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Abstract

The evaluation of the physical parameters governing the X-ray yield production in
thick targets by charged particles was investigated and matrix correction factors
(MCF) were calculated for a wide variety of materials including values for all pure -
non-gaseous elements or their compounds for the K, and L, X-ray lines. These
factors were calculated for 1, 2, 3 and 4 MeV proton bombarding energies.

A new methodology named - Common Matrix Type - (CMT) was developed for the
determination of trace element concentrations in carbon-rich materials, such as most
biological materials, with unkown matrix composition. A universal set of MCF values
for these materials was established for trace elements with Z > 19 and irradiations
with proton energies in the range of 1 to 4 MeV. o

A similar methodology was developed for silicon- and calcium-rich materials where
the main components, Al, Si and Ca do not vary appreciably in their concentra-
tions. Due to secondary X-ray fluorescence effects inside the target material, CMT
methodologies were found unsuitable for iron- and gold-rich materials.

CMT methodologies were applied successfully for the determination of trace ele-
mental concentrations in a wide variety of thick target materials, which included
archaeological cultural materials, biological tissues and geological ores. The tech-
nique of correspondence analysis was used for the statistical analysis of the extended
data matrix generated in most of the applications. This technique of interpretation
of multielemental data proved to be a valuable tool in this work.

Two modes of PIXE application i.e. macro- and micro-modes were evaluated at
different ion bombarding energies ranging from 1 to 85 MeV. Experimental X-ray
production cross sections at 66 and 85 MeV were evaluated and found to correlate
well with theory based on the plane wave Born approximation (PWBA) for the K,
and Kg lines. It was found that the irradiation of intermediate thickness samples
of geological ores by energetic protons (66 MeV) is a suitable technique for the
determination of small traces of rare earth metals with detection limits for analysis
expected to be below the ug.g~! range. The fact that energetic protons can be used
means that no need for matrix correction is necessary.

Micro-PIXE with low energy protons was found suitable for the determination of
small traces of metals in human kidney stones and for the study of interrelationships
between trace element concentrations with time of stone formation, in stones excreted
from a single patient.



SUMMARY

The physical parameters governing the X-ray yield production in thick targets under
bombardment with protons from 1 to 4 MeV were evaluated for analytical applica-
tion. Included in the study were the compilation of matrix correction factors (MCF)
for most solid elements or pufe single compounds as well as compilations of the depth
of analysis, ranges, total X-ray absorption and proton energies inside the target, us-
" ing the most intense K and L X-ray lines. This information is presented in appendices
C and D. A Fortran computer program RD1 was written for the evaluation of the
"MCF values. The importance of the data lies in the fact that, because the MCF
is independent of the experimental conditions, this data may be used for the rapid
evaluation of X-ray yields in thick targets of pure metals for PIXE calibration under
any specific conditions. V '

This work attempts to group most existing methodologies for analysis of thick tar-
gets in a framework relevant to the thick target PIXE analyst. Methodologies for
materials with known and unknown matrix composition were considered. In addition
to previous methodologies a new approach, named - Common Matrix Type - (CMT)
was developed for the determination of elemental concentrations in carbon-rich ma-
terials with unknown ma.trix_éompositioﬁ.

Since the organic matrix composition of biological materials is often unknown, an
empirical éompoSition, that of cellulose, was assumed. This assumption was tested
and found to be valid for trace elements with Z > 19, for which the maximum
relative standard deviation for a set of 14 different biological standard reference
materials was less than 10%. Hence a universal set of MCF values for biological
materials was established for proton energies of 1, 2, 3 and 4 MeV. These values may
be interpolated for intermediate proton energies. Verification of the validity of the
derived universal set of MCF values, obtained from the determination of the trace
elements in the known standard materials, led to predicted values which in general
agreed with the known concentrations. '

A similar approach was applied to silicon- and calcium-rich materials, where the
main components, Al, Si and Ca do not vary appreciably in their concentrations.
As before, the MCF values for elements with Z > 19 were found to be relatively
_constant, over a wide range of different reference materials. A case study with the
standard reference material NIST-D837 steel alloy was used to evaluate the vari-
ability of the physical parameters involved in thick target PIXE yield in iron-rich
materials. It was found that CMT methodology was unsuitable for these types of
materials, due to secondary X-ray fluorescence effects. A similar situation applied
to gold-rich materials. Since the MCF are the more critical parameters in the cal-
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Chapter 1‘

Introduction

For a wide variety of sample materials ranging from valuable cultural histor;\' spec-
imens to geological eres, the determination of minor and trace metals often has to
be accomplished without destroying their original form. Futhermore the search for
correlations between the elemental concentrations and other properties related to
the nature and physica.i location of the same materials requires that samples be han-
- dled with care, and minimal sample preparation manipulations applied, in order to
- ensure their preservation. Some analytical tecliniqnes based on X-ray emission such
as Electron Probe Microanalysis (EPMA) and X‘-ra,y ﬂuo_rescence (XRF) have been
- used in the past for such purposes but the sensitivity of their analysis and high back-
ground levels of the former limit application for the determination of trace elements
in bulk a.na.iysis, while the latter usua.ll)i requires the sample to be in a particular
-.geometric form, thus destroying tiie physical shape of the specimen. Although other
-techniques suited for this kind of investigation are available, ‘\long and tedious sample
manipulation protocols have to be followed to prepare the specimens for analysis,
‘thus also disturbing-the original form of the samples materials.
Characteristic X-rays are produced by the creation of vacancies in the inner electron
shells, followed by the subsequent 'ﬁlling of those vacancies by the:less tightly-bo'und
. electrons from ethers shells. Since the energy of the X-rays is equal to the energy
difference between Bindin’g energies of the eiectron in the two shells, each element has
a set of characteristic X-re.ys which are energetica.lly unique. Electron vacancies in

atoms can be generated by irradié.tion with photons (XRF) or with cha.rged particles
(PIXE).
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Figure 1.1: Most intense prompt K X-rays. The values in parentheses indicate
relative intensities.

