +1 821 - ·116 . 150 6 000 
1076• +51 128 -27 192 +4 900 -294 800 6 000 

Ey 
keV 

I 68 

I 68 

, I 79 

l' 79 

92 

I 92 

98 

98 

98 

99 

99 

1109 
, .109 

113 
I 113 

l 113 

Uranium : - The spectrum of uranium dioxide (U0 2 ) revealed 

the presence of several gamma-rays concentrated in the low 

energy region (i.e.< 300 keV). These gamma-rays were of 

low intensity and offered poor sensitivity for the analysis 

of uranium-

Yield. Yield. 

quanta Sensitivity Ey quanta 
Assignment sr- 1nc- 1 l!Z.!.&-1mc-1 keV Assignment sr- 1 nc- 1 

235 U n(7,6) 4.7 53 200 1122 
235 U n(7,3) 23 

2 HUy(7,6)' 122 23~u y(7,3) 
235 U n(3,0) 7.5 44 900 1133· 2 3 5 u n(5,0) 14 
2 HU y(3,0) 133 2 J ''U y(5,0) 
235 U n(4,0) 85 4 800 1152 

23SU n(?,2) 25 
23 ~u y(4,0) 152 2HLJ y(7,2) 
235 U n(6,2) 140 2 900 : 167 2 35 U n(7, 1) 22 . 
23 ~u y(6,2) I 16 7 2 HUy(7,1) 

U ka 189 235 U p(2s, 13) 70 
2 35u n(S, 1) 201 235LJ n(6,0) .8.3 
2nu y(S, 1) 201 23 ~u y(6,0) 60 

. 2 35U n(7,4) 150 2 400 1232 u 30 
234u Y(7,4) 1241 23au y(9,0) 
21s

0 n(6, 1) 150 2 100 
2HLJ Y(6, 1) 

u kB 

Sensitivit 
ug.g-1mc-1 

10 400 

15 400 

7 500 

10 200 

s 100 

27 200 

s 200 

17 300 

j I~ Yield (quanta sr- 1nc- 1) 

3 500 4 000 4 500 5 000 5 500 6 000 ) 

I 
92 34 42 85 160 210 240 I 

CJ& I 

~9f 16 28 140 140 180 220 

109 40 80 1 so 175 220 270 
189 35 64 70 125 170 210 

Lz32 12 22 60 75 85 110 
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Co-efficients of polynomials I 
I 

1 
fitted to Sensitivity Functions 

E (keV) Sein. /µg. g-1 t:: at S . y ~p min. 
a a a a (keV) 0 l ~ ! 

92 +115 880 -53 69G +8 373 -417 4 800 4 500 

98} + 91 236 -4 2 016 +6 430 -320 1 330 6 oco 
99 

109 + 49 912 ·27 528 +5 304 -341 2 000 6 000 

189 + 27 808 -11 660 +1 994 -119 4 100 6 000 

232 + 28 528 - 3 444 -1 160 +170 2 970 6 000 ! 
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The inclusion of minor components in steel alloys changes the 

characteristics of ·the metal and enables specialized steels to 

be made with properties to suit the purpose for which the steel 

is used. As a result, a wide range of steel types is produced 

with a variety of minor elements in concentrations ranging from 

a few tenths of a part per million to several per cent. 

Obviously, therefore, the elemental composition of steels is 

important for the steel industry, and fast methods of analysis 

will be favoured, not only because they can contribute to the 

control of production, but also because of the large volume of 

analyses that have to be carried out. 

The attractiveness of non-destructive methods and the ability to 

perform simultaneous multi-element dete_rminations has led to 

an extensive application of nuclear techniques. In the past, 

neutron activation analysis [Ho 61] and particle-induced· X-ray 

emission spectrometry (PIXE) [Ah 77] have become established 

methods of analysis and more recently the method of charged 

particle induced prompt gamma-ray spectrometry has found appli­

cation. [Gi 78a]. Of these methods, the duration of the analysis 

by neutron activatio~ will largely be determined by the half-

life of the generated radioactive nuclide, and in generai such 

analyses will be time-consuming when used as a multi-elemental 

technique, because it is unlikely that all the required elements 

will yield short-lived radioactive products. By contrast, 

the real time required for charged particle activation analysis 

using prompt X-rays or gamma-rays is usually short and is 

determined by the precision required and the elemental concen-

tration measured .. The experimental tehcnique most often used 

for these analyses is that of energy-dispersive spectrometry 

and has the important advantages of selectivity, sensitivity, 

speed· and ease of application, in addition to being multi­

elemental and non-destructive. 
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A comparison [Gi 80] of accuracy, precision and sensitivity 

between proton-induced X-ray excitation and alpha-induced prompt 

gamma-ray excitation had shown that in the determination of 

vanadium, chromium, manganese, molybdenum and tungsten, both 

methods were equally accurate, but the latter was superior with 

regard to precision and sensitivity when applied to the analysis 

of steels. Despite this result, it was considered that further 

improvement in sensitivity could be attained if protons were used 

to generate prompt gamma-rays. However, a compilation [De 78] 

of the yields of prompt gamma-rays from the light elements 

(Ti to Zn) under proton bombardment failed to support such an 

assumption because the proton energies used were limited to 

about 3000 keV. At this energy the cross-sections for nuclear 

reaction with the elements under consideration, and hence the 

expected gamma-ray yields, were low. The present investigation 

w~s undertaken as part of a study on the analytical application 

of prompt gamma-rays induced by protons between 3500 and 6000 keV. 

From the survey results it was apparent that for most elements 

of the first transition group, optimal sensitivity was attained 

for 4000 < Ep < 4500 keV. Subsequently, the determination of· 

silicon, vanadium, chromium, manganese and cobalt was performe~ 

with 4000 keV and 4500 keV protons. 

RESULTS 

The spectrum from the bombardment of the standard steel D837, 

with protons of 4000 keV and measured with a Ge(Li) detector is 

shown in Figure 7. The identity and origin of the numbered 

peaks in the spectrum are listed below the spectrum in Table 3. 

A spectrum of the same steel but measured with an intrinsic 

germanium detector is shown in Figure 8. 

SILICON 

Silicon is a desirable alloying element in steels because it 

improves the tensile stress and abrasion resistance and at the 

same time it diminishes the conductivity with a result that the 
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STEEL 0837 
Ep= 4MeV 19 

100 '-='20~0~0~~~2~10~0~~~2~20~0~~~~230..,__0~~~2~40~0~~~2~50~0~~~-260..,__0~~~270_,_0~~~2-8~0-0~~~290-'-0~~~30...,..L-OO 
CHANNEL NUMBER 

FIGURE 7 

TABLE 3 

Element 

Aluminium 

Prompt gamma-ray spectrum from the .irradiation of 
the standard steel 0837 with 4000-keV protons 
measured with a Ge(Li) detector. The identity of 
peaks as marked in the figure, are given in Table 3. 

Identity of peaks as marked in Figure 7. 

Gamma-ray 

Energy Peak 

(keV) Assignwent number Remarks 

844 27Al p(l,O) 19 
1015 27Al p(2,0) 25 

1367 27Al p(3,l) 36 
TABLE 3 (Continued) 
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Gamma-ray 
Energy Peak 

Element (keY) Assign1Nrnt number Rernarl:s 

Silicon 1273 29Si p(l,O) 31 

1779 28Si p(l,O) 45 used for analysis 
2240 Jnsi p(l,O) 52 

Titanium 320 soTi n (2, 0) 7 
983 '+BTi p(l,O) 24 

1552 "7Ti p(l,O) 42 

Vanadium 316 Sly n(5,3) 6 usecr for analysis 
320 Sly p (1, O) 7 used for analysis 
609 Sly p(2,l) 15 see also Ge 
750 sly n(l,O) 16 used for analysis 

1165 Sly n(3,0) 26 used for analysis 
1353 Sly n(4,0) 35 used for analysis 
1481 sly p (5 ,O) 41 used for analysis 
2001 Sl n(7,0) 50 

Chromium 156 si.cr n(2,0) 4 

378 53cr n(l,O) 10 used for analysis 
7·83 socr p (1, 0) 17 used for analysis 

911 s3cr n(2,1) 21 used for analysis 
1288 s3cr n(2,0) 32 see also Co 
1440 s2cr p(l,O) 40 used for analysis 
1619 53Cr n(4 ,1) 43 used for analysis 

1894 s3cr n(5,1) 47 

Manganese 126 SSMn p(l,O) 2 see also Fe 

411 ssMn n(l,O) 11 used for analysis· 

471 55Mn n(4,2) 13 used for analys,is 

803 5 S~m n(S,4) 18 

931 ssMn n(2,0) 22 used for analysis 

1214 SSMn n(7,2) 28 

1316 SSMn n(3,0) 33 used for analysis 

1408 SSMn n (4 ,0) 38 see also Fe 

1918 SSMn n(5,0) 48 

Iron 126 S6Fe y(3,2) 2 

352 56Fe p(3,l) 9 

846 56fe p(l,O) 19 

1224 57fe n (2 ,O) 29 

1237 56fe p(2,l) 30 

1377 57pe n(2,0) 37 

1408 S'life p(l,O) 38 

1757 56fe n(5,0) 44 

1810 S6fe p(3,i) 46 

2133 57Fe n(7 ,0) 51 

TABLE 3 {Continued) 
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Gamma-ray 

Energy Peak 
Element (keV) Assignment number Remarks 

Cobalt 339 59Co n(l,O) 8 used for analysis 
878 S9co n(3,0) 20 used for analysis 

1189 s9co n(4,0) 27 used for analysis 
1288 59Co p(3,0) 32 see also Cr 
1337 59Co n(6,l) 34 used for analysis 
1432 s9co p(4,0) 39 
1948 s9co n(ll,O) 49 used for analysis 

Tantalum 136 l81Ta p(l,0) 3 

Tungsten 122 issw p (1, 0) l 

Backgro:md 198 19p p(2,l) 5 

600 

FIGURE 8 

466 208pb 

511 + a 
970 227Ac 

2614 2oeBi 

800 1000 

12 
14 

23 

53 

1200 1400 

CHANNEL NUMBER 

1500 

STEEL 0837 
Ep= 4MeV 

1800 2000 

Prompt photon spectrum of the same steel as that 
in Figure 7, but recorded with an intrinsic 

. germanium detector 

2200 

,.,_z:·~ 

4000 
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steel can be used for electric sheeting. The use of the 

1779-keV 28 Si p(l,O) gaoona-ray for the analysis of silicon had 

a good potential sensitivity. This gamma-ray ¥as, therefore, 

used for the determination of silicon in steels, not as a 

separate study, but as part of the simultaneous analysis of the 

various components of steels. 

Results and discussion 

The most serious potential sources of interference with the 

1779-keV gamma-ray was from proton-capture on 27Al and the 

(p,ay) reaction on 3lp, both of which could form excited 28Si, 

and hence yield the same gamma-ray. However, aluminium and 

phosphorus were not present in the steels in any significant 

concentrations and therefore they did not pose any interference. 

Because the stopping power of protons differs from one matrix 

to another it was required to correct the gamma-ray yields 

for the matrix effect. The E values (see page 13),needed -m 
to apply the method of average stopping power Us 78a],were cal-

culated from the excitation function for the production of the 

1779-keV gamma-ray and are given in Table 4 ~ 

E E EP E p m m 
(KeV) (KeV) (KeV) (KeV) 

2500 2063 4000 3341 

2600 2094 4100 3309 

2700 2132 4200 3400 

2800 2164 4300 3516 
·2900 2221 4400 3617 

3000 2363 4500 3723 

3100 2409 4600 3774 
3200 2514 4700 3839 

3300 2627 4800 3900 

3400 2734 4900 3947 

3500 2841 5000 4010 

3600 2933 5100 4132 

3700 3040 5200 4218 

3800 3138 5300 4313 

3900 3212 

TABI.E 4 : ~ values for silicon detc·nnination 
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Precision, sensitivity and accuracy of the determination were 

evaluated from the analysis of 11 standard steel samples. 

The results, shown in Table S, were the mean values of 4 or 

5 replicate analys~s on each steel. The known silicon content 

was the certified values obtained from the U.S. Bureau of 

Standards. In column 3 are the nett counts per millicoulomb 

of charge, being the ~ean value obtained from several irradiations. 

To compare the gamma-ray yield from different steels, the values 

in column 4 are expressed per unit silicon content. 

The mean value obtained from.48 observations was 13796 ± 300 

counts per me for 1% Si by mass. This value was in agreement 

with the slope of the calibration line of 13780 counts per me 

obtained by the method of least squares. The relative precision 

of the determination over the concentration range of 0.14 to 

0.74 % Si by mass,·was 2.1% as given by the relative standard 

error. A measure of the sensitivity of analysis could be 

obtained from the root mean square error of 0.0076 % ~hich im­

plied that the method might be used for Si concentrations to below 

100 µg.g- 1 • A'comparison of the statistical data using 4000 keV 

and 4500 keV proton beams for analysis is given in Table 6. 

Steel 

0840 

D84l 

0838 

0839 

1261 

1262 

1185 

0837 

1171 

1172 

1263 

Mean Count Number Error 
Known of Found 
(\ Si) (mc- 1) (mc- 1 for H Si) Analyses (\ Si) Absolute 

0. 14 902 13 050 4 0.137 -0.003 

0. 16 2 180 13 627 4 0. 158 -0.002 

0. 17 2 318 13 632 4 0. 168 -0.002 

0.21 2 953 14 061 4 0.213 +0.003 

0.223 3 054 13 696 4 0.222 -0.001 

0.390 5 326 13 657 4 0.386 -0.004 

0.40 5 445 13 613 5 0. 39 5 -0.005 

0.53 7 463 14 089 s 0.541 +O.Oll 

0.54 7 571 i4 021 s 0.549 +0.009 

0.59 8 269 14 015 5 0.599 +0.009 

0.74 10 076 13 620 4 0.731 -0.009 

No. of Analyses ... 48 

Mean count (mC-1 for H Si)· 13 796 ± 300 

Relative Standard Error (\) .. 2. 1 

Root .Mean Square E·rror (\) 0.0076 Si by mass 

TABLE S Determir.ztion of silicon in standard steels using 
the gamma-ray of 1779 keV. 

Relative 

-1.6 

-1.1 

-1. 2 
+1.8 

-0.7 

-1.0 
-1. 3 

+2.1 

+1.6 

+1 .6 

-1.3 
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Ep 4000-keV 4500-keV 

Relative Precision (%) "" 2. 1 0.6 

Accuracy (%) = - 0.126 0.013 
Sensitivity (µg.g-1) = 76 28 

Number of Analyses 48 40 

TABLE 6 Intercomparison of results for silicon detenninations 
using two different bombarding energies. 

The relative precision was much better at the higher bombarding 

energy. The improved sensitivity at the high bombarding 

energy confirmed the results shown in the sensitivity function, 

and the lower absolute values confirm the dependence of ~ensitivity 

on the counting conditions. Both precision and sensitivity 

were comparable with values normally associated with PIXE, even 

though silicon is not an element that can easily be determined 

by that method. 

VANADIUM 

By far the largest fraction of produced vanadium is used in the 

manufacture of steels where its incorporation, in concentrations 

ranging from 0.1 to about 3% by mass, improves rod hardness and 

reduces resistance wear. Because the steel industry has to 

cope with the analysis of large numbers of samples, rap1d 

analytical techniques requiring minimal sample preparation receive 

preferential attention. Among the methods involving the use 

of nuclear beams it would appear, a priori, that the obvious 



·14 7 

choice would be particle-induced X-ray emission (PIXE). However, 

this technique has the disadvantage that in complex materials 

where titanium,vanadium and chromium are likely to be present, 

inter-element effects are generally severe and impose serious 

restrictions on the determination of vanadium. In such systems 

the 4.93-keV K
6 

X-ray of titanium would interfere Kith the measure­

ment of the 4 . 9 5 - k e V v· k ct X - ray w hi 1 e the 5 . 4 3 - k e V V KB X - ray 

is interfered with by the 5.91-keV Cr K radiation. 
ct 

Even in the absence of titanium, a comparison of the spectrometric 

techniques for determining vanadium in steels by particle 

bombardment showed ~i 80] that particle-induced prompt photon 

spectrometry using 5000 keV alpha particles was superior to 

PIXE in precision and sensitivity. The gamma-ray excited under 

such bombardment was the 320-keV 5 1V ct(l,0), and measurement 

was virtually free from interference, except for silver, if 

present in concentrations of 10% or more by mass [Gi 78b]. 

Generally speaking, prompt gamma-ray spectrometry using protons 

is more sensitive than with ·alpha particles of the same energy 

as was verified in this survey and [Bo 78]. For this reason, 

the application of proton-induced prompt gamma-ray spectrometry 

was investigated for the determination of vanadium in steels. 

Results and discussion 

Listed in Table 7 are the gamma-rays best suited for quantitative 
analysis together with their corresponding yields and obtainable 

sensitivities. The relatively large number of suitable gamma­

rays pointed to the possibility of applying the technique for 

the determination of vanadium in many different types of samples., 

because it is unlikely that the sources of interference, also 

listed in Table 7, could affect the use of all the available 

gamma-rays. 

The possible sources of interference included elements which 

yielded gamma-rays within an interval of ± ZkeV of that of the 

gamma-ray concerned. This information was condensed from the 



Energy 
keV 

316 

320 

609 

750 

808 

929 

1148 

1165 

1353 

1481 

Identity 

n(5,3) 

p(l ,O) 

p(2,I) 

n(l ,O) 

n(6,I) 

p(2,0) 

n(I0,3) 

n(3,0) 

n(4,0) 

p(5,0) 

TABLE 7 
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Yield 
qunnta sr- 1 pC- 1 

3.31 

4.10 

3.61 

16.6 

5.24 

4.06 

1.41 

14.2 

3.41 

2.96 

Sensitivity 
µg.g-1 

540 

370 

920 

210 

600 

730 

450 

210 

790 

880 

Possible source 
of interf crencc 

As, Se, Sn, Hg 

Ti, Zn, Ga, Br, Nb, 
Pd, A8, In, I, Ba, 
Gd, Lu, Hf 

Ge8 , Br, Ru, In, Ba, 
Ho, Hg 

B, Cu, Ni, I, Ba 

S, Fe'\ Cu, Zn, Nb, ' 
I, Tl 

Cl, Ti, Mn8
, Ga, Br 

Ag 

0 

Mn, I 

F, Cu, I 

Co 

a) Serious interference as discussed in text. 

Prompt gamma-rays suitable for vanadium analysis 
from Sly. 

detailed Catalogue of Gamma-rays in Appendix II. It should be 

noted that interference was possible even from less intense gamma­

rays if the-corresponding target elements was a major con­

stituent in the matrix under investigation. 

When proton-induced prompt gamma-ray spectrometry was used for 

the determination of vanadium in steel, the relatively feeble 

812-keV 58 Fe p(l,O) gamma-ray constituted serious interference 

for the 808-keV vanadium gamma-ray, because the high concentration 

of iron in the steels resulted in a sufficiently large peak, ~he 

base of which overlapped the peak of the vanadium gamma-ray in 

the spectrum. For this reason, iron was included as a source 

of interference even though its gamma-ray energy was outside the 

stipulated range. 

In matrices containing appreciable concentrations of manganese 

such as iri manganese nodules or manganese-rich steels, the 

excitation of the 931-keV 5 5 Mn n(2,0) gamma-ray seriously inter­

fer~d with the use of the 929-keV vanadium gamma-ray for quanti­

tative analysis. 
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Germanium was included as a possible source of interference 

on the 609-keV Sly p(Z,l) gamma-ray. The interfering gamma-

ray was induced by neutrons generated at the target and inter­

acting ~ith the Ge(Li) detector to produce the 608-keV 74Ge n(Z,l) 

gamma-rays by neutron inelastic scattering. Interference from 

the source was expected whenever germanium detectors were used 

for spectrometry and the extent of interference would be deter­

mined by the neutron yield from the bombarded target. 

The attainable sensitivity calculated from thick target vanadium 

spectra was used to construct a sensitivity function for each 

selected y-ray, showing the variation of sensitivity with bom­

barding energy. A typical fit is shown in Figure 9 for the case 

of the 750-keV Sly n(l,O) gamma-ray. Similar fits were obtained 

for each gamma-ray listed in Table 7.and the values of the co-

efficients are given on page 62. Included in the latter table 
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are the proton energies at which the best ~ensitivities may be 

expected and the corresponding sensitivities attainable at 

those energies. To make use of all the suitable_ gamma-rays, 

irradiations were carried out with protons of 4000 and 4500 

keV as compromise energies giving acceptable overall results. 

When absolute vanadium determinations were to be made in thick 

target matrices, accurate results required correction of the 

yields to be made, because of differences in the stopping 

power of protons from one matrix to another. To correct for 

this effect, the method of average stopping power [Is 78a] was 

used. Excitation functions were measured for the production 

of the vanadium gamma-rays listed in Table 7. A typical exci­

tation function is shown in Figure 10 for the 750-keV gamma-ray. 

30000 

25000 750 keV 51V n(1,0) 

Cl) 20000 :L 
0 
_J 
::::> 
0 
!::::! 
_J 
_J 

~ 15000 
a:: 
w 
a. 
VI 
f-z 
::::> 
0 10000 LJ 

5000 

1.0 

!FIGURE 10 
l 
l 
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PROTON ENERGY (MeV} 

Excitation function for the production of the 750-keV 
51 V n(l,O) gamma~ray obtained from a foil of vanadium 
metal S ~m thick. 
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From measured excitat1on function~; E 'values were calculated -m . . 
and the values for 2500 keV < E < 5300 keV (where E was 

p ' p 
the energy of the bombarding protons) are. given in Table 8 

for each of the gamma~rays listed in Table 7. These values 
are applicable for all matrices. 

A typical set of analytical results obtai11ed from the yield of 

the 750-keV gamma-ray for eight standard reference steels is 
given in Table 9. 

TABLE 8 : Era values for vanadium determinations 

~ev = 316 

Proton 
Energy/keV 

320 609 750 808 929 1148 1165 1353 1481 

2500 2344 2223 2336 2313 2280 2054 2006 2129 2187 2065 

2600 2348 2308 2404 2320 2348 2110 2062 2234 2296 2138 

2700 2406 2377 2479 2412 2420 2186 2146 2341 2359 2224 

2800 2461 2466 2574 2452 2486 2212 2215 2394 2428 2291 

2900 2543 2554 2660 2496 2568 2244 2278 2457 2501 2373 

3000 2626 2622 2746 2577 2635 2371 2345 2530 2577 2447 

3100 2708. 27ll 2818 2695 2708 2453 2427 2591 2640 2530 

3200 2789 2779 2886 2807 2796 2522 2488 2674 2708 2606 

3300 2872 2845 2961 2932 2878 2598 2570 2740 2781 2674 

3400 2956 . 2914 3047 3024 2945 2693 2638 2819 2850 2753 

3500 3023 2982 3129 3116 3027 2749 2719 2902 2923 2842 

3600 3081 3045 3207 3124 3118 2817 2785 2968 2989 2915 

3700 3140 3107 3289 3t12 3184 2875 2859 3051 3048 2983 

3800 3237 3175 3361 3241 3245 2924 2931 3117 3107 3090 

3900 3331 3267 3422 3298 3312 3007 3019. 3193 3211 3173 

4000 3408. 3335 3504 3435 3406 3075 3086 3259 3294 3236 

4100 3510 3399 3565 3554 3468 3162 3157 3342 3361 3303 

4200 3586 3481 3647 3722 3532 3230 3229 3408 3467 3386 

4300 3665 3549 3722 3787 3599 3295 3290 3491 3540 3459 

4400 3741 3617 3790 3817 3682 3374 3362 3558 3603 3550 

4500 3819 3698 3876 3930 3749 3460 3426 3641 3670 3632 

4600 3908 3766 3968 3938 3816 3545 3508 3709 3737 3705 

4700 3966 3834 4036 3953 3875 3532 3580 3792 3823 3779 

4800 4Ql5 3883 4085 4011 3938 3720 3647 3860 3919 3852 

4900 4104 3969 4167 4043 4030 3798 3719 3943 3995 3911 

5000 4153 4053 4225 4131 4095 3886 3810 4011 4088 4015 

5100 4198 4111 4309 4257 4162 3942 3896 4086 4181 4086 

5200 4261 4189 4397 4388 4248 4030 3958 4155 4248 4168 

5300 4320 4273 4483 4467 4307 4104 4003 4213 4304 4109 
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Ep = 4 000 keV Ey = 750 keV 

Known Mean Count Number Error 
Found 

Steel V content (mC- 1) 1% V) of 
(% by mass) 

(mC- 1 for % v Absolute Relative· Analyses 
(% V) (%) 

1264 0.10 713.4 7134 4 0.099 - 0.001 - 1.0 

1263 0.31 2193 7073 4 0.290 - 0.020 - 6.5 

D836 0.63 4476 7104 3 0.641 + 0.01 I + ). 7 

D841 1.13 8160 7221 3 1.124 - 0.006 - 0.6 

D838 1.17 8399 7179 3 I. 179 + 0.009 + 0.8 

D839 1.50 10595 7063 3 1.531 + 0.031 + 2.1 

D840 2.11 15228 7217 3 2. 107 - 0.004 - 0.2 

D837 3.04 21687 7134 3 3.046 + 0.006 + 0.2 

No. of Analyses ... 26 

Mean Count/ mC- 1 for 1% V= 7157 ± 301 
.. 

Relative Standard Error 4.2% 

Root Mean Square Error 0.027% V by mass 

TABLE 9 : Typical results for vanadium determination in steels 

The vanadium content ranged from 0.10 to 3.04% by mass. Over 

this concentration range, the precision of the method was 
4.2% given by the relativ~ standard deviation; the sensitivity 

was taken as the root mean square error and the accuracy 
was assumed to be represented by the mean relative deviation from 

the certified concentration. 

in Table 9. 

These parameters are listed 

A summary of the same parameters obtained, using the yields of 
the selected gamma-rays for which no interferences were detected 

from the steel matrix, are given in Table 10 for proton bombar- · 

ding energies of 4000 and 4500 keV as measured with a Ge(Li) detec­

tor. Also included in the table are the data obtained from the yields 
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E 
/~eV 316 320 750 11118 1165 1353 1480 

siv y-rays n(5,3) p( I ,O) n(l ,O) n(I0,3) n(3,0) n(4,0) n(S,O) 
'--y-...J 

Ge(Li) Ep=4000 keV 

Relative Precision/% 2.4 4.2 6.1 4.0 3.7 8.3 

Accuracy/'!. -0.21 -0.19 -0.10 0.06 -0.10 0.03 

Sensitivity/µg.g- 1 400 270 510 590 1020 650 

No. of Analyses 26 26 26 26 26 26 

Ge(Li) Ep=4500 keV 

Relative Precision/% 3.7 2.4. 8.1 4.1 6.3 4.8 

Accuracy/% -1. 74 -0.03 0.11 0.04 0.06 -0.35 

Sensitivity/µg.g- 1 720 320 680 410 940 490 

No. of Analyses 23 23 23 23 23 2j 

Intrinsic germanium 
Ep=4000 keV 

Relative Precision 
I % 10.0 3.8 

Accuracy/'!. -0.97 -3.3 

Sensitivity/µg.g- 1 980 700 

No. of Analyses 24 24 

TABLE 10 Summary of the analytical parameters for vanadium 
determinations. 

of the 316- and 320-keV gamma-rays as determined separately by 
the use of an intrinsic germanium.detector. As was expected, 
the sensitivities measured for the steel matrix were worse 
than those listed for pure vanadium (see page6~ because of the 
increased intensity of the Compton continuum in the spectra from 

components of the matrix. This will not be the case with 
inert matrices or with thin targets where better sensitivities 

are expected. 

CHROMIUM 

Chromium is usually incorporated into steels in order to improve 

the tensile strength and to increase resistance to abrasive 

wear, while at the same time retaining good ductility and fatigue 
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Ey Yield Sensitivity Possible Source 

(keV) Identity (quanta sr- 1nc- 1 ) (µg.g-1mc-1) ·of Interference 

378 5 2 Cr y ( 1 , 0) } 8 050 260 Co, Sc, Fe, Se, Rb, Rh, Cd 
53 Cr n(1,0) 

.. 783 socr p(1,0) 3 060 100 Pd, Cd, Er 

911 s2cr y(2, 1)} 750 800 Cu, Zn, Ge, Ag 
s3cr n(2, 1) 

1288 52 Cr y(2,0)} 2 300 300 Sc, Co 
53 Cr n(2,0) 

1440 52 Cr p(1,0) l 36 600 140 Th 
53 Cr n(3,0) J 

1619 53Crn(4,1) 660 3 200 Ti 

TABLE 11 Prompt gamma-rays suitable for chromium determinations. 

analysis. The most serious interference on the 911-keV gamma­

ray from chromium would be the 912-keV photon of copper but since 

the latter element was either absent or was present in the steels 

in much lower concentrations than chromium, the contribution 

of the copper gamma-ray would be minimal. 

The E values for the analytically useful gamma-rays from 
-m 

chromium are given in Table 12. The excitation functions were 

measured with a 5 µm thick chromium foil bombarded with proton 

energies between 2500 and 5300 keV in steps of 100 keV. 



E p Ilm vaiues at Ey values (KcV) for:-
(KeV) 

.:i?S 
2500 2371 

2600 2398 

2700 2460 

2800 2484 

2900 2589 

3000 2619 

3100 2862 

3200 2892 

3300 2920 

3400 2971 

3500 3044 

3600 3104 

3700 3243 

3800 3246 

3900 3469 

4000 34 79 

4100 3495 

4200 %62 

4300 3710 

4400 3885 

4500 4000 

4600 4024 

4700 4084 
-

4800 4145 

4900 4195 

5000 4247 

5100 4268 

5200 4290 

5300 4325 

TABLE 12 

J ~...) g 11 1288 ll40 
2440 2318 2349 2342 

2571 2409 2439 2416 

2620 2433 2517 2442 

2756 2490 2634 2468 

2950 2496 2732 2490 

29S6 2593 2783 2510 

3170 2640 2904 2521 

3217 2767 2963 2565 

3335 2808 3109 2632 

3416 2849 3217 2673 

3536 2851 3354 3159 

3607 2867 3366 3162 

3699 2894 3395 3184 

3704 2927 3396 3218 

3864 2983 3575 3445 

3943 3103 3603 3519 

4093 3274 3611 3535 

4190 3288 3690 3851 

4200 3374 .3832 3909 

4234 3393 4000 4057 

4280 3463 4044 4148 

4290 3514 4094 4215 

4326 3598 4132 4236 

4379 3673 4283 4386 

4384 3819 4377 4583 

4466 3917 4441 4594 

4491 4031 4454 4627 

4572 4132 4492 4675 

4654 4276 4536 4682 

E values for chromium determinations: 
-!:ii 

lo1Y 
2317 

2362 

2439 

2573 

2634 

2698 

2758 

2841 

2912 

2933 

3107 

3243 

3366 

3485 

3525 

3609 

3671 

3734 

3807 

3845 

39.05 

3940 

3987 

4109 

4263 

4293 

4371 

4418 

4473 

Detailed results obtained for chromium analysis in steels using 

the 378-keV gamma-ray at a proton bombarding energy of 

4000 keV are given in Table 13. The chromium content of the 

steels ranged from 0.30 to 18.45 % by mass and over this con­

centration range, the precision of the method, given by the 

relat~ve standard deviation was 1.3%. The root mean square 

error, 0.118% Cr by mass, was indicative of the sensitivity of 

analysis and the accuracy was assumed to be represented by the 



Steel 

1262 
1261 
1263 
D840 
D839 

D841 
D838 
D837 
1185 
1133 

1 s 7 

Known Cr Mean Count Number Error 
Content of Found Absolute 

(\ by mass) (rnc- 1 ) (rnc- 1 for 

0.30 2 351 7 835 

0.69 5_417 7 843 
1. 31 10 409 7 946 
2.12 16 535 7 780 
2. 72 . 21 336 . 7 844 
4.20 32 812 7 812 
4.66 36 472 7 827 
7.79 60 888 7 817 

17.09 135 395 7 922 
18.45 145 014 7 860 

No. of Analyses 
Mean Count (rnC~ 1 for 1\ Cr) 
Relative Standard Error 
Root Mean Square Error 

1% Cr) Analyses 

3 

3 
3 
3 

3 
3 

3 
3 

3 

3 

30 

7 851 ± 103 
1.3\ 

(% Cr) 

0.294 

0.703 
1.330 
2. 106 
2.717 

4. 179 
.4 .649 
7.763 

17.242 
18.471 

0.118\ Cr by mass 

(\ Cr) 

-0.006 
+0.013 
+0.020 
-0.014 
-0.003 
-0.021 
-0.011 
-0.027 
+O. 152 

+0.021 

TABLE 13 Results for chromium determinations using the 378-keV 
gamma-ray from a proton bombarding energy of 4000 keV 

Relative 
(\) 

-2.0 
+1.9 
+1.6 

-0.7 
-0.2 
-0.5 
-0.3 
-0.4 
+1 .o 
+0.2 

mean relative deviation from the certified concentrations. 

Summarized results for the chromium gamma-rays used are given 

in Table 14 for proton-bombarding energies of 4000 and 4500 keV 

as measured with a Gi(Li) detector. Results obtained when the 

378-keV gamma-ray was measured when an intrinsic germanium 

detector was used, is also included. Most of the sensitivities 

that were obtained for the steel matrix were worse than the 

calculated sensitivities, which were measured from a pure 

chromium target (see page63) This was expected because o~ 

increased contribution of the Compton background due to the 

presence of other gamma-rays from the various components of steels. 



Ey 
(keV) 

Assignment 

Ge(Li) Ep = 4000-keV 
Relative Precision (\) 
Accuracy (\) 

Sensitivity (µg.g- 1
) 

Number of Analyses 

Ge(Li) E
0 

= 4500-keV 
Relative-Precision (\) 

Accuracy (\) 
Sensitivity (µg.g- 1 ) 

Number of Analyses 

InGe E = 4000-keV p 
Relative Precision (\) 

Accuracy (\) 
Sensitivity (µg.g- 1

) 

Number of Analyses 

TABLE 14 
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378 783 911 1440 

52 Cr y(l ,O) Her p(1,0) 52 Cr y(2, 1) st Cr p ( 1, O) 
+ + + 

53 Cr n(l ,O' 53 Cr n(Z,1) s3cr n(3,0) 

1. 3 2. 1 4.3 0.8 

0.90 1.66 2.71 0.06 

180 . 1 740 2 670 160 

30 30 30 30 

1.6 3.2 3.7 1. 3 

0.40 0.11 1.40 0. 14 

220 2 110 3 170 110 

43 43 43 43 

3.1 
0.33 

3 390 

30 

Summary of the analytical parameters for chromium 
detenninations. 

1619 

53 Cr n( 4, 1) 

1. s 
1.04 

l 270 
30 

3.4 
2.27 

990 
43 

Besides, the mean optimum bombarding energy calculated for 

those gamma-rays which show a poorer sensitivit~ was 3700 keV 

with a result that, better sensitivities could be expected if 

the analysis was performed at a lower bombarding energy. The 

obvious choice of a gamma-ray for analysis for chromium would 

be the 1440-keV photon. As can be seen from the analytical 

results, a sensitivity of 110 µg.g- 1 could be obtained Kith a 

proton bombarding energy of 4500 keV. An optimum bombarding 

energy for maximum sensitivity was calculated (see page63) to be 

about 5700 keV therefore it was expected that with increasing 

bombarding energy the sensitivity would improve. The poor 



159 

sensitivity obtained when the intrinsic ge1-::ianium spectrometer was 

used,was due to the fact that the detector efficiency 

had dropped substantially in the energy region of the 378-keV 

. gamma - ray . 

MANGANESE 

Manganese is usually introduced into steels to increase the 

coefficient of thermal. e~pansion and for other applications where 

high tensile strength is required. However, the concentration 

of manganese is relatively lower than that of other alloying 

elements. Commonly the concentration lies between 0.1 and 

3% manganese by mass. Over this range of ~oncentration the 

technique of prompt photon emission during charge particle 

bombardment offers a rapid, precise and non-destructive method 

of analysis. A comparison ~etween proton-induced X-rays and alpha-
. induced gamma- rays [Gi 8 0] spectrometry sL0Ked the latter method 

to be superior for the analysis of a steel natrix. Quantitative 

results obtained_for manganese in this investigation (see page 64) 

showed that proton- induced gamma-rays· off er better sens i ti vi ties 

than those obtained with alphas [Gi 78a] of a few MeV. For 

this reason the application of proton-induced prompt gamma-ray 

spectrometry for the determination of manganese in steels was 

investigated. 

A recent review [Bo 80] of the present state of the art summarizes 

data for protons, tritons, alpha particles and heavy particles. 

However, with reference to protons the literature on the determi­

nation of manganese was confusing due to the variety of bombarding 

conditions preferred by various authors. Published values of 

sensitivities using protons, were not defined in a consistent 

manner and the clear distinction that should have been drawn 

b~tween detection sensitivity and the sensitivity for analytical 

determination [Cu 68] was not always strictly maintained. The 

first reference [De ~ ] merely stated that the estimated limit 

of detection was 5 µg.g ~i with 2500 keV protons, using the 

931-keV gamma-ray~ However, conditions for analysis were not 
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defined nor was any bas~s for the estimation cited. This 

claim need not therefore be discussed any further. A reported 

sensitivity of 15 µg.g -i for the 126-keV gamma-ray excited with 

4000 keV beams was based on highly idealised conditions and 

represented the extrapolated limit of 0.1 counts per µc from a 

target of a thin film of vacuum deposited manganese on tantalum, 

a material which produces an exceptionally low Compton continuum 

in the gamma-ray spectrum (see page271) The only example of a 

gamma-ray sp.ectrum given in that work [Cl 75] emphasised the 

very high background in the region of the 126-keV gamma-ray and 

necessitated the use of adifferent gamma-ray even though the 

reported concentration of manganese was 1238 µg.g- 1 In the 

present survey a more realistic sensitivity for analytical 

determination was found to be 90 µg.g- 1 for the 931-keV gamma-

ray induced by 4500 keV protons on a thick target of pure metallic 

m~nganese and calculated by the previously reported method 

(Cu 68] . 

Results and discussion 

The gamma-rays most useful for manganese determination are listed 

in Table 15, together with the yields and the analytical 

Energy 
(KeV) 

126 
412 
477 

803 
931 

1316 
1370 
1408 

Yield Sensitivity . Possible source ' 
Identity quanta sr- 1 nc- 1 (µg.g- 1 mC- 1 ) of interference 

p (1, 0) 5900 250 Fe, Ru, Re, W, I 
n(l,O) 7600 190 Mn, Fe, Ru, I' Hg 

n(4,2) 6000 270 Li, Ni, Br, Os 
n(S,4) 2400 950 I 
n (2, 0) 3400 90 Ci, Ti, v, I, Cu 
n (3, O) 13400 210 Ni 
n (9, 2) 1900 550 Ma, Mg; Al, Cu, Mo,Pr 
n(4,0) ·5400 450 Fe, Sc, I 

TABLE lS : Prompt gamma-rays from 55Mn suitable for manganese 
analysis. 
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sensitivity attainable. 

Gamma-rays were considered to be possible souTces of interference 

if they were generated during proton bombardment and had 

energies that lay ±2keV from that of the gamma-ray considered 

for analysis. The extent of such interference could be deduced 

from the comprehensive Catalogue of Gamma-Rays in Appendix II. 

Although several elements could interfere with the use of the 

126-keV 55 Mn p(l,O) gamma-ray for analysis, the interfering 

elements most likely to be present in steelswere iron and tungsten. 

Since these elements were usually present in concentrations much 

higher than that of manganese, the interference was serious 

despite the much lower yields of the corresponding gamma-rays. 

For this reason, the 126-keV gamma-ray could not be used with 

a Ge(Li) detector. When an intrinsic germanium detector with 

its greater resoltuion was used, the 2-keV interference range 

no longer applied. The 122-keV iasw p(l,O) and 57fe p(Z,l) 

gamma-rays were entirely resolved from that of the 126-keV gamma­

ray (see Figure 8) and were no long~r a source of interference. 

The 127-keV 59 Fe a(3,2) gamma-~ay could be stripped in order to 

obtain the manganese yield. 

The 412-keV gamma-ray from iron was produced with such poor 

intensity that its interference with the intense 412-keV manga­

nese gamma-ray was small, and could be neglected as part of. the 

background when the iron concentrations in a series of steels 

did not vary appreciably. Nickel was the only element which· 

was likely to interfere with the 477-keV gamma-ray. But here 

again, the nickel. gamma-ray was of very low intensity and was 

ignored as a serious source of interference. If it were necess­

ary to make use of the 803-keV gamma-ray for analysis, a good 

resolution Ge(Li) detector would completely resolve this gamma­

ray from the photon from iodine. Both the 931-keV and 

1316-keV gamma-rays could be considered interference-free 

because all other gamma-rays in the same energy region have very 

low intensities. The 1370-keV and 1408-keV gamma-rays were 

not used for analysis because of major interference from 1367-keV 
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2 7Al p(3,l) (from the construction material of the scattering 

chamber) and from 1408-keV 54 Fe p(l,O) gamma-rays. 