When the innermost electron shell, the K-shell, is ionised an X-Iray' resulting from an
~ electron falling to fill such a vacancy is termed a K X-ray. The electron transitions.
are governed by well known selection rules: An > 1, Al = :ti, Aj = 0,41 (where
n, | and j are the principal, orbital angular and total angular quantum numbers .
respectively). The a.liowed’ K transitions most used for analysis are schematically-:
illustrated in Figure 1.1. The energy difference between the K,, and the K,, is so
small for elements up to about Z = 42 that they are usually not resolved by solid state
detectors. The same applies for the K, and the Kb,. In the case when an electron
vaéancy occurs in the second and third shells, the emitted X-rays are termed L and
M X-rays respectively. There are three different L sub-shells which can be ionised.

. Therefore, the energy of an L X-ray depends not only on the origin of the electrvon,.»
but also on the L sub-shell to which its falls. The more intense of these are ilustrated
in Figure 1.2. The situation for the M-shell is similar, but much more complex.

Since its first use [Jo 70] in the early seventies, Proton-Induced X-ray Emission
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Figure 1.2: Most intense prompt L X-rays. The values in parentheses indicate
relative intensities. '

spectrometry (PIXE) has become a popular. analytical technique because it is non-
.destructive, fast, multielemental and suited for the determination of trace elements
in*-thé surface and nea.r-surfa.cé. layers of ma.feria.ls, pa.rticulafly in those cases where
the available a.rhount of sample material is very small.

The application of PIXE for the determination of elemental compositions in thick
target materials, often reférfed to as TTPIXE, has been the object of much research
in"the recent past [Ah 77],[Ca 81],[Ca 83],[Pi 88]. In such targets the bombarding
ion is stopped completely,within the bulk of the target material. It is clear from the
above that such a definition of a thick target in the framework of Jon Beam Analysis
is dependent on the type of bombarding particle and its initial energy.

Generally speaking most of the sample materials beiﬂg analysed in the laboratories
have thickness varying from a few microns to a millimeter. The rapid slowing down
‘ofithe projectile in the target material when penetrating the sample; changes the
crOSs-section for X-ray proaliction and the X-ray yield as well. These effects occur
in parallel with the absorption of X-rays on the way out the sample and is greater

- when analyzing low Z elements such as Na, Mg, Al Si, P and S. These effects create:
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difficulties for the analysis of thick targets. On the other hand the accuracy of the
TTPIXE technique depends to a large extent on fully interpreting X-ray spectra
arising from thick targets.

Vis-a-vis these problems there is a need for more precise data on X-ray production
cross sections at all energies of interest and a detailed description of the slowing |
down of the beam particles in the targets considering its overall composition and

structure [Am 86). Accuracies in the 5 to 10 % range have been achieved in spite of
the above mentioned problems. It is clear that the relative precision and results for

thin targets may be markedly better.

The total X-ray yield from any analysis therefore depends strongly on the matrix -
composition of the sample under investigation. In the proton energy range between
1 and 4 MeV the typical depth of analysis is in the range of few mg/cm?, which is
comparatively much smaller than the total range of the projectile. - Thus PIXE is

essentially a near surface analytical technique.

As a result most of the PIXE work done initially was directed to the study of thm h
films which does not require elaborate calculations in converting from count yiel'<'i"‘

to elemental concentration. The determination of trace metal concentrations is rela-

tively simple with detection limits approaching the ng/g level but sample preparation

requires special attention. This has led to the growing interest in thick target PIXE

analyses where minimal sample preparation is required.

The discussions in this work will be devoted mainly to the analytical applications of

protons in the usual energy J‘range between 1 to 5 MeV where typical proton rangés |
vary from 5 to 80 mg/cm?, and the use of energy-dispersive X-ray spectrometry with

lithium-drifted silicon or intrinsic germanium detectors.

1.1 Thin targets

The analysis of thick specimens by PIXE is related to thin film analysis. The rna.jorb
difference between the two cases being that in thick samples the bombarding ion loses
a substantial amount of its energy (intermediate thickness target) or is completely

stopped (infinitely thick target) (see Figure 1.3). In the case of a thin film the count
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Flgure 1.3: Diagrammatic representation of X-rays from thin, intermediate
«;and thick targets ¢

y'ield does not contain a term for matrix absorption, because the film is considered
thln enough not to absorb the X-rays (even the low energy X-rays) and the X-ray
lomsatlon cross section within the whole thickness of the thin film can be considered .
constant It is therefore approprlate to start the dlscussmn on th]Ck target y1elds by
._exarmmng the thin. target case.

The X-ray yleld Y;(Z) (in counts per second), for an element Z and atomic mass A,,
in a thin film of areal density M.(Z) (in pg.cm=?), bombarded with proton beams
of energy E, (in MeV) is given by , i N

Yo(Z) = N,Mu(2)01(Z1E)w,boe, NaQl/ A, (1)

Where N, is the bombarding current (in protons per second)
o1(Z, E) is the ionisation cross section of element Z, at ven‘ergy E
w, is the fluorescence yield |
b, is the‘ branching ratio

€;.1s the detection efficiency for the measured X-ray

"Ny is Avogadro’s number |

1 is the solid angle subtended by the detector
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We can now define a constant k(Z) which includes geometrical factors and yield

constants, as

k(Z) = w,b,6, NaQ/A, (1.2)

then

Yo(2) = NyMa(2)k(2)01(2, EYT (1.3)

The transmission factor, T', has a value of unity when there is no absorption of the
measured X-ray within the target material. A thin target has been defined as one
in which the energy loss of a bombarding proton beam is negligible. However, even
when the energy loss of the beam is small, the value of the transmission factor, T,
can still be appreciably different from unity, especially for low energy X-ra..ysv. The
variation of T as a function of proton energy loss for X-rays from eléments in the
atomic number range 12 < A < 39 (Mg to Y) generated under bombardment with
4000 keV protons are listed in Table 1.1. For the low energy X-rays from the lighter
elgments, Mg to P, the transmission, even for a loss of as little as 100 keV,»is less than
0.5, and steadily decreases with increasing loss of beam energy, i.e. corresponding to
thicker targets. These data emphasize the importance of applying a correction for

mass absorption of X-rays, especially for intermediate thick targets.