Since the analytical sensitivity attainable depended not only 

on the yield of a gawna-ray but also on the level of the background 

continuum against which the gamma-ray had to be measured, it was 

necessary to determine the sensitivity limit experimentally as 

a function of the bombarding energy. A typical sensitivity 

function f()r tli.e case of the 412-keV 55 Mn n(l,O) gamma-ray is 

shown in Figure 11. The figure shows a rapid improvement of 
sensitivity as the bombarding energy increased from 2500 to about 

4500 keV, as a result of increasing reaction cross-section. 

Thereafter with increasing energy there was a gradual deteriorat­

ion due to increasing intensities of the Compton continuum 

from higher energy gamma-rays. Similar curves were obtained for 

all the analytically significant gamma-rays. .On page 6E are 

listed the co-efficients of polynomials fitted to the correspon-. . 
ding sensitivity functions. Analyses were carried out with 

4000 and 4500 ke~ protons because over this energy range the best 

sensitivities were attained. 

10000..----. --.-----.---..-----..--,....-----.----..---

- 5000 
E 
ci 
ci -
?:' 2000 
> 
~ 

l/) 
c 
~ 1000 

412keV 55Mn n(1,0) Manganese 
' 

• 

500L.-~-L-~~1--~-L-~__,...1--~~·~·__,..~~~=--=-~-:-' 
2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 

Proton Energy ( MeV) 

· FIGURE 11 Sensitivity function for the 412-keV ssMn n(l,O) 

gamma-ray. The c.urve was the best polynomial of 

degree 3 fitted by the method of lea~t squares. 
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Foils of Sum thick manganese mounted on permanent supports 

of epoxy resin were bombarded with protons over an energy 

range from 2300 to.5700 keV in steps of 100 keV to yield the 

excitation functions of th~ analytically significar.t gamma-rays. 

From these curves mean bombarding energies could be calculated 

and the method of average stopping powers [Is 78a] could be 

used to correct for the variation in composition of the analysed 

steels. The values of E are given in Table 16. -m . 

TABLE 16 ~-values for manganese determinations 

Ep ~m- values at Ey values· (KeV) of 

(iKe V) 
2500 

2600 

2700 

2800 

2900 

3000 

. 3100 . ,_ 

3200 

3300 

3400 

3500 

3600 

3700 

3800 

3900 

4000 

4100 

4200 

4300 

4400 

4500 

4600 

4700 

4800 

4900 

5000 

5100 

5200 

5300 

5400 

5500 

5600 

5700 

126 
2401 

2457 
2505. 

2572 

2615 

2670 
2 74·4 

2783 

2853 

2901 

2948 

3014 

3089 

3135 

3202 
3271 

3356 
3417 

3500 

3584 

3647 

3690 

3762 

3823 

3900 

3963 

40:n 

4098 

4186 

4253 

019 

4396 

4459 

412 
Z:ZS4 

2s16 

2520 

2649 

2735 

2801 

2862 

2837 

2948 

2965 

3092 

3155 

3285 

3334 

3363 

3438 

3493 

3556 

3621 

3683 

3747 

3~08 

3~71 

39'34 

3~.91 

4053 

H22 

4178 

~Z55 

4332 

400 

4511 

4596 

477 
2273 

2375 

2453 

2516 

2591 

2682 

2764 

803 
2137 

2204 

2271 

2363 

2426 

2508 

2576 

2828 2635 

2901 2702 

2983 2784 
3074 . 284 7 

3146 2931 

3224 

3285 

3370 
3434 

3525 

3598 

3695 

3788 

3855 
3937 

4004 

4071 

4153 
4220 

4284 

4368 
4473 

4536 

4603 

4652 

4 717 

2992 

3059 

3145 

3212 

3300 
3367 

3436 

3503 

3569 

3658 

3749 

3817 
3903 

3989 

4095 

4202 

4288 

4355 

4461 

4528 

4574 

9 31 
2374 

2402 

2515 

2624 

2707 

2791 

2864 

2947 

3035 

3108 

3184 

3251 

3297 

3353 

3387 

3435 

3496 

3577 

3621 

3688 

3726 

3782 

3828 

3884 
3925 

3990 

4031 

4065 
4167 

4215 

4260 

4323 

4367 

1316 
2039 

2084 

2159 

2225 

2293 

2361 

2463 

2554 

2641 

2727 

2794 

2876 

2943 

3029 
3108 

3194 

3267 

3353 

3436 

3503 

3576 

3658 

3716 

3779 
3828 

3901 

3983 

4055 

4126 

4193 

4260 

4341 

4412 

1370 
2574 

2641 

2732 

2793 

2857 

2924 

3012 

3059 

3120 

3191 

3257 

3301 

3368 

3449 

3530 

3593 

3634 

3678 

3733 

3792 

3864 

3929 

3992 

4063 

4126 

4174 

4256 

4316 

4393 

4459 

4536 

4594 

4663 

14 08 
2174 

2220 

2267 

2350 

2413 

2459 

2531 

2630 

2713 

2784 

2832 

·2881 

2954 

3035 

3098 

3169 

3235 

3307 

3355 

3417 

3475 

3544 

3650 

3721 
3804 

3868 
3940 

4001 

4066 

4125 

4173 

4267 

4363 
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An example of a typical set of results using the 477-keV 

gamma-ray is shown in Table 17. Although mean values of the 

results are given for each SRM steel, the statistical data 

at the foot of the table werecalculated from the individual 
measurements. 

E 4000.keV 
p 

Known 
Mn 

content 

Mean Count 

Steel 

(% by mass) 

D840 0.15 543.8 3625 

, D839 0.18 646.0 3588 

D838 0.20· 732.3 3661 

1264 0.25 912.8 3651 

D841. 0.27 947.3 3508 

D837 0.48 1671.6 3483 

. 1261 0.66 2313 3505 

1262 1.04 3732 ·3589 

1185 1.22 4360 3574 

1263 1.50 5239 3492 

1172 1. 76 6194 3519 

1171 1.80 6401 3556 

No of analyses .. 53 

Mean count/mc- 1 for 1% 3561 ± 116 

Relative standard error = 3.3% 

Root mean square error = 0.030 % Mn by mass 

Ey = 477 keV 

Number Found Error 
of % Mn Absolute Relative 

analyses (% Mn) (%) 

5 0.153 + 0.003 + 2.0 

4 0.181 + 0.001 + 0.6 

4 0.205 + 0.005 + 2.5 

4 0.256 + 0.006 + 2.4 

4 0.266 0.004 1.5 

5 0.467 - 0.013 .:.. 2. 7 

4 0.654 - 0.006 - 0.9 

4 1.048 + 0.008 .+: o. 7 

5 1.224 + 0.004 + 0.3 

4 1.471 0.029 2.0 

5 1.740 - 0.020 - 1.2 

5 1.796 - 0.004 - 0.2 

TABLE 17 Results for manganese determination using the 477-keV .' 
gamma-ray from a bombarding energy of 4000-keV protons. 
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These data and the data using other gamma-rays are summarized 

in Table 18. Most of the data were obtained using a Ge(Li) 

detector but a batch 0£ analyses could be carried out using the 

E/keV 126 412 477 931 

55Mn gamma-rays p ( 1,0) n(l,O) n(4,2) n (2 I 0) 

Ge(Li) E = 4000 keV 
-----p---

Relative precision/i 1.6 3.3 2.3 

Accuracy/% 0.06 - 0.05 0.04 

Sensitivity/mg.g- 1 0.19 0.30 0.54 

Number of analyses 50 53 52 

Ge (Li) E = 4500 keV 

Relative precision/% 2 • .2 3.7 3.0 

Accuracy/% 0.03 - 0.03 - 0.03 

Sensitivity/mg.g- 1 0.11 0.26 0.25 

Number of analyses 40 40 40 

I.G. E = 4000 keV 

Relative precision/% 8.2 

Accuracy/% - 0.23 

Sensitivity/mg.g- 1 0.31 

Number of analyses 30 

TABLE 18 . Summary of the analytical parameters for manganese 
determinations. 

1316 

n(3,0) 

3.0 

- 0.03 

0.25 

52 

4.9 

0.04 

0.17 

40 
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126-keV gamma-ray when the reso1ution was sufficient to 

eliminate the interference of the iron gamma-ray. The relative 

precision of about 1.5 to 3.0 % by mass was readily obtainable. 

The poor precision obtained ·with an intrinsic germanium detector was 

due to the small size of the spectrometer used and was not a 

fair reflection of attainable precision. 

COBALT 

The inclusion of cobalt in steels not only improves its reten­

tion of hardness but also increases the coersive forces between 

atoms with a result that cobalt constitutes an appropriate 

alloy element for permanent magnets. Therefore simple rapid 

techniques for the analysis of cobalt would be of interest to 

the steel industry. 

While there is no doubt that PIXE can be used, the difficulty 

encountered using that technique is that iron, the major com-
, 

ponent of steels~ produces the very intense 7.057-keV k8 
X-ray which overlaps with the 6.930-keV k X-ray of cobalt. . . a. 
The lesser intense k

8 
X-ray of cobalt would therefore have to be 

utilised. 

From a survey [Bo 80] of prompt gamma-rays induced by various 

charged particles, it was deduced that the only appropriate 

beams that could be_ used to yield cobalt gamma-rays of reasonable 

intensity were 3. 5 MeV tritons and 55-MeV 35·Cl particles. 

However, the theoretical sensitivities which Kere calculated on 

the gamma-rays generated by these specialised beams compared 

very favourable with the sensitivities measured for the cobalt 

gamma-rays (see page 67 J using simple proton beams of appropriate 

energies as in the present study. The method "as thus tested 

for the determination of this element in steels. 
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Results and discussion 

Ey 
(keV) Identity 

339 5 9 Co n ( 1. 0) 
878 59 Co n(3,0) 

1189 59 Co n(4,0) } 1190 5 9 Co p (2, O) 
1337 s g Co n(6,1) 
1432 5 9 Co p(4,0) 
1948 sgco n(11,0) 

TABLE 19 

Yield Sensitivity Possible Source 
(quanta sr- 1nc- 1) (µg.g-1mc-1) of Interference 

14 800 80 Ni, Nb, Cd, Cs, Hf, 
2 210 710 Se, Rh, Cd 

4 920 360 

3 730 380 Ga, Sn, Th 
3 380 390 Sc, V, Cr 
1 200 640 

Prompt gamma-rays from S9co suitable for cobalt 
determinations 

W, Au, Tl 

Listed in Table 19 are the most intense gamma-rays, g_enerated 

from proton bombardment of cobalt. Included in the table 

are the relative yields and sensitivities together with the 

elements which would produce gamma-rays that could interfere 

with the analytical photopeaks. 

With the exception of the 1432-keV gamma-ray , all the intense 

photons were considered as being interference-free because the 

elements that could affect these. gamma-rays were not commonly 

present in steels. 

A 5µm foil of cobalt was bombarded with protons of 2500 to 5300 

keV in steps of 100 keV in order to obtain the excitation 

functions of the analytically useful gamma-rays. From these 
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excitation functions it was possible to calculate the E values -m 
so that the stopping power corrections could be applied for the 

various steel samples. The calculated values are listed in 

Table 20. 

From the spectra of cobalt obtained at selected bombarding 

energies, it was possible to calculate the analytical sensitivities 

attainable for the potentially useful gamma-rays. Co-efficients 

of the polynomi~ls fitted to the sensitivity functions were 

calculated (see page 68 ) . 

The precision, sensitivity and accuracy of the analytical 

procedure was tested by determining cobalt in 8 standard steel 

samples. The results, for the use of the intense 339-keV 

59Co n(l,O) gamma-ray measured for the steels under proton 

bombardment of 4000 keV, are given in I.able 21. 

Ep ~m values at Ey values (KeV) of 

(KeV) 

2500 

2600 

2700 

2800 

2900 

3000 

3100 

3200 

3300 

3400 

3500 

3600 

3700 

3800 

3900 

.4000 

4100 

4200 

4300 

4400 

4500 

46CO 

4700 

4800 

4900 

5000 

5100 
5200 

5300 

339 

2107 

2189 

2243 

2374 

248.2 

2509 

2581 

2643 

2739 

2814 

2865 

2948 

3047 

3093 

3147 

3205 

3267 

3374 

3430 

3499 

3546 

3617 

3712 

3737 

3904 

4040 

4173 

4278 

4314 

878 

2273 

2336 

2363 

2407 

2453 

2591 

2680 

2772 

2837 

2963 

3043 

3128 

3194 

3237 

3328 

3449 

3538 

3616 

3681 

3759 

3840 

3938 

4015 

4091 

4182 

4240 

4363 

4427 

4478 

1190 

2016 

2093 

2168 

2227 

2289 

2346 

2472 

2538 

2603 

2661 

2728 

2787 

2843 

2917 

3039 

3138 

3186 

3225 

3273 

3309 

3435 

3572 

3643 

3680 

3727 

3873 

3956 

4084 

4103 

1337 

2321 

2392 

2438 

2449 

2518 

2563 

2675 

2760 

2844 

2935 

3001 

3073 

3114 

3180 

3245 

3298 

3374 

3429 

3491 

3501 

3575 

36'9 

3713 

3823 

3945 

4007 

4091 

4163 

4219 

1432 

2064 

2093 

2147 

2212 

2263 

2294 

2338 

2394 

2443 

2497 

2563 

2592 

2660 

2698 

274 5 

2829 

2963 

3041 

3139 

3219 

3283 

3362 

3427 

3585 

3633 

3776 

3869 

3943 

4018 

1948 

2304 

2373 

2398 

2471 

2550 

2576 

2695 

2722 

2743 

2801 

2863 

2972 

3009 

3045 

3119 

3194 

3245 

3311 

3363 

3420 

3464 

3590 
3667 

3717 
3824 

3865 

3974 
4081 

4138 

TABLE 20 : Em-values for cobalt Geterminations 
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Mean Count Number Error 
Known of Found 

Steel ('t Si) (mc- 1 ) (mc- 1 for H Si) Analyses 0 Si) Absolute Relative 

1171 
1172 
1264 

1262 
D837 

D838 
D839 

D840 

0. 10 533 5 332 5 . 0 .099 -0.001 
0.12 641 5 343 5 0. 1 zz +O.OOZ 
0. 15 802 s 345 4 0. 149 -0.001 
0.30 619 s 397 4 0.296 -0.004 
2.9 15 593 5 377 5 2.89 -0.010 
4.9 26 445 s 397 4 4.92 +0.020 
7.8 42 111 5 419 4 7.76 -0.040 

11.8 63 710 5 399 5 11.85 +0.050 

No. of Analyses 36 
Mean Count (mc- 1 for 1\ Co) = 5 375 ± 126 
Relative Standard Error = 2.3% 
Root Mean Square 

TABLE 21 

Error 0.092\ Co by mass 

Results for cobalt determination using the 
339-keV gamma-ray from a proton bombarding 
energy of 4000 keV 

-1 .o 
+1. 7 

-0.7 
-1. 3 
-0.4 
+0.4 

-0.5 
+0.4 

The measured count refers to the nett integrated count under the 

peak in the ·gamma-ray spectrum corresponding to 339 keV 

calculated for a bombarding current of lnA This value was 

then expressed as the yield per mC per unit cobalt content in 

order to compare the gamma-ray yields.from different steels~ 

The mean value obtained from 36 analyses on the 8 steels is 

5375 ± 126 counts per mC for 1% Co by mass. 

The precision of the analysis over the cobalt concentration 

range of about 0.1 to 12% by mass 'was 2.3%. The accuracy of the 

method, through the use of the 339-keV gamma-ray, may be deduced 

from the mean relative deviation of the certified concentration. 

The root mean square error was 0.092% Co by mass. A summary of 

the same parameters as in Table 21 of the selected gamma-rays for 
which no interferences were detected from the steel matrix, are 

given in Table 22 for proton bombarding energies of 4000 and 
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4500 keV as measured with the Ge(Li) detector. A set of 
analyses similar to that listed in Table 21 were also obtained 

with an intrinsic germanium detector and st1mmarised data are 
included in Tabl~ 22. 

Ey 
(keV) 

59 Co y-RAYS 

Ge(Li) Ep = 4000-keV 
Relative Precision (%) 
Accuracy (%) 
Sensitivity (µg.g-1) 

Number of Analyses 

Ge(Li) Ep = 4500-keV 
Relative Precision (\) 

Accuracy (%) 
Sensitivity (µg.g-1) 

Number of Analyses 

InGe E p = 4000-keV 
Relative Precision (%) 
Accuracy (%) 
Sensitivity (µg.g~ 1 ) 

Number of Analyses 

TABLE 22 

CONCLUSION 

339 878 1189 + 1190 1337 
n(1,0) n(3,0) n(4,0) + p(Z,O) n(6,1) 

2.3 2.8 3.4 1.9 
-o. 335 0. 13 0.23 -o. 31 

920 160 720 840 
36 36 36 36 

.3. 8 2.9 1.4 3.7 
-o. 001 0.08 -o. 18 0.04 

340 980 410 710 
27 27 27 27 

2.2 
-0.04 

780 
23 

Summary of the analytical parameters for cobalt 
determinations. 

1948 
n(11,0) 

3.0 
0. 12 

630 
36 

3.4 
-0. 24 

570 
27 

PIPPS has been shown to be suitable for the determination of 

minor components in thick targets of matrices such as steels. 

Advantages of the method are that the experimental procedure 

is simple; that there is virtually no need for sample prep­
arations than to provide a flat surface for analysis; that it 
is a non-destructive method, as is usually the case with nuclear 



C H A P T E R 5 

CEMENT ANALYSIS 



172 

the process of cement manufacture involves the incorporation 

of geological material from different sources to form a 

homogeneous mixture. The geological components are essentially 

lime, silica, alumina, magnesium oxide and ferrous-bearing 

materials [Le 70] which make up the bulk of the raw material 

while minor constituents such as fluorspar,sodium oxide and 

phosphorus pentoxide may also be included. 

A complete test whether the cement meets the required specif icat-

ion can only be carried out after production. In order to 

control production, the elemental composition of the intermediate 

stages of the process has to be known. It is thus not surpri-

sing that the cement industry makes extensive use .of multi­

element analytical tehcniques, both destructive and non­

destructive. Since PIPPS is, 1n principle, a rapid, non­

destructive and experimentally simple technique for multi-element 

analysis, the application of this technique was tested on 

standard cement samples. In addition, analyses were performed 

using a bombarding beam of 5000-keV alpha-particles [Gi 79c], 

not only to verify the results obtained by PIPPS but also to 

test the possibility of extending the range of elements analysed. 

RESULTS AND DISCUSSION 

Samples were analysed for the major components; calcium, silicon 
and aluminium and the minor components fl,v~)rine, sodium, magnesium 

and phosphorus. The spectrum from the bombardment of the 

standard cement, SRM 633 with protons of 4000 keV is shown in 
Figure 12. The identities of the numbered peaks are listed 

below the spectrum in Table 23. 
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2000 2100 2200 

FIGURE 12 

TABLE 23 

Element Energy 

Oxygen 19512 

Fluorine 110 

197 

Sodium 440 

1637 

Magnesium 585 

1367 

1809 
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CEMENT SRM 633 
Ep = 4MeV , . 

20 

21 22 

A,~-:·'~/~·.-·:,".,,,_,:'~-.,.;.~..-r.."=1\.. 

2300 2400 2500 2600 Z700 2800 2900 
CHANNEL NUMBER 

Prompt gamma-ray spectrum from the irradiatjon of the 

standard cement S~I 633 with 4000-kcV protons measured 
with a Ge(Li) detector. The identity of peaks as 
marked in the figure,_are given in Table 23. 

Identify of peaks as marked in Figure 12. 

Gamma-ray Peak Remarks 
KeV Assignment number 

180 p(l,0) 22 

u:F p(t ,0) 1 used for analysis 
19 

p(2, 1) 5 used for analysis F 

23 
Na p( 1,0) 7 used for analysis 

23 
Na p(2, 1) 18 

25 
Mg p(l,O) 10 used for analysis 

2 .. 
Mg p(l ,O) 17 see also Al 

26 
. Mg p(l ,0) 21 

1"!>h1P ,, rr.ont inued) 

3000 
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Gamma-ray 
Peak Element 

Energy Kev Assi~r.:ent nu.'T.ber P..enarks 

Aluminium 171 
27 

Al p (2, 1) 4 

844 . 27 
Al p(l,O) 13 used for analysis 

1015 
27 

Al p{2,0) 14 used for analysis 

1367 27
Al p{3, 1) 17 see also }f..g 

1779 27Al )'(1,0) 20 see also Si, P 

2210 27
Al p(3,0) 24 

2734 27
Al p(4,0) 28 

Silicon 756 29Si p(2, 1) 12 

1273 29Si p(l,0) 16 used for analysis 

1779 28Si p(l,O) 20 see also Al, P 

2030 29 si. p(2,0) 23 

2430 29Si p{3,0) 26 

Phosphorus 1779 3lp a(l,O) 20 see also Al, Si 

2230 3 lp p(2,0) 25 see also S 

Sulphur 1719 325 19 (2230 - Ill J 
e 

2230 32s p(1,0) 2~ see also J? 

Calcium 121 1teca n(2,1) 2 

131 1tsca n(2,0) 3 used for analysis 

373 
.. 3 Ca p(l,O) 6 used for analysis 

520 
.. 8 Ca n(4,3) 9 used for a..~alysis 

727 
.. 3 Ca n(5, 1) 11 used for analysis 

1157 .. ,.ca pCl,O> 15 used for analysis 

Background 511 e+ a 
2614 2os

81 27 radioactivity 

Although oxygen constituted one of the major elements in 

cement, the element could not be determined because the high 

background continuum in the spectrum, rendered the 1982-keV 

gamma-ray useless for analysis. On the other hanci, flourine, 

a minor component in cements could easily be deter;::.ined using 

the interference-free gamma-rays of 110-and 197-keY. 

The obvious choice for sodium determination was the intense 

440-keV gamma-ray and since the 1637-keV gamma-ray from this 

element was interference-free, it was also selected for analysis. 
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No elements commonly present in cements interferred with the 

intense 585-keV 25 Mg p(l,O) gamma-ray and this was used for 

magnesium determination. The choice for aluminium determination 

was the 844- and 1015-keV gamma-rays, although if it was 

necessary the less intense gamma-rays of 2210 and 2734 keV 

could also be used. 

Silicon was determined using the 1273-keV gamma-ray instead of 

the more intense 1779-keV gamma-ray because both aluminium and 

phosphorus produced photons of the latter energy. 

Phosphorus, a minor element, in cements was determined using the 
2230-keV 3lp p(2,0) gamma-ray. 

Calcium, the major constituent of cements offered a number of 

interference-free gamma-rays that could be used for analysis. 

Sodium as sodium chloride, phosphorus as mercurous phosphate, 

flu~~ine as calcium fl~~~ide and calcium as calcium hydroxide, 
~ - -- ' 

deposited on tantalum discs, were bombarded with protons over 

an energy range of 2500 to 5300 keV in steps of 100 keV to yield 

the excitation functions of the analytically significant gamma~ 

rays. A typical curve, for the 440-keV 23 Na p(l,O) gamma-ray 

is shown in Figure 13. Similar curves were obtained when 5 µm 

30000 

u 20000 
E 
'-" 
Qj 
a. 

!! c 
::J 
0 

w 10000 

OL-~~.......,..-..-:~..i._~~__;L-~~-:-:L:--~~ 
1000 2000 3000 41J.YJ 5000 6000 

FIGURE 13 

Proton Energy !keV) 

Excitation function for the production of the 440-keV 
sodium gamma-ray obt~ined from the bombardment of 
vacuum-deposited NaCl on a tatalum disc. 
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thick foils of magnesium, aluminium and silicon were bombarded 

with protons ovei the same energy range. From the curves, ~m 

values were calculated and the method of average stopping 

power [Is 78a]was used to correct for the variation in compo-

sition of the analysed samples. 

in Tables 24 and 25~ 

The values of E are given -m 

TABLE 24 ~-values for cement analysis 

Ep 
(keV) 

2500 

2600 

2700 

2800 
2900 
3000 

3100 
3200 

3300 
3400 
3500 
3600 
3700 
3800 
3900 
4000 
4100 
4200 
4300 

4400 
4500 
4600 
4700 
4800 
4900 
5000 
5100 
5200 
5300 

£m values at Ey values (keV) of :-

F 

110 l97 ..___ ___ ___, 

2 326 

2 382 
2 391 

2 393 
2 395 
2 511 
2 556 

2 645 

2 646 
2 707 
2 723 
2 798 
2 887 
2 903 
3 077 

3 150 
3 196 
3 219 
3 241 
3 370 
3 530 
3 538 
3 539 
3 621 
3 777 
3 867 
4 056 
4 091 
4 173 

2 269 

2 274 
2 309 

2 367 
2 377 
2 426 
2 499 

2 568 
2 604 
2 605 . 

2 653 
2 665 
2 668 
2 771 
2 787 
2 893 
2 8n 

2 947 
3 069 
3 090 
3 173 
3 263 
3 302 
3 356 
3 453 
3 713 
3 744 
3 824 
3 926 

Na 

440 

2 266 

2 343 

2 409 
2 416 
2 486 
2 502 
2 529 
2 562 

2 644 

2 713 
2 724 
2 763 
2 849 
2 888 
2 941 
3 001 
3 048 

3 107 
3 166 
3 416 
3 475 
3 482 
3 632 
3 832 
3 839 

3 963 
4 027 
4 099 
4 123 

Mg 
585 

2 225 

2 298 
2 364 

2 410 
2 468 
2 557 
2 632 

2 789 

2 850 
2 945 

3 077 
3 078 
3 084 
3 156 
3 350 
3 379 
3 407 
3 471 
3 488 

3 545 
3 615 
3 689 
3 790 
3 929 
4 011 
4 041 
4 112 
4 233 
4 525 

844 

2 176 

2 184 
2 229 
2 305 

2 474 
2 543 
2 674 
2 698 

2 743 

2 891 

2 909 
3 047 
3 165 
3 199 
3 306 
3 323 
3 471 
3 569 
3 674 
3 800 

3 949 

. 4 017 
4 155 
4 234 

4 304 
4 378 
4 466 
4 509 
4 613 

Al 
015 

2 334 

2 406 
2 457 
2 565 
2 701 
2 752 
2 808 
2 840 

2 879 
2 906 
2 933 
3 093 
3 115 
3 156 
3 293 
3 312 
3 556 
3 760 
3 940 
4 0.52 

4 187 
4 281 
4 296 
4 314 
4 379 
4 437 
4 845 
4 903 

s 086 



Ep 
(keV) 

2500 

2600 

2700 

2800 

2900 

3000 

3100 

3200 

3300 

3400 

3500 

3600 

3700 

3800 
3900 

4000 

4100 
4200 

4300 
4400 

4500 
4600 

4700 

4800 

4900 
5000 
5100 
5200 
5300 

1 7 7 

TABLE 25 ~-values for cement analysis 

&m values at EY values (keV) of ~-

Si Ca 

273 131 373 520 

2 107 

2 234 

2 319 

2 34 7 
2 368 

2 474 

2 515 

2 624 

2 711 

2 763 

2 841 

2 873 

2 942 

3 004 

3 096 

3 174 

3 263 

3 314 

3 419 
3 501 . 

3 619 
3 694 

3 742 
3 891 

3 921 
3 974 
3 993 
4 013 
4 160 

2 196 

2 217 
2 243· 

2 296 

2 319 

2 324 

2 404 

2 518 

2 641 

2 667 

2 753 

2 884 

2 920 

2 941 

3 017 

3 063 

3 119 

3 227 
3 237 
3 313 
3 490 

3 541 

3 679 
3 787 

3 831 
3 903 
4 019. 
4 161 
4 347 

2 093 

2 143 

2·247 

2 286 

2 341 

2 390 

2 443 

2 473 

. 2 554 

2 620 

2 785 

2 897 

3 001 
. 3 117 

3 214 

3 3.69 

3 394 

3 421 
3 449 

3 556 
3 615 
3 650 

3 724 

3 817 
3 963 

4 065 
4 242 
4 394 
4 574 

2 304 

2 401 

2 469-

2 515 

2 663 

2 768 

2 774 

2 881 

2 923 

2 973 

3 017 

3 104 

3 193 

3 313 

3 497 

3 549 

3 757 

3·843 
4 017 

4 068 
4 14 7 
4 293 

4 404 

4 536 

4 693 
4 741 

4 843 
4 919 
5 018 

729 

2 163 

2 197 

2 269 

2 445 

2 563 

2 646 

2 737 

2 813 

2 947 

3 197 

3 321 

3 483 

3 542 

3 619 

3 664 

3 725 

3 853 

3 945 
4 124 
4 251 
4 473 

4 543 

4 663 

4 717 

4 843 
4 953 

5 063 
5 17 8 

5 201 

157 

2 177 

2 243 

2 279 

2 309 

2 378 

2 416 

2 531 

2 633 

2 721 

2 807 

2 913 

3 114 

3 201 

3 347 

3 418 

3 523 

3 663 

3 719 

3 783 

3 -813 
3 932 

4 041 
4 172 

4 243 
4 291 

4 317 

4 339 
4 418 

4 425 
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In order to perform multi-elemental analysis of cements, the 

optimum bombarding energy, chosen as a compromise for best 

attainable sensitivities for the various gamma-rays used, was 

4750 keV. 

An example of a typical set of re~ults for aluminium using 

the 1015-keV 27Al p(2,0) gamma-ray i's shown in Table 26. 

Precision, sensitivity and accuracy of the determination of 

aluminium was evaluated from the analysis of 7 standard cement 

samples having an aluminium concentration range of about 1~6 to 

3.5%. Three or four replicate analyses were performed in each 

standard and a mean count from 27 observations of 70386 ± 529 

counts per me for 1% Al by mass was obtained. This value was 

in agreement with the slope of the calibration line of 70309 

counts per me obtained by the method of least squares. The 

relative standard error of less than 1% gave an indication 

Ep = 4750 KeY y-Ray used : 27Al p(2,0) - 1015 KeY 

Known Al Mean Count Number Error 
Content Found of Relative 

Cement (% by mass) (mc"'·1) mC- 1 for 1\ Al % Al Analyses Absolute % 

636 

637 

633 

639 

638 

634 

635 

1. 60 112031 70106 1 . 591 4 -0.009 

1. 74 122281 70439 1. 7 3 7 4 -0.003 

2.00 140915 70422 2.002 4 +0.002 

2.27 159339 70349 2.264 4 -0.006 

2.36 166250 70593 2.262 3 +0.002 

2.76 193336 70126 2.747' 4 -0.013 

3.33 234713 70569 3.335 4 +0.005 

No of Analyses = 27 

Mean count (mc- 1 for 1\ Al) = 70386 + 529 -
Relative Standard Error .. 0.75\ 

Root Mean Square Error = o. 0015% ·Al by mass 

TABLE 26 Typical analytical results for aluminium dctennination 
in cements 

-Q.6 

-0.2 

+0.1 

-0.1 

+0.1 

-0.5 

+0.2 
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of the precision of analysis over the cited concentration 

range. The root mean square error· of 0.0015% indicated that 

the method can be used for aluminium determinations in 

concentration ranges.usually associated with the PIXE technique. 

This is particularly interesting because aluminium is usually 

difficult to determine with the latter analytical technique. 

A summary of the analytical parameters from the other gamma-rays 

in cements is given in Table 27. 

TABLE 27 

Gamma-ray Precision Sensitivity 

keV Identity (%) (µg.g-1) 

110 19p p(l,0) 2,1 17 

197 19p p(2,0) - 1,1 7 

440 23 Na p(l,0) 6,4 480 

583 25Mg p(l,O) 3,3 370 

844 27Al p(l,O) 1,0 175 

1015 27 Al p(2,0) 1,0 15 

1273 29 si p(l,O) 2 I 1 210 

2230 31 p p(l,O) 1,9 120 

131 " 8 ca n(l,O) 2,7 9000 

371 " 3ca p(l,O) 1,8 720 

.520 "Bea n(4,3) 2,0 8900 

729 .. 3ca ncs; 1) 8,5 9000 

1157 ""ca p( 1,0) 2,9 , 70 

Summary of the results of cement analysis with proton­
bombarding beams 

Differences in the precision obtained from the use of the 

respective gamma-rays reflect the statistical errors in counting, 

the intensities of corresponding backgrounds and the relative 

intensities of the gamma-rays. 
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CEMENT ANALYSIS USING ALPHA BEAMS 

A spectrum obtained from the bombardment of a typical standard 

cement sample with 5000-keV alpha particles is shown in 

Figure 14 [Gi 79c]. 

The 110- and 197-keV Coulomb-excited gamma-rays from fl~ine ~/ 

again feature prominently and were used for the determination 

of that element. 

The 351-keV 18 0 n(l,O) gamma-ray was interference-free and was 

selected for the determination of oxygen. Magnesium was 

determined using the Coulomb-excited gamma-ray of 585-keV. 

This gamma was interferred with by the 583~keV 1 3F n(l,O) photon, 

with the result that the contribution of the interferring gamma­

ray had to be calculated from the relative intensities of the 

flajrine gamma-rays as obtained in the survey[Gi 79a] of alpha­

induced prompt gamma-rays. 
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FIGURE 14 : Alpha-induced prompt gamma-ray spectrum obtained 
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The determination of sodium was carried out using both the 

reaction gamma-ray of 417-keV and the 440-keV Coulomb-excited 

gamma-ray. 

For aluminium determination, only the 1015-keV gamma-ray was 

used. Here again, corrections for the contribution of the 

interf erring magnesium gamma-ray had to be made by considering 

the relative intensities of the magnesium gamma-rays as obtained 

from the measurement of a pure elemental target [Gi 78a]. 

Summarized results of the analysis of the cement samples are 

given in Table 28. 

Gamma-ray Precision Sensitivity 

keV Identity (%) 
-1 

(µg.g ) 

351 180 n (1,0) 2,5 730 

110 l 9F a(l,O) 1,0 27 

197 l 9F a(2,0) 1,5 12 

417 
23 Na n(2,0) 2,6 360 

440 
23Na a(l,0) 2,4. 740 

583 
25Mg a(1,0) 1,7 1940 

1015 
27

Al a(2,0) 2,2 970 

TABLE 28 Summary of the results of cement analysis with alpha-
bombarding beams. 

Oxygen, which could not be determined under proton bombardment, 

was measured under alpha bombardment with good precision and 
\I\ acceptable sensitivity. In the case of f t~o,)rine, sodium and 

magnesium, the precision using alpha particles was better than 

with protons, while the sensitivities were comparable. Protons 

were preferred for aluminium analysis. For calcium and phos­

phorus which were determined with protons, cbmparable results 

were not available because the sensitivities attainable under 

alpha bombardment were too poor. 
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CONCLUSION 

PIPPS has been shown to play a useful role in the analysis 

of both major and minor components. In cements, under suitable 

conditions, the method may serve as a multi-element technique. 

In cases where interferences occurred either the use of alter­

nate gamma-ray could be made or data from the survey could be 

used to correct for the contribution from the intetferring 

element. It was demonstrated that duplicate analysis but 

with different beams proved beneficial by extending the range 

of elements analysed. 



C H A P T E R 6 

ARCHAEOLOGICAL STUDY 
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Little is known of the pre-written history of South West Africa/ 

Namibia even over the past half millennium. Of particular 

interest is to establish the prehistoric routes of trade and 

exchange of the early inhabitants. In this context the chemical 

analysis of the trace element composition of artefacts could 

play an important role, especially if unique patterns of elemental 

concentrations could be recognised in source materials. As 

an essential preliminary it is required to compile data on widely 

different artefacts from all over the country and to extend the 

analytical data over as wide a range of elements as possible. 

Nuclear analytical methods are particularly suited to the 

analysis of trace and minor components in archaeological specimens 

such as potsherds and stone artefacts not only because the 

techniques are simple, multi-elemental and non-destructive 

but also because the matrix of silica, alumina and other light 

elements mostly do not interfere with the determinations. 

Accordingly, it has been possible to amass a large amount of data 

on trace element concentrations, which have become available 

for characterisation and identification purposes. 

A difficult aspect of such archaeological studies in South West 

Africa/Namibia is the scarcity of artefacts of well-established 

origin. This problem is compounded by the fact that most 

artefacts were produced from widely-occurring ores and clays, 

the sources of which have mostly not been charted and therefore 

are not accessible to systematic chemical analysis. Since 

artefacts need not have been manufactured near the sites where 

they were found, the method for characterisation has relied 

upon the establishment of groupings of objects with similar 

chemical compositions as the first stage of classification. 

Earlier studies [Bo 77] have shown that well-defined groups 

could occur at an isolated site even though nearby sites contained 

specimens of mixed origins which characterise regions of 

sustained population movements. 
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Within the area of the Brandberg, a circular granite mountain 

ranging 20-30 km across, clay-like sediments were found that 

could have served as source material for pottery for any settle­

ments established in the vicinity. Such pottery was expected 

to show trace element composition similar to that of the source 

material but different if produced elsewhere and transported 

to the area. A similar approach can be used with artefacts made 

from ores that are not widely-occurring. Such ores are soap-

stones which occur in relatively few isolated deposits and which 

are known to have been used for pipes, tuyeres and pendants. 

Correlations between trace element patterns of such artefacts 

and the source materials would be useful indicators of communi­

cation between the site of the source material and the site of 

discovery of the artefact. 

MATHEMATICAL APPROACH 

When multi-elemental analysis is carried out on a suite of 

samples, the tabulated results may be considered as defining 

each sample by a point in m-dimensional space, the coordinates 

of which correspond to the ooncentrations of the m elements 

determined. The relationship between the samples of the suite 

as given by the distances between the respective points in the 

defined space may readily be calculated, but in exploratory data 

analysis it may be much more instructive to obtain a global 

picture of the information contained in the data matrix [Gr 78]. 

Indeed, once such.a picture is obtained, it may provide the 

answers to a classification problem and may make further data 

manipulation unnecessary. For this puipose a variety of mathe­

matical techniques of descriptional statistics were applied to 

the multi-elemental analytical data. Such mathematical techniques 

were summarised in a recent review [Gr 81]. Inferential 

statistical techniques were not employed because the required 

distributional assumptions were not necessarily satisfied by the 

experimental data. 



185 

When n objects are analysed for m elements, the nxm matrix 

of data is a profile matrix x, the component X .. of which 
1) 

represents the concentration of element j in object i. 

From this matrix an nxn proximity matrix, D, can be constructed 

containing inter-object dissimilarities such that D .. 
1) 

represents the dissimilarity between objects i and j. Single 

linkage, or nearest neighbour, cluster analysis [Sn 57] operates 

on the proximity matrix D to produce a dendogram whic.h displays 

the levels of similarity among the objects and clusters of 

objects. At this stage in the construction of the dendogram 

the two most similar objects are located and fused to form a 

cluster. The dissimilarities between the two objects are de-

leted and a new set of dissimilarities is computed between the 

new cluster and the remaining objects or clusters. The process 

is then continued until all the objects are grouped in a single 

cluster. The application of this technique to activation 

analysis data has already been described [Op 77]. 

Finding the minimum spanning tree (MST) is equivalent to perfor­

ming a single linkage cluster analysisi and very efficient 

algorithms exist [Go 69j for carrying out these calculations. 

Earlier classification of South West African potsherds made 

extensive use of this approach [Bo 77, Bo 79b]. 

No.n-linear mapping [Sa 69] (NLM) is a technique that is intuiti­

vely easy to grasp, and is probably the simplest approach to 

representing the n-dimensional picture in a 2-dimensional plot. 

Interpoint distances in the solution configuration, dij' 

approximate the interobject dissimilarities, D .. , in the 
1] 

proximity matrix, D. In non-linear mapping, the inter-object 

dissimilarities are weighted in such a way that smaller 

distances are fitted relatively more accurately than larger 

distances. The iterative method used to construct the non­

linear map searches for the configuration for which 

(30) 
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1s a minimum. This technique has been applied to archaeolo­

. gical classification of potsherds [Bo 79c] using analytical 

data obtained from PIXE and neutron activation analysis. 

In non-metric multidimensional scaling [Kr 64] (MDS) the constr­

aint that interpoint distances must approximate inter-object 

dissimilarities is weakened by merely requiring that the rank 

order of the interpoint distances in the solution configuration 

should approximate the rank order of the original inter-object 
dissimilarities. The mathematical objective of this approach is 
to find the configuration which minimises 

E s = . . (d. . - d .. ) 2 ) 
1] 1] 1] 

2 
E d .. 

1] 

where d· · are the monotonic regression of d .. on D ... A 
lJ 1] 1] 

description of monotonic regression and algorithms for the 
A 

calculation of dij have been published [Kr 68,Ba 72] 

(31) 

Correspondance analysis [Gr 78, Br 73] (CA) involves a subtle 

mathematical decomposition of the profile matrix into axes or 

dimensions, in such a way that the groups of objects which are 

most distinct, as well as the variables that separate them,. 
are at the extremes of the first axis. Increasingly less 

important separations are displayed on the second and subsequent 

axes. If the first two axes of the correspondance analysis 
are plotted, a two-dimensional display is obtained in which both 
objects and variables are features. In this display inter-
object and inter~variable distances are known as chi~square 

distances and are a generalisation of the familiar Euclidean 

distances, but it is not permissble to interpret object-variable 
distances. However, equations known as the 'transition formulae' 

relate the object coordinates to the variable coordinates, in 
such a way that an object that has a high value in a particular 

variable, and conversely, a low value, is repelled away from that 
point. The full mathematical description of this method has 
recently been reviewed [Gr 78, Gr 81] and the procedure for its 
application is summarised in Table 29, 
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TABLE 29 Procedure for the application of correspondance 
analysis. 

(Lu 81) 

Let X be the n x m matrix with positive elements to be subjected to 

correspondance analysis. 

1. Compute x = r 
i 

r 
j 

2. Let Pij 
Xi• = ~. so·that all the elements cf the matrix P sum to unity. x 

3. Compute the vector of row sums t = Pl where 1 is a column vector of l's 

~. Compute the vecto1' of column sums £ = p T 1 where p T denotes the 

transpose of the matrix P. 

5. Let Q = T 
p - I: £ 

6 •. Let the square matrices Dr and De be diagonal matrices with the-elements 

of ! and £ respectively down the main diagonal. 

7. Let R = 

8. Find the singular value decomposition of R, i.e. find matrices M and N 

and a diagonal matrix D such that 
µ 

R : 

The singular value decomposition can be found.using orie of the 

eigenvalue/eigenvector packages. 

9. The rank p approximation of X is then given by M[P] Dµ [P) i1 (pj where 

M [ P) , N (P) denotes the first p columns of M and N and Dµ (P J denotes 

the first p rows and columns of D • 
.1,1 

10. The rows and columns of the correspondance analysis of X in p dimensions 

are then given by the rows o'f an nxp matrix F and an mxp matrix G where 

r = M D 
(P) 'll(P) 

and G = 

If p is chosen to be 2, we have the ·correspondance analysis in 2 dimensions, 

and the rows of F and G give the co-ordinates of the objects (e.g. potsherds, 

artefacts) and variables (e.g. chemical elements) r~spectively. The 

justification for plotting the objects and variables on the same axes lies 

in the transition formulae; which link F and G : 

F = p G 

G = 
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RESULTS AND DISCUSSION 

The materials submitted for analysis consisted of 35 samples 

of artefacts and 5 samples of source materials as described 

in Table 30. In addition to the Si(Li) detector used for 

X-ray spectrometry, a Ge(Li) detector was placed behirid the 

ladder on which the specimens were mounted, at 45° to the 

direction of the beam, for simultaneous analysis by PIPPS. 

The distance between the Ge(Li) detector and the target was 

varied in order to ensure that the dead-time of the gamma-ray 

measuring system did not exceed 10%. 

The elements that were determined by PIXE were K, Ca, Ti, Fe, 

Cu, Zn, Ga, Rb, Sr and Zr, while those determined by gamma-ray 

spectrometry were B, F, Na, Mg, Al, Si and Cu. 

A bombarding beam of 4000-keV protons was used. This beam 

was more energetic than was normally used to excite prompt X-rays, 

but this energy was chosen to increase the yield of X-rays of 

medium weight elements while at the same time approximating to 

optimal conditions for prompt gamma-ray excitation. 

Label 

0 

1 

2 

3 

4 

5 

6 

7 

9 

Number 
of 

specimens 

1 

14 

3 

2 

2 

1 

14 

2 

1 

Locality 

Brandberg 

Brandberg 

Windhoek 

Windhoek 

Brandberg 

Northern Natal 

Brandberg 

Brandberq 

Windhoek 

Raw material 

Soapstone 

Soapstone 

Soapstone 

Soapstone 

Soapstone 

Soapstone 

Baked clay 

Loamy clay 

Soapstone 

Artefact 
or type 

Pendant 

Pipes and waste 

Tuyere 

Source material 

Pipe 

Source material 

Pottery 

Source material 

Pipe 

TABLE 30 Archaeological data of the analysed materials. 
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The same analytical data were subjected to the following 

multivariate statistical techniques: 

(a) cluster analysis using nearest neighbour data to produce 

a minimum spanning tree or a similarity dendogram, 

(b) multi-dimensional scaling using metric or non-metric 

approaches to produce mappings of the proximity matrix, 

(c) correspondance analysis which produces a mapping, of the 

samples that were analysed and of the chemical elements 

that were determined, in which their inter-relationship 

is shown. 

TRANSFORMATION OF DATA 

Because the main purpose of the analyses was to facilitate the 

classification of the specimens, it was acceptable to express 

the elemental concentrations either absolutely or in relative 

terms as counts, or as ratios relative to a selected component, 

provided that the same component was expressed in a similar 

manner for all the specimens. The significance of a component 

for classification purposes need, however, not be related to 

its absolute concentration. For this reason it was necessary 

to transform the concentration parameters in such a manner that 

major or minor components would not dominate trace components 

in the numerical calculations. I • 

There exist several methods of transforming data to allow each 

component to have a comparable significance. In this work the 

concentration parameters were subjected to two kinds of trans­

formations. In the first, the concentration was expressed by 

its logarithm. This method had the advantage that equal 

relative changes in high and in low concentration components had 

an equal affect on the grouping of specimens, but in practice 

this transformation tended to reduce the role of major co-mponents. 



• 

·190 

The second type of transformation iltered the concentration 

parameter, a, to the value, an, Khere O<n<l and ~here usually 

n = 0.5. This method tended to equalise the role of trace 

components. 

An important problem of multivariate analysis is the need to cope 

with missing data points. In this work a datum may be missing 

when an element was absent in the analysed sample or was present 

in concentrations below the limit of d~termination [Cu 68]. 

As a first approximation, the multivariate analyses were carried 

out with the missing data points taken to be zero. Subsequently 

the calculations were repeated, in which estimates were made of 

the missing values by assuming the element to have been present 

at a concentration of half the limit of determination [Cu 68], 

i.e. 1.5 times the standard deviation of the background against 

which the peak would have been measured. In practice, this 

correction had little effect on the grouping of specimens. 

Single-linkage Cluster Analysis 

(a) The minimum spanning tree (MST) 

The MST obtained from the analytical data of the 40 samples 

is shown in Figure 15. These samples can be separated 
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6: 
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FIGURE 15 The Minimal Spanning Tree for 40 samples based on 
the analysis of 10 eleoents. The numbers refer to 
the locality and type of samples as listed in Table 30. 
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into four_ groups, shown enclosed in broken lines in the 

figure, and outliers, whose composition was not suffici­

ently akin to other samples to be grouped in a similar 

manner. Label 1 represents a collection of soapstone 

pipes and waste which had been recovered from where they 

had been mined, manufactured and rejected either as 

fragments of waste or because of breakage during manufacture. 

Most of the samples form a compact group. The sample 

labelled 5 is from a soapstone s6urce several thousand 

kilometers away which had a similar composition of the 

elements K, Ca, Ti, Fe and Cu, but in which the heavier 

elements are much lower in concentration. The inclusion 

of this sample_ in the group labelled 1 points to a weak-

ness in the MST method because low concentration components 

play a slight role in determining the nearest neighbour. 

Similarly the apparent outliers 1 contain somewhat elevated 

concentrations of Ca and Ti. The separated groups labelled 

2 and 3 are from the Windhoek area, the former consisting 

of three fragments, presumably of a single tuyere, while 

the latter is a pair of samples from a soapstone source. 

The group consists of potsherds from the Brandberg area, 

and group 7 i~ from deposits of clay found in the same 

vicinity. The close correlation between group 7 and most 

of group 6 strongly indicates that the pottery was 

manufactured from clays of the locality. The outliers 

of group 6 had markedly different compositions from those 

within the boundary and it is thus likely that these 

outliers were made elsewhere even though discovered at the 

same site. 

(b) Similarity dendogram 

A similarity dendogram based on PIXE analysis of the 

archaeological samples defined in Table 30 is shown in 

Figure 16. At the 68% similarity level two subgroups 

were separated, the one consisted of a one outlier 

labelled 6 and the other included all samples labelled 

2, 3 and 5. Further examination of the latter subgroup 
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FIGURE 16 Similarity dendogram for archaeological specimens 
using PIXE analytical data. The sample lables are 
those defined in Table 30. 

showed that subsequent group separation resulted in three 

groups, each uniquely labelled. From the remaining suite 

of samples, a lone outlier labelled 1 and a pair of samples 

labelled 6 were separated at the 75% similarity level, 

while at 78% similarity the large group of samples labelled 

1 was hived off. Further subdivision occurred for 

greater similarities. 

The advantage of the similarity dendogram lay in the fact 

that a quantitative measure of similarity was obtained even 

for samples that were not closest neighbours, while the 

MST gave meaningful quantitative data only for the two 

points directly linked. Qualitative separation of groups 

was, however, more obvious in the latter. 



193 

Multidimensional Scalina . ,, 

(a) Non-linear mapping (NLM) 

The NLM obtained from the PIXE data is shown in Figure 17. 

As before, sample labels are those listed in Table 30. 

The disadvantage of the NLM is the difficulty of fixing 

group boundaries without sample identification. The 

information gained from the MST is thus essential and the 

two approaches should be used to compliment each other. 

Group boundaries may .be drawn to enclose samples with 

the same label. It may be noted that the group 5 sample 

has been excluded from group 1. The close s1milarity 

between group 7 and most of group 6 is again emphasised, 

while the outliers of group 6 are clearly separated. 

An examination of the analytical.data with respect to 

the positioning of the sample on the NLM in Figure 17, 

showed that while lncreasing concentrations corresponded 

to increased values of the calculated x~coordinates, no 

such simple correlation existed for the Y-coordinates. 

FIGURE 17 
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Non-linear Mapping of archaeological specimens using 
PIPPS analytical data. Samples are labelled as in 

Table 30, but some specimens were not analysed. 

Increased concentrations of the lighter elements K, Ca 

and Ti tended to produce lower values -in the Y-coordinate, 

whilst the opposite was true for the heavier elements. 

Thus the position of group 1 _covering a region from low 

to relatively high Y-values could indicate a possible 

division of the group into three subgroups, and a measure 

of inhomogeneity in the samples. 

The non-linear mapping of the samples using the data 

obtained from PIXE analysis was compared with a similar 

mapping (see Figure 18) in which data obtained from PIPPS 

was used. The arrangement of the data points in Figure 18 
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differ from those plotted from PIXE data because the component 

vectors represent the concentration of minor components whereas 

previously, trace components were used. HoKever, despite this 

difference the groups as indicated in Figure 18 were essentially 

the same as before. 

A separate group of samples, labelled 8, and not connected with 

the main suite of specimens, was included in the NLM to show the 

validity of this form of representation. As before, samples 

labelled 1 and 6 were isolated into separate groups, but the one 

outlier labelled 6 included in this plot remained isolated from 

the main group. It was again noted that the sample labelled 7 

retained its affinity with group 6. 

These results showed that the method of group characterisation 

was not necessarily confined to the use of sensitive multi­

elemental analysis of trace elements, but could also be used with 

data for minor (and major) components. 

(b) Multidimensional scaling (MDS) 
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Non-metric MDS plots ?f the PIXE data are shown in Figure 

19. The plot obtained after the data had been subjected 
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to a logarithm transformation shows a tight set of group 6, 

which included the two group 7 specimens (except for 

the outliers), while the plot showed a spread of group 1. 

When a an-transform was used, the groups became tighter 

with increasing values of n in the range O<n<l, but the 

most suitable representation was obtained with n = 0.5. 

In this case the group 1 was more concentrated than with 

the log-transformation but group 6 was spread out to a 

greater extent. Although the appearance of the plots 

was different, the same groupings were obtained even with 

a severe transfon:i.ation as logarithms. 

Correspondance anaZysis(CA) 

A plot of the correspondance analysis of the first two dimensions, 

is shown in Figure 20 in which the same PIXE data was used and 

square-root transformation was applied. 

1 and 6 are again separated, while group 

There is a slight spread of groups 2 and 

compact and remote. 

From this plot groups 
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Plot of the first two dimensions of a corres~ondance 
analysis showing the groupings of sa~'les and possible 
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Since this representation also included points representing the 

analysed elements it was possible to derive the information that 

there existed a form of corrclatio11 between the elements Ti,Ga, 

, Zr and Sr, between the elements Cu and Zn and between Ca and K. 

In the last mentioned case, both elements were plotted along a 

similar direction from the origin, but the distant position of 

K represented a larger spread in the K-coordinates of the sample 

points . 

. The positioning of the points of group 3 implied that this group 

was characterised by high concentration of Cu and Zn. Similarly, 

. group 6 had a higher content of Ca and K than group 1 but a lower 

content of Ti ,Ga, Zr and Sr. The outliers of group 6 contained 

decreased concentrations of K, but moderate levels of Cu, Zn and 

Ti, Ga, Zr and Sr. 

The correlation that existed in the elements Ti, Ga, Zr and Sr 

was confirmed by a CA in which the Ti-component was omitted, but 

which yielded virtually unchanged groupings. 

EXTENT OF SAMPLE HOMOGENEITY 

In order to estimate the sample homogeneity, soapstone specimens 

cut into appropriate sizes (see page 20), were scanned with 

proton-beams at intervals of S mm. 

Each spot analysed in the scans of the soapstones was considered 

as a separate sample and the data were analysed. It was found 

that the Windhoek soapstone (group 3) was more homogeneous than 

that from Natal (group 5), but the variability of each was com­

parable with the differences between individual samples from the 

corresponding ores. In the case of the Natal soapstones, the 

analysed spots clustered into three groups depending largely on the 

Cr and Zn content. Subsequent examination showed that spots 

with high Cr and low Zn fell either wholly or partly on green 

streaks in the ore. In cases of streaked soapstones therefore, 

several analyses on different spots should be carried out for 

characterisati9n purposes. 
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ARCHAEOLOGICAL SIGNIFICANCE 

The specimens submitted consisted either of soapstones or of 

clays as described in Table 30, Group 1 represented a collection 

of soapstone pipes and waste which had been recovered many years 

ago from the actual quarry where they had been mined. As the 

original quarry had not been relocated it was assumed that 

these samples represented that part of the deposit which the 

miners considered as most suitable for making into pipes. Group 

· 3 represented two samples from a soapsone source in quite a 

different geological setting and group 5 a sample from several 

thousand kilometers away. The three groups separated out very 

well and group 1 was relatively homogeneous.· However, the 

apparent homogeneity of a group and the relative distance between 

two groups depended on the transformation used in the statisti­

cal analysis, as for example, the proximity of group 5 to group 

1 in Figure 19. In this connection it may be noted that . · 

although group 5 is close to group 1 in the CA of Figure 20, 

this similarity is destroyed when the third dimension is taken 

into account. Group 2 was made up of three samples from a 

single tuyere, which displayed a certain amount of variability 
of composition. Group 4 consisted of two small pipe fragments, 

not necessarily of the same pipe, and appear to have a close 

relationship with the group 1 source material. 

The specimens and artefacts of clay were confined to groups 6 
and 7. Group 6 represented a suite of pottery samples from ·a 
number of sites within the Brandberg Mountain. Group 7 consisted 

of two clay-like sediments from the same area. All the described 
methods of analysis showed that most of the group 6 and both 
group 7 samples formed a single cluster, but a few of group 6 

samples separated as outliers. Since the mountain was composed 
of uniform granite, the clays resulting from the weathering of 

the parent material reflected the same uniformity. The analyti­
cal results thus provided extra evidence that most of the pottery 
that was probably manufactured outside this area and was carried 
was manufactuied within the mountain area. The outliers of group 6 
represent pottery that was probably manufactured outside this area 

and was carried in either by people carryinp their possessions from 
site to site or as a result of a trade network. 
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CONCLUSIONS 

Several methods of multivariate analysis have been shown useful 

for characterisation of archaeological material. The different 

approaches result in similar groupings, even though different 
methods of elemental analysis were used and different elements 

were determined. It should, however, be noted that no method 

should be used in isolation because the various methods contri­

bute different aspects of statistical information. 

From an archaeological point of view the results showed that it 

was possible to distinguish a limited number of soapstone sources, 

while the close correspondence between the Brandberg clay source 

and most of the pottery samples indicated that the pottery 
was probably made in the area in which they 1\ere found. 



I 

C H A P T E R 7 
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The minerals of the osumulite group are hexagonal and orthorhom­
bic silicates of the general formula 

with A = Ba, Ca, K, Na 

B = Fet2 Li, l-1g ' Mn+ 2 Na, Sn, Ti, Zn, Zr , ' 
c = Al, Be, Li, Mg, Fe+ 3 Fe 

' z = Si, Al 

A violet mineral of gem quality was discovered at the Wessels 

mine in the Kalahari manganese field in 1973 and was subsequently 

identified [Ba 78] as being the mineral sogdianite. A recent 

re-examination of the material [Du 80] however, indicated that 

the original identification had been incorrect and that the 

mineral in question was sugilite. The formulae for the type 

material of sogdianite [Mu 76] and sugilite [Du 68] are: 

Sogdianite: 

(K1.1Nao.9) (Li2)(Lio. 6 1Fe;~ 2 Fe;~ 6 Alo. 2Tio.2)(Zro.aTio.2)Si12030 

Sugilite: 

(Ko.a1Nao.19) (Nao.64(H20)o.91) (Fe1.35Nao.s9Tio.06)(Li2.02Alo.s9 

Feo.2s)Si12030 

and both are members of the osumulite group of minerals with very 
similar and overlapping physical properties. A complete chemi­

cal analysis was thus needed for accurate identification. 

Because of the economic value of the gem material in question, 
non-d~structive techniques, such as the use of the electron 
microprobe, were used to determine the elements Z > 8 present. 

The results of previous analyses are summarised in Table 31. 

An important component, and one that had previously been 
calculated by difference, [Du 80], was lithium, which was not 
included in the Z > 8 elements that had been determined. 

Accordingly non-destructive nuclear methods using the spectrometry 
of prompt products, were applied to the determination of lithium. 
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Ref [Mu 76] 

Si02 71. 38 

Ti02 0.51 

A1203 2.97 

Fe203 12.76 

FeO 0.19 

MgO (a) 

Cao o.o 
MnO (a) 

K20 3.76 

Na20 4.37 

Li O 3.14 

(a) Not reported . 

(b) Detennined as total Fe 

(c) Detennined by difference 

Ref .{Ba 78] 

69.6 

o.o 
o.o 

13. 9 (b) 

(a) 

o.o 
o.o 
1.9 

4.7 

6.0 

3.9Cc) 

TABLE 31 Chemical composition of sugiiite mineral 

PROMPT ALPHA SPECTROMETRY 

Ref f Co 81) 

67.91 

0.01 

0.09 

15.16 

(a) 

0.82 

0.25 

0.92 

3.95 

5.77 

(a) 

The nuclear reaction 7Li(p,a) 4 He is highly exoergic with a Q-
value of 17 347 keV. Accordingly energetic alpha particles are 

emitted suitably for analytical spectrometry. Furthermore, because 

of the low coulomb barrier of lithium, the reaction can be in­

duced with relatively low energy protons. Accordingly, protons 

that are backscattered from the target can easily be stopped in 

an absorber of suitable thickness, but one which will still allow 

the alpha particles to penetrate with sufficient energy for 

spectrometry and for the determination of lithium [01 74]. 
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PIPPS 

At'proton energies above 2370 keV the nuclear reaction 7 Li(p,ny) 7 Be 

can occur with suf_ficient energy to produce the product nucleus 

in its first excited state, the decay of which proceeds through 

the emission of a 429-keV gamma-ray. From the survey (see page 

37) it is evident that at proton energies between 3500 and 6000 

keV, there are emitted two prompt gamma-rays of sufficient 

intensity, the 429-keV 7 Li n(l,O) and the 479-keV 7 Li p(l,0) 

gamma-rays, both of which are suitable for lithium analysis in 

thick samples. 

The present investigation describes the determination of lithium 

under proton bombardment using both alpha spectrometry and PIPPS. 

RESULTS AND DISCUSSION 

Because differences in the composition of the matrix of a standard 

and that of the sample under investigation cause differences in 

the ranges of the bombarding charged particle beams, corrections 

are usually applied, based on the stopping powers of the targets 

[Is 78a]. To obviate the need of such corrections, a simulated 

gem mineral matrix were prepared by mixing the appropriate weights 

of Si0 2, Fe 20 3 , NaCl and KBr in a Siebtechnik mill with a wide 

barrel and grinding stone, to approximat"e to the composition of 

the major components of the mineral. Components present in the 
original mineral in a concentration of less than 1% by mass were 
not taken into acc6unt because their affect on the stopping 
power for the proton beam was considered to be negligible. To 
finely ground portions of the simulated mineral, known weights of 

lithium carbonate were added and the mixtures again milled to 
attain optimal homogeneity. The standards covered a range of 

lithium concentrations, from 0.43 to 3.68% by mass as Li20. 
Finally, 3-5 pellets of each mixture were prepared under pressure 

in vacuum. 

SELECTION OF IRRADIATION CONDITIONS 

Calculations of the kinematics for the reactron 7 Li(p,a) 4 He showed 

that the energy of the product alpha particles did not vary appre~ 

ciably with proton energy over the range 250 to 5000 keV, as 

shown diagrammatically in Figure 21. 
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7Li 

Bombarding Proton Energy ( MeV) 

The variation of the prompt alpha particle energy 
with the proton bombarding enirgy calculated from the 
kinematics of the nuclear reaction 7 Li(p,a)~He and 
19F(p,a)l6o, 

Since the energy of the backscattered protons is directly 

proportional to the bombarding energy, and because protons 

penetrate the absorber material more readily than alpha. particles, 

an absorber selected to stop protons of more than 2000 keV, 

will also effectively absorb the prompt alpha particles. For 

prom~t alpha spectrometry, therefore, it would be advantageous 

to use the lowest convenient proton bombarding energy so as to 

be able to use the thinnest possible absorber. 

Preliminary tests had shown that the simulated mineral matrix 

contained traces of fluoride contamination. This impurity is 



204 

the most likely element to cause interference in the alpha 

spectrometric analysis for lithium through the nuclear 

reaction 19 F(p,a) 16 0 ~or which the Q-value is 8114 keV. The 

The variation in energy, of the prompt alpha particles 

from this reaction, with proton bombarding energy 
. .. . -

is also shown in Figure 21. Because thick targets would yield 

alpha particles covering a wider energy region below the maxi­

mum energy calculated by the kinematics, interference by fluo­

ride would best be minimised by the use of the lowest convenient 

proton energy too. 

For both these r~asons it was decided, for prompt alpha 

spectrometry, to irradiate with protons of 1000 keV, the lowest 

energy at which the accelerator could maintain a constant beam 

current. At this bombarding energy the 479-kev· 7Li p(l,O) 

gamma-ray could also be used for analysis by PIPPS to give a 

simultaneous, but independent duplicate result. 

At higher proton bombarding energies, the possibility of also 

using the 429-keV 7 Li n(l,O) gamma-ray became feasible. For 

this reason protons of 4500 keV were selected for the determina­

tion of lithium by PIPPS using both available gamna-rays. 

PROMPT ALPHA SPECTROMETRY 

Typical prompt alpha spectra obtained during bombardment with 

1000 keV protons are shown in Figure 22. The agreement in 

the shapes of the spectra, obtained from a thick target of a 

prepared lithium standard and that measured from the gem, is 

readily evident. Also shown in the figure is the spectrum 

obtained from a thin layer of calcium fluoride deposited on 

a r tantalum backing. A similar result was obtained from the 

simulated mineral containing no lithium, thus proving the 

presence of traces of fluoride impurity. 
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bombardment of 1000-keV protons and measured at 135° 

If the broad peak from lithium were integrated in toto, any 

fluoride impurity in the sample would cause interference.· 

However, under the ·conditions of the experiment the maximum 

count rate from lithium occurred at an energy well above that 

corresponding to the base of the leading edge of the peak 

representing fluoride. Accordingly the integrated count repre­

senting the lithium content was summed from this energy to the 

maximum energy of the peak representing lithium. 

Precision of alpha spectrometry 

Repeat and replicate analyses were carried out on both the 

standards and the gem in order to detect inhomogeneity. Repeat 

analyses on each target showed that the relative error was 

exactly that expected from the statistical errors of counting. 

Replicate analyses on different targets of the same material 

showed a relative standard error of about 2.2% which was accepted 
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as the precision of the method~ Includea in this value 

was the statistical errors of counting which amounted to about 

1%. It thus followed that all ta!gets were acceptably 

homogeneous. 

PIPPS 

The spectrum shown in Figure 23 was obtained during the irradiat­

ion of lithium standard with 1000 keV protons. The spectrum 

is dominated by the single intense peak corresponding to the 

479-keV 7 Li p(l,O) gamma-ray. At low energies two small peaks 

were identified as representing the 110-and 197-keV gamma-rays 

from fluorine-19, thereby confirming the presence of this 

impurity as indicated with alpha particle spectrometry of the 

blank. Similar spectra, but without any trace of peaks due to 

fluorine, were obtained from the gem. 

When 4500 keV protons were used the spectra from the standards 

and the gem indicated the presence of the 429-keV 7 Li n(l,O) 
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Ep= 1000 keV 

7Li 
p(1.0) 

479 
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CHANNEL NUMBER 

Prompt gamma-ray spectrum obtained during the 
irradiation of the lithium standard with 1000-keV 
protons. The presence of small amounts of flourine 
contamination is indicated. 
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gamma-ray that could not be excited at the lower bombarding 

energy. The spectrum (see Figure 24) also showed an intense 

peak due to sodium corresponding to the 439-keV 23 Na p(l,O) 

gamma-ray. Although this peak is seen to overlap the base 

of the 429-keV gamma-ray peak of lithium, the resolution of the 

detector was sufficient to separate the two and even the slight 

overlap could be stripped by a computer programme without 

affecting the precision of measurement. 

From a knowledge of the composition of the standards and the 

. gem and from the survey data it was deduced that the only gamma­

ray that could interfere with the use of the two lithium gamma­

rays for analysis, was the 477-keV 7 9Br n(9,3) gamma-ray, 

from bromine present in the standards. The intensity of this 

gamma-ray, observed in a blank after a long irradiation, was 

negligibly low at the concentration of bromine in the standard. 
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Prompt gamma-ray spectrum obtained from the 
irradiation of the gem mineral with 4500-keV 
protons. The presence of sodium, a known com­
ponent of the mineral, is clearly indicated. 
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CONCLUSION 

A summary of all the analytical re.sul ts obtained by the 

different methods is given in Table 32. The reported errors 

ref er to actual experimental errors from a number of different 

determinations. The weighted mean and the error on the weighted 

mean were calculated by the standard method [Ba 73]. The 

lithium content thus obtained was 3.72 ± 0.06% by mass as 

The relative precision was about 1.6%. 

TABLE 32 Analytical results of sugilite mineral 

Error 

Proton Energy Measured species % Li20 
by mass Absolute Relative % 

keV 

1000 Prompt alpha 3.76 0.20 2.8 

1000 E = 479 keV 3.42 0.20 5.9 y 
4500 E = 479 keV 3.77 0.11 2.9 

y 
4500 E y = 4Z9 keV 3.66 0.24 ' 6. 6 

Weighted mean 3. 72 0.06 1.6 



A P P E N D I X I 

ATLAS OF PROMPT GAMMA-RAY SPECTRA 
OF THE 77 STABLE NON-GASEOUS ELEME~!S 

ARRANGED IN ORDER .OF ATOMIC NUMBER 



....I 
w z z 
< 
:i: 
u 
er 
UJ 
a. 
Ill 
1-z 
5 
u 

0 200 300 

209 

l 

500 600 
CHANNEL NUMBER 

LITHIUM OXIDE 
Ep = 4MeV 

700 800 100'.J 



102 

_, 
w z 
:t 
::c 

101 u 
a:: 
w 0 200 400 600 
0.. 

Ul 
I-z 
:::> 

10 3 0 
u 

.. .. ······· ... - ....... . 

210 

800 1000 1200 

CHANNEL NUMBER 

BERYLLIUM 
Ep=4MeV 

1400 

9Be 
<X!j5g1 

1600 

.... A-.-- ... 
.. .. 

1800 2000 



_J 

w z 
z 
~ 
u 
er 
w 
Q_ 

If) 
>­z 
::J 
0 
u 

104 

1000 

104 

2000 

1100 

119 
p(l,O) 

2124 

2100 

1200 1300 

2200 2300 

109 
a(l,0) 

428 

1400 

2400 

1. 

2 11 

a• 
511 

1500 

2500 

119 
2124-me 
1613 

1600 

2600 

CHANNEL NUMBER 

BORON 
Ep =4MeV 

1700 1800 1900 2000 

2700 2800 2900 3000 



104 

10 3 

-' 
ig 103 

~ 
u 
0: 
lJJ a. 
(/) 

~ 102 
::::> 
0 
u 

101 

o• 
511 

2 12 

13c 
"fu~8J . · f\ .. 

M ••• •• 0 ••' 

CHANNEL NUMBER 

CARBON 
Ep :4MeV 



104 

'5N 
1(310) 

70 

213 

KAP TON 
Ep=4MeV 

10 2 l-~~~-1-~~~--l.~~~----'L--~~~_L_~~~-'-~~~---'~~~~-'-~~~-'-~~~--L~~~~'-
o 200 400 600 800 1000 1200 1400 1600 1800 2000 

10
1 ~~~~~~~~~~~~~'---~~~~~~~-'-~~~---'~~~~~~~~-<-~~~---'-~~~~'-
2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000 

t5N 

101 -~~ ----
···' .. . . . . -· ... : . . .= .: : .. - . - :': · .. - .: ... -·· .... -····· ..... - - -· 

10°L-~~~-1-~-'--~--l.~~~~L-~~~_L_~~~-'-~~~---'~~~~-'-~~~--'-~~~--L~~~~.1._ 
4000 4200 4400 4600 4800 5000 5200 5400 5600 5800 6000 

CHANNEL NUMBER 



_, 
"' z z 
<( 
J: 
u 

°' "' Q. 

<ll .... 
z 
=> 
0 
u 

105 

10' 

103 

102 

0 100 200 300 400 500 

103 

102 

214 

YTTERBIUM OXIDE 
Ep:4MeV 

700 800 

~l) 

900 1000 1100 1200 

·..;,.;_ -~· '•C•, .,,.,., '>,·.• • .OJ:~.,., ··-"''' ,.,,. •,;• ~·· ··~·.;· .. ' . ·;. 'v. •, •''_ .; ·...::.• ·' -~ ;_•: ;.;,:.;.-.;,_.;,:,_:_.;~.'.',, ·,', ,,,.,;.-.:: :'··,:: 
101 : . • ''.:-/~:.~·;::;;.\-:.:~> 

1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400 
CHANNEL NUMBER 



_J 

UJ . z z 
<( 
::c 
u 
a: 
UJ 
a. 
lf) 
I-
z 
:::J 
0 
u 

104 

1D3 
0 200 1.00 600 800 

t. 
2200 2.t.00 2600 2800 

21 s 

1000 1200 

30CO 3200 

GADOLINIUM FLUORIDE 
Ep :4MeV 

11.00 '600 

31.00 3600 

10 11 

1800 2000 

3800 

12 

(: __________ /~~ 
l(pll..,.,.-~----~~~~--~----~--

t.t.00 t.600 500) 5200 St.OD 5600 5800 6000 

CHANNEL NUMBER 

_Ey. 

Peak kcV Assignment , 110 19 F p(l ,O) 

2 197 l 9 F p(2,0) 

3 1236 19 F p(3, 1) 

4 1261 19 p p(4,2) 

s 1346 l 9p p(3,0) 

1349 19 F p(4,1) 

6 1356 19 F p(S,2) 

7 1444 19p p(S, 1) 

8 1457 I 9 F p(4 ,O) 

9 1554 l9p p ( s, 0) 

10 6130 19 F a(2,0) 

11 6720 19 F a(3,0) 

12 7117 19 F a(4,0) 



103 

...J 
w z z 0 <( 
I 
u 
a: 
w a. 
Cf) 
I-z 
:J 

10' 0 
u 

103 -. 

1000 

100 

23Na-m 
1128 e 

200 300 

23Na 
p(l,0) 

440 

400 

23Na 
35Cl 1(1.0) 
1219 1369 

•· •. _ •.• _-·.-... .. ·-,·-_...,,_ .. ,.:._..A,,...;~· ... -.. .-~,.,;,,~-....·-·:-.···.;-' 
__ ., ___________________ ]\__ ·-- _____ _ 

llOO 1200 1300 1400 

216 

o• 
511 

23Na-2m 
614 e 

SODIUM CHLORIDE 
Ep = 4MeV 

- :.....,._.....,._,_.,,,-,..;-\,..,._. __ .... ,,.._ .... ,_ ..... A.:.-..... .;..~ .. -..... __ ..,_~-.... /-·-........ .,.,.~ ... ~ ....... ------~.,.,-

500 

1500 

600 

·-••. -:.· .·.··-.._c··: 

23Na 
p(2,1) 

1637 
23tJa 

a(l,O) 
1634 

1600 

CHANNEL NUMBER 

700 800 

35ct 
1763 

"""'..,-... _,,.,,. ... -...~~:".-:. ..... '.':.~~~-.:: 

900 1000 



_, 
w z z 
<( 
:c 

10 

104 

~ 104 

w 
0.. 

Ill .... 

8~ 103 

102 

101 

1100 1200 1300 1400 

Peak 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

217 

'lroO 1700 

MAGNESIUM HYDROXIDE 
Ep= 4MeV 

Al 
177 

1800 

11 . 

CHANNEL NUMBER 

Ey 

-keV Assignment 

390 25 Mg p(2, 1) 

440 26 Mg-a(1,0) 

585 2 SMg p(l,O) 

844 2 6Mg y(l,O) 

975 2sMg p(2,0) 

990 2sMg p(4,2) 

1014 26Mg y(2,0) 

1369 . 2 4Mg p(l,O) 

1369 2 6Mg y(3, 1) 

1612 2 sMg p(3,0) 

1637 2 6Mg a(2, 1) 

1809 2 'Mg p ( 1, 0) 

1965 2sMg p(4,0) 

1979 2sMg p(S,1) 

2210 26Mg y(3,0) 

12 13 14 

A .· ··.· 

2000 2100 2200 



_J 

w z 

10' 

0 

10' 

~ 1D3-. 
I 
u 
er 
w 
a. 
<fl ,_ 

218 

100 200 300 500 

8 

600 

ALUMINIUM 
Ep = 4MeV 

700 

11 

---~~ A ~ --~ " 
. . . .. -.- . -~-,,_~.,,,..,, .,_,,.----:--:> '""-.....,._,....,_ _ _,,,_<• •. ,,,_._v,,_,~,,.:-"'' 

5 

800 900 

B llD'L~~~noo'--~~-1~200=-=-~~~1300~~~-:-:'11.00':-::-~~-E00==,--~--,,1600:=.:-~~--::1700:::::-~~~1800~,--~--;axi==~~ 
u 

10' 

12 

13 

i/'!; ;•/\;;i,>t',;C,/: :;-:.;_:,, ·:'<o; ,• ~:::~/; ••: ..... · .. _ .. 
. . .. ···- ···-· .... -· .. 

14 

___ -_-A 
·.,:r~ ·: ··. 
·' 

. ........ -. ··-- .. .. . . .. . 

2000 2100 2200 Z300 21.00 BJO 2600 ZlOO 2800 2900 . 3000 
CHANNEL NUMBER 

Ey 
Peak keV Assignment 

171 27Al p(Z,1) 
2 720 21Al p(6,1) 
3 754 21Al - .2me 
4 844 r. 7 Al p( 1 ,0) 
s 1015 21Al p(Z,O) 
6 1196 27Al p(3,2) 
7 1268 27Al - me 
8 1367 21Al p(3' 1) 
9 1699 21Al - me 

10 1720 27Al p ( 4 '2) 
11 1779 21Al y ( 1, O) 
12 2210 21Al p(3,0) 
13 2735 21Al p(4,0) 
14 2982 21Al p(S,O) 



102 

0 

105 

101 

1000 

219 

100 200 300 400 500 600 

2oa11 
2615 

700 800 900 1000 

285j 

Pit~~ 

100,";;n-~~-;;b,,,,--~--,.~,.--~""""~~~,,..,,,.,,.--~-,,.,...,,...--~...,,.,,~~~-,,,,1,~~--~;:--~-;;.,~~~"""*-= 
2000 2100 2200 2 240 5 2600 llOO 2800 2900 3000 

CHANNEL NUMBER 



...J 
w z z 
q: 
:x: 
u 
a:: 
w 
o._ 

<fl 
I-z 
::::> 
0 
u 

10' 

103 
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X-RAYS 
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DO 
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101 

1200 

Peak 

1 
2 
3 
4 
5 
6 
7 

8 

9 

10 

200 

13'.JO 

Ey 

keV Assignment 

158 19 9Hg p(l,O) 
208 199Hg p(2,0) 
248 19 9f·lg p(S,2) 
285 19 9Hg p(6,2) 
315 2 o 211g n(Z,O) 
331 2 o lHg n(1,0) 
351 202Hg n(3,0) 
364 202Hg y ( 4, O) 
367 t9BHg y(l ,O) 
367 l99Hg n(l ,0) 
368 2 0 OHg p( 1,0) 
386 t96Hg y ( 1. 0) 
412 19BHg p(l ,O) 

220 

500 600 

MERCUROUS PHOSPHATE 
Ep= 4MeV 

700 800 900 1000 noo 

31p 
1(10) 

lip 31p 

1600 1700 1800 1900 2000 2100 2200 

CHANNEL NUMBER 

Ey 

Peak keV Assignment 

11 426 t9&Hg p(l,O) 
12 440 202Hg p(1,0) 
13 491 202Hg p(4,0) 

491 2 o 2Hg n(4,0) 
14 543 . 2 o JHg p{4,0) 
15 579 2 0 OHg p(2,1) 
16 588 2 o 1Hg n(3,1) 
17 608 196Hg y(Z,O) 

611 l96Hg p(2,1) 
18 787 2 02Hg y(4,1) 
19 1029 200Hg p(3,0) 
20 1121 199Hg n(3,0) 



104 

103 

11 

101 

Peak 

2 
3 
4 

s 
6 
7 

8 

9 
10 
11 
12 

13 

13 

A .·. 
.......... 

221 

2089j 
2614 

CHANNEL NUMBER 

-Ey 

keV Assignment 

346 335 p(3,2) 
811 325 y(l ,O) 

841 335 p(l,O) 

1107 365 et(l ,O) 

1208 325 - 2me 
14 72 335 p(3,1) 
1543 325 p(Z,1) 

1719 3 2 5 - me 
1787 3 4 5 p(3, 1) 
1966 335 p(2,0) 
2127 '4 5 p{l,O) 

2229 325 p(4,1) 
2230 325 p ( 1 • 0) 
2313 ns p(3,0) 

SULPHUR 
Ep= <'tMeV 
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0 ()0 200 300 400 

104 

2200 23XJ 2500 2600 

222 

500 600 

T/00 .2800 
CHANNEL NUMBER 

BARIUM CHLORIDE 
Ep= 4MeV 

BOO 

2900 300) 

900 1100 

3100 3200 3300 



Pea~ 

2 
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5 
6 
7 

8 
9 

10 
11 
12 
13 
14 

15 

223 

POTASSIUM BROMIDE 
Ep = 4 MeV 

5 41 41K 41K 
2 3 6 K 41K p(31) D(41) 

7 Plf6~ p(6.2) 41K 
19 

si.lo. 602 
+ 9 383 + + + ,,_ JJ\ 11 +0(7.2) 16 13+ 23 24 
8 10 14 404 511 2 

41K 
. ~ . ..1,i

3 
A 15 ~ 17 A2P 22 \~ p(71) 27 "K 

"\v-JlA...~ .. )Vl1..,,,:f\A2JJ\ . 69~ A p(l,0) 
: .-~.: ........... />··.-· ,. 28 980 ,...... ... ""~ ... ...,.,,.,,.,.. , ,,_, A 

~"'-•;I"'\ 

. ' ·:,.,_.,,•;\,::\•::.b..,,, ... :.,--'./. • 

CHANNEL NUMBER 

Ey Ey 
keV Assignment Peak keV Assignment 

111 79Br n(6,4) 16 445 s1Br n(8,3) 
130 79Br n(l,O) 446 e I Br n(S,l) 
144 79Br n ( 4, 2) 17 457 e I Br n(2,0) 
14 7 79Br n(2,0) 18 477 79Br n(9,3) 
161 '9Br n(4,1) 19 511 e1Br n(6,1) 
183 79Br n(3,0) 512 79Br n(12,3) 
190 e 1Br n(1,0) 513 79Br n(9,2) 
217 79Br p(2,0) 20 523 79Br p(6,0) 
219 79Br n(6,3) 21 537 8 I flr 11(8,Z) 
262 '9Br p(3,0) 538 e I Br p ( 3, 0) 
276 81Br p( 1 ,O) 22 549 e lBr n(3,0) 
276 79Br n(9,5) 23 569 e1Br n(9,2) 
303 '9 Br n(7,2) 24 605 79Br p(7,0) 
306 '9Br p ( 4. 0) 608 a1Br n(4,0) 
320 19.Br n(7,1) ZS 616 79 Br y(1,0} 
351 79Br n(8,3) 26 695 79Br n(12,0) 
384 79Br n(S,O) 27 729 e 1 Br n(7,1) 
385 79Br n(l0,4) 28 835 e1Br n (9, 1) 
402 79Br n(6,0) 837 e 1Br p(7,0) 

29 1107 e1Br n(10,0) 



224 

104 

1a2 

CALCIUM HYDROXIDE 
Ep= 4MeV 

11 

.. .A.. 

o.__~~~'--~~~'--~~--''--~~--''"-~~--'~~~__.~~~-'-~~~--'-~~~-'-~·~~_._-
1000 1100 1200 1400 1600 1700 1900 2000 

CHANNEL NUMBER 

Ey 

Peak keV Assignment 

121 "sea n(2,1) 

2 131 "8Ca n ( 1, I)) 

3 37 3 "
3 Ca p ( 1. 0) 

376 ""Ca y(2,0) 
4 397 "

3 Ca p(3,2) 
5 520 ... 8 Ca n(4,3) 

6 593 43 Ca p(2,0) 
7 729 "3Ca n(S, 1) 

8 787 .. 0ca p(6,3) 
9 1157 ""Ca p(l ,O) 

10 1525 "
2 Ca p ( 1, O) 

11 1811 .. 8Ca n(S,2) 



t05 
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UJ z z 
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u 
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Pea.k 

1 

2 

3 

4 

5 

6 

7 
8 

9 

10 

11 
12 

13 

14 

15 
16 

100 200 

Ey 

keV 

293 

34 7 
364 

377 
415 

425 
432 

459 

531 
54 3 

597 

689 
. 692 

707 

i20 

760 
889 
890 

225 

SCANDIUM 

3 
Ep = 4MeV 

[J+ 9 

511~0 14 

2 4~5 7 8 .: ~ 16 19 

..A__ .. 12 A ~8 ' 11 ........ " I\ 13 
' ~ n ~ "- ---~- , a~! alb 11 

·-..--....~, . A 
""-' ... ~ --:J\..-.J<- ,..:,;. 