1.2 Transition to thick targets
1.2.1 X-ray yield | | :

For a finite thin ta.rget, in which the bombarding beam loses a small amount of energy,
and the X-ray production cross section undergoes a variation of only a few percent,
the final energy, Ey, is approximately the same as E,, the bombarding energy. The
areal density can then be re-defined as p(Z)dz where p(Z) is the density of the
element Z in the sample and dz can be considered as the thickness of an infinitesimal.
layer of the target material, i.e. Ey ~ E, and M,(Z) = p(Z)dz.

In the portion of its path from depth z; to depth z; + dz the proton energy falls from
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{

Table 1.1: Transmission of characteristic K, X-rays from a relatively thin film
of the standard reference material NIES CRM-3 chlorella, under bombardment
with protons of 4000 keV.

I

Element Proton Energy Loss (keV)

100 200 3000 400 500 600
Mg  0.05 : :
Al 016 003 ;

Si 0.30 - 0.09 0.03 0.01

P 0.45 0.20 0.10 0.04 0.02 0.01
S 057 033 020 0.12 0.07 0.04
Cl 068 046 032 022 015 0.11
e K 0.81 0.67 0.55 0.45 0.37 0.31.
Ca  0.86 0.74 0.64 0.55 0.48 0.42
Ti 092 0.84 0.77 0.71 0.65 0.60
Cr 095 0.90 085 0.81 0.77 . 0.74
Mn 096 092 088 0.85 0.82  0.79
“Fe 097 094 091 0.88 085  0.82
Ni 098 0.96 0.94 092 090  0.88
Cu 098 096 0.95 093 092  0.90
Zn  0.99 097 0.96 0.94 0.93 0.92
As 099 097 0.96 097 096  0.95
Br 099 0.99 0.98 098 0.97 0.97
Rb - 1.00 0.99 0.99 0.98 098 ~ 0.97
St 1.00 0.99 0.99 0.99 0.98 - 0.98
Y 100 0.99 099 099 098 098

"~ Voids in the table refer to transmission factors < 0.01

-t

FE; to FE; — dFE a.nd the relationship between :c, and F; is,

z;:/Eiﬂ—'— S (1.4)
5 PS(E) - _
- where S(FE) is the matrix stopping power in eV per unit thickﬁéss and p is the total
target density. | | | «
By definition ﬁpﬁ is the trace element 'co_ncéntra.t_ion C;. Then £hé mass of the trace
‘element per unit area in the slice (ziyzi +dz) is,

dE

(2)de = Cogris o (L)
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Now equation 1.3 can be rewritten as:

Y,(2) = Nyk(Z)o1(Eo, Z)C’s%T' (1.6)

For any layer, %, of thickness AE;, in a thick target, the yield of X-rays from element

Z is given by -
AE _,
S(E) 0D

where T'(E;) is the absorption from a depth z; of the matrix.

Yi(Z) = N,k(2)o1(E:, Z)T(E:)C,

I

The thick target material may be considered as consisting of n layers, in each of
" which the bombarding beam loses an equal amount of energy, AE, and in Whi(,:h;
the mean energy, E; is considered to be constant over the entire layer. Then the
total X-ray yield for element Z resulting from the generation of X-rays from all the

n layers is equal to:

T(E) )

=1
) this-summation can be converted to:
0 :
Y (Z) = N,k(Z)C, o1(E, Z)T(E)dE . (1.9).
Eo S(E) | "

Multiplying and dividing by the ionisation cross section at the surface o(Eqo, Z) which
is approximately constant then the X-ray yield can be expressed in terms of a unitless
relative ionisation cross section og(E, Z), ' |

° ow(E, Z)T(E)
Eo S(E)

Y(Z).= N,K(Z)C, dE (1.‘10):

where K(Z) = k(Z)o(Eo, Z) is known as the geometrical fa,ctor.or sensitivity factor.

Equation 1.10 can be written as,
Y(Z) = N,K(2)C.I(Z) | (1.11)

I(Z) is the integral dependent on the matrix type and denotes a matrix correction
factor (MCF) for the yield Y, in thick targets. For computational purposes, the

integral, I, may now be rewritten as a summation:

z
1=0

m Eq
I= Z GRIE exp(—p2 i) [1 — ezp(—ps. e -S(Z—fj'))] (1.12)
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The value of g, is given by | .
m .
| =) Wi J (1.13)
i=1 ‘
where the matrix consists of m elements and g.; is the mass absorption coefficient
for‘ the K X-ray of element z by element j in the matrix, whose mass concentration
ir}tthe matrix is Wj.

The range z; is given by

i-1

z;=Y AE/S(Ey) (1.14)

k=o

Itls convenient to define the MCF as the inverse of the integral, I, thus

[T
PX |

F(Z)=1I7" __ o (1.15)

The method of numerically integrating F'(Z) is described in Appendix A. An algo-
rithfn was developed for the computation of F(Z), and a Fortran computer program
 was written for the roﬁtine evaluation of these factors. The}; are described in Ap-
pendix B. In order to obtain a working compromise between accuracy and the dura-
. tion of the computation, the value of AE: has to be selected_with care. Experience
has shown [Pi 88] that AE values of 1 k'e‘V,v 5keV, 5 keV and 10 keV are suitable
for bombardments with 1, 2, 3 or 4 MeV protons respectively.
The variation of F(Z) as a function of the energy of the K X-rays in the standard
i'eference material Animal Bone IAEA-H5 b'o.mbarded with protons of 1, 2, 3 and
| 4'MéV is shown [Pi 88a) in Figure 1.4. For elements above about Ni (Z=28), i.e.
for K X-ray energies > 7 KeV the rate of change of the F(Z)-values is small, so
that the knowledge of the compositions of the matrix is not critical. However, for
analysis involving lighter elementé, the rapid change of F(Z) with K X-ray energy
implies that the concentration of matrix components should be well known. Since the
effective depth of analysis increases with increasing bomba.rdmg energy, the value of ,
the MCF increases in importance when analysing light elements with more energetic
protons. The pen_etfation depth in organic material is shown as function of the
proton energy in Figure 1.5, from which if_ma.y be noted that lowvenergy protons

should be preferred for the analysis of such elements in brganic material, because the
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Figure 1.4: The variation of the F(Z) values with the K, X-ray energy for the
bombardment of Animal bone with protons between 1 and 4 MeV.

il

total penetration depth is so small. Tt is'implied that the sample material must be,
highly homogeneous. |
The total thick target yield Y7 due to element Z, generated in a material of specific -

matrix composition has basically three components;
YT =YP4+Y*+Y? o (1.16)

where Y is the primary excitation, Y is the contribution from secondary excitation
by several processes among which X-ray fluorescence excitation plays the major fole;"
and Y! is due to tertiary fluorescence effects. Depending 6n the type of matrix .
composition the value of Y* can be substantial while Y* has been found [Ca 89] té i
be small in most cases and hence it will not be considered here. The effect of the -
secondary fluorescence term Y* will be treated in chapter 4. The rest of this work -
will concentrate on the primary contribution of Y? only, which will be referred to as -
Y(Z), as before. -

Because of the complexity of the calculation process, some laboratories have opted for~~
approximate methods to evaluate MCF values, by by-passing the calculation of the( - -

integral I in equation 1.11, and replacing it with separate semi-empirical functions of -



1.2. TRANSITION TO THICK TARGETS 11

as r

30 | ' ® . _

= r “e, 4.0 Mev .

by
=
(&S )
»
[S=}
==
~
x
—_
a.
d
a
=
[e=]
ol
—
o
o
—
L
=
o
a.

0 : 1000 ~ . 2000 - 3000 4000
PROTON ENERGY / keV

Figure 1.5: Penetration depths of protons in organic materials.

cross-sections, stopping poWer and absorption coefficients [A1 86],[Al 89],[Ga 81],(Sm
86]. -

1 2.2 Evaluat‘ion of the geomet'rical factor

The constant fa.ctor K(Z) may be obtained in the followmg manners:
( 1) By calculation from tabulated values of the pa.rameters concerned,
(2) Experimentally frorn measurements on thin targets, and,

(3) Experimentally from measurements of thick targets of pure elements.

By calculation

Several tabulations exist for the values of w, the'ﬂuqrescént yield, [Ba 72],[Kr 79] and
b the branching ratio [Ne 70],{S] 72],[Sc 74]. The pa.ra.metefé of counting efficiency,
g, and the solid angle subtended by-t‘he détector, 2, have to be measured. The
K-shell fluorescence yield is known with good accuracy [Ba 72] and can be used with-
con-ﬁ,den'ce. The estimated uncertainties in the value of wx are 3-5% for 10 < Z <
20, 1-3% for 20 < Z S 30 and < 1% for higher Z values. A critical assessment
[Ca 88] of the L-shell fluorescent yields, showed that self-consistent values within
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Table 1.2: Recommended fluorescence yields [Ba 72]

K-shell L-shell
Z Element wg Z Element w, wo w3
13 Al 0.038 56 Ba 0.06 0.05
14 Si 0.043 65 Tb 0.18 0.165 0.188
15 P 0.060 67 Ho - 0.170  0.19
16 S 0.082 68 Er 0.185 0.19
17 Cl 0.0955 70 Yb 0.188 0.19
19 K 0.155* 71 Lu - 0.24
20 Ca 0.138* 72 Hf . - 0.22
22 Ti 0.221 73 Ta 0.25 0.24
23 \% 0.253 74 w 0.24 "
24 Cr 0283 75  Re | 0.28 !
25 Mn 0.313 76 Os ' _ 0.29
26 Fe 0.342 77 Ir 0.25
27 Co 0.366 78 Pt 0.33 0.30
28 Ni 0.414* 79 Au 0.30
29 Cu 0.443 80 Hg 0.35 0.35
30 Zn 0.479* 81 T1 0.07 0.35 0.35
31 Ga 0.528 82 Pb 0.08 0.36 0.42
33 As 0.588 83 Bi 0.11 0.35 0.37
34 Se 0.596* 90 Th , 0.47
35 Br 0.622* 92 U 0.47

37 Rb 0.669
38 Sr 0.702
39 Y 0.711*

* Interpolated values

an accuracy of 1% could be obtained from the interpolation of tabulated values [Ch
81], for the elements 36 < Z < 96, except that the fitted value for Tc (Z=43) has
an estimated uncertainty of about 1.7%. A list of useful values of the fluorescent
yield is given in Table 1.2. Transition probabilities, or relative emission rates of the
- K components have been calculated, using several theoretical approximations, the
most useful of which are those of Scofield [Sc 74a],[Sc 74b] and Cohen [Co 87]. In
general, measured data show good agreement with theory, but some discrepancies _

still remain [Sa 74] in the atomic number region 21 < Z < 32. The tabulations of
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Cohen [Co 87} are restricted to protons of between 2 and 3 MeV. Since accurate
Kp/K, ratios are essential in sorting out the spectral overlaps that occur in typical
TTPIXE spectra, it is important to take into account the discrepancies with theory
in the database of transition probabilities. The data, referred to above, enable the
analyst to compile a library of emission rates of the K- and L-shell X-ray lines for
each element. In this approach it is important to make an exact correction for the
absorption of the X-ray signal through the absorber interposed between detector and
target. If the thickness of this absorber is not well known, it must be calibrated.