300 400 500 600 700 800 900 1000 

CHANNEL NUMBER 

Ey 

Assigf1ment Peak keV Assig~ 

45Sc n(3, 1) 17 927 "ssc p(5,0). 
4ssc p(7,4) 18 962 4 s Sc p(6,1) 

"
5 Sc p (2' 1) 19 974 4ssc p(6,0) 

4Ssc p(2,0) 20 - 1033 4SSc p(10,2) 
4ssc n(4,2) 21 1056 .. 5 Sc p(16,6) 
4ssc p(13,8) 22 112 1 "ssc y(2,1) 
4ssc p(6' 3) 23 1237 .. 5Sc p(8,0) 
.. 5 Sc p(11,6) 24 1290 .. 5Sc p(9,0) 
.. 5 Sc p(3,1) 25 1409 "ssc p(lO,O) 
.. 5Sc p(3,0) 26 14 34 4 s Sc p(ll,O) 
4ssc p(15,11) 27 1525 .. 5Sc a(l,O) 
4ssc p(10,4) 28 1662 .. 5Sc p(13,0) 
11 5Sc p(7,2) 29 1788 .. 5Sc p(14, 1) 
4ssc 11(4,1) 30 1800 .. 5Sc p(14,0) 
4ssc p ( 4 '0) 31 1837 "ssc a(2,0) 
"ssc p(9,3) 32 1936 "

5 Sc p(lS,O) 
.. 5Sc y(l,O) 

" 5Sc y(1,0) 



ul 103 
z z 
<f 
:i: 
u 
0:: 
w 
a. 
Vl 

'.Z 104 
:l 
0 
u 

1000 

Ey 

Peak keV 
88 
88 
90 

90 

2 94 
98 

3 152 
1 52 

152 
4 159 

160 
5 204 

6 210 

7 226 
227 

8 308 
308 

9 320 
320 

10 354 
1 l 368 

12 393 

393 

13 54 3 
14 595 

595 

4 

7 

1100 1200 1300 

As~ignmeilt Peak 
" 7Ti n(l,O) 15 

"
6 Ti y(l,O) 

"9Ti n ( 1, 0) 
"aTi y(l,O) 16 
5 OTi n(2,I) 1 7 

"
8 Ti n ( 4, 2) 18 

"
9 Ti n(2,0) 19 

"
6 Ti y(2,0) 

"
8 Ti y(2,0) 20 

"
7 Ti p ( 1. 0) 21 

"
9 Ti p(2, 1) 

"
9 T i p(3, 1) 

" 7Ti y(3,1) 22 
5 OTi n(l,O) 

"9Ti a(l ,O) 23 

"
8 Ti n(l ,0) 

"
7 Ti y(l,0) 

SOTi y(l,O) 24 
SOTi JI ( 2, 0) 

"
8 Ti a(Z,1) 25 

.. 8 Ti a(2,0) 26 

"
8 Ti y ( 5. 3) 27 

"
9 'fi n(S,3) 

.. 8 Ti a(3,0) 28 

"
9 Ti n(3,2) 

"
8
Ti y(3,2) 29 

226 

1400 1500 1600 

CHANNEL NUMBER 

Ey 

keV Assignment --
657 "

8 Ti ·,(3,1) 

657 "
9 Ti n(3,1) 

661 "
6 Ti y(4,0) 

748 "
8 Ti y(3,0) 

774 5 OTi a( 1,0) 
889 "&Ti p(l,O) 
928 "

8 Ti p(4,2) 
929 sori y(2,0) 
945 .. 8 Ti p(5,2) 

984 .. 8 Ti y(5,2) 

984 11 8 Ti p(l,O) 

986 "
9 Ti n(5,2) 

1021 .. 8 Ti y{4,0) 
1021 "

9 Ti n(4,0) 

1049 ".
6 Ti p(5,2) 

1049 "~Ti n(5, 1) 

1049 .. 8 Ti y(5,1) 
1065 "

8 Ti p(7,2) 
1065 "

9 Ti n(6, 1) 
1092 " 7Ti p(2,1) 
1121 "

6 Ti p(Z, 1) 
1140 .. 8 Ti y(5,0) 
1140 ~ 9 Ti n(S,O) 
1155 .. 8 Tl y(6,0) 
115 5 "

9 Ti n(6,0) 
1312 "

8 Ti p(Z,1) 

TITANIUM 
Ep= 4MeV 

1700 

Peak 
30 

31 

32 

33 
34 

35 

36 
37 

38 

39 

40 
4 I 

42 

43 
44 

21 

1000 

1800 1900 2000 

Ey 

kcV .Assignment 
1361 ~ "~Ti n(i ,2) 

1361 "
9 Ti y(7,2) 

1394 "
7 Ti p(4,1) 

1424 "
8 Ti y(7,1) 

1424 "
9 Ti n(7,1) 

1438 .. 8 Ti p(3,1) 

1491 .. 8•fi y(8,2) 
1491 ... 6 Ti n(8,2) 

1492 5 OTi y(3, 1) 
1509 "

8 Ti y(9,2) 

1512 4 gTi n(7,C.l) 

1512 .. 8 Ti y(7,0) 

1512 "
9 Ti n(8,1) 

1542 "
9 Ti p(2,0) 

1553 "
8 Ti y(8, 1) 

1554 5 O'fi p( 1,0) 
1510· "

6Ti p(11,2) 
157 1 "

9 Ti n(l0,1) 
1571 .. 8 Ti y(l0,1) 

1601 '•7Ti n(9,2J 
1602 .. an n(S,O) 

1602 .. 9•fi y(8,0) 

1623 ~9 Ti p(4,0) 

1762 "
9 Ti p(6,0) 

1796 .. a Ti y(ll,0) 

1841 HTi 'Y(1Z, 1) 

19G3 I> r.·r i y(12,0) 
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101 

1000 

227 

VANADIUM Sly 
Sly Ep= 4MeV p(2.;.1l 

s1y p(1~0l n(4.1l 

'v P. 
3
"- 421 11'.31 016.4) p• "~;.; 

, s(~3l n(5j_.3l 3£0 s1iJ\605 

'"''°' 511 '\ ~~~ -------_,_, '-.-.,; ~ 

1100 

Sly 

n(3,0l 
1165 

_J_ __ -:;1300 
1200 1400 1500 

_ _J_ __ 700 
600 

1600 1700 
CHANNEL NUMBER 

800 900 

1800 1900 

Sly 

n(8,0l 
2002 

2000 



10~ -
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104 

1 2 
.J\..-----A... 3 I ..... ...._'"""- ... 

""-.·.JI.. 5 -... ·--··-.•.. -... ,...., 

1000 1100 1200 1300 1400 

102 

10° 
2000 2100 2200 2300 2400 

Ey 

Pe.31< keV Assignment 

SS 5 ~er n(l,0) 

SS 5 3Cr Y(l,O) 
2 1S4 s 2Cr a(2~0) 

1S6 5 \Cr n ( 2, 0) 

1S6 s Jcr y(2,0)· 

3 211 5 ~Cr n(3,2) 

211 5 3Cr y{3,2) 
4 250 5 ~Cr n(4,2) 

2S 0 5 'er y(4 ,2) 

5 353 s 3Cr Y{4,1) 
6 378 5 'er n ( 1, O) 

378 s 2er Y{l,O) 
7 406 5 ~Cr n(4,0) 

40 (, 5 'er Y{4,0) 
8 564 5 3Cr p ( 1. 0) 

9 783 soc r p(l,O) 

10 839 .~~Cr n(5,0) 

839 5 !Cr Y{S,O) 

11 854 5 ~Cr n(6,2) 
854 

53Cr Y(6,2) 

12 911 5 3 C r n{2,1) 
g 12. l 2Cr y(2,1) 

13 935 s2cr p(2,1) 

228 

22 

1500 1600 

2500 2600 
CHANNEL NUMBER 

Ey 
Peak keV 

14 955 
95S 

1S 1006 

16 1116 

17 1213' 

18 1288 

1288 
19 1332 

1335 
20 1375 
21 1400 

22 1434 
1440 

23 1619 
24 1894 

1894 
25 2194 

2194 
26 2274 

2274 

27 2405 
2405 

CHROMIUM 
Ep= 4McV 

1700 

2700 

1800 1900 2000 

2800 2900 3000 

Assignment 

5 ~er n{6,1) 
s3cr y{6,1) 
5 3Cr p(Z,O) 
s'cr n(6,2) 
s 2cr p{3,1) 
53 Cr n(2,0) 
s 2cr y{2,0) 
ncr p{4,1) 
53 Cr y(8,1) 
53 Cr y{7,0) 
s1cr y(9,1) 
52 er p( 1,0) 
53 er n{3,0) 
5 'er n{4,0) 
53 Cr n{5,1) 
s2cr y(5,1) 
s1cr n(7,1) 
s 2 Cr y{?,I) 
s ,er y(S,O) 
s1cr n{S,O) 
53 Cr n{6,0) 
52 Cr y{6,0) 



la3 

0 

SS Mn 
p(lO 

1 

100 200 300 

ssMn 
n(l,O) 

412 

229 

SSMn 
n{4,2) 

477 

MANGANESE 
Ep = 4MeV ~n 

1(1,0) 
5o;.. 047 
-Mn 55Mn + S"'-· 

. n(8,4) n(? 3) J -Mn 
803 828 p(2,1) 
"" . 858 

""' 2fa 

55t.1n 
~) 

p+~ 
5lln<2.B 

\ 521 :'-..._ . :" \ 041 I 
-~ --~· .... '.. A ~·A -.,,,_.juvV\ ._ . .._-.--.-

400 500 600 700 800 900 

CHANNEL NUMBER 

1000 
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103 1014 

1000 

Peak 

2 
:s 

4 
s 

6 

7 
8 

9 

10 

11 

100 

1100 

200 300 

17 

1200 1300 

Ey 

keV Assignment 

112 57 Fe y(3,0) 

112 58 Fe n(3,0) 
123 5 7 Fe p ( 2, 1) 

127 s 6 Fe y(3,2) 
127 s 7Fe n(3,2) 
352 s1Fe p(3, 1) 

366 s1Fe y ( 4, 0) 
366 safe n(4 ,0) 
367 s.1Fe p(3,0) 
380 56Fe y(S,2) 
380 s1Fe n(S,2) 
412 5 ~Fe p(4, 2) 
466 s 6 Fe Y(4,1) 
466 s1Fe n(4,1) 
673 s 6 Fe y(6, 1) 

673 s1Fe n(6, 1) 

692 5 "'Fe p(4,1) 
812 s a ~:e p(l ,O) 

230 

IRON 
Ep= 4 MeV 12 

400 500 600 700 800 900 1000 

1400 1500 1600 1700 1800 1900 2000 

CHANNEL NUMBER 

Ey 

Peak keV Assignment 

12 847 s'Fe p(l,O) 

13 970 5 'Fe n(4 ,O) 

14 1224 s &Fe y ( 1J0) 
1224 s1Fe n( 1 ,O) 

15 12 38 si;Fe p(2,1) 
16 1328 ssFe a(4,2) 
17 1377 s6Fe y(2,0) 

1377 51 Fe n(2 ,O) 
18 1408 HFe p(l,O) 

19 1757 s6Fe y(S ,0) 
1757 s1Fe n(S,O) 

20 18 lO S6pe p(3,1) 

21 1897 56 Fe y(6,0) 
1897 s1Fe n(6,0) 

zz 1918 S7Fe n(7,0) 
1919 56 Fe y(7,0) 

23 2111 5 6 Fe p(4,1) 
24 2133 s 6Fe "( ( 8, 0) 

2133 57 Fe n(8,0) 
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COBALT 
Ep:4MeV 

~ m ~ ~ ~ ~ ~ ~ ~ ~ 

CHANNEL NUMBER 

F.y Ey 

Peak keV Assignment Peak keV Assignment 

197 59 Co p(3, 1) 15 1291 59 Co p(3,0) 

2 312 sgco n(4,3) 16 130 l s9co n(S,O) 

3 339 s9co n ( 1 , O) 17 1332 sgco y(l,O) 

4 430 s g Co n(8,5) 18 1337 s9co n(6,l) 

5 465 s 9Co n(Z,O) 19 1432 s9cv p(4,0) 

6 760 s 9 Co n(11,4) 20 1461 53 Co p(S,O) 

7 826 s9co y(Z, 1) 21 1480 Hco p(6,0) 

8 842 s 9Co a(t,O) 22 1608 s'co n(ll,1) 

9 878 s g Co n(3,0) 23 1680 ssco n(7,0) 

10 997 s9co n{S, 1) 24 1735 ssco n(S ,O) 

1 l 1099 sgco p ( l, O) 25 1746 s'co n(9,0) 

12 1173 s 9 Co y(3, 1) 26 1773 ssco a(9,2) 

13 1189 s 9Co n(4 ,0) 27 1778 59 Co n(10,0) 

1190 s s Co p(Z,O) 28 1948 59 Co n ( 11 , 0) 

14 1272 ssco n(S,2) 
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10 3 

.J 10 4 

UJ z z 
<( 
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u 
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UJ a.. 
<fl 103 
1-z 
:J 
0 
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102 

101 

Ey 

Peak ~ 

53 
2 59 

3 111 

4 14 7 

5 159 

6 185 

7 197 
8 265 
9 274 

10 313 
11 341 

12 349 

13 37 3 
14 423 
1 s 477 

16 491 

17 588 

18 659 

19 669 

232 

33 

31 

··,.· 32 
·"'.'•:/.)\.·:-_ ·-·, .. _. 

.. 

CHANNEL NUMBER 

Assignment Peak 
61 Ni a(l,O) 20 
6 i Ni a(3,2) 21 
G1Ni cx(3,0) 22 
62Ni n ( 4, 2) 23 
6 ~Ni n ( 1 , 0) 
6 ~Ni n(3, 1) 24 
&2Ni cx(Z,1) ZS 
G!Ni n(S,4) 26 
6 ~Ni n(2,0) 27 
&1Ni cx(4,2) 28 
&2Ni a(4,1) 29 
&2Ni n(4,1) 30 
&1Ni p ( 3. 2) 31 
SBNi y(Z,1) 32 
&1Ni n(l ,O) 33 
seNi y(l ,O) 34 
61Ni p(3, 1) 35 
61Ni p{3,0) 36 
"Ni y ( 1, O) 

Ey 

keV 

750 

771 
826 
870 

873 
914 
961 
970 

1027 
1173 
1314 

1321 
1333 
1412 
1454 
154 7 
1640 
1774 

NICKEL 
Ep=4MeV 

Assignment 

GiNi p(6,3) 
6 ~Ni y( 1 ,0) 
& o Ni p(2, 1) 
&2Ni p(Z, 1) 
6 1Ni n(3,1) 
SBNi y(Z,O) 
62Ni y(Z,O) 
6 ON i y(2,0) 
'~Ni p(l,0) 
6 2 Ni p(l,O) 
61Ni n(3,0) 
$ 8 Ni p(3,1) 
&oNi p(l,O) 
G 2Ni y(4,0) 
5 BNi p(l ,O) 
62Ni y(S,O) 
&1Ni y(S,0) 
soNi y(6, 1) 



~~-:--

Ey 

Peak keV Assignment Peak 
54 . 05 Cu n(l,O) 21 

SS 63Cu n(2, 1) 

2 11 s 6scu n(2,0) 22 

3 153 6 scu n(3, 1) 23 
4 194 & 3Cu n(l,O) 24 
5 201 "

5 Cu n(8,6) 25 

6 207 6 scu n(3,0) 26 
7 249 &3cu n(2,0) 
8 365 & 3 Cu p(3, 1) 27 

369 &scu p(3, 1) 28 

9 450 &3cu p(4,2) 29 
10 4 84 Gscu n(9,4) 30 
11 509 65 Cu p(4,2) 31 
12 585 63Cu p(5,2) 32 
13 611 escu p(5,2) 33 
14 639 &3cu n ( 4, 0) 34 

15 652 &scu n(5,0) 
654 65 Cu n(4,2) 

16 670 sscu p(l,O) 35 

17 703 5 scu n(6,3) 
18 715 &sr.u n(4,1) 36 
19 742 &3Cu p(4, 1) 

20 752 5 scu n(5,4) 37 
754 ncu p(9,3) 38 

233 

CHANNEL NUMBER 

Ey 

keV Assignment 
769 Gscu n(4,0) 

771 6 scu p( 1 ,0) 
795 65 Cu n(6,2) 

808 63Cu y(2,1) 
831 &Jcu a(2,1) 
840 6 s Cu a(2,1) 
852 Gscu p(4,1) 
856 5 scu n(7,1) 
865 6 scu n(5,0) 
899 63eu p(6,2) 

910 &seu n(6,0) 
932 65 Cu n(8, 2) 
962 63 Cu'p(Z,O) 
992 &3Cu y(l ,O) 

1{l39 5 scu y(l,O) 
1048 oscu n(S,O) 
1048 'scu n(10,3) 
1049 &3eu p(7,2) 
1114 6 seu p(Z,O) 
1119 &3cu p(9,2) 
113 7 &scu n(12,3) 
1138 65 eu n(10,2) 
1174 sseu a(l ,O) 
1177 ,,Cu a(4,1) 

COPPER 
Ep= 4MeV 

Peak 
39 
4() 
41 

42 
43 
44 
45 

46 
47 
48 
49 
50 

51 
52 
53 
54 
55 
56 
57 
58 

Ey 

keV 

1229 

1254 
1263 

1264 
1310 

1327 
1329 
1343 
1344 
1355 
1370 
1412 
1463 
1470 
1473 
1523 
1547 

1577 
1588 
1623 
1725 

1799 
1861 

Assignment 
oscu n(12,2) 
65 Cu n(13,2) 
65 Cu n(4,3) 
5 scu n(11,0) 

'
1Cu y(.l,1) 

63 eu p(3,0) 
&3cu a(1,0) 
°'Cu p(7,1) 
oscu n(12,0) 
65 Cu n(14,2) 
5 scu n(13,0) 
63 Cu p(4,0) 
&3Cu a(5, 1) 
6 seu 11( 1~ ,O) 
65 Cu n(16,2) 
65 eu n(15,1) 
&3cu p(5,0) 
oscu n(15,0) 
sseu n(16,0) 
65 eu p(4,0) 
65 Cu p(S,O) 
65 Cu -y(2,0) 
"Cu p(6 ,0) 
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Peak 

2 

3 
4 
5 
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Ey 

keV 

169 
169 
175 
175 
185 
193 
237 
320 
321 
321 

324 
360 
508 
574 
578 

100 200 300 

1100 1200 1300 

Assignment Peak 

66zn y(1,0) 10 
67zn n(1,0) 11 
s1zn y(l,O) 12 
sezn n(1,0) 13 
6'zn p(2,0) 14 
s 4'zn y ( 1 • 0) 
s a Zn y ( 5' 3) 15 
6 e Zn y ( 1. 0) 16 
sezn n(5,1) 17 
67zn ~ (5, 1) 18 

s1zn y(2,0) 19 
6 'zn n(2, 0) 20 
1ozn n(l ,O) 
sezn y(Z,O) 21 
6ezn p(2, 1) 22 

234 

ZINC 
Ep= 4MeV 

400 500 600 700 800 900 1000 

1400 1500 1600 1700 1800 1900 2000 

CHANNEL NUMBER 

Ey Ey 
keV_ Assignment Peak gy_ Assignment 

585 6azn n(S,O) 23 1053 61zn n(6,2) 
651 1ozn n(2,0) 24 1077 6ozn p(l,O) 
691 1ozn n(3,0) 25 1107 Gszn y(5,0) 
710 6ezn y(4, 1) 1107 7ozn y(7' O) 
807 sszn p(3,1) 26 1160 G1zn n(7,2) 
809 64zn p(2,l) 27 1196 61zn n(8,2) 
8Z8 s 'Zn n(3,0) 28 1202 s'zn n(S,O) 
834 sszn p(2,1) 29 1206 6 e Zn y ( 7. 1) 
843 ' 1 Zn n(S, 2) 30 1333 sszn p(3,1) 
871 s1zn p(S ,0) 1335 sezn y(6,0) 
871 sszn y(3,0) 31 1412 66 Zn p(4. 1) 
888 s1zn p(6,0) 1413 61zn n(6,0) 
910 1ozn y(5,0) 32 1555 67 Zn n ( 8, O) 
911 . s1zn n(4,0) 
992 64 Zn p(1 ,0) 

1039 66zn p ( 1. 0) 



4 

1100 1200 1300 

Ey 
Peak keV Assignment 

87 6 9 Ga n ( 1, 0) 

2 113 11 Ga y(8,6) 

3 143 TtGa y(2,1) 
146 & 9 Ga n(2,1) 

4 1 76 6 9 Ga y(2,1) 

s 233 & sGa n(2 ,0) 
6 Z4-7 69Ga p(13,9) 

7 287 69 Ga n(3,2) 
8 307 & 9 Ga p(6,4) 

9 318 & 9Ga p(1,0) 

10 374 6 9 Ga n(3,0) 

11 390 11Ga· p(1,0) 

12 398 & g Ga n(4,0) 
13 500 6 9Ga. p(7 ,4) 

14 512 71Ga p(3,0) 
15 521 11 Ga p(4,1) 

16 532 &9Ga p(5,2) 

17 5 74 &9Ga p(Z,O) 

235 

14 
o· 

7 ~1 

GALLIUM 
Ep = 4MeV 

9 11 131 a JJlo 12 j 11 2}.1 
'"""'- 15 

22 
• 27At 34 

-- . A~~ . 2p 2! A 23 24 25 2t 27 29 2'/Al 101~ · '-'-"\v.J\,-f'/\ A A,11. J""-.. '/.. 7,8 980 \ 
¥</ '-...,.....; "~ '-' . "'" Vl...,~~,}V..,.R .. t 

1400 1500 1600 1700 .1000 1900 2000 
CHANNEL NUMBER 

Ey Ey 

Peak keV Assignment Peak keV Assignment 

18 596 't Ga p(6,3) 34 1040 &9Ga y(l,O) 

19 620 '1Ga p(6,2) 35 1099 & 9 Ga y(ll,3) 

20 668 &9Ga y(3,1) 36 1106 6 9Ga p(S,O) 

21 691 71Ga y(l,O) 37 111 3 & 9 Ga y(4,1) 

22 708 & 9 Ga p(4,1) 38 1140 &9Ga y(6, 1) 

23 744 & 9 Ga y ( g' 3) 39 1182 69Ga n(13,Z) 

24 786 'tGa y(8,4) 40 1208 69Ga p(7,1) 

788 &9Ga p(5,1) 41 1216 & 9Ga y(Z,O) 

25 ~12 G9Ga n(5,0) 42 1230 ''Ga y(S,2) 

26 834 'tGa y(2,0) 43 1307 &9Ga n(12,0) 

27 872 69 Ga p ( 3, O) 44 1332 G 9 Ga y(13,4) 

28 894 '1Ga y(4,2) 1336 &9Ga p(6,0) 

29 927 & 9Ga n(9,2) 1339 &9Ga y(9,3) 

30 941 &9Ga y(4,2) 45 1412 6 9Ga y(S, 1) 

31 965 71Ga p(S,O) 46 1464 71Ga y(3,0) 

32 995 69 Ga n(8,0) 47 1527 69Ga p(7,0) 

33 1027 '9Ca p{4,0) 48 1708 &9Ga y(3,0) 
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102 

~ 
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2 
3 
4 
5 
6· 

7 
8 
9 

10 
11 
12 
13 
14 
15 

16 
17 
18 
.19 

20 

21 

Ey 
keV 

46 

87 
109 
1z1 
166 
202 
236 
254 
295 
302 
351 
354 
442 
510 
546 
563 
57.8 
609 

770 

847 
911 

2 36 

CHANNEL NUMBER 

Assignment 
76Ge n(l,O) 
76Ge n(Z,O) 
76Ge p(6,5) 
76Ge n(3,0) 
76Ge n(4,0) 
7 ~Ge n(3,0) 
76Ge n(S,3) 
'3Ge n(3,0) 
'3Ge p(5,3) 
'6Ge p(3,2) 
73Ge p(5, 1) 

'3Ge p(4,0) 
73Ge n(5, 1) 
73Ge n(5,0) 
'6Ge p(Z,1) 
76Ge p(l,O) 
73Ge n(7,0) 
7 ~Ge p(Z, 1) 
73Ge n(lO,O) 
76Ge p(3, 1) 
'6 Ge p(6,2) 

GERMANIUM 
Ep=4MeV 



Peak 

1 

z 

3 

4 . 

s 
6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

237 

1 " 

ARSENIC TRIOXIDE 
Ep = 4MeV 

3~ 2 5 12 ~~81 19 13+ 
9 3 14 16 ~ 511 40 

1? A 11 23 ' 26 29 • naAc 
"-d_Jl \18 21 2~24 ·. 

25 28 31 34 36 o 18
0
+ 

........ . . 27 33 35"- 788 \; ·,.:JA,,,~ 3fAAJ\ 39_ 41 42 44 911 

. ._, ,/>-..fll·. .. 
v - :· 

1~8 
180 
93~ 

.:.·· 

45 
2 ;,.._~·-.• A 

10 :--~~-::~~~--:::~~~~-=-~~~-:-~~--=-!-~~~~,...-~~-L~~~-L~~~..L~~~__J_·_:.~.:...:..·~' 

~~ :JV\..· . 37 38j:: ~3 . 
. . ··:· . .......: 

o m m m ~ ~ ~ ~ ~ m 1000 

CHANNEL NUMBER 

Ey Ey Ey 

keV Assignment Pe-ak .hY_ Assignment Peak J.utlL Assignment 

113 's As n(l ,0) 19 418 7 SAS p(13,6) 29 603 7 SAS p(12,2) 

133 7 s As n(2,0) 418 7 SAS p(9,1) 607 's As p(13,3) 

136 'sAs p(5,2) 20 426 7 SAS p( 14 ,9) 30 615 7 s As n(7,0) 

14 1 7SAs n(5, .3) 428 7 SAS n(5,0) 618 75As p(9,0) 

189 's As p(6,3) 21 460 1sAs p(ll,5) 31 621 7 SAS p(13,2) 

199 's As p(l,0) 22 466 1s As p(12,5) 623 7SAs p(lO, 1) 

203 7SAs p(S, 1) 469 7 SAS p(6,0) 32 643 75As p(14,5) 

204 7 SAS p(6,2) 23 4 71 7SAs p(14,7) 33 657 's As y(3, 1) 

229 's As n(13,7) 24 486 1s As p(13,5) 34 662 7 s As p(11,1) 

236 75As n(9,5) 25 557 's As p(ll,4) 666 'sAs p(12, l) 

265 7 SAS p(2,0) 557 7 SAS p(l0,2). 35 688 75As p(13, 1) 

280 'sAs p(3,0) 558 7 s As y(1,0) 36 691 7 SAS a ( 1, 0) 

287 7 SAS n(3,0) 561 's As p(i2,4) 37 740 7SAs p(14,4) 

293 7sAs n(4,0) 563 'sAs y(2,1) 38 764 7sAs r-{14,3) 

304 7 SAS p(4,0) 26 572 ?SAS p(7,0) 39 7 72 7sAs y(4, 1) 

314 'sAs p(13,7) 575 'sAs p(14,6) 40 778 7SAs p(14,2) 

316 'sAs n(S, 1) 27 581 7sAs p(11,3) 41 822 'sAs p(l0,0) 

338 's As p(9,3) 582 's As p(13,4) 42 845 7sAs p(14,1) 

3 74- 's As p(7,1) 585 's As p(12,3) 43 861 7sAs p(11,0) 

397 7 SAS p(l2,6) 586 'sAs n(6,0) 86!> "As p(12,0) 

401 's As p(5,0) ZS 596 ?sAs p(ll,2) 44 886 'sAs p(13,0) 

45 1044 7 SAS p(l<t,O) 
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Peak 

1 
2 

3 
4 
5 
6 

7 
8 
9 

10 

11 

12 

13 
14 

15 
16 
17 

18 
19 

20 
21 

0 

Ey 

keV 

133 
148 
149 
149 
158 
162 
170 
195 
197 
207 
212 
216 
219 
219 
234 
235 
244 
247 
261 
269 
2 71 
276 
286 
290 
293 
294 
299 
308 
309 
315 
323 

100 200 300 

Assignment Peak 
74 Se y(1,0) 22 . 
74Se a(2,0) 
77 Se n(4,0) 
'a Se n(4, 1) 23 
77 Se a(1,0) 24 
77 Sc p ( 1'0) 
76 Se a(4,2) 25 
aose o.(1,0) 
aose n(9, 5) 26 
77 Se o.(6,0) 
8 QSe n(10,5) 
aose a(2,0) 27 
a o Se n(3, 1) 28 
7 ~Se p(2, 1) 29 
aose n(4,1) 30 
'sse a(5,3) 
a o Sc n(S,1) 31 
a2se n(3,1) 32 
a o Se y(2, 1) 
76Se a(6,3) 33 
a o Se n(4,2) 
a o Se y(1,0) 
76Se a(S,4) 34 
a o Se y(4,1) 35 
a 2 Se n( 3,0) 
aose n(8, 2) 36 
a 2 Se n(4,2) 37 
a z Se y(5,2) 
's Se a(5,Z) 38 
aose n(6,0) 39 
74Se a(4,3) 

238 

400 500 600 

CHANNEL NUMBER 

Ey 

keV Assignment 

327 76 Se a(S, 1) 
329 80 Se'n(7,1) 
331 8 2 Se n ( 4 , 1) 
336 78 Se n(12, 1) 
343 80 Sen(8,1) 
344 76 Se a(6,2) 
347 82 Se n(S,2) 
351 82 Se y(7,2) 
357 82 Se y(1,0) 
35S Hse a(3, 1) 
361 76 Se a(6, 1) 
366 80 Se n(7,0). 
377 02 Se n(4,0) 
391 77 Se n(13,0) 
393 76 Se a(S,O) 
398 82 Se n(6,2) 
407 80 Se r.(16,6) 
425 62 Se n(S,O) 
425 'E>Se a(7,2) 
428 76 Se a(6,0) 
430 & 2 Sen(S,1) 
4 32 80 Sen(9,1) 
456 80 Sen(10,1) 
467 80 Se n(9,0) 
470 82 Se n(7,2) 
484 '"Se a(8,3) 
492 80 Se y(6,1) 
493 80 Se n(lO,O) 
521 77 Se p(7 ,0) 
525 

SELENIUM 
Ep :4 MeV 

700 

Peak 

40 
41 
42 
43 

44 
45 

46 
47 
48 
49 
so 
51 

52 
53 
54 
SS 
56 
57 

58 
59 
60 

800 

Ey 

keV 

538 
543 
552 
559 
561 
563 
614 
635 
638 
646 
650 
655 
('66 
681 
684 
693 
696 
i01 
728 
767 
783 
813 
828 
830 
830 
831 
886 
978 
988 
991 

900 1000 

Assignment 
a o Se y (.3' 0) 
a2se a(2,1) 
a o Se y(8,1) 
7 6 Se p(l,O) 
aose y (9. 1) 
7 6 Se p(2, I) 
78 Se p( I ,O) 
'4 Sc p(l,O) 
e z Se n(8,0) 
azse n(9, 1) 
a o Se y(5,0) 
azse p( 1 ,O) 
aose p( 1 ,0) 
74Se a(4, 1) 
a 2 Se y(2 ,0) 
'ase p ( 2. 1) 
~ 2 Sc y(8,1) 
a z Se n(16,3) 
11t Se p(4, 1) 
e o SC' y(6,01 
aose p(Z,1 

.a o Se p(3,1) 
8QSe y(7,0) 
7"Se a ( 4, 0) 
a 2 Se p(ll,O) 
74Se a(7,2) 
'ase p(3' 1) 
'"Se o.(7 ,O) 
a z Se y(S,O) 
7"Se a(8 ,O) 
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104 

239 

RUBIDIUM SULPHATE 
Ep = 4MeV 

ffi 10 1 .__~~--"'--~~----'~~~--'-~~~--'-~~~--'-~~~-'-~~~-'-~~~--'-~~~~~~~~-
c.. 0 
Vl ,_ 
~ 103 
0 
u 

2l\t 
1015 

1000 

Peak 

2 
3 
4 

s 

6 

7 
8 
9 

100 

1100 

Ey 

keV · 

151 

232 
239 
355 
355 
380 
381 
388 
403 
439 
484 
485 

200 

1200 

300 . 

1300 

.. ... .... 

400 

- ·-·.·.·.· •, 

1400 

Assignment 

e sRb p(l,O) 
8 SRb n ( 1, 0) 
8 51\b n(2,0) 
87 Rb n(3,2) 
8 SRb p(3' 2) 
e ti Rb y(6,3) 
8 7 Rb n(4,2) 
e 7Rb n(l,O) 
e1Rb p(1,0) 
8 SRb y(S,4) 
e1Rb y(4,2) 
8 7 Rb n(2,1) 

500 600 700 BOO 900 1000 

.A .. .:~2 
.... ·-. . ..... ":_:;_:_· .. ~~=------=_~--.. ~-----__ -.... ~. _···--~ ·: .. . ..... . .... .. . .. 

1500 1600 1700 1800 1900 2000 

CHANNEL NUMBER 

Ey 
Peak keV Assjgnment 

10 504 es Rb n(3,2) 
11 537 es Rb n(5, 1) 
12 550 8 snb n(9,5) 
13 769 8 SRb n(5,0) 
14 865 8 7 Rb n(4,1) 
15 914 es Rb n(8,0) 
16 10 31 a sRb n(9,1) 
17 1077 e sRb y(l,O) 
18 1229 a1Rb n(3,0) 
19 1238 8 7 Rb n(7,2) 
20 1296 8 7 Rb n(8,2) 
21 1771 8 7 Rb n(S ,O) 



104 

1Q3 

102 
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w 
z 
z 
<( 100 200 :I: 
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a: 

8 w 
0.. 35ci If) 
I- 1220 
.z 
::J 
0 103 u 

1100 1200 

Peak 

2 

3 

4 

5 

6 

7 

8 

9 

10 

240 

400 

37ct 
1410 72Ge 

1464 

1400 

500 600 

3b 
1611 

CHANNEL NUMBER 

Ey 

keV Assi&nment 

232 87 Sr y ( 1 '0) 

232 eesr n( 1 ,0) 

336 e e Sr p(S,3) 

388 e1sr p ( 1, 0) 

602 a•sr p(4,Z) 

792 a6sr y(2,0) 

792 87 Sr .n(2,0) 

793 8 "Sr n(1,0) 

793 8 "Sr p( 1'0) 

84 3 87 Sr y(7,0) 

84 3 sesr n(7,0) 

873 e1sr p(2,0) 

1229 e1sr p(3,0) 

1740 87 Sr p(S,O) 

1771 e1sr p(7 ,0) 

STRONTIUM CHLORIDE 
Ep= 4MeV 

700 

10 
3sCt 
1760 

800 900 100) 

1900 200) 
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1000 1100 1200 1300 1400 1500 1600 

CHANNEL NUMBER 

YTTRIUM OXIDE 
Ep= 4MeV 

1700 1800 1900 2000 
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Ey 
Peak keV Assignment 

92 92zr n(2, 1) 
2 105 91zr n(l ,O) 
3 1 51 92zr n( 3, 1) 
4 163 9ozr n(3,1) 

164 96 Zr p (2 '1) 
165 9 :i Z..r n(5,2) 

5 ao Hzr n(2,0) 
6 195 91zr n(6,3) 
7 233 96zr n(3,0) 

234 94Zr y ( 1'0) 
8 253 94Zr n(6,2) 
9 293 94Zr n(7,1) 

10 305 96Zr p(4,3) 
1 1 311 9szr p(3,1) 
12 329 94(.r n(l0,4) 
13 344 9 4 Zr n(7,0) 
14 357 92zr n(4,0) 
15 452 9szr p(4,2) 
16 535 96 Zr p(6,3) 

242 

29 

31 

...... _ A 

CHANNEL NUMBER 

Peak 

17 

18 
19 
20 
21 
22 
23 

24 

25 
26 
27 
28 
29 
30 
31 
32 

33 

34 

ZIRCONIUM 
Ep=4MeV 

32 

-. ~~ .. --.,._: __ ._<-AA.: .. .X . . .. . .... . 
-· -- -· ._ - ·.: ":' .:..... .. ·: .. -:.· .. : . ·- . : . ·~· -- .... . 

Ey 
keV Assignment 

5 60 9 2.Zr p(3,1) 
616 96 Zr p(4,1) 
642 9 ~Zr n( 10,0) 
751 94zr p(4,1) 
8 04 ' 2Zr n( 9, 3) 
918 9i.zr p ( 1'0) 
934 92zr p( 1 ,O) 
9 79 93zr n( 7, 0) 

1083 9lzr n(2,1) 
1129 9ozr p(6,3) 
1205 91zr p(1,0) 
1385 92zr p(2,0) 
1466 g1zr p(2,0) 
1508 9tzr n(5, 1) 
1594 96zr p(l,O) 
1758 96Zr p(2,0) 
1761 9ozr p (I, 0) 
1778 g2zr p(3,0) 
1348 92Zr p(4,0) 
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1000 

Peak 

2 

3 
4 
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6 

7 

8 

9 
10 

11 
12 

13 

14 

100 

1100 

200 300 

27 

1200 1300 

Ey 

~ Assignment 

93 93Nb y(6,5) 

110 93Nb n(3,2) 

123 gsNb y(7,S) 

203 93Nb y ( 4. 3) 
204 93Nb p(7,4) 

235 93Nb p (7. 3) 

268 ~ 3 Nb y(9,S) 

291 93Nb y(3,2) 
318 93Nb p(8' 3) 
326 93Nh y(6,4) 
339 93Nb p(S, 1) 

436 93Nb y(5,3) 
494 93Nb y(4,2) 

686 93Nb p(2 ,0) 
703 93Nb y(2,1) 

704 93Nb y(9,3) 

400 

1400 

243 

500 600 

28 

29 

NIOBIUM OXIDE 
Ep=4MeV 

700 800 900 1000 

.,>~'.:'· ·· :' ·: >·<-:>, ·. :o·;~;:,.·;:x:-:s: ·.;./:ii:\>< :-;,. 

1500 1600 1700 1800 1900 2000 

CHANNEL NUMBER 

Ey 
Peak keV Assignment 

15 726 93 Nb y(5,2) 

16 744 93Nb p(3,0) 

17 780 9 sNb p(4,1) 

13 809 93Nb p(4,0) 

19 850 93Nb y(7,2) 

2.0 871 9 a Nb y ( 1, O) 

21 944 93Nb n(1,0) 

22 950 93Nb p(6,0) 

23 979 93Nb y(3, 1) 

24 993 93Nb y(4,1) 

25 1034 93 Nb p(8,1) 

26 1083 93Nb p(8,0) 

27 1364 93Nb n(Z ,0) 

28 1429 93 Nb y(5,1) 

29 1530 93 Nb y(6,1) 
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1000 1100 1200 1300 1400 

Ey 
Peak keV Assignment 

1 139 g a Mo n(5,0) 
140. 9aMo y ( 1, O) 

2 181 .9 6 Mo y(:),O) 
3 203 9 sMo n(4,3) 

204 9sMo p(l ,O) 
4 216 9 GMO y(2,0) 

216 9GMo n(2 ,O) 
216 9GMo y(2,0) 

s 228 9 GMO y(3,1) 
6 24 2 9 iMo p ( 3, 2) 
7 294 9sMo n(3,2) 
8 298 9 4Mo y(2,1) 
9 324 9GMo "Y ( 3, O) 

324 97Mo n(3,0) 
10 336 g sMo n(2,0) 

336 9 4Mo y(2 ,0) 
11 353 9 a Mo n(9 ,0) 
12 480 9 2Mo p(l0,7) 

481 97Mo p{l ,O) 
13 537 l 0 OMO p(l,O) 

244 

40K 
1461 

1500 

CHANNEL NUMBER 

Peak 

14 

1 5 
16 
17 

18 

19 
zo 
21 

22 
23 

24 

25 
26 
27 
28 
29 
30 

MOLYBDENUM 
Ep = 4MeV 

29 l 
.· ·-.... 

. . ..... -··· . -· - .. ... ~ . . . .. 

1600 1700 1800 1900 2000 

Ey 
kcV Assignment 

567 9 sMo p(2,1). 