Early theoretical calculations of the ionisation cross section, o1(Z, E), made use of
either the Binary Encounter Approximation or the Plane Wave Born Approximation
(PWBA), but more accurate values were obtained [Br 81] by improving the PWBA
approach byAthé inclusion of a number of effects in what has become known as the
ECPSSR model. This acronym is derived ffom the inclusioﬁ of various effects such
as energy loss (E), coulomb repulsion between projectile and target (C), polarisation
and binding energyvcha.nges of inner electrons through perturbed stationary states
(PSS) and relativistic effects (R). The ECPSSR model is accurate within 10% for 10
< Z <92 and for 0.02 < E < 160 MeV. Ionisation cross sections for both K and L
X-rays excited by both protons and helium ions with enérgies between 100 keV and
10 MeV have been tabulated [Co 88],[Pa 89] for most elements. Cross sections for
selected elements bombarded with protons from 1.0 fo 4.5 MeV Aare given in Table

1.3 for K and in Table 1.4 for La X-rays.

Experimentally, from thin targets

Although the above approach is the standard procedure in several laboratories [Ba
78},[Ca 75],[Cl 81}, it may be more convenient to express the parameters in equa;
tion 1.11 in terms of practical units. Instead of needing to determine the absolute
efficiency of the detector, which requires the use of well-calibrated sources, the sensi-
tivity factor, K(Z), can be evaluated easily by irradiating a set of thin film standards
of known thickness of pure elements. Figure 1.6 shows plots of the variation of K(Z)
(in units of counts pg~!.cm? pC~1) with the energy of K, X-rays (in keV), for dif-

ferent proton bombarding energies. It may be noted that for the heavier elements,
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Figure 1.6: The variation thb the energy of K, X-ra.ys of the sensm vity factor,
K(Z) for proton bomba.rdmg energzes of1 2 3 and 4 MeV.

there is relatively littlelchange in;the value éf K(2Z). ,T'he effect on K (Z) of absorbers

interposed between the target and t'he;dete,ctor is shown in Figure 1.7.
- Experimentally, from thick targets '

Since th’e‘bombardment of thin ﬁlmvs‘often .cla:uses deterioration, either as a result of
sample evaporation or decomposxtlon the rellablhty of thin sample standards is often
limited. By contrast thlck targets of pure elements or compounds, or of standard
matenals ‘can readlly be made and used repeatedly with confidence. From such thick
targets, K (2) values can be’ obtamed for each element as required. Obviously, the
use of well-characterlsed reference matenals would be advantageous since a single
analysxs would prov1de information on the K (2) values of a wide range of elements,
provided the composmon of the matrix 1tself is known.

For thick targets equation 1.11 applies, but can conveniently be rewritten as
Y(Z) = QC.K(2)I(Z) 1.17)

where @) is the integrated bombarding chargein coulombs, 'C', is the concentration’

of element Z in pg.g™"! derived from p(Z)/pit- To convert basic units, N, number
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elements excited by protons of 3 MeV.

o

- of protons per second, to practical units, Q coulombs, a numerical factor is used,

* which has been included in the constant factor K (Z ). From equation 1.17 the value

- of K (Z ) becomes

Y(2).F(Z)

K(2)= =5 .(1 .18)

In this form only F(Z) has to be calculated, as in the previous sections, while the
other parameters have to be rneasured experlrnenta.lly Values of F (2) for the Ka
X-rays from useful thick targets are given in Table 1.5 for proton energles of 1, 2,
3 and 4 MeV. Included in the table are the corresponding depths, p, at which the '
contribution to the X-ray count becomes negligible. Similar data for selected heavy
elements and their La X-rays are given in Table 1.6 Appendices C and D give a
~ complete list of practical F(Z)-values for most of all non-gaseous elements from K
to U at different proton bombarding energies and for the K, and the L, lines, which

can be used easily for the calculation of elemental X-ra.y yields in any geornétry.
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Table 1.5: F(Z)-values for selected pure elements and compounds for Ka X-
rays excited by protons. '

Target E,=1 MeV E,=2MeV  E,=3 MeV E,=4 MeV
Material Z p* F(Z) p* F(2) p* F(2) p* F(Z)

BaCl, - 17 1.06 19.06 1.85 50.24 1.89 94.78 2.29 158.95
KBr 19 1.81 6.67 4.20 14.05 4.70 25.62 5.84 40.15