58~ 9 sMo y(3, 1) 
592 9 sMo p(3, 1) 
630 9 sMo n(3,0) 
630 9 4Mo y(3,0) 
669 97Mo n(10,6) 
703 94Mo p(2,1) 
723 geMo p(3, 1) 
767 9 sMo p(2,0) 
773 92Mo p(2,1) 
778 9 6Mo p(1,0) 
786 gsMo p{3,0) 
787 98Mo p(l,O) 
843 9 6Mo p(Z,1) 
871 9 4Mo p(l,O)· 
972 9eMo p(4, I) 

1230 9tMo p(5, 1) 
1372 lOOMo p(5,1) 
1583 9 2Mo p{7,1) 
1760 9 eMo p(4 ,0) 
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103 

Ey 
Peak keV Assignment Peak 

89 9 9Ru p(1,0) 11 

2 97 104Ru n(Z,O) 

3 120 9 6 Ru n(6,4) 

4 127 1o1 Ru p(l ,O) 12 
129 104Ru n(3,0) 

130 1 o "Ru Y(l,O) 

5 151 9 gRu Y(3,0) 13 

6 181 104Ru n(4 ,O) 14 
182 1o1 Ru n(2,0) 15 
182 100Ru Y(Z,O) 

7 197 1 o 1 Ru n(3, 1) 16 
197 100Ru y(3,1) 17 
198 1o1 Ru p(4,1) 18 

8 217 g 6Ru p(S,4) 

9 264 9 9Ru n(4,2) 19 
264 9eRtt Y(4,2) 20 

10 297 1o2Ru Y(3,0) 

245 

400 500 600 

CHANNEL NUMBER 

Ey 
key_ Assignment 

305 1o1Ru n(3,0) 

305 1 o oRu y(3,0) 

307 1 o i Ru p(Z ,O) 

355 1 o 1 Ru n(4,0) 
355 1 o oRu y(4,0) 

358 1o4 Ru p(l,O) 
410 I04Ru y(4 ,O) 

422 101Ru p(6,0) 
427 9 g Ru n(3,0) 

427 geRU y(3,0) 
441 9GRu p(6,5) 

475 102Ru p(l,O) 

496 IOI Ru n(7, 3) 
496 1 o o Ru y(7,3) 
540 100Ru p(l,O) 
545 lOIRu p( 10 ,O) 
546 1o1Ru n(7,2) 
546 100 Ru y(7,2) 

RUTHENIUM 
Ep = 4Mev 

700 

~ 

21 

22 

23 
24 

25 

26 

27 
28 

29 
30 
31 
32 

800 

Ey 

kcV 

610 

616 
617 

653 
690 

694 
694 

719 
720 

826 
851 
851 

1004 

1013 
1645 
1756 

900 1000 

Assignment 

1o2Ru y(6,0) 
1o1 Ru p(ll,O) 

9 9Ru p(6,0) 
g eRu p(l,O) 

100Ru p(3,1) 
1o1 Ru n(7,1) 
100Ru y(7, 1) 

99 Ru p(8,0) 
1 o t Ru p(16,0) 
1 o oRu p(4,1) 
1o1 Ru n(7,0) 
1 o oRu y(7,0) 

96Ru n(4,1) 

96Ru p(6, 1) 
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RHODIUM 
Ep:4MeV 

1~'--~~---''--~~---''--~~--"~~~--<~~~--'-~~~-'-~~~-'-~~~-'-~~~-'-~~~-'--
100 200 400 500 600 000 900 1000 

CHANNEL NUMBER 

Ey 
Peak !!.!.. Assig:lment 

119 Io 3Rh n( 1 ,0) 

2 148 I 0 3Rh n(3, 1) 

3 244 I 0 3 Rh n(2,0) 

4 267 Io 3 Rh n(3,0) 

s 295 103Rh p(3,0) 

6 357 1 o 1 Rh p(4,0) 

7 380 I 0 3 P..Jl n(4, 1) 

8 385 I 0 3 Rh n(S, 1) 

9 504 103Rh n(5,0) 

10 532 1 o 3 Rh n(6,0) 

11 608 1 o lRh p(7, 1) 

12 626 101Rh n(7,0) 

13 880 103Rh p(S,O) 
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0 100 200 300 400 

Ey 

Peak keV Assignment 

n 1 o s Pel n(1,0) 

2 93 1 Oipd y(2,0) 

93 llOpd y(l ,O) 

3 113 109pd p(l,O) 

4 189 109pd p(2,0) 
191 llOpd n(2,0) 

193 108pd n(4,0) 

s 195 106pd y ( 3, 1) 

6 198 I 1 0 Pd n(3,0) 

7 206 1 o s Pel n(3,0) 

8 235 llOpd n(4,0) 

237 llOpd n(5,0) 

9 248 11 o Pd n(6,0) 

10 267 llOpd n(7,0) 

11 281 !05pd p ( 1, O) 

. 12 321 io~pd y {3' 1) 
13 325 lO&pd y(3,Q) 

247 

18 21 
+ 
1.1• 

511 

500 

CHANNEL NUMBER 

Peak 

14 
15 

16 
17 
18 

19 
20 
21 
22 
23 

24 

25 

600 

PALLADIUM 
Ep = t.MeV 

700 

Ey 
kcV 

345 
347 

378 
423 
433 
433 
434 
442 
498 
512 
550 
556 
556 

768 
786 
786 

800 900 1000 

Assignment 

lOSpd p(4,0) 
105pd n ( s •. o) 
11 o Pd p(l,O) 
105pd y(4,0) 
l~Spd p(5,0) 
lOSpd n(S,O) · 
108pd p(1,0) 
1ospa p(6,0) 
IO&pd p(Z,1) 
1ospa p(1,0) 
l06pd y(S,4-) 
1o~Pd p ( 1, O) 
1o2 Pd p(1,0) 
1 o ~Pd p(2, 1) 
1o~Pd p(4,1) 
iospd y(5,0) 
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Peak 

1 

2 
3 

4 

s 
6 
7 

8 

9 

10 
11 

12 

13 
14 

15 
16 

Ey 

keV Assignment 

93 I 0 'Ag p ( 1, O) 

98 to'Ag p(3,2) 
144 1osAg n(2, 1) 
203 109Ag n(2,0) 
205 1o1 Ag n ( 1, 0) 

24 7 1osAg n(7 ,4) 
259 I 0 9 Ag n(S,2) 
285 iosAg p(5,4) 
288 1osAg n(3,1) 
311 109Ag p(3,0) 
325 101Ag p(2,0) 
325 101Ag n(2,0) 
348 1osAg n(3,0) 
362 io'Ag p(4,3) 
366 101Ag n(3,0) 

367 1~sAg n(4,1) 

391 I. 0 9 ,11,g p(5,3) 
415 1osAg p(4,0) 
423 1o1 Ag p(3,0) 
426 1 o sAg n(4,0) 
447 109Ag p(6,4) 
462 1o1 Ag p(4,2) 
462 \ o 9 Ag n(S,O) 

248 

CHANNEL NUMBER 

Ey 

Peak keV 

11 505 

18 526 
19 614 

20 62 3 

625 

2 I 633 

22 702 

23 722 

724 

24 7 38 

25 786 
26 832 

834 
27 872 

28 891 
29 909 
30 927 
31 974 
32 997 

3:; 1013 

SILVER 
Ep= 4MeV 

900 

Assignment 

101Ag n(4 ,O) 
101Ag p(S,3) 
1osAg n(7,1) 
1 o 9 Ag n(6,0) 
101Ag p(5,2) 
101Ag y (I, O) 

Io 9 Ag p(S,O) 
109Ag n(8,0) 
101Ag p(7,3) 
101Ag p(8,3) 

1o1 Ag p(4 ,0) 
1 o s Ag n(lO, 1) 
101Ag p(8,2) 
1 o 1 Ag p(2,1) 
1osAg n ( 10, 0) 
1o9 Ag p(9,4) 
1 o s Ag n( 11,0) 
1 0 7 /,g p(6,0) 
1osAg n(13,0) 
101Ag p(9,3) 

1000 
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249 

~°K 
1460 

500 600 

39 

CADMIUM 
Ep= 4MeV 

700 

2149j 
1764 

.. -.. -· . . . . ... - - . .. - . . .. .. . . . -. -- . -.. A 
40 

. . . . . . . - .. .. ... . A ... ·.-.. :-. · .. .-:·. -

Ey 
keV Assignment 

96 111 Cdp(2,1) 

102 106 Cd p(4,2) 

145 106 Cd p(7,5) 
246 111 Cd p(l,O) 
255 112 Cdy(Z,1) 

255 113 Cd n(2,1) 

264 113 Cd p(l,O) 
278 11 ~Cd n(2,0) 

278 113 Cd y(2,0) 
289 116 Cd n(9,I) 

299 113 Cd p(2,0) 

311 11 ~Cd y(2,1) 

316 113 Cd p(3,0) 
342 111 Cd p(2 ,O) 

345 11 ~Cd y(3,1) 
377 11 ~Cd n(S,O) 

377 113 Cd y(S,O) 

392 11 zcd y(i,O) 

392 1 1 3 Cd n ( 1 , O) 

513 111 cd p(7,2) 
5 I 4 1 1 6 Cd p ( 1 , 0) 

Peak 

15 

16 
17 

18 

19 
20 

21 

22 

23 

24 

25 

26 

27 

23 

29 

CHANNEL NUMBER 

Ey 
keV Assignment 

536 110 cd y(1,0) 

536 111 Cdn(1,0) 
559 11 'Cd p(l,O) 
534 113 Cd p(5,0) 
616 106 Cd p(2,1) 
617 112 Cdp(1,0) 
621 111 cd p(4,o) 
633 106 Cd p(1,0) 
633 108 Cd p(1,0) 
650 111 Cd n(5,1) 
650 11 °Cd y(S,1) 

650 1108 Cd y(1 1 0) 
650 11 ~Cd p(3,1) 

658 110 ca p(1,0) 
660 116 Cd y(3,0) 
671 10 scd y(6,1) 

695 112 cd p(2,1) 
730 11 'Cd n(7,0) 
730 11 lcd y(7,0) 

742 111 Cd y(S,0) 
74! 112 Cd n(B,O) 
770 116 Cd p(4,1) 
782 IOGCd p(6,2) 
~18 lLOCd p(Z,1) 

Peak 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

800 

Ey 
keV 

826 

826 

858 
881 

963 

963 

1026 
1026 
1026 
i063 
1101 
110 I 

1132 
1132 

1218 
1218 
1220 
1509 
1542 

1542 

900 1000 

Assignment 

11 'Cd n(9,0) 
n 3cd y(9,0) 
111 cd p(7,o) 
116 Cd n(6,0) 

112 Cd n(lO,O) 
111 Cd y(lO,O) 
1 I 2 Cd y ( 3, 0) 
113 Cd n(3,0) 
108 Cd n(3,0) 
10 8 Cd y ( 12, 1) 
111 Cd n(3,0) 
110 c<l y(3,0J 
112 Cd y ( 4, 0) 
113Cd n(4,0) 
111 cd n(6,0). 

llOCd y(6,0) 
116 Cd p(Z,O) 

t 0 °Cd p(2,0) 
111 cd n(9,0) 
1 1 ° Cd y ( 9, 0) 
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400 500 

16 

~ . .. ··.····1 

600 

INDIUM 
Ep=4MeV 

700 800 

18 

17 ~ 

/<._,A_._-. -:·,··· ........... IL. 

CHANNEL NUMBER 

Ey 

J5£Y_ Assignment 

1 15 1 1 s In n(Z,1) 

336 llSin p(1,0) 

355 11 SJn y(4, 2) 

444 1 1 ~In p(7,2) 

489 llsln n(4, 1) 

496 1 1 3 In n(4,0) 

497 ltsin n(l ,O) 

613 1 1 s In n(2,0) 

705 1 1 s In n(7,1) 

719 llSin n(3,0) 

934 ltsrn p(S,O) 

972 11 s In y(S, 1) 

986 1 Is In n(4,0) 

1078 1 1 s In p(4,0) 

1133 1 1 s In p(9,0) 

1280 llSin n(S,O) 

1463 11srn p( 14 ,O) 

1633 11 s In n(7,0) 

175 7 1 1 s In y(2,0) 

900 1000 

. .. -· 
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Peak 

2 
3 

4 
5 
6 
7 

8 
9 

10 
11 
12 
13 
14 
15 

16 
17 

Ey 

kcV 

115 

116 
122 
159 
160 
167 
194 
256 
270 
27 3 
273 
315 
332 
382 
439 
447 
497 
527 
542 

573 
643 
644 

Assignment 

122sn n(7,2) 
11ssn p(Z., 1) 
122sn n(3,0) 
111sn p(l,O) 
122Sn y ( 1. 0) 
2 2 2 Sn n(6, O) 
222Sn n(9,1) 
122 511 n(9,0) 
119Sn n(1,0) 
111sn n(2,1) 
ll6Sn y(2,1) 
1t6sn y(l,0) 
2 2 4 Sn y(1 ,0) 
122sn y(2, 1) 
22osn y(4,2) 

I 1 SSn p ( 1'0) 
111sn n(l,O) 
122sn y(2,0) 
12osn y(3,0) 
i 2 "Sn y(2 ,0) 

.119sn n(2,0) 

251 

13+ 
511 

CHANNEL NUMBER 

~ 
18 

19 
20 

21 

22 

·23 

24 
25 
26 
27 

28 
29 
30 

31 
32 
33 

TIN 
Ep= 4MeV 

Ey 

kcV 

683 

700 
719 
724 
897 
898 
921 
923 
970 
971 
987 

1049 
1090 
1172 

1213 
1230 
1293 
1300 
1339 
1413 
1750 

Assignment 

119sn n(7,2) 
219Sn n(3,0) 
n'sn n(2,0) 
21ssn n( 1 ,0) 
119sn p(4,1) 
219Sn p(S,1) 
119511 p(4,0) 
111 511 n(3,0} 
i1~sn p(6, 1) 
119Sn n(4,0) 
11 ssn p(4,0) 
l t 9sn n(5,0) 
119sn p(7,0) 
12osn p(l,O) 
119sn n(6,0) 
11 e Sn p(l,O) 
1 u Sn p(l,O) 
i1~sn p(l,O) 
1 1 9 Sn n(8,0) 
119sn n(9,0) 
11ssn n(12,0) 
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0 100 200 300 400 

Ey 
Peak keV Assignment 

65 123Sb n(S,3) 
66 i 2 i Sb p(3,2) 

2 159 123Sb n (1,0) 
160 123sb p ( 1, O) 

3 212 121sb n( l,O) 
4 2 31 t 2 1 Sb n(5,1) 

5 245 121sb n(2,0) 
248 123Sb n(2,0) 

6 281 123Sb n(3, 1) 
7 294 121sb n(3,0) 

8 332 121sb p(4,1) 
9 382 123Sb p(2,1) 

382 121sb n(9, 1) 

252 

500 600 700 

CHANNEL NUMBER 

Peak 

10 

11 

12 
13 
14 
15 

16 
17 
18 
19 
20 

ANTIMONY 
Ep = 4MeV 

800 

Ey 
keV 

438 
440 
464 
470 
475 
507 
532 
537 
542 
573 
594 
681 

1000 
1102 

900 1000 1100 

Assignment 

121sb n(4,0) 
123Sb n(3,0) 
1 2 i Sb n(6,0) 
121sb p(2,1) 
12 1sb n(7 ,0) 
121sb p(Z ,O) 
121sb n(8,0) 
12 i Sb p(3,1) 
123Sb p(2,0) 
121sb p{3,0) 
12 I Sb n(9 ,O) 
121sb n(10 ,0) 
121sb p(S, 1) 
121sb p{6,1) 
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CHANNEL NUMBER 

Ey Ey 

Peak keV Assignment ~ keV Assignment 

109 12.ST~ p(2,1) 13 463 12sTe p(S,O) 

114 12STe n ( 1, O) 14 505 1. 2 3Te p(5,0) 

2 133 12 ore y(Z,O) 15 539 12 3Te p(6, 1) 

3 173 12sTe p(7 ,5) 16 560 120Te p(l,O) 

176 12sTe p(3,0) 564 u2Te p(l,O) 

4 211 12sTe n(6,3) 17 603 12~Te p ( 1'0) 

5 349 1 3 o Te p(6,3) 603 130Te y(3,0) 

6 372 12src n(4,0) 18 636 12sre n(6,4) 

7 384 l'OTe y(6,2) 19 667 126Te p ( 1, O) 

8 393 130Te p(6, Z) 20 743 12eTe p(1,0) 

9 408 12sre p(4,1) 21 839 130Te p( 1 ,O) 

10 428 12sTe p(S' 1) 22 1633 uoTe p(3,0) 

11 443 12 src p(4,0) 

12 452 130Te y(3,1) 

454 12sre n(S,O) 
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Peak 
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5 

6 

7 

8 
g 

10 
11 

12 

13 
14 
15 
16 

17 
18 
19 
20 

21 
22 

Z3 
24 

25 

_ly__ Assi~nment 

114 127 1 n(4,2) 

125 127 1 n(1,0) 

146 127 1 p(2,1) 

173 127 1 n(2,1) 

173 127 1 p(3,2) 

196 127 1 n(3,1) 
201 127 1 p(5,4) 

204 127 1 p(Z,O) 
216 127 1 p(4,2) 

244 127 1 p(5.3) 
317 127 1 p(3,1) 
321 127 ! n(3,0) 
360 127 ! p(4,1) 
370 127 ! p(9,3) 

375 127 1 p(3,0) 
411 127 ! n(4,0) 
413 i 21 1 p(S, 2) 

418 127 1 p(4,0) 
443 127 ! p(12,7) 
462 . 127 1 n(S,1) 

490 127 ! p(17,9) 

513 127 1 p(8,2) 
571 127 ! p(6,1) 

587 127 ! n(5,0) 
594 127

! p(7,1) 
600 127 ! p(15,5) 

629 127 1 p(6,0) 

659 127 1 p(8,1) 

300 

Peak 

. 26 
27 

. 28 

29 

3o 

31 

32 

33 
34 

35 

36 

37 
38 
39 
40 
41 
42 

43 
44 
45 

46 
47 
48 

49 
50 

254 

400 500 600 

CHANNEL NUMBER 

_EJ_ 
677 
687 

695 

706 

717 

720 

745 
749 

765 

788 
804 

808 
841 
856 
865 

874 
892 
898 
908 
920 
929 
933 
970 

987 
991 

1016 

1037 
1044 

Assignment 
127 1 p(12,4) 
1211 p(4,1) 
1211 a(7,4) 

127! p(13,4) 

127! p(8,0) 

127! p(12,3) 
127! p(9,0) 
127 1 p(13,3) 
127! p{14,4) 
127 1 p(10,2) 
127 ! n(6, 1) 

127! p(14,3) 
127! p(11,2) 
127! p(18,4) 

12 7 1 n(7.,4) 
1211 n(8,4) 
127 ! n(11,2) 
127! p(25,9) 
127! p(13,2) 
1211 n(9,8) 
1271 p(10,1) 
127! y(2,1) 
127! p(11,1j 
127! p(10,0). 

127! p(15,2) 
127! p(12,1) 
127 1 p(11,0) 

IODINE 
Ep=4MeV 

700 

Peak 

51 
52 

53 

54 

55 

56 

57 
58 

59 
60 

61 
62 
63 
64 

65 
66 
67 
68 
69 
70 
71 

72 
73 
74 

75 
76 
77 

800 

_!y_ 

1054 
1066 

1070 

1095 

1110 

1124 

1125 
1139 
1143 

1161 
1178 

1183 
1196 
1213 
1219 

1230 
1261 
1326 
1350 
1394 
1409 

1453 
1535 

1582 
1585 

1629 
1778 
1975 

900 1000 

Assianmcnt 

n 7 1 a(S,1) 

1271 p(13,1) 

1211 n(7,1) 
127 1 p(12,0) 
127 1 n(9,4) 
12 71 p(13,0) 
127! p(14,1) 
127 1 p(24,3) 
127! y(3,1) 
1 27 I p( 1 5 , 1 ) 
121 1 n( 8 ,r) 
127 1 p(14,0) 
127 1 n(7,0) 
127 1 n(10,3) 
127 1 p(15,0) 
1271 p(16,0) 
127 1 n(11,4) 
127 1 n(18,3) 
127 1 p(19,1) 
127 1 n(20,4) 
1211 n(10,1) 
127 1 n(l2,4) 
1211 n(10,0) 
127 ! n(l8,0) 
127 ! n(17,1) 
127 1 n(22,2) 
127 1 n(i2,0) 
127 1 n(23,0) 
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Peak 

2 

3 

4 
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7 
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9 

10 

11 

12 

255 

500 

CHANNEL NUMBER 

Ey 

600 

CESIUM CARBONATE 
Ep= 4MeV 

700 

keV Assignment 

161 133Cs p(2,0) 

276 1 3 3Cs p(4,2) 

276 133cs n(2,1) 

279 ~33Cs n(3, 1) 

286 1 3 3Cs n ( 5, 3) 

290 tlacs n(4,1) 

291 i 3 'Cs n ( 3, O) • 
302 i 3 gcs ·n( 4, 0) 

303 1.3 3 Cs p(3,1) 

339 133cs n(6,3) 

356 1 3 lCs p(4,1) 

384 133Cs p(3,0) 

560 133Cs p(7,1) 

564 1 l lCs n(5,1) 

605 1 s 3Cs p(S,O} 

633 133Cs p(6,0) 

769 l33Cs p(lO,O) 

872 1sscs p(13,0) 

900 1000 
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256 

n 1so 
2}..1 )\( 2149" 
1015 36 15N1368 14da 1411 

;. 37 38 39 40 1353 :. : 41 

CHANNEL NUMBER 

Ey 

Peak keV Assignment Peak 

1 120 tlsBa n(l ,O) 22 

2 155 i 3 2 B·a n ( 1, 0) 23 

3 170 l30Ba y(3, 1) 24 

4 177 t3&p.a n(6,2) 

5 182 l 3 !. Ba n(2,0) 
6 207 1 3 sBa y(Z,O) 25 

7 245 i 3 o Ba y(6,3) 26 
8 279 l37Ba p( 1,0) 27 
9 304 1 3 o Ba y ( 4, O) 28 

10 310 13eBa n(9,4) 29 
11 336 130Ba y(8,4) 30 
12 341 13eBa n(7,1) 31 
13 357 130Ba p(l ,O) 32 
14 4 38 13eBa n(9,1) 33 
15 448 I 3 7Ba n(Z,O) 34 
16 481 1 3 s fla p(3,0) 35 

481 136Ba n(2,0) 36 
17 576 t36Ba n(12,3) 37 
18 588 1 3 s Ba p(4,o)· 38 
19 605 l3~na p(l,O) 39 
20 654 1'sBa p(7,1) 40 
21 671 1 3 c Ba y(9,0) 41 

671 i 36Ba p(9,2) 

.. ( 

Ey 

keV Assignment 

707 l38Ba n(16,5) 

717 t3sBa p(5,0) 

751 l37Ba y(14;1) 

753 l3~Ba y(12,1) 

753 13sBa n(12, 1) 

761 "IHBa p(3, 1) 

796 . 13~Ba p(3,2) 
842 l3eBa n(15,0) 

855 1ssBa p(6 ,0) 
866 1 3 a Ba n(Z0,4) 

908 130Ba p(3,0) 
936 13aBa n(16,0) 
941 13BBa n(19,2) 
961 13BBa n(19,0) 
990 I 31Ba p(2,0) 

1039 IHBa p(4,1) 
1048 1 "Ba p(4,1) 

1173 130Ba y(ll,O) 
1235 l36Ba p(6,1) 

1261 136Ba p(7,1) 
1309 136Ba p(B, 1) 
1550 1''Ba p(Z ,O) 
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116 
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3 195 
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5 255 
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6 290 
290 

7 4 79 
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9 5 11 

10 580 
580 

11 642 

12 754 
754 
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CHANNEL NUMBER 

Assignment Peak 

t3aLa p(2,0) 13 
t39La y ( 1 , 0) 14 
1 s a La y(2,1) 
t3aLa p(5,0) 15 
t39La n( 1 ,0) 
t3e 13 y ( 1. 0) 16 
t39La n(5,4) 
139 La y(5,4) 17 
t3eLa p(S,O) 
1s9La n(3,1) 18 
l3BLa y(3,1) 
13BLa p(9,0) 19 
139 La n(4,2) 
I 38La y(4 ,2) 20 

. 1 3 e La p(11;0) 
tl'La n(3,0) 
11eLa y(3,0) 

600 

1600 

LANTHANUM OXIDE 
E = 4MeV 

1700 1800 

Ey 

900 

keV Assignment 

789 tl&La n ( 1 , O) 
1231 tssLa n(12,3) 
1231 13aLa y(12,3) 
1320 tl'La n(5,0) 

1320 t3e 13 y(S,O) 
134 7 t39La n(6·, O) 

1347 t3eLa y(6,0) 

1597 1 s s La n(7,0) 
1597 1 39 La y(7,0) 
1631 1s'La n(8,0) 
1631 tseLa y(8,0) 
1730 1 3 9 La n(12,1) 
1730 13eLa y(12,1) 
1985 1 39 La n(12,0) 
1985 1aeLa y(12,0) 
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500 

CHANNEL NUMBER 

CERIUM SULPHATE 
Ep= 4MeV 

keV Assignment 

109 136Ce n(3,1) 

124 i ~ 1ce n(7 ,O) 

126 l38Ce n(3,2) 

200 i!ece n(2,0) 

295 i uce n(S, 1) 
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13• 
511 

NEODYMIUM NITRATE 
Ep=4MeV 
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400 

1400 1500 1600 

PRASEODYMIUM OXIDE 
Ep= 4MeV 

800 

T700 
CHANNEL NUMBER 

Ey 
keV Assignment 

108 . lUpr y(4,2) 
145 14lpr p( 1,0) 
194 14 '1 Pr n(1,0) 
19 7 14 1 Pr n(S,3) 
508 141Pr y(2, 1) 

525 141Pr y(3,1) 
597 141Pr n(9,3) 
757 l4lpr n(Z,O) 
971 14 1 Pr p (2' 1) 

1036 14 1.pr y(5,4) 
1127 141Pr p(3,0) 
1223 1 4 1 Pr n(3,0) 
1345 141pr n(4,0) 
1371 14lpr n(5,1) 
1403 141pr n(7,1) 
1470 l4lpr y(lS, 1) 
1576 l41pr y(l,O) 
1626 141Pr n(9, 1) 

1000 

18Q 
1982 

2000 
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SAMARIUM OXIDE 
E -4MeV p-

500 
400 CHANNEL NUMBER 

600 700 800 

Ey 
kev .. 

68 i s " Sm n ( 1 • O) 

121 i"'Smp(l,O) 

122 
. 0) is 2 Sm p ( l • 

197 1 " 1 m s p(2,0) 

229 t1t?Sm n(l,O) 

328 t'+9Sm p( 3 , l) 

333 l'+'+Sm n(l,O) 

334 1sosm p(l,O) 

350 (3 O) 1 "t Sm P • 

550 t'+6S111 p(l,O) 

900 

.. 
' 
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EUROPIUM OXIDE 
Ep = 4MeV 

CHANNEL NUMBER 

Ey 

keV Assignment 

84 1s3Eu p(1,0) 
110 1 s i Eu p(3,0) 
110 lSlEu p(4,2) 
135 1s1 Eu n(5,0) 
175 lSIEu p(2, 1) 
197 1s1Eu p(2,0) 
286 1s1Eu p(4, 1) 
308 1s1Eu p(4,0) 
512 1s1Eu n(7,1) 
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400 500 600 

CHANNEL NUMBER 

Ey 

keV Assignment 

<)5 issGd n ( 1, 0) 
105 issGd p(3,2) 
123 is4Gd p(1,0) 
1 31 is1Gd p(Z ,O) 

146 1ssGd p(Z,O) 

232 is"Gd p(6,4) 
296 1s6Gd p(3,2) 
322 1ssGd p(4,0) 
347 lS"Gd p(3,2) 

GADOLINIUM OXIDE 
Ep = 4MeV 

700 800 900 1000 
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2~ 

400 

n+ 
511 

500 600 

TER81U\.4 OXIDE 
Ep=4MeV 

'iOO 800 
CHANNEL NUMBER 

Ey 
keV Assignment 

57 1s9Tb n(l ,O) 

58 1s'Tb p(l,O) 

80 1s9Tb p(2,1) 

80 t59Tb n(2,1) 

104 t59Tb p(3,2) 

121 t59Tb n(3, 1) 

122 1s9Tb p(S,3) 

136 t59Tb n(2,0) 

138 1s'Tb p(2 ,0) 

348 1 s'Tb p(4 ,O) 

371 ts9Tb p(6,1) 

560 ts9Tb p(9,1) 

580 1s9Tb p(S,O) 

617 ts9Tb p(9,0) 

900 

0 
937 

1000 
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0 100 200 300 L,00 

Ey 
Peak keV Assignment 

73 16 ~Dy p ( 1'0) 
2 94 l63Dy p( 2. 1) 

95 163Dy n(l ,O) 

3 114 l63Dy p(3,2) 
4 167 163Dy p(Z,O) 

169 2noy p(2, 1) 

5 185 16 2oy p (2' 1) 
6 197 1.6 o Dy p (2. 1) 

7 242 164Dy p(Z,O) 

8 297 1sooy p(3,1) 
298 163Dy n(2,0) 

9 342 164Dy p(5,3) 

10 351 163Dy p(4,0) 

265 

o• 
sn 

500 

CHANNEL NUMBER 

Peak 

11 

12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

600 

DYSPROSIUM OXIDE 
Ep=i,MeV 

700 800 

Ey 

900 

keV Assignment 

390 1 6 3 Dy p(5,0) 

422 l63Dy p(1;0) 
440 16 ! Dy n(3,0) 

538 2s6oy p(3,1) 
674 l64Dy p(6,2) 
689 16 ~Dy p(4,1) 
762 16 4Dy p(4,0) 
643 1 & 4 Dy p(6, 1) 
871 260Dy p(7,2) 
884 2ssoy p ( 7' t) 
891 2ssDy p(6,0) 
962 uooy p(6, 1) 

1000 
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500 

CHANNEL NUMBER 

600 

HOLMIUM OXIDE 
Ep = 4MeV 

700 800 

keV Assignment 

95 t&sHo p ( 1 , O) 

115 1&s1-10 p(2. 1•) 

1 5.4 1&sHo p(S,3) 

210 1&sHo p(2,0) 
zsg· 1&sHo p(S,2) 

296 16SHo n{6,0) 
, 

357 1&sr10 n(S,O) 

361 1&sHo p(4,0) 

472 1&s1-10 p(7,1) 

516 1&sHo p(6,0) 

535 1&s1-10 n(13,0) 

567 1&s1-10 p(7,0) 

594 1&s1-10 p(10,2) 

608 1&sHo n(lS,O) 

689 1&s1-10 p(10,0) 

900 1000 
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ERBIUM OXIDE 
Ep= 4MeV 

L.00 500 
CHANNEL NUMBER 

600 . 700 

Ey 
keV Assign:nent 

78 10 ~Er n(3,0) 

79 110Er p( 1 ,0) 

79 161E, p(1,0) 

80 16eEr p(1,0) 

81 166Er p( 1 ,0) 

90 164Er p ( 1, O) 

1 78 lo~Er p(2,0) 

178 162Er n(S,0) 

200 164Er p(Z,1) 

495 l67Er p(6,1) 

532 1&1Er p(5,0) 

562 1&1Er p(7,1). 

705 166Er p(4,1) 

786 16 &Er p(4,0) 

800 900 1000 
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keV 

110 

118 

130 

193. 

228 

453 

563 

571 

625 
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n+ 
511 

500 600 
CHANNEL NUMBER 

Assignment 

1691'111 p ( 2 ' 1) 

169Tm p(Z,O) 

16 9Tm p(3,2) 

l69Tm p(4 ,3) 

169 Tm p(S,2) 

1 6 9 Tm p ( 6 , 2) 

'' 9Tm p(6' 1) 

t 69Tm p(6,0) 

16 9 Tm p ( 7 , 1) 

THULIUM OXIDE 
Ep=4MeV 

700 800 900 

0 
9~7 

l(XX) 

' 

I 
I 
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Peak ~ 

82 

82 

2 114 

3 138 

4 186 

s 190 

6 252 

7 293 

8 390 

9 597 

/ 

269 

500 600 
CHANNEL NUMBER 

Assignment . 

11sLu n ( 1 , O) 

116Lu p(1,0) 

11sLu p(1,0) 

11s1u p(2,1) 

.11s1u n(3,0) 

11&1u p(2,1) 

11s1u p(Z,O) 

116Lu p(3,2) 

176Lu p(4,2) 

11s1u p(4,0) 

LUTETIUM OXIDE 
Ep= 4MeV 

700 800 900 1000 
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HAFNIUM 
Ep = 4MeV 

1020L_~~-100L--~~-200L--~~~~~0,--~~1.o~o,--~----=so~o,--~----=so~o:-'-~--;;ro~o;--~----;;so~o;--~----;;9*00:;--~-,1~000;;;--~--;1~100on-­
cHANNEL NUMBER 

Ey Ey Ey 

keV Assignment Peak kelf Assignment Peak keV Assignment 

51 IHHf )'(2,0) 10 181 1 ?aHf y(3,0) 2l 375 119Hf p(S,O) 

66 Hf k 181 1791-!f n(3,0) 23 390 111Hf p(S,O) 
(3 

69 1711 Hf y(3,0) 11 l02 176Hf p(2, 1) 24 401 

7·1 11&Hf y(1,0) 203 18 oH r· y(S,2) 25 421 17'lHf p(6,0) 
71 l''Hf n(l ,O) tz 207 174 Hf p(Z,1) 26 426 17aHf p(4,3) 

8'1 11i.Hf "Y ( 4. 1) 208 117Hf p(3,1) 427 111Hf p(7' 0) 

88 I 76Hf p(l ,O) 210 178Hf y(6,Z) 27 445 
91 I 14Hf p( 1 ,0) 13 215 : 8 OHf p(2, 1) 28 520 

93 11aHf p(1,0) 14 237 178 Hf y(4,0) 29 548 18 OHf p(3,1) 

93 1 8 OHf p(l,O) 237 179 11£ n(4 ,O) 30 597 i 'a Hf p(3,0) 

123 t 79Hf p(1,0) 15 249 171Hf p(2,0) 31 603 l7~Jif p(3,0) 

124 1 HHf y(l ,O) 16 269 1 1 9 H:f p(3,0) 32 615 1a0Hf y(9,0) 

131 17711£ n(3,0) 17 277 177 Hf p(5, 1) 33 632 11 eHf p{3' 0) 
131 176 Hf y(3,0) 18 301 I 8 OHf y(4,0) 34 680 t HHf p(1S,O) 

133 IHJff n(Z,O) 306 11&Hf p(Z,O) 35 701 1 7 911 f p(l6 ,0) 

11sH:C y(Z,O) 17 .'Hf p(3,0) ' 176Hf 1 34 19 321 36 708 p~4,2) 

136 I 8GHf y(2,0) 20 338 180 Hf p(3,2) 37 849 19 OHf p(6,l) 

137 177Hf p(Z,1) 339 1s0Hf y(S ,O) 38 89Z 18 OHf p(9,2) 

146 179 Hfp(3,1) 344 179 Hf n(6,0) 39 983 I 8 OHf p(ll,2) 

159 180Hf y(3,0) 344 178!!£ y(6,0) 40 991 19 our p(4, 1) 

165 18 OHf y(4,2) 21 356 11sHf y(7,0) 41 1046 18 OHf p(S, 1) 

172 i Htt.e y(4,0) 356 1 79Hf n(7,0) 42 1090 1a0Hf p(7,1) 

172 I 7 'Hf :n(4,0) 43 1107 uottf p(9,1) 
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·. .. ,'. 

TANTALUM 
Ep = 4 MeV 

·~ '.'<;'"'..'>:: "::~. "":~~-~.:.::·:/· .. -::.::.::,,.,:~ ~ ..... ,\._",;!"..-::;i,-::-_:,,>:·~:'<·;/"?:·'.•\..,,,_f-:~"·::J.'..,,~:.~:'·'"..~;,._,.:. 

500 600 700 800 900 1000 

CHANNEL NUMBER 
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0 100 200 300 400 500 600 700 800 1000 1100 
CHANNEL NUMBER 

Ey 
Peak kcV Assignment 

99 1e3w p (2 '0) 
100 1 8 2 \'I p(1,0) 
104 1 8 ow p(l,O) 

2 111 1s1tw p(1 ,O) 
3 122 1e&w. p(l ,O) 

4 234 1 8 0 \\' p(Z,1) 
5 236 18 .. w n(6,0) 
6 292 1a3w p(4,0) 
7 338 1 8 ow p(Z,O) 
8 341 1 a &w p(3,2) ' 
9 351 182w p (3, 2) 

10 585 1 8 ow p(3, 1) 
11 615 ie&w p(3,1) 
12 1121 1a2w p(4, 1) 

'1 
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400 500 600 

CHANNEL NUMBER 

Ey 

keV Assignment 

70 Re ks 
72 1e1Re p{2,1) 

116 1e1Re n(S,O) 
125 1 a sRe p ( 1 • 0) 

134 1e1Re p{l,O) 

137 iesRe y(l ,O) 

155 ie1Re y ( 1, O) 

157 1a1Re n(4,3) 

159 JSSRe p(2, 1) 

167 1a1Re p(3,1) 

206 1a1Re p(2,0) 

285 lBSRe p(2,0) 

301 1a1Re p(3,0) 

323 1e1Re y(2, 1) 

359 1e1Re n(B,3) 

512 i a 1Re p(6,0) 

RHENIUM 
Ep :_4MeV 

700 800 900 1000 
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keV 

65 
65 
70 
72 
73 

74 
112 

114 
120 
155 
157 
187 
187 
187 
187 
187 
187 
188 
188 
189 
189 
206 
219 
223 
281 
281 
283 
297 

Assignment 

Os kct 
1010s p(2,1) 
u 9 Os p(2,0) 
18905 n(6,4) 
18105 p(2,0) 

Os ks 
18705 p ( 5. 1) 
18905 n(2,0) 
is~os p( 1 ,O) 
1880s p(l ,0) 
18705 p( 8, 4) 
1990s n(4,2) 
18805 y ( 4, 2) 
19oos p(l ,O) 
18705 n(3,0) 
1860s y(3,0) 
18105 p(6,0) 
18aos n(3,0) 
181os y(3,0) 
ic1os p(7 ,0) 
1 8 g Os p(4,1) 
192os p(1,0) 
1990s p(4,0) 
1990s n(5, 1) 
18eos n(S,O) 
181os y(S,O) 
19 20s p(2,1) 
18& 05 p (2, 1) 

274 

OSMIUM 

CHANNEL NUMBER 

Peak keV Assignment 

11 354 l860s p(12,7) 
12 375 192os p(3, 1) 
13 396 19oos p(5;3) 
14 420 192os p(5 ,2) 
15 435 18605 p ( 4, Z) 

16 462 l8BQ5 p(4, 2) 
17 478 19805 p(3,1) 
18 487 1e9os p ( s, 2) 

487 18805 n(7,Q) 
487 18105 y(7,0) 
489 192os p(2,0) 
490 l860s p(l 1,6) 
491 181 Os p(S,1) 

19 530 181os n(13,S) 
530 1860s y(13,S) 

20 557 1e6 Os p(lZ,6) 
558 190 05 p(3,0) 

21 568 19oos p(4,1) 
569 1920s p(12,8) 

22 580 192os p(6,2) 
23 608 189 05 n(ll, 1) 

608 18805 y(ll,1) 
24 630 1e6os p(3,1) 

633 1880s p(3,0) 
ZS 743 
26 767 19oos p(5,1) 

767 18 &os p(3,0) 
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500 
CHANNEL NUMBER 

Ey 
keV Assignment 

67 193Ir p{3, 1) 

73 193Ir p(l ,O) 

129 191Ir p(2 ,O) 

- 139 ·193Ir p(3,0) 

214 191Ir p(4,2) 

219 !93Ir p(5,2) 

299 t93Ir p(5,0) 

343 191Ir p(S,O) 

351 191Ir p(6,0) 

358 t93Ir p(6 ,O) 

391 191 Ir p(7,0) 

588 191Jr p(9 ,O) 

IRIDIUM 
Ep=4MeV 

700 800 900 1000 
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17 3 

211 

239 

329 

356 

407 

587 
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612 

908 

Ass1 ·gnment 

192pt p(3,2) 

19 Spt p(4 ,O) 

uspt p(S,O) 

19~Pt p(l,O) 

lHpt p(1,Q) 

198pt p(1,0) 

1upt p(S, 2) 

1 Hpt p(S • 2 ) 

192Pt p(Z,O) 

196pt p(6, 1) 

PLATINUM 
E _ 4MeV p-
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GOLD 
Ep=4MeV 

. ·- ........... ·-·-·. - -· . . . . ·-- .. -- .... . . . . ·-

CHANNEL NUMBER 

Ey 

keV Assignment 

77 197Au p(l,O) 

78 Au ks 
174 197Au n(4,1) 
193 197Au p(2,1) 
249- 1~7Au n(3,0) 
269' 197Au p(6,3) 
269 197ft..u p(2,0) 

279 197Au p(6,2) 

279 197Au p(3,0) 

299 197Au n(4,0) 
308 197Au n{S,O) 
341 l97Au 11 (7, 1) 
354 197Au n{lt,2) 

426 197Au n(9,S) 

444 197Au n(9,2) 
475 197Au n{7,0) 
548 is1Au p(6,0) 
585 19 1 Au n(10,0) 
619 197Au p(7,2) 
667 it1Au p(8,2) 
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Peak 
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11 
12 
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Ey 

keV 

89 

185 

187 

Z09 
225 

236 

261 
272 
279 

296 
308 

317 
338 
401 

409 

Assignment 

2 o 3Tl y(9,8) 
2osr1 n{5,3) 
203Tl n(2,0) 
203Tl y(4,3) 
2 o .3Tl n ( 4, 3) 
20511 y(6,4) 
2osTl n(Z,1) 
20!Tl n(6, 3) 
201Tl p(l,O) 
2 0 sr1 n(8,4) 
20:11 y(S,2) 
2osTl y(7,4) 
2 o ,.n n(S,3) 
2~3Tl p(2,1) 
20311 n(3,2) 
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CHANNEL NUMBER 

Peak 

15 

16 

17 

18 

19 
20 
21 
22 

23 

24 

ZS 
26 

THALLIUM SULPHATE 
Ep:4MeV 

Ey 

228Ac 
911 

kcV Assignment 

441 2os 11 n(4,2) 
619 2 o s Tl p(2.. 0) 

663 2 o 3Tl y (4, 1) 

663 2osrl y(4, 1) 

680 2o'Tl n(6,2) 
681 203Tl p(2,0) 

699 2oaTl n(S,1) 

710 20311 n(7 ,2) 
740 20J71 n(6, l) 

761 205Tl n{4,0) 
765 2o'Tl p(3,1) 

770 2 o )Tl n(7,1} 

803 2osr1 y(1,0) 
1663 zo'Tl y(7,0) 
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CHANNEL NUMBER 

600 

LEAD 
Ep=4MeV 

700 800 900 1000 
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Ey 
keV 

80 
82 

146 
195 
195 
242 
246 
292 
297 
520 
545 
753 
816 
863 
873 
896 

992 
1139 
1213 
1327 
1418 
1609 
1687 
2061 
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500 

CHANNEL NUMBER 

BISMUTH 
Ep= 4MeV 

700 

Assignment 

209Bi y ( 4. 3) 
,_ o 9 Bi. n(6,S) 
'- o gBi n(8,S) 
209Bi n(9,S) 
2osBi n(6,4) 
2. o gBi n(7,3) 
,_ o gBi y(2, 1) 

209Bi y(3, 1) 

209Bi n(8,3) 
20913i n(12,7) 
2o'Bi n(1,0) 
2. o 9Bi y(S,2) 
209i3i n(13,3) 
209Bi n(6,1) 
io9Bi n(7, 1) 

209Bi p(1,0) 
209Bi p(6,2) 
209Bi y(?, 1) 

209Bi n(4,0) 
2 o 9 Bi n(S,O) 
209Bi n(7,0) 
:io 9Bi p(2,0) 
2 otni p(5, 1) 
2o'Bi n(lS,O) 

BOO mo 1100 

. - -·-· ··-·· ........ , .. 
··- .· ..... . 

~-
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1 2 THORIUM NITRATE 
Ep = 4MeV 

'-Jl-A....\ 1~7 16 8~9 26 
~ .. A A 3 5 

1
80 A12 

--..·\ 6 7 0910 o• .' 
. ~""Al\.~ A 

5 ~ 1 
14 15~ 18 19

20 
. ~ 937 

'w. 11 · 0 

···,.,-.·-~.;.-}\_.··-,,'.. . : 13 j\ 17 M 22 A24 25 . . .. 
·· ,.,,_, .. ~,-··'" :f'\. . fr\ , . 21~ ~ 

. _, j ""·.--.... 2 . 14 ·21 28 

--.A - - .,,_ ---; ,_ .t \ . ..A 
•• -! ..... ,...r. ;:.· 

10 1 L-~~--L~~~-L~~~-'--~~--',-,-~~~~~~~~~--:--='=-~~-:-::':--::--~--:--;!--::-:~~-=::'=":: 
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 

CHANNEL NUMBER 

Ey Ey 
Peak keV Assignment Peak keV Assignment 

1 64 232Th y(3, 1) 20 681 2 3 2 Th p ( 5 , 1) 

2 113 232Th p(2, 1) 21 714 2 32 Th _ p ( 4 , 0} 
3 1 31 2'2Th y(12,3) 22 725 2 3 2Th p(6,1) 
4 163 232Th y(8,0) 23 774 232Th p(6,0) 
s 169 2 32Th y(9,0) 24 780 232Th p(8,0) 
6 273 232Th y(16,0) 25 824 2 32Th p(9,1) 
7 290 232Th y(17,0} 26 890 232Th p(12,0} 
8 304 232Th y(20 ,O) . 27 973 232Th p(13,2) 
9 310 232Th y(23,2) 28 981 232Th p(19,2) 

10 320 232Th y(24,4) 29 1029 232Th p(15, 1) 
11 380 232Th y(27,3) 30 1056 232Th p(20, 1) 
12 44 7 232Th y(26,0) 31 . 1076 2 3 2Th p(18, 1) 
13 519 232Th y(30,1) 32 1122 232Th p(18,0) 
14 529 2 3 2 Th y(31,0) 33 1143 232Th p(21,0) 
15 569 2s2Th y(34,0} 34 1338 232Th p(26,1} 
16 586 232Th y(36,0) 35 1392 232Th p(32,2} 
17 612 232Th p(6,2) 36 1440 232Th p(30,1) 
18 627 232Th p(12,3) 37 1448 2J2Th p(37,2) 
19 665 2 32 Th p(4, 1) 
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Ey 

kcV 

68 

68 

79 

79 

92 

92 

98 

98 

98 

99 

99 

109 

109 

113 

113 

113 

Assignment 

2 35 U n(7 ,6) 
2 HU y(7,6) 
2ss 0 r:i(3,0) 
2 3 ~u y(3,0) 
235

0 n(4,0) 
23 ~u y(4,0) 
235U n(6,2) 
2Hij y(6,2) 

u ka 
2 350 n(S,1) 
_2, ~u y(S,1) 
235 0 n(7,4) 
2 Hu Y(7 ,4) 
215

U n(6,1) 
2

HU Y(6,1) 

U kB 
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CHANNEL NUMBER 

Peak 

7 

8 

9 

10 

11 

12 

13 

URANIUM O!GXIOE 
Ep = 4MeV 

Ey 
keV 

122 

122 

133 

133 

152 

152 

167 

167 

189 

201 

201 

232 

241 

Assignment 

235
0 n(7,3) 

2 s-u y(7,3) 
2350 n(S,O) 
23 ~U y(S,O) 
235

0 n(7,2) 
2 HU y(7,2) 
235 Un(7,1) 
2 nu y(7' 1) 
23 5 U p(2S, 13) 
23 5 U n{6 ,0) 
2 nu y(6,0) 

23 •u y(9.0) 



A P P E ND I X II 

CATALOGUE OF ALL OBSERVED GAMMA-RAYS 
ARRANGED IN ORDER OF INCREASING ENERGY 
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Yield. 
Ey 

quanta Sensitivity 
keV Assignment sr- 1nc- 1 µg.g-1mc-1 

46,l Ge-76 n(l,O) 290 5500 

51,4 Hf-174 g(2,0) 140 54600 

52,8 Ni-61 a(l,O) 6,3 93000 

53,2 Pb-214 4n + 2 r.a. 

53~9 Cu-65 n(l,O) 5 . 76000 

Cr-53 g(l,O) } 
54,7 Cr-54 n(l,O) 380 4800 

55,0 Cu-63 n(2,l) 5 76000 

56,0 Hf k a x-ray 

56,8 Tb-159 n(l,O) 26 22600 

57,0 Ta k x-ray a 

57,9 Tb-159 p(l,O) 26 22·600 

58,6 Ni-61 a(3,2) 7,4 69000 

59,0 iv k x-ray a 

61, 1 Re k x-ray a 

63,0 Hf k6 x-ray 290 4050 

63,0 Os k 
a x-ray 3360 2490 

63,9 Th-232 g(3,l) 180 6300 

64,6 Os-187 p(2,l) 3300 240 

65,0 Gd-155 n(l,O) . 25 21700 

65,4 Sb-123 n(5,3) . 15 12200 

65,6 Sb-121 p(3,2) 15 12200 

66,0 Ta kB x-ray 

66,0 Pt k x-ray a 

66,8 Ir-193 p(3,l) 5400 110 

6 7 I 0 w k s x-ray 

68,0 u -235 n(7,4)} 4,7 53200 

u·-234 g(7,4) 

68,2 Sm-147 n(l,O) 50 8300 

68,9 Hf-174 g(3,0) 290 4050 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1 nc- 1 µg.g-1mc-1 

69,0 Au k 
a 

x-ray 

69,3 Re k(3 x-ray 1630 460 

69,5 Os-189 p(2,0) 3020 460 

70,0 Hg k a x-ray 

Hf-176 g(l,O) } 
70,9 Hf-171 n(l,O) 290 4050 

71,7 Os-189 n(6,4) 3020 460 

72,0 Os ks x-ray 3020 460 

72,0 Re-187 p(2,l) 1630 880 

7 3, 0 Ir-193 p (1,0). 1760 330 

73,4 Dy-164 p(l,O) 100 4300 

74, 0 Bi-208;Pb-212 r.a. 

74,3 Os-187 p(2,0) 3020 460 

75,0 Pt kB x-ray 

77,3 Au-197 p(l,O) 4300 180 

78,0 Au ks x-ray 4300 180 

78,3 Er-164 n(3,0) 11 28900 

79,0 u -235 n(3,0) } 7,5 44900 

u -234 g(3,0) 

79,0 Er-170 p(l,O) 11 28900 

79,1 Pd-108 n(2,0) 17 54300 

79,3 Er-167 p(l,O) 11 28900 

79,5 Tb-159 p(2,l) 220 2700 

79,8 Er-168 p(l,O) 11 28900 

79,9 Tb-159 n(l,O) 220 2700 

80,0 Bi-209 g(4,3) 3,2 101000 

80,1 Hg ks x-ray 470 620 

80,6 Er-166 p(l,O) 11 28900 

82,0 Bi-209 n(6,5) 3,2 101000 

82,1 Hg-200 P ( 3 I 2_) 420 620 
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Yield. 
Ey 

auanta Sensitivity 
keV Assignment s~- 1 nc- 1 µg.g-1mc-1 

82, 2 Lu-175 n(l,O) 4 98500 

82,2 Lu-175 p(l,O) 4 98500 

83, 4 Eu-153 p(l,O) 480 1100 

86,0 Bi-208;Pb-212 r.a. 

86,8 Ge-76 n(2,0) 23 21800 

86, 8 Ga-69 n(l,O) 230 2300 

87,3 Hf-174 g(4,l) 420 3300 

87,5 Ti-47 n(l,O) } 2890 420 

Ti-46 g(l,O) 

88,4 Hf-176 p(l,O) 420 3300 

89,3 Tl-203 g(9,3) 37 10900 

89,4 Ru-99 p(l,O) 25 15400 

90,0 Er-164 p(l,0) 2,4 75800 

90,0 Ti-49 n(l,O) } 2890 420 

Ti-48 g(l,O) 

91, 0 Hf-174 p(l,O) 420 3300 

u -234 g(4,0)} 

91,6 u -235 n(4,0) 85 4800 

91,9 Mn-55 n(4,3) 3400 7800 . 
92, 0 Zr-92 n(2,l) 200 2000 

92, 2 Ac-228 r.a. 

92,9 l\Tb-93 g{6,5) 1,6 95800 

93,0 Hf-178 p(l,O) 420 3300 

93, 0 Hf-180 p(l,O) 420 3300 

93,0 Ag-107 p(l,O) 17 14500 

93, 1 Pd-106 g(l,O) 74 14100 

93,1 Pd-110 g{l,O) 74 14100 

93,2 Hf-178 p(l,O) 420 3300 

93, 9 Dy-163 p(2,l) 15 11300 

94, 1 Ti-50 n(2,l) 560 2200 
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Yield. 
Ey quanta Sensit;i.vity 

keV Assignment sr- 1 nc- 1 ii u. (T- 1 me- l 
~ b 

94,7 Ho-165 p(l,O) 115 4900 

95,0 Dy-163 n(l,O) 15 11300 

95,5 Cd-111 p(2,l) 8,3 7000 

97, l Ru-104 n(2,0) 20 19300 

97,7 u -235 n(6,2) } 140 2900 

u -234 g(6,2) 

98,0 Ti-48 n(4,2) 560 2200 

98,2 Ag-107 p(3,2) 1,7 93300 

98, 3 u k a x-ray 140 2900 

98,8 u -235 n(5,l) 140 2900 

98,8 u -234 g(5,l) 140 2900 

98,8 w -183 p(2,0) 105 3200 

100,1 w -182 p(l,O) 105 3200 

102,0 Cd-106 p(4,2) 8,9 5300 

102,0 Cd-106 p(4,2) 8,9 5300 

103,6 w -180 p(l,O} 105 3200 

104, 1 Tb-159 p(3,2) 14 25800 

104,5 Zr-91 n(l,O) 350 1100 

105,0 Gd-155 p(3,2) 3,7 94600 

108,0 Pr-141 g(4,2) 3,7 45600 

108,8 Ge-76 p(6,5) 0,3 968000 

109,0 u -235 n(7,4)} 150 2400 

u -234 g(7,4) 

109,3 Te-125 p(2,l) 32 24100 

109,8 0 -18 g(l,O) 21 11700 

109,8 Eu-151 p(3,0) 120 3500 

109,8 Tm-169 p(2,l) 520 550 

109,9 F -19 p(l,O) 84500 70 

110,0 F -19 n,n'(l,O) 

110,2 Nb-93 n(3,2). 6,6 56300 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1nc- 1 µg.g-1mc-1 

110,5 Eu-151 p(4,2) 120 3500 

111,0 Br-79 n(6,4} 115 4700 

111,0 w -184 p(l,O) 300 1300 

111,4 Ni-61 a(3,0) 64 52000 

Fe-57 g(3,0)} 

111,5 Fe-58 n(3,0} 5,6 90500 

112,4 Os-187 p(5,l) 5,9 47000 

112,5 As-75 n(l,O) 3200 270 

u -234 g(6,l)} 

112,5 u -235 n(6,l) 150 2100 

112,6 u kB x-ray 150 2100 

112,8 Th-232 p(2,l} 250 2800 

113,0 Ga-71 g(8,6) 100 4400 

113,0 Pd-109 p(l,O} 105 8300 

113,6 Te-125 n ( l', 0} 32 24100 

113,8 Os-189 n(2,0} 5,9 47000 

113,8 Lu-175 p(l,O} 730 470 

114,1 I -127 n(4,2) 2620 280 

114,2 Dy-163 p(3,2) 30 5800 

114,9 Sn-122 n(7,'2) 3,4 18700 

115,1 Cu-65 n(2,0) 6400 390 

115,1 Ho-165 p(2,l) 220 2800 

115,4 In-115 n(2,1} 150 . 2000 

115,5 Re-187 n(5,0) 310 2310 

115,9 Sn-115 p(2,l) 3,4 18700 

116,2 La-138 p(2,l} 5,3 29100 

118,2 Tm-169 p(2,0} 93 2500 

118,7 Rh-103 n(l,O} 620 950 

119,5 Ba-135 n(l,O) 11 62100 

119,8 Os-184 p(l,O.). ~.8 50400 
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Yield. 
Ey 

quanta Sensitivity 

keV Assignment sr- 1nc- 1 µg.g-1mc-1 

120,0 Ru-96 n(6,4) 2,8 26200 

120,6 Ge-76 n(3,0) 0,3 880000 

120,8 Tb-159 n(3,l) 19 17400 

121,3 Sm-147 p(l,O) 380 790 

121,2 Sn-122 n(3,0) 1,7 27600 

121,S Ca-48 n(2,0) 290 630 

121,6 Tb-159 p(5,3) .19 17400 

121,8 Srn-152 p(l,O) 380 790 

121,8 u -235 n(7,3)} 23 10400 

u -234 g(7,3) 

122,3 w -186 p(l/0) 480 700 

122,5 Fe-57 p(2,l) 8,3 72400 

122,7 Hf-179 p(l,O) 510 1850 

123,0 Gd-154 p{l,O) 16 21900 

123,4 Nb-93 g(7,5) 510 18590 

123,7 Hf-174 g{4,0) 510 1850 

124,7 I -127 n(l,O) 160 3_900 

125,4 Re-185 p{l,O) 1040 780 

125,9 Mn-55 p{l,O) 5900 250 

127,2 Ru-101 p(l,O) 50 9100 

Fe-56 g(3,2) } 127,6 Fe-57 n(3,2) 79 10200 

129, 0 Ru-104 n{3,0) 50 9100 

129,0 Ac-228 r.a. 

129,4 Ir-191 p{2,0) 61 4900 

129,6 Ru-104 g(l,O) 50 9100 

130,0 Tm-119 p(3,2) 6,7 30400 

130,0 Br-79 n(l,O) 420 2200 

130,1 Nd-150 p(l,O) 110 1800 

130,9 Ca-48 n(l,O) 310 590 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1 nc- 1 µg.g-1mc-1 

131,0 Hf-177 n(3,0) } 180 4620 

Hf-1 76- g(3,0) 

131,0 Hf-157 p(2,0) 2,5 100100 

131,0 Th-232 g(l2,3) 27 18100 

132,5 Se-74 g(l,O) 81 9300 

132,8 Te-120 g(2,0) 43 18700 

133,0 u -235 n(S,O) } 14 15400 

u -234 g(5,0) 

133,2 As-75 n(2,0) 148 4100 

133,8 Hf-179 n(2,0) 180 4620 

Hf-178 g ( 2 I O) 

134,2 Re-187 p(l,O) 1200 440 

134,7 Eu-151 n(5,0) 49 6300 

136,0 As-75 p(5,2) 148 4100 

136,2 Ta-181 p(2,0) 810 1020 

136,3 Hf-180 g(2,0) 180 4620 

136,4 Tb-159 n(2,0) 181 1800 

136,8 Hf-177 p(2,l) 180 46200 

137,2 Re-185 g(l,O) 1200 440 

137,5 Tb-159 p(2,0) 181 i8oo 

137,7 Lu-175 p(2,l) 290 1000 

139,0 Ir-193 p(3,0) 115 2200 

139,0 Mo-98 n(5,0) 13 20600 

139,0 La-139 g(l,O) 3,4 37400 

140,4 Mo-98 g(l,O) 13 20600 

141,3 As-75 n(5,3) 1380 570 

143,0 Ga-71 g(2,l) 330 1300 

143,7 Ag-109 n(l2,l) 1,9 84300 

144,0 Br-79 n(4,2) 740 1300 

145,0 Pr-141 p(l,O) 2,6 61000 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1nc- 1 µg.g-1mc-1 

145,8 Bi-209 n(8,5) 52 5900 

145,9 Ga-69 n(2,l) 330 1300 

146,0 Gd-155 p(2,0) 13 29000 

146,l Hf-179 p(3,l) 740 1150 

146, 3 I -127 p(2,l) 1200 450 

146,8 Ni-62 n(4,2) 1,3 217000 

147,0 Br-79 n(2,0) 740 1300 

147,5 Se-74 a(2,0) 12 51400 

148,2 Rh-103 n(3,l) 150 3100 

148,5 Se-77 n(4,0) 12 51400 

148,5 Se-78 n(4,l) 12 51400 

151,0 Zr-92 n(3,l) 120 2600 

151,3 Ru-99 g(3,0) 2,0 45700 

151,4 Rb-85 p(l,O) 71 2600 

151! 9 u -235 n(7,2)} 25 7500 

u -234 g(7,2) 

152,0 Ti-46 g{2,0) 475 1200 

152, 0 Ti-49 n(2,0) } 475 1200 

Ti-48 g(2,0) 

153, 0 Cu-63 n(3,l) 4800 580 

154,0 Cr-52 a(2,0) 540 2600 

154,2 Ho-165 p(5,3) 690 700 

155,l Os-1.88 p(l,O) 65 4600 

155,1 Re-187 g(l,O) 180 2350 

155,4 Ba-132 n(l,O) 6,6 75600 

156,3 Cr-54 n(2,0)} 540 2600 

Cr-5;' g(2,0) 

156,7 Os-187 p(8,4) 65 4600 

156,9 Re-187 n(4,3) 180 2350 

158,2 Se-77 a(l,O) 15 39200 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1nc- 1 µg.g-1mc-1 

158,4 Hg-199 p(l,O) 20 9800 

158,7 Sn-117 p(l,O) 5,3 9400 

158,7 Hf-180 g{3,0) 260 6700 

159,0 Sb-123 n{l,O) 220 4500 

159,0 Re-185 p(2,l) 205 1960 

159,3 Ni-64 n{l,O) 130 2800 

159,4 Ti-47 p(l,O) 2110 350 

160,0 Ti-49 p{2,1) 2110 350 

160,2 Sn-122 g(l,O) 5,3 9400 

160,2 Sb-123 p(l,O) 220 4500 

160,9 Cs-133 p(2,0) 65 6600 

161,0 Br-79 n(4,1) 120 4000 

161,8 Se-77 p(l,O) 67 9700 

162,9 Zr-90 n(3,l) 160 1700 

163,3 Th-232 g(8,0) 600 1100 

164,0 Zr-96 p(2,1) 160 1700 

165,0 Zr-92 n(5,2) 160 1700 

165,1 Ta-181 p(4,2) 110 6300 

165,2 Hf-180 g(4,2) 320 5300 . 
166,0 Ge-76 n(4,0) 8 400000 

166,7 u -235 n(7,l) } 22 10200 

u -234 g(7,l) 

166 t 3, Re-187 p(3,l) 360 1180 

167,0 Sn-122 n(6,0) 20 17900 

167,3 Dy-163 p(2,0) 330 1640 

168,8 Dy-164 p(2,l) 330 1640 

169,2 Th-232 g(9,0) 160 3400 

169,5 Ba-130 g(3,l) 18 24900 

169,5 Se-76 a(4,2) 63 10000 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1nc- 1 µg.g-1mc-1 

169,S Zn-67 n(l,O) 290 3500 

170,8 Al-27 . p(2,l) 660 1760 

Hf-176 g(4,0) } 
172,2 Hf-177 n(4,0) 1520 490 

172,5 I -127 n(2,l) 300 1200 

172,5 I -127 p(3,2) 300 1200 

172,6 Te-125 p(7,5) 62 11700 

173,0 Pt-192 p(3,2) 53 10800 

173,8 Au-197 n(4,l) 25 6900 

174,7 Eu-151 p(2,l) 38 9400 

Zn-67 g(l,O) 

174,9 Zn-68 n(l,O) 1210 1200 

176,1 Ga-69 g(2,l) 2250 140 

176,3 Te-125 p(3,0) 62 11700 

176,8 Yb-174 p(2,l) 11 16300 

176,8 Ba-138 n(6,2) 11 41300 

178,0 Er-167 n(5,0) 32 20600 

180,0 Zr-96 n(2,0) 32 7500 

180,0 Ru-104 n(4,0) 74 5200 

180,9 Hf-179 n(3,0) } 2100 380 

Hf-178 g(3,0) 

181, 0 Mo-98 g(3,0) 180 2400 

181,8 Ru-101 n(2,0) } 74 5200 

Ru-100 g(2,0) 

182,1 Ba-132 n(2,0) 8,6 52000 

182,3 u -238 n(6,0). 

183,0 Br-79 n(3,0) 1020 760 

184,6 Ni-64 n(3,l) 1,3 212000 

184,6 Zn-67 p(2,0) 110 10300 

185, 0 Dy-162 p(2,1) 13 11500 



29 3 

Yield. 
fry quanta Sensitivity 

keV Assignment sr- 1nc- 1 ;.ig.g-1rnc-1 

185,2 Tl-205 n(5,3) 19 19500 

185,8 Lu-175 n(3,0) 105 2400 

186,0 Ra-226 r.a. 

186,2 Os-187 n(3,0) 160 2000 

186, 7 Os-189 n(4,2) 160 2000 

186,7 Tl-205 n(5,3) 19 19500 

186,7 Os-190 p(l,O) 160 2000 

187,0 Os-187 p(6,0) 160 2000 

187,5 Os-187 p(7,0) 160 2000 

187 I 6 Os-188 n(3,0) 160 2000 

188,6 Os-189 p(4,l) 160 2000 

189,0 Pd-109 p(2,0) 215 6900 

189, 0 u -235 p(25,13) 70 5100 

189,2 As-75 p(6,3) 32 14600 

189,6 Lu-176 p(2,l) 110 2100 

190,1 Br-81 n(l,O) 1040 760 

191,3 Pd-110 n(2,0) 215 6900 

191,3 Au-197 p(2,l) 36 4700 

192,8 Zn-64 g(l,O) 100 12400 

192,8 Pd-108 n(4,0) 215 6900 

194,0 Sn-122 n(9,l) 10 34100 

193,0 Tm-169 p(4,3) 7,6 28900 

193,7 Pr-141 n(l,O) 4,8 34200 

194,0 Cu-63 n(l,O) 290 4800 

194,5 Pd-106 g(l,O) 17 65100 

195,0 Bi-209 n(9,5) 27 12100 

195,0 Zr-92 n( 6_, 3) 29 9100 

19 5, 0 Se-80 a(l,O) 68 8400 

195,2 Bi-209 n(6,4) 27 12100 

195,3 La-138 g(2,l). 3,1 36100 



294 

Y~eld. 
Ey quanta Sensitivity 

keV Assignment sr- 1 nc- 1 µg.g-1mc-1 

196,2 I -127 n(3,l) 43 10000 

196,5 Eu-151 p(2,0) 250 1420 

196,6 Ni-62 a(2,l) 38 7800 

197,0 F -19 n,n' (2,0) 

197,0 Co-57 p(3,l) 72 7400 

197,0 Se-80 n(9,5) 68 8400 

Ru-100 g(3,l) } 197,0 Ru-101 n(3,l) 10 19300 

197,0 Pr-141 n(5,3) 4,6 36100 

197,1 Dy-160 p(2,l) 13 11200 

197,2 0 -18 g(2,0) 73 2700 

197,2 F -19 p(2,l) 483000 10 

197,4 Srn-147 p(2,0) 53 4600 

197,8 . Ru-101 p(4,l) 10 19300 

198,0 v -51 g(4,3) 380 1800 

198,4 Pd-110 n(3,0) 275 4400 

198,6 As-75 p(l,O) 190 3300 

200,0 Er-164 p(2,l) 1,1 152900 

200,5 I -127 p(5,4) 210 1900 

201,0 u -235 n(6,0) } 8,3 27200 

u -234 g(6,0) 

201,0 Cu-65. n(8,6) 740 2600 

201,7 Hf-176 p(2,l) 2560 300 

202,1 Ge-74 n(3,0) 0,5 651000 

202,8 Hf-180 g(5,2) 2560 300 

202,8 As-75 p(S,l) 48 12100 

203,1 Mo-95 n(4,3) 80 3100 

203,2 Nb-93 g(4,3) 25 15100 

203,3 Ag-109 n(2,0) 87 2600 

203,5 I -127 p < 2, o.> · 210 1900 



295 

Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1nc- 1 µg.g-1mc-1 

203,8 Ti-49 p(3,l) 12 19200 

203,8 Mo-95 p(l,O) 80 3100 

203,9 Nb-93 n(6,4) 25 15100 

204,0 Nb-93 p(7,4) 25 15100 

204,0 v -51 n(6,4) 710 3300 

204,0 As-75 p(6,2) 48 12100 

205,0 Ag-107 n(l,O) 87 2600 

205,8 Os-192 p(l,O) 230 1400 

205,9 Pd-106 n(3,0) 140 8600 

206,0 v -51 p(4,3) 710 3300 

206,2 Re-187 p(2,0) 380 950 

206,5 Se-77 a(6,0) 830 1000 

206,5 Hf-174 p(2,l) 3370 240 

206,5 Ba-134 g(2,0) 18 26500 

207,0 Cu-63 n(3,0) 380 2700 

208,0 Hf-177 p(3,l) 3370 240 

208,0 Hf-178 p(3,l) 3370 240 

208,2 . Hg-199 p(2,0) 2,7 43300 

209,1 Tl-203 g(4,3) 100 5800 

209,7 Ho-165 p(2,0) 130 2900 

210,2 Hf-178 g(6,2) 3370 240 

210,4 Ti-47 g(3,l) 8 30500. 

211,0 Te-125 n{6,3) 23 28500 

211,0 Cr-54 n(3,2) 

} 
75 16600 

Cr-53 n(3,2) 

211,3 Pt-195 p(4,0) 290 1870 

211,6 Se-80 n(l0,5) 150 4600 

212,2 sb-121 n{l,O) 540 1900 

213,7 Ir-191 p{4,2) 51 6200 

215,3 Hf-180 p(2, u 830 910 



296 

Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1nc- 1 µg.g-1mc-1 

215,5 I -127 p(4,2) 240 1800 

215,6 Se-80 a(2,0) 1030 820 

Mo-96 g(2,0) 

216,0 Mo-97 n(2,0) 50 6000 

216,0 Mo-96 g(2,0) 50 6000 

217,0 Ru-96 p(5,4) 45 7700 

217,3 Br-79 p(2,0) 210 2200 

219,0 Br-79 n(6,3) 210 2200 

219,0 Se-74 p(2,l) 1030 820 

219,1 Se-80 n(3,l) 1030 820 

219,1 Ir-193 p(5,2) 57 5700 

219,4 Os-189 p(4,0) 21 12600 

223,3 Os-189 n(5,l) 21 12600 

224,9 Tl-203 n(4,3) 65 7300 

226,0 Ti-50 n(l,O) 1570 420 

227,0 Ti-49 a(3,0) 1570 420 

227,5 Mo-96 g(3,l) 6 40000 

228,3 Tm-169 p(5,2) 7,3 33000 

229, 3 Sm-147 n(l,O) 7,4 30800 

229,4 As-75 n(l3,7) 50 11300 

230,4 La-138 p(5,0) 13 23200 

230,9 Sb-121 n(3,1) 110 7700 

231,7 Rb-85 n(l,O) 1300 240 

Sr-87 g(l,O) } 231,9 Sr-88 n(l,O) 300 530 

23 2, 0 Gd-154 p(6,4) 18 19000 

232,0 u -2.38 n(14,5) 60 5200 

232,7 Ga-69 n(2,0) 790 400 

233,0 Zr-96 n(3,0) 3,5 68300 

234,0 Zr-94 g(l,O}- 3,5 68300 



297 

Yield. 
Ey 

quanta Sensitivity 
keV Assignment sr- 1nc- 1 µg.g-1mc-1 

234,2 Se-80 n(4,l) 22 17300 

234,3 w -180 p(2,l) 12 13900 

234,9 Se-76 a(5,3) 22 17300 

235,0 Pd-110 n(4,0) 150 8100 

235,1 Nb-93 p(7,3) 27 16300 

236,0 Tl-205 g(6,4) 63 7500 

236,0 Ge-76 n(8,3) 41 4000 

236,1 As-75 n(9,5) 110 5500 

236,3 w -184 n(6,0) 1 149000 

236,6 Hf-17 9 n(4,0) 

} 
60 7900 

Hf-178 g(4,0) 

236,8 Pd-110 n(5,0) 150 8100 

237,0 Zn-68 g(5,3) 44 16700 

238,7 Rb-'85 n(2,0) 28 10000 

239,0 Pb-212;Pb-214 r.a. 

239,0 Pt:-195 p-(5,0) 170 2500 

241,0 u -238 g(9,0) 30. 17300 

. 242 t 0 Dy-164 p(2,0) 18 8600 

242,0 Mo-92 p(3,2) 22 34800 

242,3 Bi-209 n(7,3) 50 6100 

243,6 I -127 p(5,3) 12 34000 

244,0 Rh-103 n(2,0) 100 3800 

244,1 Se-80 n(5,l) 225 3700 

244,8 Sb-121 n(2,0) 560 1900 

244,8 Ba-130 g(6,3) 35 16900 

246,0 Bi-209 g(2,l) 2,8 150000 

246,3 Cd-111 p(l,O) 8', 4 6900 

246,9 Ag-109 n(7,4) 7,4 24700 

247,0 Ga-69 p(l3,9) 110 3100 

247,0 Se-82 n(3,l) 225 3700 



298 

Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1nc- 1 µg.g-1mc-1 

247,6 Hg-199 p(5,2} 18 12700 

247,8 Sb-123 n(2,0) 560 1900 

248,0 Pd-110 n(6,0) 105 10100 

249,0 Cu-63 n(2,0) 80 25000 

249,0 Hf-177 p(2,0) 570 1300 

249,3 Au-197 n(3,0) 15 9800 

249,9 Cr-54 n(4,2) 210 6300 

251,5 Lu-175 p(2,0) 560 500 

253,0 Zr-94 n(6,2) 55 5500 

254,0 Ge-73 n(3,0) 34 12000 

254,7 La-139 n(l,O) } 5,8 26800 

La-138 g(l,O) 

255,0 Sn-122 n(9,0) 30 14500 

Cd-112 g(2,l) } ) 

255,1 Cd-113 n(2,l) 18 3100 

258,7 Ag-109 n(5,2) 16 12800 

260,5 Tl-205 n(2,l) 120 4300 

260,5 Se-80 g(2,l) 4,6 97500 

261,5 Br-79 p(3,0) 44 10600 

Ru-98 g(4, 2) } 

263,6 Ru-99 n(4,2) 31 11200 

264,0 Cd-113 p(l,O) 23 2800 

264,6 As-75 p(2,0) 71 7200 

265,0 Ni-61 n(5,4) 1,5 188000 

266,7 K -41 p(3,2) 22 27300 

26 6 ,8 Pd-110 n(7,0) 85 12200 

266,9 Rh-103 n(3,0) 83 5200 

268,0 Nb-93 g(9,5) 64 11500 

268,5 Au-197 p(6,3) 18 9270 
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Yield. 
Ey 

quanta Sensitivity 

keV Assignment sr- 1nc- 1 µg.g-1mc-1 

268,7 Au-197 p(2,0) 18 9270 

268,8 Hf-197 p(3,0) 570 1270 

269,1 Se-76 a(6,3) 150 4800 

270,0 Sn-119 n(l,O) 150 3200 

270,5 Sn-115 n(l,O) 150 3200 

271,2 Se-80 n(4,2) 22 35500 

271,5 Tl-203 n(6,3) 92 5000 

273,0 Sn-117 n(2,l) 150 3200 

273,1 Th-232 g(l6,0) 320 1800 

274,0 Ni-64 n(2,0) 140 3100 

275,9 Br-81 p(l,O) 145 3300 

276,0 Se-80 g(l,O) 24 25200 

276,0 Br-79 n(9,2) 145 3300 

276,0 Cs-133 n(2,l) 16 17300 

276,4 Cs-133 p(4,2) 16 17300 

277,0 Hf-177 p(5,l) 620 1080 

277,0 Tl-208;Ac-228 r.a. 

278,0 Cd-114 n(2,0) } 12 4300 

Cd-113 g(2,0) 

278,8 Au-197 p(6,2) 240 650 

278,8 Cs-133 n(3,l) 16 17300 

279,0 Au-197 p(3,0) 240 650 

279,0 Ac-228 r.a. 

279,1 Tl-208 p(l,O) 125 3600 

279,2 Ba-137 p(l,O) 23 24900 

279,5 As-75 p(3,0) 330 1400 

280,5 Pd-105 p(l,O) 180 7100 

280,5 Os-188 n(S,O) 4,7 56400 

281,2 Sb-123 n(3,l) 220 4700 

283,2 Os-192 p(2,l) 4,7 56400 



300 

Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1nc- 1 µg.g-1mc-1 

284,8 Re-185 p(2,0) 39 8200 

284,9 Hg-199. p(6,2) 22 8500 

285,0 Bi-214 r.a. 

285,0 Ag-109 p(5,4) 29 5900 

286,0· Se-76 a(8,4) 36 20200 

286,0 Cs-133 n(5,3) 18 14200 

286,1 Eu-151 p(4,l) 275 1310 

286,6 As-75 n(3,.0) 4900 100 

287,2 Ga-69 n(3,2) 970 450 
\ 

287,8 Ag-109 n(3,l) 29 5900 

289,0 Cd-116 n(9,l) 45 1300 

289,3 Ho-165 p(5,2) 4,7 86000 

290,0 Th-232 g(l7,0) 140 4700 

290,0 La-139 n(S,4) } 3,2 42000 

La-138 g(S,4) 

290,1 Cs-133 n(4,l) 18 14200 

290,2 .Nb-93 g(3,2) 8,3 39600 
' 

290,2 Se-80 g(4,l) 18 41100 

291,1 Cs-133 n(3,0) 18 14200 

291,8 w -183 p(4,0) 3 63900 

292,0 Bi-209 g(3,l) 13 24300 

292,8 Sc-45 n(3,l) 4000 300 

292,8 As-75 n(4,0) 470 1200 

293,0 Se-82 n(3,0) 18 41100 

293,1 Lu-176 p(3,2) 4,4 58800 

293,2 Zr-94 n(7,l) 190 1500 

293,8 Sb-121 n(3,0) 250 4400 

294,0 Mo-95 n(3,2) 36 5800 

294,3 Se-86 n(8,2) 18 41100 

295,1 Rh-103 p(3,0) 590 710 



301 

Yield. 
Ey 

quanta Sensitivity 

keV Assignment sr- 1nc- 1 µg.g-1mc-1 

295,2 Ge-73 p(5,3) 28 9300 

295,7 Tl-205 n(8,4) 41 9900 

296,0 Tl-210;Pb-214 r.a. 

296,0 Gd-156 p(3,2) 22 17300 

296,1 Ho-165 n(6,0) 6,1 68000 

296,8 Os-186 p(2,l) 2,2 94100 

297,0 Ru-102 g(3,0) 100 3800 

297,3 Bi-209 n(8,3) 4,9 80400 

297,4 Dy-160 p(3,l) 14 11700 

297,S Mo-94 g(2,l) 22 16300 

298,0 Dy-163 n(2,0) 14 11700 

298,6 Cd-113 n(2,0) 18 3100 

298,9 Au-197 n{4,0) 15 9600 

299,0 Se-82 n(4,2) 5,4 84800 

299,4 Ir-193 p(5,0) 23 8400 

301,0 Re-187 p(3,0) 74 5000 

301, 4 Ta-181 p(4,0) 170 4500 

301,4 Hf-180 g(4,0) 50 8300 

301,7 Nd-148 p(l,O) 73 2800 

302,0 Ge-76 p(3,2) 11 25000 

302,2 Cs-133 n(4,0) 44 7800 

302,8 Cs-133 p(3,l) 44 7800 

303,0 Br-79 n(7,2) 130 5800 

303,7 Ba-130 g(4,0) 24 24400 

303,8 Th-232 g(20,0) 130 3700 

303,9 As-75 p{4,0) 8 58000 

-
305,0 Zr-9E p(4,3) 6., 7 43100 

305,3 Ru-101 n(3,0) } 110 3400 

Ru-100 g(3,0) 

306,4 Br-79 p(4,0) 15 61800 



302 

Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1 nc- 1 µg.g-1mc-1 

306,6 Hf-178 p(2,0) 50 8300 

306,8 Ru-101 p(2,0) 110 3400 

307,0 Ga-69 p(6,4) 100 3400 

307,5 Eu-151 p(4,0) 190 2100 

307,8 Au-197 n(5,0) 8,6 13000 

307,9 Se-82 g(S,2) 12 48200 

308,2 Tl-203 g(5,2) 12 9900 

Ti-47 g(l,O) } 
308,3 Ti-48 ·n(l,O) 18 33200 

309,4 Se-76 a(5,2) ~2 48200 

310,0 Th-232 g(23,3) 55 10700 

311,0 Zr-96 p(3,l) 105 2800 

311,0' Cd-114 g(2,0) 19 5100 

311,3 Ag-109 p(3,0) 230 930 

312,0 Co-56 n(4,3) 110 10000 

312,8 Ni-61 a(4,2) 4,3 72000 

314,0 As-75 p(l3,7) 315 2000 

314,7 Se-80 n(6,0) 150 5700 

315,0 Hg-202 n(2,0) 43 3100 

315,,6 v -51 n(5,3) 3315 540 

315,8 As-75 n(5,l) 315 2000 

316,2 Cd-113 p(3,0) 19 5100 

317,0 Tl-205 g(7,4) 9,1 13400 

317,3 I -127 p(3,l) 200 2400 

318,3 Ba-137 g(9,4) 19 31900 

318,4 Ga-69 p(l,O) 250 1800 

318,4 Nb-93 p(8,3) 7,4 42300 

320,0 Zn-68 g(l,O) 930 2200 

320,0 Ti-50 g(l,O) 64 11200 



303 

Yield. 
Ey quanta Sensitivity 

keV Assignment ·sr- 1 nc- 1 µg.g-1rnc-1 
,... 