Mn . 25 2.16 4.82 690 6.41 9.06 10.07 12.27 17.03
Fe 26 2.17 4.90 6.81 6.50 891 10.14 12.05 = 14.72
Co 927 230 491 731 6.19 9.83 9.36 13.45 13.42.
Ni 28 2.26 500 7.23 6.18 9.69 9.06 13.31 13.19
GaN 31 226 430 466 545 6.51 746 7.89 10.12 -
Ge 32 257 467 516 6.00 7.03 836 8.38 11.43
As;Os 33 226 422 485 516 694 6.86 8.53 9.12
SE 34 256 4.64 521 578 7.9 17.84 8.66 10.53
KBr 35 2.35 4.03 864 4.19 13.54 5.28 21.18 6.63 ..
~RbNOs; 37 197 4.00 460 437 7.05 524 9.18 6.41
SrCO; 38 198 4.00 - 7.92 350 13.72 3.79 2349 4.13
Y,0, 39 230 414 894 3.76 17.64 4.09 24.98 4.79
Zr 40 2.78 4.30 10.47 4.05 20.06 4.57 27.36 5.52
Nb,O; 41 245 356 9.73 3.14 19.62 3.27 28.52 3.65
Mo 42 289 425 1122 3.83 21.84 4.11 30.76 4.73
Ag 47 3.05 479 11.89 4.07 19.52 4.48 32.13 4.94
Cd = 48 325 4.63 1241 3.87 2092 4.05 35.40 4.23
In 49 329 466 12.33 3.99 2048 4.30 34.11 4.65
Sn 50 3.27 4.64 1265 392 21.22 4.16 35.71 4.42
Sb 51 3.21  4.63 12.93 3.81 21.87 3.99 37.16 4.16
Te 52 3.36 4.43 13.30 3.70 32.60 3.85 38.43 4.00
CsNO; 55 220 4.44 927 348 16.75 3.39 29.81 3.27
BaCl, 56 249 450 1031 3.54 18.46 3.47 32.66 3.37

*Depth in mg/cm? at which the contribution to the X-ray yield is negligible.
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Table 1.6: F(Z)-values for selected heavy elements and compounds for La
X-rays excited by protons.

Target E,=1 MeV  E,=2MeV  E,=3 MeV E,=4 MeV
Material Z p* F(2Z) p* F(2) p* F(2) p* F(Z)
Ta 73 339 834 797 13.98 9.0 23.05 11.37 33.99
w 74 351 819 825 13.78 9.33 22.71 11.79 33.54
Au 79 3.94 6.87 10.54 10.17 1244 16.23 16.08 . 23.50
HgS 80 3.48 '5.77 9.83 -8.14 12.09 13.06 15.68 10.09
Pb 82 4.28 5.72 13.32 7.10 16.93 10.62 22.74 14.85
Bi 8 4.16 560 13.21 6.98 1691 1046 22.73 14.61
ThF, 90 2.90 506 1030 5.66 14.35 8.15 20.28 11.31
Uo, 92 3.36 5.28 11.42 6.21 1549 9.12 21.14 12.72

*Depth in mg/ cm? at which the contribution to the X-ray yield is negligible.
1.3 Discussion on physical parameters

Because of thev importance of all physical parameters involved in the evaluation of
the MCF, it is relevant to give here a discussion on the interrelationship between

them.
As stipulated on the tables of Appendices C and D, the list of the parameters for

each proton energy and X-ray line is as follows:
1. Target material.
2. Element of interest.
3. Depth of analysis p.
4. The integral 1(Z) aﬁd its reciprocal F (Z )-
‘5. The total absorption factor ABS through all the layers of integration

6. The exit energy E-EXIT, i.e. the energy after which the contribution to the |
yield is negligeable.

7. The total range of the protons inside the thick target.
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| Figure 1.8: Plot of the integral I(Z) against the proton bombarding energy on-:
irradiations of cement-based materials with 1 MeV protons.

As shown in Figure 1.8 for irradiations with 1 MeV protons on a cement based.
material the I(Z) integral increases as the proton energy decreases. At about 40(')3
keV proton energy, the value for I(Z) seems to stabilize. This energy is the energ‘ij
at the depth of analysis after which there is no more contribution to the value of i
I(Z). In other words I(Z) converge to a constant value as from 400 keV. |
As shown in Figure 1.9, where F(Z)-values in the same cement material are plotted ’
against the atomic number, these F (Z )-.va.lue's tend to increase after a particular 7.
value. This increase depends on the ion bombarding énergy and the type of material(:
“under consideration. A possible explanation for this increase in the F(Z)-values a.s
Z increase to heavy metals could be due to the increase of the electron density for‘i
heavy elements.
- The increase of F(Z)-values with Z number is of much relevance in TTPIXE as this
could explain the interrelationship between other 'pa.irs‘ of parameters listed above.
This can be shown clearly when F(Z)-values are plotted against the depth of analysi; -
p. As can be seen from Figure 1.10a for a certain Z the F(Z)-value increases as -
discussed above but in addition the depth of analysis decreases. These two effects

combined explain the horseshoe effect for heavy elements in this type of analysis. .
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Figure 1.9: Plot of the F(Z)-values in cement-based materials against the
atomic number for 1 MeV protons. -

A sumla.r type of situation exist if we look at the relationship between I(Z) and p.
(see Figure 1.10b) and between absorption and p (see Figure 1.10c). The exit proton
energy at which there is no more contribution to the value of the MCF, has a linear
relationship with the depth of analysis as seen in Figure 1.10d. On the other hand
the relation between the depth of analysis and the calculated proton range in any
material depends critically on the bombarding enefgy. Table 1.7 shows this fact for
the case of CulnSe, and AgInSe; cbmpounds and pure carbon irradiated at 1..5'a.nd
4.0 .MeV protons.. We can see from this table that the relative'depth of analysis is
srnaller when samples are irradiated with 1.0 MeV protons. This points again to the
faét,_thé,t F (Z )-values being smaller at smaller bombarding energies, the accuracy of .
the a,né.llysis increases. The same rationale applies to carbon with a further increase
of the depth of a.na.iysis to about 68% for 4.0 MeV protons. -The variation of the
depth of analysié for carbon-rich ma,ter'ials against the atomic number is shown in
Figure 1.11. The range equal to 26.1 mg/cm? is marked as a straight line constant for
all elements. For low Z elements, like potassium, this depth of analysis is about 46%
of the total range but increase to a maximum of 70% in the region of 26 < Z < 30.

This means that for this set of elements the depth of analysis does not impose a
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Figure 1.10: Plots of (a) F(Z) (b) I(Z) (c) the absorption ABS and (d) E-
EXIT against the depth of analysis p for irradiations with 1 MeV protons in
cement-based materials.
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Table 1.7: Relation between depth of analysis. p and range in carbon and
- AInSe; compounds (A = Cu, Ag) at 1.5 and 4.0 MeV protouns.

. E,=1.5MeV ,
. Cu Se ~ Ag In Range
C 239 234 223 222 5.33

CulnSe; 280 3.00 3.05 3.05 12.20
AgInSe; 297 317 329 329 1280

E,=4.0MeV
" Cu Se  Ag. In Range
C 20.60 20.10 19.10 19.00 27.60

CulnSe; 12,90 17.10 22.60 23.00 48.60
AgInSe; 13.00 17.60 24.00 12430 57.30
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critical correction for analytical purposes.

1.4 Scope of this work

The determination of trace element concentrations in thick targets by PIXE spéc— 3
trometry is in a stage of refinement. Physical processes occurring under irradiation of’
such targets are not yet fully understood and need for fundamental research spurred.
the developments of methodologies for analysis in TTPIXE.

The main concern of this work was directed firstly, to the treatment, development and:
organization of the basic theoretical background for thick térget PIXE in a general’
framework (as has already been shown in this chapter), which can be of relevance..td:{f
the analyst, secondly, to the evaluation of the magnitude of the constraints in the.
calculation of elemental concentrations in thick target materials and thirdly to'the-
application of different kind of methodologies of analysis in the usual Macro-mode,
in Micro-PIXE and in High-energy Macro-PIXE.

These constraints generally cited as matriz correction factors were evaluated in dif-.
.. .ferent sample materials such as pure metals or their compounds, biological and en-
vironmental reference materials. ' |
Chapter 1 describes the theoretical considerations for the evaluation of matrix cor-
rection factors, as well as an analysis of the interrelationship between all physical
pa.ra.inetérs involved in the calculation of such factors.

Chapter 2 describes the experimental techniques used in this work as related to sam-
ple preparation, description of the X-ray spectrometry detection system and data
handling primarily for the Macro-mode. Since PIXE is a multielemental technique
the information generated on the concentrations of major, minor and trace elements
can be considerable. If required, all this data can be potentially useful for the in-
terpretation of results. The common procedure in many laboratories involves the
calculations of elemental ratios between only few elements. In this manner a large
amount of information is lost or forgotten in the archives of the analyst. Mathe-'
matical statistical methods of multivariate and cluster analysis have come to the

rescue of these archival data. More specifically, Correspondence Analysis, a tech-
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nique developed in the early seventies [Be 69] to treat multielemental data has been
used by relatively few authors [Gi 84],[Ja 91],[Pe 92]. This powerful technique of
interpretation of multielernentai data has proved to be a valuable tool in this work.
The fundamentals of this technique are also given in Chapter 2 together with simple
examples to demonstrate how it works. —
The accurate measurernent of the beam current as well as the effect on the back-
ground on the analysis of thick insulating target materials is also treated in Chapter
9. A brief review on different methods used to solve the above-mentioned problem is
i'g_i‘vv.en there. Of particular interest are the results of experimental data on secondary
X:ray effects in binary metals oxides and fluorides.
Chapter 3 deals with methodologies of analysis for thick samples with a known matrix
composition, in partlcular with the use of internal and external standards a.pphed to
med1c1ne, biology and archaeology

j Chapter 4 deals with methodologles for the analysis of thick sa.mples with unknown
- matrix ¢composition and the deve_lopment of strategies to simplify the determination
" - of trace metals in ..carbon, silicon, calcium, iron and gold-rich materials.

. ,,L,Chapter 5 presents a study on the implementation and development of high-energy
PIXE at the 200 MeV Cyclotron of the National AcCelerator Centre (NAC)at Faure,
and demonstrates the uses of energetic protons for the dete'rrni‘nation of traces of
rare earth and heavy metals in "intermediate” thick targets of geological standard
materials. |

- Chapter 6 presents some results of a.nalysis of kidney stones undertaken at the newly
developed Proton Microprobe of the Van der draaff accelerator, NAC. Some method-
ologies described in previous chapters were applied to Micro-PIXE for the determi-
nation of trace elements. Simultaneous techniques such as RBS and PIPPS were
implemented for the determination of major and rnino‘r components. These resnlts
establish Micro-TTPIXE as a useful techniqne for the microanalysis of small lddney
stones excreted in a tlme sequence and the study of the possible role of trace elements

in their formation and growth



Chapter 2

Experimental 'pro'c’edures |

2.1 Sample preparation -
2.1.1 Thin films

For the quantitative evaluation of the sensitivity factors K(Z), thin targets of pure -
metals or their compounds were used. Several batches of thin deposits, evaporated
on 3 um thick mylar and mounted on aluminium frames were obtained from Messrs.

Micromatter Co., Deer Harbor, U.S.A., and kept under vacuum until required. Table

.+ . 2.1 shows the chemical composition of the thin films together with the areal densities |

of the deposits. The reported accuracy of the thicknesses of the deposits was + 5% in -
the range between 30 and 75 pg/cm?. Table 2.2 shows a eompariSQn of reported and
measured values for a batch of thin film stand_a.rds checked by backscatter analysis
using 2 MeV *He* ions. In all cases (except Gd and Hg-Ag amalgam) the values

were well within the stated accuracy of the suppliers.

2.1.2 Intermediate thickness specimens

Biomedical

" For the determination_ef concentrations of trace elements in blood serum of infants
and mothers, the samples were collected at birth and at regular intervals up to one
year after birtlr; Appropriate measures were taken to prevent contamination of the
samples [Ve 85]. Samples were immediately frozen and kept at - 70°C until analyzed.