320,0 Br-79 n(7,l) 50 12500 

320, 0 Th - 2 3 2. g ( 2 4 I 4 ) 73 7900 

320,1 v -51 p(l,O) 4100 370 

320,2 Ti-50 n(2,0) 64 11200 

321,0 Zn-68 n(5,l) } 930 2200 

Zn-67 g(5,l) 

321,3 I ...:.127 n(3,0) 200 2400 

321,3 Hf-177 p(3,0) 40 13000 

321,4 Pd-104 g(3,l) 9,6 88700 

321,5 Gd-155 p(4,0) 33 12100 

322,5 Se-74 a(4,3) 3,8 101200 

322,9 Re-187 g{2,l) 31 11200 

324,0 Zn-67 g{2,0) 930 2200 

324,0 ,.Mo-97 n(3,0) } 105 3900 

Mo-96 g(3,0} 

324,8 Pd-106 9(3,0) 130 9900 

324,8 Ag-107 p(2,0) 290 830 

324,8 Ag-107 n(2,0) 290 830 

325,6 Nb-93 g(6,4) 8,8 38100 

326,9 Se-76 a(5,l) 1,9 150600 

328,0 Sm-149 p(3,l) 22 12200 

328,0 Ac-228 r.a. 

328,5 Pt-194 p(l,O) 1410 390 

329,1 Zr-94 · n(l0,4) 84 3500 

329,1 Se-80 n(7,1) 1,9 150600 

331,0 Se-82 n(4,l). 1,9 150600 

331,2 Hg-201 n(l,O) 39 3400 

331,9 Sn-124 g(l,O) 25 15900 

331,9 Sb-121 p(4,l) 210 4500 



304 

Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1 nc- 1 µg.g-1mc-1 

333,2 Sm-144 n(l,O) 500 550 

333,9 Sm-150: p(l,O) 500 550 

335,5 Sr-88 p(S,3) ,7 64300 

335,6 Ba-130 g(8,4) 15 38200 

335,7 Se-78 n(12,l) 17 27400 

336,0 Mo-95 n(2,0) 135 2500 

336,3 In-115 p(l,O) 7,4 28700 

336,4 Mo-94 g(2,0) 135 2500 

3 37 t 9· w -180 p(2,0) 3 50500 

338,0 Hf-180 p(3,2) 80 5800 

338,l As-75 p(9,3) 180 3600 

338,2 Tl-203 n(8,3) 7,4 17300 

338,6 Nb-93 p(5,l) 12 32800 

338,6 Cs-133 n(6,3) 38 10500 

339,0 Ac-228 r.a. 

339,l Co-59 n(l,O) 14800 80 

339,0 Hf-180 g(5,0) 80 5800 

340,7 Ni-62 a(4,l) 47 6600 

340,8 Ba-138 n(7,l) 13 41900 

341,0 Au-197 n(7,l) 5,4 15400 

341,0 w -186 p(3,2) 3 50500 

341,9 Cd-111 p(2,0) 22 2900 

342,2 Dy-164 p(5,3) 20 8600 

343,2 Ir-191 p(5,0) 34 5700 

343,4 Se-80 n(8,l) 24 23600 

343,6 Se-76 a(6,2) 24 23600 

344,0 Hf-179 n(6,0) } 80 5800 

Hf-178 g(6,0) 

344,2 Zr-94 n(7,0) 16 17600 

344,5 Cd-116 g(3,l) 22 2900 



305 

Yield. 
Ey ' Sensitivity quanta 

keV Assignment sr- 1 nc- 1 µ g . g- 1 me- 1 . 

344,6 P<l-105 p(4,0) 26 39500 

346,2 s -33 p(3,2) 3 336000 

346,7 Gd-154 p(3,2) 10 42800 

346,9 Pd-105 n(3,0) 26 39500 

347,0 Se-82 n(5,2) 4,3 95700 

347,4 Sc-45 p(7,4) 270 3700 

347,5 Ag-109 n(3,0) 43 4300 

347,7 Tb-159 p(4,0) 15 7200 

348,6 Te-130 p(6,3) 72 13400 

349,0 Ni-62 n(4,l) ·6, 5 51800 

350,0 Sm-149 p(3,0) 11 20~00 

350,6 Se-82 g(7,2) 4,3 95700 

350,7 Ge-73 p(5,l) 14 20000 

351,0 Br-79 n(8,3) 150 4400 

351,0 Hg-202 n(3,0) 21 8800 

351,1 w -182 p(3,2) 12 12200 

351,1 Dy-163 p(4,0) 25 6500 

351,2 Ir-191 p(6,0) 30 6600 

352,0 Pb-214 r.a. 

352,3 Fe-56 p(3,l) 88 8900 

353,0 Mo-98 n(9,0) 17 20900 

353,2 Cr-53 g(4,l) 210 6300 

353,5 Os-186 p(l2,7) 3,9 61500 

353,5 Ge-73 p(4,0) 3 65000 

354,0 Ti-48 a(2,l) 8 112000 

354,1 Au-197 n(ll,2) 9,3 15100 

355,1 Rl?-85 p(3,2) 51 7200 

355,1 ~b-87 n(3,2) 51 7200 

355,3 Ru-101 n(4,0) } 500 800 

Ru-100 g(4,0) 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1 nc- 1 µg.g-1mc-1 

355,4 In-115 g(4,2) 2,3 83300 

355,9 Pt-196 p(l,0) 960 490 

356,4 Hf-179 n(7,0) } 280 2100 

Hf-178 g(7,0) 

356,5 Cs-133 p(4,l) 14 26100 

356,7 Se-82. g(l,O) 1,9 162800 

356,8 Ho-165 n(8,0) 60 8400 

357,0 Zr-92 n(4,.0) 22 12700 

357,l y -89 n(3,2) 5,3 32400 

357,3 Ba-130 p(l,O) 21 25300 

357,4 Rh-103 p(4,0) 690 700 

357,7 Ru-104 p(l,0) 500 800 

358,0 Ir-193 p(6,0) 66 3300 

358,8 Se-74 a(3,2) 1,9 162800 

359,1 Re-187 n(8,3) 51 7100 

360,0 Zn-67 n(2,0) 1540 980 

360,3 I -127 p(4,l) 240 2800, 

361,0 Ho-165 p(4,0) 45 10400 

361,1 Se-76 a(6,l) 1,9 162800 

362,2 Se-74 a(3,l) 1,9 162800 

362,3 Ag-107 p(4,3) 140 1300 

364,0 Hg-202 g(4,0) 190 1400 

364,4 Sc-45 p(2,l) 3200 340 

365,0 Cu-63 p(3,l) 960 3600 

365,6 Ag-107 n(3,0) 140 1300 

366,0 Fe-58 n(4,0) } 19 44900 

Fe-57 g(4,0) 

366,3 $e-80 n(7,0) 160 5200 

366,7 Fe-57 p(3,0) 19 44900 

366,7 Ag-109 n(4,l) 140 1300 
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Yield. 
fry quanta Sensitivity 

keV Assignment sr- 1 nc- 1 µg.g-1mc-1 

366,9 Hg-199 n(l,O) } 190 1400 

Hg-198· g(l,O) 

367,5 Ti-48 a(2,0) 10 89800 

367,9 Hg-200 p(~,O) 190 1400 

369,0 Cu-65 p(3,l) 960 3600 

369,8 I -127 p(9,3) 61 8300 

370,6 Tb-159 p(6,l) 9,1 33000 

372,1 Te-125 n(4,0) 45 24600 

372,8 Ca-43 p(l,O) 180 930 

373,0 Ni-61 p(3,2) 20 19600 

373,7 As-75 p(7,l) 460 1300 

373,9 Ga-69 n(3,0) 300 1200 

374,5 Os-192 p(3,l) 2,9 84700 

374,7 ·I -127 p(3,0) 84 7500 

375,0 Hf-179 p(5,0) 82 6400 

376,8 Cd-114 n(5,0)} 5,3 11200 

Cd-113 g(5,0) . 

376,8 Ca-44 g(2,0) 180 930 

376,9 Sc-45 .p(2,0) 380 2500 

377,0 Se-82 n(4,0) 42 13900 

377,5 Cr-53 n(l,O)} 8050 260 

Cr-52 g(l,O) 

378,3 Pd-110 p(l,O) 1290 1100 

380,0 Rb-85 g(6,3) 43 7900 

38d,O Rh-103 n(4,l) 95 4100 

380,.2 Th-232 g(27,3) 220 3800 

380,4 Fe-57 n(5,2) } 31 29600 

Fe-56 g(5,2) 

380,6 Rb-87 n(4,2) 43 7900 

381, 6 Sn-122 g(2,l) 5,7 78900 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1nc- 1 µg.g-1mc-1 

381, 6 Sb-123 p(2,l) 180 3600 

382,2 Sb-121 n(9,l) 180 3600 

383,6 Cs-133 p(3,0) 12 30400 

383,6 K -41 p(6,2)· 230 2500 

384,0 Te-130 g(6,2) 21 31600 

384,0 Br-79 n(5,0) 490 1700 

385,0 Br-79 n(l0,4) 490 1700 

385,1 Mn-55 n(3,2) 930 1800 

385,4 Rh-103 n(5,l) 71 5400 

385,6 Hg-196 g(l,O) 4,4 45000 

388,4 Rb-87 n(l,O) 39 8000 

388,4 Sr-87 p(l,O) 15 22600 

389,7 Mg-25 p(2,l) 1260 620 

389,8 Dy-163 p(5,0) 15 9600 

390,0 Ga-71 p(l,O) 560 700 

390,0 Hf-177 p(5,0) 300 2000 

390,3 Lu-176 p(4,2) 11 21300 

390,8 Se-78 n(13,0) 3,2 112400 

390,9 Ir-191 p(7,0) 4 90500 

390,9 Ag-109 p(5,3) 1,3 90500 

Cd-112 g(l, 0) } 

391,7 Cd-113 n(l,O) 8,1 9400 

Ti-48 g(S,3)} 

393,0 Ti-49 n(5,3) 26 30900 

.393,4 Te-130 p(6,2) 14 48400 

393,9 Se-76 a(5,0) 3,4 111200 

396,0 0$-190 p(S,2) 1,4 160000 

396,6 Z.,.s-75 p(l2,6) 13 39400 

396,9 Ca-43 p(3,2) 6,9 94200 

397,9 Ga-69 n(4,0) 540 750 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1nc- 1 lJ g. g- 1 me- 1 

398,0 Se-82 n(6,2) 3,4 111200 

400,6 As-75 p(S,O) 25 18300 

401,0 Hf 220 2700 

401,3 Tl-203 p(2,l) 15 8700 

402,0 Br-79 n(6,0) 180 3900 

402,6 Rb-87 p(l,O) 12. 24800 

404,1 K -41 p(7,2) 52 15/400 

406,4 Cr-54 n(4,0) 160 9300 

407,1 Se-80 n(l6,6) 5,2 87300 

407,2 Pt-198 p(l,O) 160 3500 

408,0 Te-125 p(4,l) 27 24500 

408,6 Tl-203 n(3,2) 13 8500 

410,0 Ru-104 g(4,0) 23 13200 

411,2 I -127 n(4,0) 6,4 73000 

411,5 Mn-55 n(l,0) 7600 190 

411,6 Fe-54 p(4,2) 82 12800 

411,8 Hg-198 p(l,O) 120 2400 

414,0 B -10 p(3,2) 490 2400 

.414,5 Sc-45 n(4,2) 1900 570 

414,9 I -127 p(5,2) 6,1 71000 

415,0 Be-9 g(3,2) 14 43700 

415,1 Ag-109 p(4,0) 260 730 

417,6 As-75 p(l3,6) 9 40500 

417,6 As-75 p(9,l) 9 40500 

418,3 I -127 p(4,0) 12 55000 

420,0 y -89 g(4,2) 46 5300 

420,4 Os-192 p(5,2) 1,7 152000 

420,7 Hf-179 p(6,0) 80 6500 

421, 8 Dy-163 p(7,0) 5,8 23800 
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Yield .. 
Ey quantG. Sensitivity 

keV Assignment sr- 1nc-: µg.g-1mc-1 

422,0 Ru-101 p(6,0) 12 23100 

423,0 Ni-58 g(2,l) 22 17200 

423,1 Pd-106 g(4,0) 130 7300 

423,1 Ag-107 p(3,0) 280 805 

425,0 Se-82 n(5,0) 21 41300 

425,3 Sc-76 a(7,2) 21 41300 

425,4 Sc-45 p(l3,8) 250 3400 

425,7 Au-197 n(9,5) 3,8 30800 

426,2 As-75 p(l4,9) 830 820 

426,2 Ag-109 n(4,0) 280 805 

426,3 Hg-196 p(l,O) 96 1800 

426,3 Hf-178 p(4,3) 160 3400 

426,7 Hf-177 p(7,0) 160 3400 

Ru-98 g(3,0) } 
427,3 Ru-99 n(3,0) 48 7000 

427,8 As-75 n(5,0) 830 820 

427,9 Te-125 p(5,l) 46 15600 

428,0 B -10 a(l,O) 26600 90 

428,1 Se-76 a(6,0) 9,8 52300 

429,0 N -15 g(2,0) 710 1880 

429,2 Li-6 g(l,O) 154300 13 

429,2 Li-7 n(l,O) 154300 13 

430,0 Se-82 n(6,l) 9,8 52300 

. 430, 0 Co-59 n(8,5) 153 6000 

431,7 Sc-45 p(6,3) 530 1900 

432,2 Se-80 n(9,l) 9,Z 52300 

433,2 Pd-105 p(5,0) 2700 260 

433,2 Pd-105 n(5,0) 2700 260 

433,9 Pd-108 p(l,O) 2700 260 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1 nc- 1 µg.g-1mc-1 

434,8 Os-186 p(4,2) 3,2 95900 

435,8 Nb-93 g(S,3) 12,3 27300 

437,9 Ba-138 n(9,l) 31 21200 

438,4 Sb-121 n(4,0) 1460 770 

439,3 Rb-85 g(8,4) 47 9400 

439,4 Sn-120 g(4,2) 4,2 121000 
/ 

439,6 Hg-202 p(l,0) 240 1300 

439,8 Na-23 p(l,O) 92600 16 

439,8 Mg-26 a(l,O) 130 6720 . 

440,0 Dy-163 n(3,0) 6,2 19500 

440,2 Sb-123 n(3,0) 1460 770 

440,6 Tl-205 n(4,2) 45 3100 

441,0 Ru-96 p(6,5) 89 5400 

442,3 .· Ge-73 n(5,l) 15 22300 

442,3 Pd-105 p(5,0) 470 2100 

443,1 I -127 p(l2,7) 600 8700 

443,1 I -127 g(l,O) 600 8700 

443,3 Te-125 p(4,0) 93 8600 

444,0 Au-197 n(9,2) 3,8 26800 

444,3 In-115 p(7,2) 17 15200 

445,0 Hf 120 5000 

445,1 Br-81 n(8,3) 490 1600 

446,0 Pb-208 n(l,O) 20 6980 

446,2 Br-81 n(5,l) 490 1600 

446,5 Th-232 g(26,0) 240 3100 

44 7 ,'0 Sn 35 13400 

447,3 Ag-109 p(6,4) 2,2 73100 

448,3 Ba-137 n(l,O) 31 20100 

449,6 Cu-93 p( 4, 2 ). 270 4900 

452,0 Zr-96 p( 4, 2) 35 8200 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1nc- 1 µg.g-1mc-1 

452,3 Te-130 g(3,l) 13 50200 

452,8 Tm-169 p(6,2) 10 22100 

453,6 Nd-146 p(l,O) 100 2200 

453,8 Te-125 n(5,0) 13 50200 

455,7 Se-80 n(lO,l) 15 32300 

456,8 Br-81 n(2,0) 240 2100 

459,2 Sc-45 p(ll,6) 470 2300 

460,2 As-75 p(ll,5) 130 4500 

~61,8 I -127 n(5,l) 66 10200 

461,9 Os-188 p(4,2) 2,9 92700 

461,9 Ag-107 p(4,2) 14 12600 

462,0 Ag-109 n(5,0) 14 12600 

463,0 Ac-228 r.a. 

463,4 Te-125 p(5,0) 34 22200 

464,2 Sb-121 n(6,0) 130 7600 

464,9 Co-59 n(2,0) 910 1200 

465,5 As-75 p(l2,5). 45 11300 

Fe-56 g( 4, 1) } 

466,0 Fe-57 n(4,l) 74 13800 

466,8 Se-80 n(9,0) 100 9900 

468,7 As-75 p(6,0) 45 11300 

470,0 Se-82 n(7,2) 100 9900 

470,5 Sb-121 p(2,l) 130 7600 

471,2 As-75 p(l4,7) 45 11300 

472,1 Ho-165 p(7,l) 15 43000 

475,0 Ru-102 p(l,O) 330 910 

475,0 Au-197 n(7,0) 2,9 12800 

475,2 Sb-121 n(7,0) 210 4800 

477,0 Ni-61 n(l,O) 43 10100 

477,0 Br-79 n(9,3) 63 10700 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1 nc- 1 µg.g-1mc-1 

477,1 Mn-55 n(4,2) 6000 270 

478,0 Li-7 p(l,O) 521800 5 

478,1 Os-188 p(3,l) 2,6 108000 

479,3 La-138 p(8,0) 3,7 38000 

480,0 Mo-92 p(l0,7) 70 5900 

480,6 Ba-135 p(3,0) 29 22500 

480,9 Ba-136 n(2,0) 34 16500 

480,9 Mo-97 p(l,O) 70 

484,0 Cu-63 n(9,4) 470 8500 

484,3 Se-74 a(8,3) 9,2 85600 

484,4 Rb-87 g(4,2) 340 980 

484,9 Rb-87 n(2,l) 340 980 

48S, 6 As-75 p(l3,5) 120 5000 

487,0 Os-188 p(5,2) 9,4 42600 

487,3 Os-188 n(7,0) 9,4 42600 

489,0 Os-192 p(2,0) 9,4 42600 

489, 3 In-115 n(4,l) 51 5800 

489,8 Os-186 p{ll,6) 9,4 42600 

490,0 I -127 p(l7,9) 62 11100 

490,5 Hg-202 n{4,0) 22 9900 

490,5 Hg-202 p(4,0) 22 9900 

491,0 Ni-58 g(l,O) 11 35900 

491,0 Os-187 p(8,l) 9,4 42600 

491,7 Se-80 g(6,l) 3,9 112500 

492,8 Se-80 n(lO,O) 3,9 112500 

493,6 Nb-93 g(4,2) 8,2 43300 

494,5 Er-1E7 p(6,l) 11 21800 

495,3 0 -16 g(l,O) 270 850 

496,4 Ru-101 n(7,3)} 31 14200 

Ru-100 g(7,3) 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1nc- 1 µg.g-1mc-1 

496,5 In-113 n(4,0) 870 340 

498,0 Pd-108 p(2,l) 93 11100 

497,3 In-115 n(l,O) 870 340 

497,4 Sn-115 p(l,O)" 45 7800 

La-138 g{3,l)} 

499,7 La-139 n(3,1) 3,1 41000 

500,0 Ga-69 p(7,4) 950 490 

504,0 Rb-85 n(3,2) 440 820 

504,2 Rh-103 n(5,0) 30 16500 

505,0 Te-123 p(5,0) 43 11700 

505,4 Ag-107 n(4,0) 31 9300 

506,4 y -89 n(2,1) 280 940 

507,6 Sb-121 p(2,0) 110 8600 

508,0 Pr-141 g(2,l) 3,4 48600 

508,2 Zn-70 n(l,O) 1270 1000 

509,0 Cu-65 p(4,2) 5450 2500 

510,0 Ge-73 n(5,0) 1530 230 ' ' 

510,0 Pb-208 n(2,0) 110 1380 

510,5 La-138 p(9,0) 74 4800 

510,9 Br-81 n(6,l) 900 720 

511,0 13+ r.a. 

511,6 Ga-71 p(3,0) 180 2300 

511,7 Re-187 p(6,0) 510 890 

511,7 Pd-105 p(l,O) 2025 630 

511,8 Eu-151 n(7,l) 500 1000 

512,0 Br-79 n(l2,3) 900 720 

513,0 Br-79 n(9,2) 900 720 

513,0 I -127 p(8,2) 860 1000 

513,1 Cd-116 p(l,O) 125 670 

513,l Cd-111 p(7,2) 125 670 
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Yield. 
Ey 

quanta Sensitivity 
keV Assignment sr- 1nc- 1 µg.g-1mc-1 

515,5 Ho-165 p(6,0) 12 47000 

518,9 Th-232· g(30,l) 57 13600 

520,0 Hf 250 2500 

520,3 Ca-40 n(4,3) 64 5700 

520,3 Bi-209 n(l2,7) 3,5 99000 

520,5 Ga-71 p(4,l) 37() 1100 

520,8 Mn-55 n(2,l) 310 5800 

521,0 Se-71 p(7,0) 6,4 92600 

522,8 Br-79 p ( 6 '· 0) 92 7800 

524,6 Pr-141 g(3,l) 8,1 24500 

525,0 Se 5,2 90000 

526,5 Ag-107 p(5,3) 1 122000 

527,3 Sn-117 n(l,O) 85 5600 

529,0 Th-232 g(31,0) 76 10200 

530,0 Os-187 n(l3,5) 0,6 179000 

530,7 Sc-45 p(3,l) 3800 300 

. 531,7 Sb-121 n(8,0) 79 10200 

531,9 Rh-103 n(6,0) 66 9700 

532,0 Er-16 7 p ( 5, 0) 1,9 126400 

532,4 Ga-69 p(5,2) 91 4400 

535,0 Zr-96 p(6,3) 105 3100 

535,3 Ho-165 n(l3,0) 5,3 110000 

535,6 Mo-100 p(l,O) 15 22400 

535,9 Sb-121 p(3,l) 82 9400 

537,3 Rb-85 n(S,l) 320 1200 

537,4 Br-81 n(8,2) 98 7700 

537,6 Dy-156 p(3,l) 7,9 11300 

538,0 Cd-111 n(l,O) 19 2900 

538,1 Se-80 g(3,0) 82 8100 



316 

Yield. 
Ey 

quanta Sensitivity 
keV Assignment sr- 1nc- 1 µg.g-1mc-1 

538,2 Br-81 p(2,0) 98 7700 

538,5 Te-123 p(6,l) 74 9100 

539,6 Ru-100 p(l,O) 140 3300 

541, 8 Sn-122 g(2,0) 35 12700 

541,8 Sb-123 p(2,0) 82 9400 

542,5 Se-82 a(2,l) 68 6200 

542,9 Ti-48 a(3,0) 8 100000 

543,0 Hg-203 p(4,0) 58 4200 

543,1 Sc-45 p(3,0) 2700 420 

544,9 Ru-101 p(lO,O) 12 10300 

545,0 Bi-209 n(l,O) 5,2 61600 

545,6 Ge-76 p(2,l) 1 214000 

546,4 Ru-101 n(7,2)} 12 10300 

Ru-100 g(7,2) 

547,5 Au-197 p(6,0) 160 790 

547,6 Hf-180 p(3,l) 100 6000 

549,1· Br-81 n(3,0) 370 2100 

550,0 Rb-85 n(9,5) 360 1100 

550,3 Sm-148 p(l,O) ~40 1200 

550,4 Pd-106 g(8,4) 130 7500 

551,6 Se-80 g(8,l) 84 8300 

555,8 Pd-104 p(l,O) 560 2300 

556,4 Pd-102 p(l,O) 560 2300 

556,9 As-75 p{ll,4) 75 8100 

557,0 Os-186 p(l2,6) 4 73400 

557 2 
' , As-75 p(l0,2) 75 8100 

5 57, 8 Os-190 p(3,0) 4 73400 

558,1 As-75 g(l,O) 75 8100 

558,5 Cd-114 p(l,O) 120 640 

559,3 Se-76 p ( 1, 0.) ' 210 5000 
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Yield. 
Ey 

quanta .Sensitivity 
keV Assignment sr- 1nc- 1 µg.g-1mc-1 

559,9 Cs-133 p(7,l) 14 32700 

560,0 Tb-159 p(9,l) 7,7 38900 

560,0 Zr-92 p(3,l) 14 21900 

560,4 Te-120 p(l,O) 120 5600 

561,4 Se-80 g(9,1) 210 5000 

561,4 As-75 p(l2,4) 75 8100 

561,5 Er-167 p(7,1) 2,1 121600 

562,0 Mo-95 p(2,1) 

562,7 Tm-169 p(6,1) 25 9500 

563,0 Ge-76 n,n'(l,O) 

563,0 Ge-76 p(l,O) 0,7 258000 

563,0 Se-76 p(2,1) 210 5000 

563,2 As-75 g(2,l) 75 8100· 

563,5 y -89 g(5,2) 73 2600 

564,0 Cr-53 p(l,O) 700 3400 

564,4 Te-122 p(l,O) 120 5600 

564,7 Cs-133 n(S,l) 14 32700 

566,8 Ho-165 p(7,0) 6,1 108000 

567,0 Mo-95 p(2,l) 55 8200 

568,0 Os-190 p(4,l) 1,2 210000 

568,6 Br-81 n(9,2) 83 8500 

569,0 Os-192 p(l2,8) 1,2 210000 

569,0 Th-232 g(34,0) 82 8700 

570,0 Pb-207 p(l,O) 2,3 42300 

570,9 I -127 p(6,1) 65 10300 

571,0 Tm-169 p(6,0) 30 8300 

572,3 As-75 p(7,0) 285 2400 

573,0 Sb-121 p(3,0) 105 6700 

573,1 Sn-120 g(3,0) 25 15700 

573,9 Ga-69 p(2,0) 400 1230 
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Yield. 
Ey 

quanta Sensitivity 
keV Assignment sr- 1nc- 1 µg.g-1mc-1 

574,0 Zn-68 g(2,0) 400 7100 

574,8 As-75 . p(l4,6) 285 2400 

575,6 v -51 n(4,2) 550 4400 

576,4 Ba-136 n(l2,3) 35 19300 

578,0 Ge-73 n(7,0) 15 21000 

578,6 Zr;-68 p(2,l) 400 7100 

578,9 0 -18 11( 5, 4) 62 3800 

579,3 Hg-200 p(2,l) 8,3 23300 

579,9 K -.41 p(3,l) 30 4960 

La-138 g(4,2) } 
580,0 La-139 n(4,2) 4,5· 46000 

580,2 Tb-159 p(8,0) 50 5300 

580,3 Os-192 p(6,2) 9,4 48300 

581,3 As-75 p(ll,3) 28 19000 

582,4 As-75 p(l3,4) 28 19000 

583,7 Cd-113 p(5,0) 21 3500 

584,8 As-75 p(l2,3) 28 19000 

585,0 Cu-63 p(5,2) 530 7100 

585,0 Mo-94 g(3,l) 25 8300 

585,0 Zn-68 n(8,0) 100 19700 

585,1 Mg-25 p(l,O) 3200 310 

585,2 Au-197 p(lO,O) 10 12300 

585,2 w -180 p(3,l) 1,4 126000 

585,6 As-75 n(6,0) 28 19000 

585,5 Th-232 g(36,0) 390 2400 

586,7 I -127 n(5,0) 46 12100 

587,9 Ba-135 p(4,0) 21 27900 

587,8 Ir-191 p(9,0) 7 49000 

588,0 Ni-61 p(3,l) 29 18900 

588,0 y -89 n(l,O) 260 1200 
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Yield 
Ey 

quanta. Sensitivity 
keV Assignment sr- 1nc- 1 µcr.n-1mc-1 

.::, ~ 

588,6 Pt-192 p(5,2) 21 31500 

588,8 Hg-201 n(3,l) 12 16700 

592,0 Mo-95 p(3,l) 11 16300 

593,4 Ca-43 p(2,0) 38 8500 

593,8 Ho-165 p(l0,2) 40 17900 

593,9 I -127 p(7,l) 83 8800 

594,1 Sb-121 n(9,0) 95 9500 

595,0 Ti-49 n(3,2)} 170 6800 

Ti-48 g(3,2) 

596,0 Ge-74 n,n' (1,0). 

596,1 Ga-71 p(6,3) 250 1800 

596,2 As-75 p(ll,2) 120 4980 

597,0 Hf-176 p(3,0) 510 700 

597,0 Lu-175 p(4,0) 14 19200 

597,1 Pr-141 n(9,3) 21 14200 

597,4 Sc-45 p(l5,ll) 530 2300 

598,2 B -10 a(2,l) 1200 1310 

600,2 I -127 p(l5,5) 180 3900 

6-01,7 K -41 p(4,l) 35 5900 

602,0 Sr-84 p(4,2) 13 22800 

602,0 Te-124 p(l,O) 110 6300 

602,1 Te-130 g(l,O) 110 6300 

602,7 I -127 a(l,O) 180 3900 

603,0 Pb-208 n(3,0) 4,5 30400 

603,2 As-75 p(l2,2) 670 1100 

603,4 v -51 n(4,l) 3570 860 

604,7 Ba-134 p(l,O) 22 23400 

605,2 Cs-133 pc s ,·o > 42 11300 

605,4 Br-79 p(7,0) 420 2200 

606,9 As-75 P ( 13 t 3 ). 670 1100 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1nc- 1 µg.g-1rnc-1 

607,6 Os-189 n(ll,l) 11,4 43900 

607,6 Pt-194 p(5,2) 17 37300 

607,6 Rh-103 p(7,l) 65 10600 

608,0 Ge-74 n,n' (2,1) 

608,2 Hg-196 g(2,0) 4,8 76700 

608,3 Br-81 n(4,0) 420 2200 

608,3 Hf-174 p(3,0) 250 2100 

608,4 Ho-165 n(l5,0) 16 42100 

608,5 Ge-74 p(2,l) 30 11400 

608,9 v -51 p(2,l) 3610 920 

609,0 Bi-214 r.a. 

610,0 .Ru-102 g(6,0) 9,6 13300 

610,6 Hg-196 p(2,l) 4,8 76700 

611,0 Cu-65 p(S,2) 280 11600 

611,9 'Th-232 p(6,2) 84 11400 

612,4 Pt-192 p(2,0) 17 37300 

612,8 In-115 n(2,0) 4 6900 

613,6 Ag-109 n(7,l) 27 10200 

613,6 Se-78 p(l,b) 1240 930 

614,0 Na-23 1637-2Me 690 2400 

615,0 Hf-180 g(9,0) 220 2100 

615,0 w -186 p(3,l) 19 10600 

615,1 As-75 n(7,0) 85 6600 

616,0 Zr-96 p(4,l) 10 33800 

616,1 Cd-106 p(2,l) 92 900 

616,2 Br-79 g(l,O) 120 6100 

616,3 Ru-101 p(ll,O) 62 5900 

617,0 Tb-159 p(9,0) 15 19300 

617,4 Ru-99 p(6,0) 62 5900 

617,4 Cd-112 p(l,O) 92 900 
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Yield. 
Ey quanta Sensitivity 

';, ' 

keV Assignment sr- 1nc- 1 µg.g-1mc-1 

643,2 As-75 p(l4,5) 88 6700 

644,0 Sn-119 n(2,0) 190 2600 

646,0 Se-82 n(9,l) 4,2 114300 

650,0 Cd-111 n(5,l) } 21 2400 

Cd-110 g(5,1) 

650,1 Cd-108 g(l,0) 21 2400 

650,2 Se-80 g(5,0) 4,8 105900 

650,2 Cd-114 p(3,1) 21 2400 

651,2 Zn-70 n(2,0) 83 22600 

652,0 Cu-63 n(5,0) 2560 ·1900 

653,0 Ru-98 p(l,O) 190 3200 

653,6 Ba-135 p(7,1) 24 27300 

654,0 Cu-65 n(4,2) 2560 1900 

654,7 Se-82 p(l,O) 19,2 32800 

655,8 Ni-61 p(3,0) 3,4 115000 

657,0 As-75 g(3,1) 130 4500 

657,7 Cd-110 p(l,O)' 39 1600 

658,0 Ti-49 n(3,l) 120 11900 

658,8 0 -18 n( 5 I 2) 120 2400 

659,0 I -127 p(8,l) 240 2200 

659,8 Cd-116 g(3,0) 39 1600 

660,3 Ti-46 g(4,0) 120 11900 

662,2 As-75 p(ll,l) 32 15600 

663,8 Tl-203 g(4,l) 10 61800 

663,9 Tl-205 g(4,l) 10 61800 

664,9 Th-232 p(4,l) 465 2100 

666,0 Bi-21.i r.a. 

666,2 Se-80 p(l,O) 310 3300 

666,2 As-75 p(l2,l) 32 15600 
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Yield. 
Ey 

quanta Sensitivity 
keV Assignment sr- 1 nc- 1 µg.g-1mc-1 

666,5 Te-126 p(l,O) 390 1900 

666,9 Au-197 p(8,2) 1,2 85300 

668,0 Ga-69 g(3,l) 100 5200 

669, O· Mo-97 n(l0,6) 40 9600 

669,0 Ni-63 g(l,O) 3,2 161000 

669,8 Cu-63 p(l,O) 12300 770 

670,7 ca-108 g(6,l) 4 13700 

671,2 Ba-130 g(9,0) 26 24600 

671,3 Ba-136 p(9,2) 26 24600 

Fe-56 g(6,l)} 

673,5 Fe-57 n(6,l) 34 39700 

673,7 Dy-164 p(6,2) 10 11200 

677,0 I -127 p(l2,4) 1490 700 

680,0 Hf-179 p(l5,0) 105 6900 

680,1 Tl-203 n(6,2) 22 35400 

680,5 Tl-203 p(2,0) 22 35400 

680,9 Th-232 p(5,l) 2500. 390 

681, 0 Sb-121 n(9,0) 53 14900 

681,3 Se-74 a(4,l) 44 20800 

683,2 Sn-119 n(7,2) 30 16100 

684,0 Se-85 g{2,0) 44 20800 

686,0 Nb-93 p(2,0) 110 6200 

687,0 I -127 p(9,l) 90 15800 

687,7 As-75 p(l3,l) 250 2800 

688,5 Dy-164 p(4,l) 10 9200 

688,6 Ho-165 p(lO,O) 22 37000 

688,9 Sc-45 p(l0,4) 940 1500 

690,0 Ru-100 p(3,l) 35 17400 

691,0 Ge-72 n,n' (1,0) 

691, 0 Zn-70 n(3,0) . 170 13100 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1 nc- 1 µg.g-1mc-1 

691,1 Sc-45 p(7,2) 940 1500 

691, 2 Ga-71 g(l,O) 230 2500 

691, 2 As-75 a(l,O) 125 5500 

692,0 Fe-57 p(4,l) 42 33200 

693,0 Se-78 p(2,l) 66 13700 

694,4 Ru-101 n(7,l)} 35 17400 

Ru-100 g(7,l) 

695,0 Br-79 n(l2,0) 140 7900 

695,0 I -127 a(7,4) 200 5700 

695,1 Cd-112 p(2,l). 20 3400 

696,0 K -41 p(7,l) 92 2600 

696,5 Nd-144 p(l,O) 51 6900 

696,9 Se-82 g(8,l) 66 13700 

698,7 Tl-203 n(5,1) 4,7 40000 

699,9 Sn-119 n(3,0) 240 2500 

700,5 Se-82 n(l6,3) 59 17300 

701,0 Hf-179 p(l6,0). 200 4000 

702,0 Ag-109 p(5,0) 43 7300 

702,6 Mo-94 p(2,0) 60 6200 

702,6 Nb-93 g(2,l) 106 2500 

703, 8 Nb.;.93 g(9,3) 106 6700 

705,3 In-115 n(7,l) 6,9 43000 

705,3 Er-166 p(4,l) 16 22600 

705,7 I -127 p(13,4) 230 5500 

706,5 Ba-138 n(16,5) 35 18100 

707,2 Sc-45 n(4,l) 250 5000 

708,0 Ga-69 p(4,1) 420 1400 

708,0 Hf-176 p(4,2) 200 3700 

710,0 N -15 g(3,0) 340 4320 

710,0 Zn-68 g(4,l). 24 42400 
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Yield. 
Ey 

quanta Sensitivity 

keV Assignment sr- 1nc- 1 µg.g-irnc-1 

710,4 Tl-203 n(7,2) 30 24500 

714,2 Th-232 p(4,0) 49 20200 

714,7 Cu-65 n(4,l) 640 6800 

716,6 I -127 p(8,0) 81 22300 

717 I 0 Ba-135 p(5,0) 33 18900 

718,0 B -10 p(l,O) 15300 120 

718,0 Be-9 g(l,0) 5,3 90300 

719,2 Ru-99 p(8,0) 442 13100 

719,3 In-115 n(6,0) 3,7 78600 

719,4 Sn-117 n(2,0) 100 5800 

719,8 I -127 p(l2,3) 81 22300 

720,1 Ru-101 p(l6,0) 42 13100 

720,3 Sc-45 p(4,0) 3800 400 

720,3 Nb-93 g(5,3) 22 28800 

720,4 Al-27 p(6,l) 21 120300 

721,7 Ag-109 p(8,0) 16 18500 

723,0 Mo-98 p(3,l) 30 12100 

723,6 Sn-115 n(l,O) 100 5800 

723,7 Ag-107 p(7,3) 16 18500 

724,7 Th-232 p(6,l) 105 8600 

727,0 Bi-212 r.a. 

728,4 Se-74 p(4,l) 47 10400 

728 t 7 Ca-43 n(S,l) 35 9100 

729,2 Br-81 n(7,l) 430 2100 

730,0 Cd-114 n(7,0) } 6 11300 

Cd-113 g(7,o)· 

738,0 J.>.g-107 p(8,3) 12,8 23200 

739,9 Tl-203 n(6,l) 30 24600 

Cd-111 g(8,0) } 
742,0 Cd-112 n(B,O) 7 9600 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1 nc- 1 µg.g-1mc-1 

742,0 Cu-63 p(4,l) 170 2100 

743,2 Te-128 p(l,O) 400 1980 

743,8 Ga-69 g(8,3) 68 5500 

744,4 Nb-93 p(3,0) 11 12600 

744,6 I -127 p(9,0) 460 2900 

748,1 Ti-48 g(3,0) 12 124000 

749,0 v -51 n(l,O) 3380 210 

749,2 I -127 p(l3,3) 650 1800 

750,0 Ni-62 p(6,3) 10 62000 

7 50, 5 Zr-94 p(4,l) 85 5100 

750,8 Ba-137 g(l4,l) 37 18400 

751,9 Cu-65 n(5,4)' 3800 1200 

Ba-134 g(l2,l) } 752,8 Ba-135 n(l2,l) 37 18400 

753,0 Bi-209 g(5,2) 68 7500 

754,3 Al-27 1776, 2-2me. 33 112500 

754,4 La-139 n(3,0) } 18 23000 

La-138 g(3,0) 

754,4 Cu-63 p(9,3) 3800 1200 . 

75"6,0 Si-29 P ( 2 I ) 720 2100 

756,7 Pr-141 n(2,0) 32 7100 

760,0 Co-59 n(ll,4) 120 12200 

760,2 Sc-45 p(9,3) 250 4800 

760,6 Ba-136 p(3,l) 41 15800 

761, 4 Tl-205 n(4,0) 35 11700 

761,7 Dy-164 p(4,0) 11 12400 

763,7 O· -18 n(S,l) 22 13100 

764,3 As-75 p(l4,3) 75 8100 

764,7 I -127 p(l4,4) 630 2200 

765 I 4' Tl-203 p(3,l) 27 20200 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1 nc- 1 µg.g-1mc-1 

767,0 Se-80 0(6,0) 28 29700 

767,0 Os-190 p(S,l) 2,1 185000 

767,0 Mo-95 p(2,0) 80 4200 

767,4 Os-186 p(3,0) 2,1 185000 

767,7 Pd-104 p(2,l) 25 46300 

768,7 Cs-133 p(lO,O) 20 23500 

769,0 Bi-214 r.a. 

769,0 Rb-85 n(5,b) 270 1510 

769,1 Cu-65 n{4,0) 4520 970 

770,0 Ge-73 n(lO,O) 6 57000 

770,0 y -89 n(8,2) 15 11800 

770,0 Mo-96 p(l,O) 80 4200 

770,4 Tl-203 n(7,l) 28 26300 

770,6 Cu-65 p(l,O) 4520 970 

770,8 Ni-64 g(l,0) 12 43400 

771,8 As-75 g(4,l) 70 8500 

773,0 Mo-92 p(2,l) 80 4200 

774,0 Ti-50 a{l,0) 13 110000 

774,1 Th-232 p(6,0) 800 1400 

775,4 v -51 n(9,5) 150 5100 

778,0 As-75 p(l4,2) 12 43700 

778,0 Mo-96 p(l,O) 100 4500 

779,7 Nn-93 p(4,l) 230 2600 

780,2 Th-232 p(8,0) 890 1300 

782-,0 Cd-106 p(8,2) 2 36100 

783,3 Cr-50 p{l,O) 3060 1100 

783,3 Se-80 p(2,l) 4,6 96900 

785,6 Pd-104 p(4,l) 85 14600 

785,9 Er-166 p(4,0) 3,4 97600 

786,0 Mo-95 p(3,0) 6,7 49700 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1nc- 1 µg.g-1mc-1 

786,1 Pd-106 g(5,0) 85 14600 

786,4 Ga-71 g{8,4) 70 7700 

786,5 Ag-107 p(4,0) 10 30200 

786,8 Hg-202 g(9,l) 14 18300 

787,0 Mo-98 p(l,O) 6,7 49700 

787,2 Cr.i-40 p{6,3) 29 10600 

787,7 Ga-69 p(5,l) 70 7700 

788,2 I -127 p(l0,2) 180 6600 

788,7 La-138 n(l,O) 2,7 58000 

792,0 Sr-87 n(2,0) 18 20700 

792,0 Sr-84 n(l,O) 18 20700 ·. 

793, 4 Sr-84 p(l,O) 18 20700 

794,8 Cu-65 'n( 6 I 2) 1360 2900 

795,0 Tl-210;Ac-228 r.a. 

795,3 Ba-134 p(3,l) 40 16100 

803,0 Mn-55 n(8,4) 2400 950 

804,0 Zr-92 n(9,3) 8,6 44800 

804, 0 Tl-205 g(l,O) 41 25500 

804,2 I -127 n(6,l) 300 4200 

806,9 Zn-68 p(3,l) 480 5800 

807,5 Cu-63 g(2,l) 1000 3600 

807,9 v -51 n(6,l) 5240 600 

808,3 I -127 p(24,9) 300 4200 

808,5 Zn-64 p(2,l) 480 5800 

808,9 Nb-93 p(4,0) 14 31400 

810,7 s -32 g(l,O) 105 71090 

811,8 Fe-58 p(l,O) 36 27600 

812,2 Ga-69 n(5,0) 280 2100 

812,6 Se-80 p(3,l) 50 18400 

815,6 Bi-209 n ( 13, 3 ). 20 23100 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1nc- 1 µg.g-1mc-1 

817, 8 Cd-110 p(2,l) 4 16900 

821,9 As-75 p(lO,O) 125 5100 

823,6 Th-232 p(9,l) 420 2400 

826,0 Ru-100 p(4,l) 28 14800, 

8216, 1 Co-S9 g(2,l) 88 13500 

Cd-113 g( 9,0) } 
826,4 Cd-114 n(g,O) 8 8000 

826,4 Ni-60 p(2,l) 100 6200 

827,8 Mn-55 n(7,3) 1700 1300 

828,0 Zn-67 n(3,0) 64 1900 

828,2 Se-80 g(7,0) 12 56500 

830,3 Se-82 p(ll,O) 12 56500 

830,3 Se-34 a{4,0) 12 56500 

830,6 Se-74 a(7,2) 12 56500 

831,0 Cu-63 a(2,l) 530 6300 

832,2 Ag-109 n(lO,l) 20 13300 

834,0 Ge-72 n,n' (2~0) 

834,0 Ga-71 g(2,0) 280 2000 

834,0 Ag-107 p(8,2) 20 13300 

834,4 Zn-66 p(2,l) 220 8600 

835,0 Mn-54 r.a. 

835,1 Br-81 n(9,l) 91 8400 

. 836, 5 Br-81 p(7,0) 91 8400 

838,7 Cr-54 n(5,0) } 690 3700 

Cr-53 g(5,0) 

840,0 Cu-65 a(2,l) 950 4100 

840,5 I ·-127 p(ll,2) 55 19800 

840,7 s -33 p(l,O) 1400 620 

842,0 Co-59 a(l,O) 140 12100 

842,7 Ba-138 n(l5,0) 45 13400 
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Yield. 
Ey quanta. Sensitivity 

keV Assignment - 1 ·- 1 - 1 -1 sr nC µg.g me 

842,9 Sr-88 n(7,0)} 42 5650 

I Sr-87 g(7,0) 

I 843,0 Zn-67 n(5,2) 200 10200 

843,0 Mo-96 p(2,l) 26 11600 

843,2 Dy-164 p(6,l) 12 11900 

843,7 Al-27 p(l,O) 8080 390 

843,7 Mg-26 g(l,O) 350 3800 

844,0 Si-30 a(l,O) 150 19100 

845,2 As-75 p(l4,l) 500 1400 

846,6 Fe-56 p(l,O) 21800 40 

846,7 Mn-55 g(l,O) 670 4J_OO 

847,2 Ge-76 p(3,l) 160 2300 

849,0 Hf-180 p(6,2) 160 1600 

849,7 Nb-93 g(7,2) 20 21900 

851,4 Ru-101 n(7,0) } 4,3 31200 

Ru-100 g{7,0) 

852,0 Cu-65 p(4,l) 870 3700 

853,5 Cr-54 n(6,2)} 760 3300 

Cr-53 g(6,2) 

854,9 Ba-135 p(6,0) 44 14800 

855,8 Cu-65 n(7,l) 870 3700 

856,2 I -127 p(l8,4) 35 27300 

856,3 As-75 p(l2,0) 130 . 4800 

858,0 Cd-111 p(7,0) 5 11400 

858,2 Mn-55 p(2,l) 1100 1800 

I 
861,0 Tl-208 r.a. 

863,1 A~-75 p(ll,O) 105 5800 

863,3 Bi-209 n(6,l) 5,6 84900 

I 863,5 y -89 n(3,l) 13 19400 

I 864,4 Nd-144 p(4,l) 45 6400 • 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1 nc- 1 µg.g-1mc-1 

864,6 Cu-65 n(5,0) 4300 900 

865,0 I -127 560 2200 

865,4 Rb-87 n(4,l) 130· 3800 

865,6 Ba-138 n(20,4) 44 14600 

870,0 Ni-62 p(2,l) 29 24100 

870,1 0 -17 p(l,O) 380 700 

870,9 Zn-67 p(S,O) 300 7400 
~ 

871,0 Dy-160 p(7,2) 12 11800 

871, 0 Zn-68 g(3,0) 300 7400 

871,1 Nb-93 g(l,O) 90 7800 

871, 1 Mo-94 p(l,O) 77 22200 

871,8 Cs-133 p(l3,0) 10 37600 

872,0 Ga-69 p(3,0) 110 4300 

872,0 Ag-107 p(2,l) 9,9 90000 

872,7 Bi-209 n(7,l) 31 16300 

873,0 Sr-87 p(2,0) 14 24600 

873,4 Ni-61 n(3,l) 29 24100 
/ 

874,0 I -127 n(7,4) 36 28200 

877,8 Co-59 n(3,0) 2210 710 

879,9 Rh-103 p(l2,0) 4 142000 

880,7 Cd-116 n(6,0) 3 24800 

882,5 Cl-35 p(3,2) 72 14600 

884,0 Dy-156 p(7,l) 16 6900 

886,0 Se-78 p(3,l) 40 17200 

886,3 As-75 p(l3,0) 210 3100 

888,0 Zn-67 p(6,0) 130 12600 

889,0 Sc-45 g(l,O) 2100 640 

889,2 Ti-46 p(l,O) 1990 560 

889,9 Sc-45 p(ll,3) 2100 640 

890,4 Th-232 P ( 12 I 0 ). 730 1300 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1 nc- 1 µg.g-1mc-1 

890,8 Dy-156 p(6,0) 14 8700 

891,0 Ag-109 n(lO,O) 14 17900 

891,0 y -89 g(6,2) 12 15800 

892,0 Hf-180 p(9,2) 115 5400 

892,0 I -127 n(8,4) 5,4 124600 
r 

894,0 Ge-72 n,n' (4,2) 

894,3 Ga-71 g(4,2) 72 6300 

896,3 Bi-209 p(l,O) 82 6300 

896,6 Sn-119'p(4,l) 15 32600 

897,5 Sn-119 p(5,l) 15 32600 

897,9 I -127 n(ll,2) 52 22+00 

899,1 Cu-63 p(6,2) 480 6800 

907,5 Pt-190 p(6,l) 20 32000 

907,9 Ba-130 p(2,0) 43 14900 

908,0 y -89 p(l,O) 20 10900 

908,2 I -127 p(25,9) 480 2200 

909,0 Ag-109 p(9,4). 20 25300 

909,8 Cu-63 n(7,0) 2800 1500 

910,2 Zn-70 g(5,0) 79 3200 

910,8 Cr-53 n(2,l) 1750 1800 

911,0 Ac-228 r.a. 

911, 0 Zn-67 n(4,0) 79 3200 

911,4 Ge-76 p(6,2) 18 17000 

913,6 Rb-85 n(8,0) 190 2200 

914,0 Ni-58 g(2,0) 72 10100 

918,9 Zr-94 p(l,O) 18,7 17300 

920,l I -127 p(l3,2) 39 32500 

920,5 ~n-119 p(4,0) 105 6000 

923, 3 Sn-117 n{3,0) 105 6000 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1 nc- 1 vg.g-1mc-1 

926,8 Sc-45 p(S,O) 350 3300 

927,0 Ag-109. n ( 11, 0) 11 22800 

927,3 Ga-69 n{9,2) 140 3800 

928,4 Ti-48 p(4,2) 20 49200 

929, 0 Ti-50 g(2,0) 20 49200 

929,0 I -127 n(9,0) 320 3200 

929,0 v -51 p(2,0) 410 1730 

930,3 Cl-35 p{4,2) 81 14300 

931,4 Mn-55 n(2,0) 3400 90 

932,4 Cu-65 n(8,2) 2500 1600 

933,4 I -127 p(lO,l} 330 3200 

933,7 Zr-92 p(l,O) 60 6500 

933,8 In-115 p(S,O) 33 8900 

934,5 Cr-52 p(2,l) 180 13500 

935,0 Bi-214 r.a. 

935,0 v -51 g(2,l) 320 2200 

936,2 Ba-136 n(l6,6) 44 14500 

939,9 0 -18 n(l,O} 900 280 

941,0 Ga-69 g(4,2) 140 3300 

941,3 Ba-138 n(l9,2) 57 10300 

943,0 Th-232 p(l3,2) 540 1610 

944,0 Nb-93 n(l,O) 40 16900 

945,1 Ti-48 p(5,2) 40 22800 

950,1 Nb-93 p(6,0) 110 4900 

955., 1 Cr-54 n(6,l) } 22 120000 

Cr-53 g(6,l) 

961,0 Ni-62 g(2,0) 18 47000 

961,4 Ba-138 n(18,0) 44 15400 

962,0 Sc-45 p{6,l) 1400 860 

962,2 Cu-63 p(2,0) 18800 500 
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Yield 
Ey 

quanta Sensitivity 
keV Assignment sr- 1nc- 1 µg.g-1mc-1 

962,3 Dy-160 p(6,l) 40 5600 

963,0 Cd-112 n(lO,O) } 2 67900 

Cd-111 g(lO,O) 

963,5 Zr-92 p ( 3-, 1) 6,9 53900 

964,7 Ga-71 p(5,0) 44 10600 

969,0 Ac-228 r.a. 

969,5 I -127 g(2,l) 2140 430 

970,0 Sn-114 p(6,l) 20 23400 

970,0 Ni-60 g(2,0) 10 91600 

970,4 Fe-56 n(4,0) 35 25400 

970,7 Sn-119 n(4,0) 20 23400 

.971, 0 Pr-141 p(2,l) 80 2800 

972,0 Mo-98 p(4,l) 2,7 53500 

972,4 In-115 g(5,l) 10 35500 

973,5 Ag-107 p(6,0) 8 31300 

974,4 Sc-45 p(6,0) 2500 490 

974,8 Mg-25 p(4,2) 1360 1290 

978,1 Se-74 a(7,0) 54 12300 

979,0 Nb-93 p(7,0) 46 14200 

980,4 K -41 p(l,O) 135 1360 

981~2 Th-232 p(l9,2) 3700 270 

982,6 Hf-180 p(ll,2) 65 8500 

983,5 Ti-48 p(l,O) 17700 54 

985,0 Mn-55 n(9,3) 260 9000 

985,0 Mn-55 p{2,0) 260 9000 

986,0 Ti-49 n{5,2) 17700 54 

986,5 Sn--115 p(4,0) 10 33400 

986,4 In-115 n{4,0) 30 11200 

986,5 Sn-115 p(4,0) 10 33400 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr~ 1 nc- 1 µg.g-1mc-1 

986,8 I -127 p(ll,l) 240 4400 

987,9 Se-82 g(5,0) 14 49300 

990,0 Ba-132 p(2,0) 45 15100 

990,1 Mg-25 p(4,2) 290 4800 

990,6 Se-74 a(8,0) 14 49300 

990,8 Hf-180 p(4,l) 300 1250 

991,0 I -127 p(lO,O) 1980 480 

991,5 Zn-64 p(l,O) 10200 210 

991,5 Cu-63 g(l,O) 4400 900 

992,0 Bi-209 p(6,2) 6,8 43000 

993,1 Nb-93 g(4,l) 14 32600 

994,5 Ga-69 · n(8,0) 23 22500 

997,0 Co-59 n(5,l) 4500 370 

997,3 Ag-109 n(l3,0) 7,3 29300 

1000,0 Sb-121 p(5,l) 15 30900 

1004,0 Ru 5,7 35600 

1006,0 Cr-53 p(2,0) 430 6000 

1012,9 Ag-109 p(9,3) 4,8 35600 

1013,0 Ru-96 n(4,l) 55 5300 

1014,4 Mg-26 g(2,0) 820 2200 

1014,5 Al-27 p(2,0) 22700 110 

1015,0 Si-30 a(2,0) 460 7500 

1015,7 I -127 p(l5,2) 100 10200 

Ti-48 g(4,0)} 

1021,0 Ti-49 n(4,0) 470 1800 

1022,0 Be-9 g(2,l) 2,1 120400 

1023,0 B -10 p(2,l) 2140 860 

1026,0 Cd-113 n(3,0) } 16 3200 

Cd-112 g(3,0) 

1026,1 Cd-108 n(3,0) 16 3200 
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Yield. 
;;:;._-, Ey quanta Sensitivity 

keV Assignment sr- 1 nc- 1 µg.g-1mc-1 

1027,0 Ga-69 p{4,0) 1540 381 

1027,4 Ni-69 . p(l,O) 5,1 174000 

1029,3 Th-232 p(lS,l) 3750 260 

1029,4 Hg-200 p(3,0) 6,7 52300 

1031,0 Rb-85 n(9,l) 75 3600 

1032,8 Sc-45 p(l0,2) 63 7300 

1034,0 Nb-93 p{5,4} 85 6800 

1035,6 Pr-141 g(5,4) 110 2200 

1037,0 I -127 p(l2,l) 980 1400 

1038, 5 Ba-134 p(4,l) 75 6400 

.1039,2 Zn-66 p(l,O) 5220 320 

1039,4 Cu-65 g{l,O) 650 5500 

1039,5 Ga-69 g(l,O) 600 970 

1041,9 '0 -18 n(2,0) 1230 230 

1042,0 Nd-146 p{2,0) 15 8800 

1043,8 As-75 p(l4,0) 74 9100 

1044,4 I -127 p{ll,O) 980 1400 

1047,5 Cu-65 n(8,0) 2600 1700 

1047,7 Ba-136 p(4,l) 82 6100 

1048,0 Cu-65 n(l0,3) 2600 1700 

1048,4 Hf-180 p(5,l) 160 3800 

1048,5 Sn-119 n(5,0) 65 8900 

1048,8 Ti-46 p(5,2) 88 8700 

1049,0 Ti-49 n(S,l)} 88 8700 

Ti-48· g(5,l) 

1049,4 Cu-63 p(7,2) 2600 1700 

l 05 3, 0 Zn-67 n(6,2) 100 10300 

1054,0 I -127 a(S,l) 48 14100 

1056,1 Sc-45 p(l6,6) 310 4400 

1056,2 Th-232 p(20,l) 310 2800 
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Yield. 
Ey auanta Sensitivity 

keV .Assignment s;- 1nc- 1 1Jg.g-1rnc-1 

1062,8 Cd-108 g(l2,l) 7 12200 

1065,0 Ti-48 p(7,2) 110 7100 

1065,0 Ti-49 n(6,l) 110 7100 

1066,0 I -127 p(l3,l) 4,6 106100 

1070,0 I -127 n(7,l) 100 9900 

1072,5 Th-232 p(l8,l) 1120 1000 

1076,8 Rb-85 g(l,O) 66 7200 

1077,3 Zn-68 p(l,O) 1630 1100 

1077,7 In-115 p(4,0) 50 7200 

1080,9 0 -18 n(3,0) 270 960 

1082,5 Zr-91 n(2,l) 205 1900 

1082,5 Nb-93 p(8,0) 120 4400 

1090,0 Hf-180 p(7,l) 120 7000 

1090,0 Sn-119 n(7,0) 50 10600 

1092,0 Ti-47 p(2,l) 180 4200 

1094,5 I -127 p(l2;0) 110 10000 

1098,, 7 Ga-69 g(ll,3) 260 2200 

1098,9 Co-59 p(l,O) 270 5700 

Cd-110 g(3,0) } 1101,1 Cd-111 n(3,0) 33 2200 

1102,0 B -11 2124-lMe 1960 1470 

1102,0 ·Sb-121 p(6,l) 27 23800 

1106,0 Ga-69 p(5,0) 120 1400 

1107,0 Br-81 n(lO,O) 73 12000 

1107,0 Zn-68 g(5,0) 320 7800 

1107,1 s -36 a(3,l) 8 146000 

1107,2 Hf-180 p(9,l) 250 2500 

1107,5 Zn-70 g(l,O) 320 7800 

1110,0 I -127 n(9,4) 39 19500 

1113,0 Ga-69 g(4,l) 84 1800 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1nc- 1 µg. g-1mc-1 

1114,0 Cu-65 p(2,0} 600 7000 

1116,0 Cr-53 n(6,2} 460 6600 

1119,4 Cu-63 p(9,2) 600 7000 

1120,0 Bi-214 r.a. 

1120,6 Ti-46 p(2,l) 50 15400 

1121,0 Sc-45 p(4,l) 280 4500 

1121,0 Hg-199 n(3,0) 8,4 46000 

1121,4 w -182 p(4,l) 3 38800 

1121,8 Th-232 p(l8,0) 110 10000 

1121,8 0 -18 n'( 4 I 0) 43 6900 

1122,4 y -89 g(7,2) 22 14700 

1124,0 I -127 p(l3,0) 41 19300 

1125,0 I -127 p(l4,l) 41 19300 

1127,0 Pr-141 p(3,0) 27 10200 

1128,0 Na-23 1637-Me 780 10400 

1129,0 Zr-90 p(6,3) 23 18800 

Cd-112 g(4,0) } 1132,0 Cd-113 n(4,0) 11 15700 

1132,6 In-115 p(9,0) 26 11800 

1137,0 Cu-65 n(l2,3) 710 5000 

1137,8 Cu-65 n(l0,2) 710 5000 

1139,0 I -127 p(24,3) 37 16300 

1139,0 Bi-209 g(7,l) 33 12400 

Ti-48 g(5,0) } 1140,0 Ti-49 n(5,0) 165 4800 

1140,0 Ga-69 g(6,l) 190 1750 

1143,0 Th-222 p(21,0) 460 1900 

1143,0 I -127 g(3,l) 23 22100 

1147,9 V-51 n(l0,3) 420 1800 

1155,0 Bi-214 r.a. 
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Yield. 
fry quanta Sensitivity 

keV Assignment sr- 1nc- 1 µg.g-1mc-1 

Ti-48 g(6,0) } 
1155,0 Ti-49 . n(6,0) 380 1900 

1156, ·9 Ca-44 p(l,O) 560 500 

1160,0 Zn-67 n(7,2) 230 4300 

1161,0 I -1-27 p(lS,l) 38 16800 

1164,5 ·V -51 n(3,0) 1420 210 

1166,0 Mn-55 p(3,l) 50 59000 

1171,5 Sn-120 p(l,O) 60 8200 

1172,8 Ni-62 p(l,O) 350 3000 

1173,0 Ba-130 g(ll,O) 93 5900 

1173,1 Cu-65 a(l,O) 590 6500 

1173,2 Co-59 g(3,l) 410 6900 

1177,0 Cu-63 a(4,l) 420 8000 

1177,7 I -127 n(8,l) 270 4300 

1182,4 Ga-69 n(l3,2) 42 6700 

1183,0 I -127 p(l4,0) 370 2600 

1189,4 Co-59 n(4,0) 4920 360 

1190,2 Co-59 p(2,0) 4920 360 

1196,0 Zn-67 n(8,2) 110 15000 

1196,0 Al-27 p(3,2) 280 9400 

1196,0 I-127 n(7,0) 250 5100 

1202,0 Zn-69 n(5,0} 450 4000 

1204,9 Zr-91 p(l,O} 175 2300 

1206,0 Zn-68 g(7,l} 12 32600 

1208,0 Ga-69 p(7,l} 16 17900 

1208,0 s -32 2230-2Me 620 2030 

1212, 7 Sn-119 n(6,0) 15 28400 

1212,8 Cr-52 p(3,l) 140 24400 

1213,0 Bi-209 n(4,0) 23 11500 

1213,0 I -127 n(l0,3) 9,3 42000 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1nc- 1 µ <'". 0-- 1me-1 
~ ~ 

1213,7 Mn-55 n(7,2) 1800 1300 

1215,6 Ga-69 g(2,0) 39 7300 

Cd.-110 g(6,0) } 1218,0 Cd-111 n(6,0) 11 6100 

1218,6 I -127 p(l5,0) 6,7 91300 

1219,3 Cl-35 p(l,O) 10500 130 

1220,0 Cd-116 p(2,0) 11 6100 

1223,0 Na-24 r.a. 

1223,3 Pr-141 n(3,0) 21 10600 

1223,6 Fe-57 n(2,0) } 44 15900 

Fe-56 g(2,0) 

1225,2 Mn-55 n{ll,3) 990 2300 

1228,5 Rb-87 n(3,0) 150 3600 

1228,8 ·Cu-65 n(12,2} 1500 2500 

1229,0 Sr-87 p(3,0} 16 22240 

1229 I 5 I -127 p(l6,0} 190 4400 

1230,0 Mo-98 p(5,l} 4,6 38300 

1230,1 Ga-71 g(5,2) 15 17800 

1230,2 Sn-118 p(l,O) 45 12600 

1230,5 La-139 n(l2,3} } 4,4 75900 

La-138 g(l2,3} 

1234,6 Ba-136 p(6,1) 120 4700 

1235,8 F -19 p(3,1) 55000 130 

1237,0 Fe-56 p(2,l) 190 2900 

1237~1 Sc-45 p(8,0) 3200 360 

1237,5 Rb-87 n(7,2} 17 23900 

1238,0 Bi-214 r.a. 

1238,0 Mn-55 g(2,1) 2800 6600 

1254,3 Cu-65 n(l3,2) 1900 1700 

1260,8 I -127 n ( 18, 3 }. 200 3900 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1nc- 1 µg.g-1111c-1 

1261,0 · F -19 p(4,2) 62 10600 

1261,0 Ba-136 p(7,l) 66 7100 

1263,0 Cu-65 n(l4,3) 1300 2200 

1263,9 Cu-65 n(ll,O) 1300 2200 

1266,l p -31 p(l,O) 39100 25 

1267,9 Al-27 1779-Me 340 6700 

1272,0 Co-59 n(8,2) 96 12600 

1273,0 Si-29 p(l,O) 3600 750 

1275,0 Na-24 r.a. 

1280,0 In-115 n(5,0) 29 10500 

1288,4 Cr-53 n(2,0) 2300 1300 

1289,6 Sc-45 p(9,0) 120 7500 

1291,2 Co-59 p(3,0) 95 12800 

1293,3 Sn-116 p(l,O) 25 20600 

1293,6 K -41 p(2,0) 69 2980 

1296,0 Rb-87 n(8,2) 52 10000 

1300,0 Sn-114 p(l,O) 25 20600 

1301,0 Co-59 n(5,0) 150 7200 

1307,0 Ga-69 n(l2,0) 140 2200 . 

1309,4 Ba-136 p(8,l) 260 2900 

1310,0 Cu-63 g(2,l) 910 3900 

1312,2 Ti-48 p(2,l) 160 4700 

1314,0 Ni-61 n(3,0) 20 29500 

1316,4 Mn-55 n(3,0) 13400 210 

La-138 g(S,O) } 
1320,0 La-139 n(5,0) 7,1 24600 

1321,2 Ni-58 p(3,l) 10 41100 

1325,9 I -127 n(l8,3) 180 5400 

1326,9 Bi-209 n(5,0) 38 8700 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1nc- 1 µg.g-1mc-1 

1327,0 Cu-63 p(3,0) 9900 950 

1327,5 Fe-58 a(4,2) 86 5100 

1329,0 Cu-63 a(l,O) 5600 960 

1332,0 Cr-52 p(4,l) 230 10500 

1332,0 Co-59 g(l,O) 750 1290 

1332,2 Ga-69 g(l3,4) 78 36700 

1332,5 Ni--60 p(l,O) 2100 320 

1333,0 Zn-66 p(3,l) 180 8800 

1333,0 v -51 g(3,l) 35 12000 

1335,0 Zn-68 g(6,0) 180 8800 

1335,0 Cr-53 g(8,l) 230 10500 

1336,2 Ga-69 p(6,0) 78 36700 
I 

I. 
1337,0 Co-59 n( 6 /1) 3730 380 

1338,0 Th-232 p(26,l) 150 6100 

1338,7 Sn-119 n(8,0) 50 12200 

1339,4 Ga-69 g(9,3) 78 36700 

1342,6 Cu-63 p(7,l) 550 5300 

1343,8 Cu-65 n(l2,0) 550 5300 

1345,0 Pr-141 n(4,0) 15 13200 

1345,7 F -19 p(3,0) 2400 330 

1347,4 La-139 n~6,0) } 6,4 33700 

La-138 g(6,0) 

1348,6 F -19 p(4,l) 2400 330 

1350,2 I -127 p(l9,l) 170 2500 

1353,0 v -51 n(4,0) 1120 790 

1354,8 Cu-65 n(l4,2} 1200 2500 

1356,9 F ·-19 p(5,2) 2,2 128000 

1361,0 'l'i-49 n(7,2) } 20 37100 

Ti-48 g(7,2) 

1364,0 Nb-93 n(2,0) 1270 610 
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Yield. 
Ey quanta Sensitivity 

keV Assignment 
~. 

sr- 1nc- 1 µg.g-1mc-1 

1366,7 Al.-27 p(3,l) 10300 230 

1366,7 Mg-26 g(3,l) 21800 86 

1368,6 Mg-24 p(l,O) 21800 86 

1369,0 Na-24 g(l,O) 42 34900 

1369,6 Cu-65 n(l3.,0) 1300 2400 

1370,0 Mi1-55 n(l0,2)· 1900 550 

1371,0 Pr-141 n(5,l) 241 1100 

1372,0 Mo-100 p(5,l) 21 20500 

1375,3 Cr-53 g(7,0) 130 19500 

1377,3 Fe-57 n(2,0) } 590 860 

Fe-56 g(2,0) 

1378,0 Bi-214 r.a. 

1384,5 Zr-92 p(2,0) 28 11900 

1392,3 . Th-232 p(32,2) 230 3900 

1393,8 I -127 n(20,4) 20 42800 

1394,0 Ti-47 p(4,l) 55 12700 

1399,6 Cr-53 g(9,1) 135 18700 

1403,1 Pr-141 n(7,l) 10 16900 

1408,0 Bi-214 r.a. 

1408,2 Fe-54 p(l,O) 530 900 

1408,3 Mn-85 n(4,0) 5400 450 

1409,0 I -127 n(lO,l) 210 3800 

1409,1 Sc-45 p(lO,O) 1500 730 

1409,8 K -40 a(l,O) 78 2130 

1409,8 Cl-37 n(l,O) 1950 640 

1411,8 Cu-63 p(4,0) 4300 770 

1412,0 Ni-62 g(4,0) 7,1 44300 

1412,0 Ga-69 g(8,l) 63 4300 

1412,0 Zn-66 p(4,l) 160 12400 

1412,5 Zn-67 n(6,0) 160 12400 
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Yield. 
Ey 

quanta Sensitivity 
keV Assignment sr- 1 nc- 1 µg.g-1mc-1 

1413,2 Sn-119 n(9,0) 55 11500 

1417,7 Bi-209 n(7,0) 16 30100 

1423,0 Ti-49 n(7,l} } 15 33300 

Ti-48 g(7,l} 

1428,9 Nb-93 g(5,l} 1420 420 

1432' 0 Co-159 p{4,0)- 3380 390 

1433,6 Sc-45 p(ll,O) 160 5200 

1434,l Cr-52 p(l,O} 36600 140 

1434,5 v -51 g ( 1.' 0} 500 1400 

1437,8 Ti-48 p(3,l) - 370 1700 

1440, l Th-232 p(30,l} 870 1400 

1440,1 Cr-53 n(3,0} 36600 140 

1444,2 F -19 p(5,l} 176 3800 

1447,5 Th-232 p(37,2} 290 2400 

1453,0 I -127 n(l2,4} 154 10900 

1454,0 Ni-58 p(l,O} 4360 110 

1458,6 F -19 p(4,0) 298 2300 

1461,0 Co-59 p(5,0) 680 1560 

1461,0 K -40 r.a. 

1463,0 Cu-63 a(5,l) 370 7200 

1463,0 In-115 p(l4,0} 21 13600 

1464,0 Ga-71 g(3,0} 33 7300 

1466,3 Zr-91 p(l,O) 24 15400 

1469,9 Cu-65 n(l4,0) 170 15000 

1470,0 Pr-141 g(l5,l) 90 2600 

1471,0 0 -18 1982-Me 340 810 

1471,8 s .-33 p(3,l} 870 11000 

1473,0 Cu-65 n(l6,2) 170 15000 

1479,0 Co-59 p(6,0) 190 5900 

1480,3 v -51 p{5,2) 4960 880 
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Yield. 

• Ey quanta Sensitivity 

keV Assignment sr- 1 nc- 1 µg.g-1mc-1 

1480, 3 v -51 n(5,0) 4960 880 

Ti-48 g(8,2) } 
1491,0 Ti-49 n ( 8, 2) 50 14100 

1492,0 Ti-50 g(3,l) 50 14100 

1493,0 v -51 p(4,l) 410 1300 

1507,0 y -89 p(2,0) 58 2200 

1507,5 Mn-55 n(5,l) 510 3700 

1508,0 Zr-91 n(5,l) 86 4400 

1508,5 Ti-48 g(9,2) 195 3400 

1509,0 Bi-214 r.a. 

1509,0 Cd-108 p(2,0) 4 14600 

1511,0 y -89 n(4,0) 58 2200 

1512,0 Ti-49 n(7,0) 195 3400 

1512,0 -.Ti-49 n(8,l) 195 3400 

1523,3 Cu-65 n(l5,l) 290 10000 

1524,6 Ca-42 p(l,O) 140 1540 

1524,6 Sc-45 a(l,O) 130 5700 

1527,0 Ga-69 p(7,0) 64 4100 

1528,0 Mn-55 p(4,0) 290 2900 

1529,9 Nb-93 g(6,l) 1360 530 

1535,0 I -127 n(lO,O) 220 3800 

1542,0 Cd-111 n(9,0) } 
4 10600 

Cd-110 g(9,0) 

1542,0 'fi-49 p(2,0) 15 48500 

1543,0 s -32 p(2,l) 27 52000 

1547,0 Ni-62 g(5,0) 8,1 45000 

1547,0 Cu-63 p(5,0) 2160 1300 

1550,5 Ba-136 p(2,0) 230 3500 

1553,0 Ti-48 g(8,l) 315 2400 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1 nc- 1 µg.g-1mc-1 

1554,0 Ti-50 p(l,O) 315 2400 

1554,0 F -19 p(5,0) 56 11100 

1555,0 Zn-67 n(8,0) 130 14700 
' 1557,6 v -51 n(6,0) 1020 2100 

1570,0 Ti-46 p(ll,2) 50 12300 

Ti-48 g(lO,l)} 

1570,7 Ti-49 n(lO,l) 50 12300 

1575,7 Pr-141 g(l,O) 25 8400 

1577,2 Cu-65 n(l5,0) 590 4800 

1582,0 I -127 n(l8,0) 9,6 46500 

1583,0 Mo--92 p(7,l) 12 28100 

1585,0 I -127 n(l7,l) 4,5 105200 

1588,0 Ac-228 r.a. 

1588,2 Cu-65 n(l6,0) 670 3700 

1592,0 Bi-208 r.a. 

1594,0 Zr-96 p(l,O) 66 4900 

La-138 g(7,0) } 1597,1 La-139 n(7,0) 4,3 34400 

160i,o Ti-47 n(9,2) 65 8700 

1602,0 Ti-49 n(8,0) } 65 8700 

Ti-48· g(8,0) 

1608,0 Co-59 n(ll,l) 440 2100 

1608,0 v -51 p(3,0) 750 3400 

1608,9 Bi-209 p(3,0) 39 14000 

1611,3 Cl-37 n(2,0) 2660 420 
/ 

1611,7 Mg-25 p(3,0) 2790 470 

1613,0 B -1] 2124-Me 3100 1480 

1619,0 Cr-53 n(4,0) 660 3200 

1622,6 Ti-49 p(4,0) 10 46700 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1nc- 1 µg.g-1mc-1 

1623,0 Cu-63 p(4,0) 150 18000 

1625,0 Ac-228 r.a. 

1626,7 Pr-141 n(9,l) 8 36600 

1629,4 I -127 n(22,2) 35 30300 

1629,6 c -13 g(2,l) 15 47400 

La-138 g(8,0) } 1630,6 La-139 n(8,0) 4,2 46964 

1632,8 Te-130 p(3,0) 220 6500 

1633,4 In-115 n(7,0) 48 6500 

1633,8 Na-23 a(l,O) 80600 37 

1636,5 Mg-26 a(2,l) 27 34000 

1636,6 Na-23 p(2,l} 80600 37 

1640,0 Ni-61 g(5,0} 8,2 30400 

1640,4 Mn-55 n(6,l} 1700 1300 ' 
1645,0 Ru 8,6 32100 

1661,9 Sc-45 P,(13,0) 770 950 

1663,0 Tl-203 g(7,0} 43 22700 

1680,0 Co-59 n(7,0) 240 3800 

1687,0 Bi-209 p(5,l} 5,6 82600 

1693,0 Bi-214 r.a. 

1699,0 Al-27 2210-Me 530 5700 

1708,2 Ga-69 g(3,0) 82 3700 

1719,0 s -32 2230-Me 950 2300 

1719,5 Al-27 p(4,2) 610 4200 

1725,0 Cu-65 p(5,0) 60 91000 . 

1726,6 Cl-37 p(l,O) 750 1000 

1730,2 La-139 n(l2,l) } 2,6 54600 

La-138 g(l2,l} 

1732,0 Bi-214 r.a. 

1732,9 Mn-55 n(7,l) 1480 11000 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr"'" 1nc- 1 llg.g-1rnc-1 

1735,0 Co-59 n(8,0) 170 6200 

1739,9 Sr-87 · p(5,0) 13 20960 

1741,8 c -13 g'( 5 t 2) 19 39600 

1746,0 Co-59 n(9,0) 39 18000 

1749,7 Sn-119 n(l2,0) 30 26300 

1756,0 Ru-96 p(6,l) 13 23800 

1757,1 In-115 g(2,0) 6,9 49300 

1757,4 Fe-57 n(5,0) } 220 2560 

Fe-56 g(5,0) 

1758,0 Zr-96 p(2,0) 25 15200 

_1759,0 y -89 g(l,O) 11 29700 

1760,0 Mo-98 p{4,0) 14 24600 

1760,7 Zr-90 p(l,O) 25 15200 

1761,9 Ti-49 n(6,0) 8,3 67400 

1763,3 Cl-35 p(2,0) 7420 180 

1764,0 Bi-214 r.a. 

1770,5 Rb-87 n(5,0) 72 10600 

1770,5 Sr-87 p(7,0) 14 17970 

1773,0 Co-59 a(9,2) 710 1120 

1774,0 ·Ni-58 g(6,l) 12 18900 

1778,0 Co-59 n(lO,O) 650 1700 

1778,0 I -127 n(l2,0) 40 15600 

1778,0 p -31 a(l,O) 7720 140 

1778,0 Zr-92 p(3,0) 17 19400 

1778,9 Al-27 g(l,O) 760 4500 

1779,0 Si-28 p{l,O) 31900 75 

1787,0 s -34 p(3,l) 140 10400 

1788,0 Sc-45 p(l4,l) 8,3 55000 

1796,0 Ti-48 g(ll,O) 20 34200 

1799,4 Cu-63 g(2,0) 430 5400 
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Yield. 
Ey quanta Sensitivity 

keV Assignment s1- 1nc- 1 µg.g-1mc-1 

1800,1 Sc-45 p(l4,0) 68 10500 

1808,7 Mg-26 p(l,O) 410 2430 

1810,0 Fe-56 p(3,l) 33 14500 

1811,0 Ca-48 n(8,2) 35 8300 

1814,0 v -51 p(4,0) 930 1000 

1837,3 Sc-45 a(2,0) 51 14900 

1847,7 Zr-92 p(4,0) 6,6 43300 

1850,0 Bi-214 r.a. 

1861,2 Cu-63 p(6,0) 620 3200 

1883,0 Mn-55 p(5,0) 1250 10000 
\ 

1894,0 Cr-53 n(5,l) } 115 15900 

Cr-52 g(5,l) 

1897,0 Fe-57 n(6,0) } 
18 20800 

Fe-56 g(6,0) 

1899,3 v -54 n(7,·0) 630 3100 

1903,0 Ti-48 g(l2,0) 10 63000 

1917,9 Mn-55 n(5,0) 930 2100 

Fe-56 g(7,0) } 
1919,7 Fe-57 n(7,0) 115 4100 

1935,5 Sc-45 p(l5,0) 9,7 50100 

1948,0 Co-59 n(ll,O) 1200 640 

1964,8 Mg-25 p(4,0) 180 3400 

1966,3 s -33 p(2,0) 35 46300 

1970,0 K -39 a(l;O) 110 1470 

1975,0 I -127 n(23,0) 25 59800 

1978,8 Mg-25 p(5,l) 110 6100 

1982,1 o.-18 p(l,O) 2950 120 

1984,0 La-139 n(l2,0) } 3,6 17100 

La-138 g(l2,0) 

2001,5 v -51 n(8,0) 1050 1300 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1nc- 1 11g.g- 1mc- 1 

2028,0 Si-29 p(2,0) 690 1600 

2051,2 Mn-55 . n(6,0) 690 2400 

2061,0 Bi-209 n(l5,0) 18 19900 

2103,0 Bi-208 r.a. 

2111,0 Fe-56 p(4,l) 44 10200 

2124,4 ·B -11 p(l,O) 47800. 50 

2127,3 Cl-37 a(l,O) 1780 560 

2127,3 s -34 p(l,O) 830 2000 

Fe-56 g(8,0) } 2133,0 Fe-57- n(8,0) 59 7600 

2143,0 Mn-55 n(7,0) 1700 1100 

2168,0 Mn-55 n(l2,l) 1090 6600 

2179,0 y -89 g(2,0) 110 1700 

2194,0 Cr-53 n(7,l) } 95 18000 

Cr-52 g(7,l) 

2199,0 Mn-55 p(6,0) 1210 5800 

2204,0 Bi-214 r.a. ., 

2210,4 Mg-26 g(3,0) 530 1540 

2210,4 Al-27 p(3,0) 8750 200 

2217,4 Cl-37 n(3,0) 400 2240 

2228,5 s -32 p(4,l} 15700 80 

2230,1 s -32 p(l,O) 15700 80 

2230,1 p -31 g{l,O) 7600 40 

2230,2 Cl-35 a(1,0) 6,7 49600 

2233,8 p -31 p(2,0) 7600 40 

2240,0 Si-30 n(l,O) 570 1700 
~ . 

2243,0 Na-24 r.a. 

2274,0 Cr-53 n(S,O) } 490 4050 

Cr-52 g(S,O) 

2312,6 s -33 p(3,0) 17 22100 
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Yield. 
Ey quanta Sensitivity 

keV Assignment sr- 1nc- 1 lJg.g-1mc-1 

2312,6 N -14 p(l,O) 520 1850 

2312,9 c -13 · g(l,O) 24 36300 

2313,0 0 -17 a(l,O) 10 16300 

2319, 7 B -11 p(2,l) 42 4100 

2365,3 c -12 g(l,O) 29 27500 

2405,0 Cr-53 n(6,0) } 180 13100 

Cr-52 g(6,0) 

2430,0 Si-29 p(3,0) 170 4900 

2469,7 Mn-55 n(lO,O) 980 1800 

2490,5 Cl-37 n(4,0) 190 3100 

2575,0 c -13 3086-Me 

2578,0 Mn-55 n(l2,0) 1290 1200 

2605,0 c ..;.13 g(3,l) 47 13700 

2614,0 Bi-208;Tl-208 r.a. 

2645,6 Cl-35 p(3,0) 950 640 

2693 c1 ..... 3s p(4,0) 290 1420 

2698,4 Cl-35 p(7,2) 290 1420 

2734,9 Al-27 p(4,0) 310 7200 

2754,0 Na-24 r.a. 

2796,l Cl-37 n(5,0) 230 2100 

2981,3 Al-27 p(5,0) 44 27300 

3002,5 Cl-35 p(5,0) 8,4 32500 

3086,6 Cl-37 p(2,0) 290 1370 

3087,0 c -13 p(l,O) 54 16600 

3162,5 Cl-35 p(6,0) 34 9500 

3179,6 c -13 p(4,2) 26 27300 

3511,0 c -12 g(2,0) 75 21500 

3562,0 Be-9 a(2,0) 11 40300 

3685,0 c -13 p(2,0) 30 31100 

5105,9 c -13 g(4,0) 12 11700 

~ ')7() A l\T _, c; n ( 1 (\' ~~ 117()() 
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Yield~ 
Ey quanta Sensitivity 

keV Assignment sr- 1nc- 1 .µg.g-1mc-1 

5298,9 N -15 p(2,0) 72 7370 

6130,4 F -19. a(2,0) 880 1800 

6720,0 F -19 a(3,0) 860 1900 

7116,9 F -19 a(4,0) 710 2900 
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