10041 of sera were spiked with 5 pl of yttrium standard solution for analysis. 10 ul

27
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Table 2.1: Thin film standards by evaporation.

Element Chemical thickness/ Element Chemical thickness/
form (pg/cm?) _ form (pg/cm?)
Mg Mg 53 Ag Ag 44
Al Al 42 Cd Cd 59
Si Si0 52 In In 42
P GaP* 59 Sn Sn 38
S CuS* 56 Sb Sb 53
Cl NaCl* 45 Te Te 54
K KI* (48.3;53) Ba BaF, (48;56.9)
Ca CaF, 38 La LaFs (31;56;63)
Sc ScF3 - 45 - Ce - CeF; (42;50.1;55.3)
Ti Ti 41 Pr PrF, (48.9;50.5;51)
\Y \Y 46 Nd NdF; (44.5;52.9;57)
Cr Cr 38 Sm SmF3 (53.9;54.3)
Mn Mn 50 Eu EuF; (45.4;53.5;61)
Fe Fe 33 Gd GdF; (51.4;55.1;59)
Co Co 32 Tb TbF; (47;51.3)
“Ni Ni 47 Dy DyF, (43.9;51.6;52)
Cu Cu 41 Ho HoF3 (56.8;65)
Zn Zn 53 Er ErF; (46.5;50.4)
Ge Ge 52 Tm TmF3 (49.7;51.2)
As As 63 Yb YbF;  (51.2;53.2;60)
Se: Se 51 Lu LuF3 (45.6;46.7)
Br CsBr*  (41.9;48;58) w WO;3 - (41.811)
Rb RbNO; 42 Pt Pt (44;46.6)
~ Sr SrF, 43 Au Au (44;50.3)
Y YF; 42 Hg Hg-Ag Amalg. (38;69) -
Nb Nb,Os 64 Tl TICl (48.2;53)
Mo MoO3 47 Pb Pb (39.4;54)
Rh Rh 49 Bi Bi 46.1
Pd Pd 53 Th ThF, 36.4
U UF, 56

(*) Used for both elements
Values in brackets represent more than one film purchased.
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Table 2.2: Backscatter analysis of the thin standards.

Element Reported thickness Measured thickness Difference

- /pg.cm™? /pgem= /%
Mg 55.46 53.00 -4.6
Al 43.27 42.00 -3.0
Sio 49.93 52.00 40 .
NaCl 47.45 46.00 32
CaF, 37.81 38.00 0.5
Ti , 139.83 41.00 2.9
A 48.40 . 46.00 -5.2
Cr 39.03 38.00 2.7
~Mn 51.25 50.00- -25
Fe = 53.14 _ 53.00 -0.3
Co 31.00 32.00 3.1
Ni 46.09 47.00 1.9
CuS 55.50 56.00 0.9
Cu . 41.58 41.00 -1.4
Zn 53.41 53.00 - -0.8
GaF 58.35 ' 59.00 1.1
Ge 52.68 ' 52.00 - -1.3
As - 63.99 - 63.00 -1.6
Se : 51.48 . 51.00 -0.9
RbNO; 41.40 S 42,00 1.4
YF3 40.63 42.00 3.3
Nb,Os 64.97 64.00 : -1.5
MoOs =~ 46.58 : 47.00 0.9
Rh 4875 49.00 0.5
Pd 52.97 '53.00 0.1
Ag - 43.17 44.00 1.9
Cd 60.40 59.00 -2.4
In 42.53 42.00 © 1.3
Sn 37.79 38.00 _ 0.5
Sb 52.21 53.00 1.5
Te _ 52.74 54.00 2.3
KI 53.59 53.00 -1.1
CsBr . 49.48 - 48.00 -3.1
La _ 57.81 56.00 +3.1
Ce 54.99 , 55.30° -0.6
Pr. 52.06 - 50.50 - +3.0
Nd - 5371 52.90 +1.5
Sm 51.84 - 54.30 : -4.7
Eu 43.52 45.50 - 4.3
Gd '51.10 55.10 7.8
Tb 51.83 51.30 +1.0
Dy 51.29 51.60 - -0.6
Ho 58.04 - . 56.80 +2.1
Er 45.32 , 46.50 -2.6
- Tm 48.95 51.20 . - -4.6
Yb  51.88 51.20 ‘ +1.3 -
Lu © 46.26 46.70 =10
WO3 72.18 71.00 -1.7
- Au 43.00 . 44.00 © 2.3
Hg-Ag 41.04 38.00 -8.0

Pb 56.38 54.00 -4.4
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of this solution was deposited onto a support of Makrofol (Siemens, Germany) 2 pm
thick, stretched over an aluminium holder and spread over an area of approximately
50 mm?. These deposits were freeze-dried during a period of 24 hours to yield targets

of sera suitable for in-vacuum PIXE analysis.

Geological

Geological standards were obtained from the South African Bureau of Standards

and the US National Institute of Technology and Standards. After homogenisation |

of the powder material and reduction of the grain size, a small amount, about 4-5
mg, of geological sample was transferred to a specially designed aluminium centrifuge
tube of 10mm diameter (see Figure 2.1) the base of which was an aluminium frame
covered with a Mylar film of about 10 um thickness. Before adding any liquid, the
centrifuge tube was mounted in a mixer which had both a vortex and a shaking
action, and shaken for about 30 seconds in order to ensure that particles adhenng

~ tothe walls of the aluminium centrifuge tube were transferred to the Mylar film. To

the powder was added about 10ul of chloroform containing 0.05% of Tensol Cement, :

a dichloromethane mixture supplied by Messrs African Explosive and Chemical In-

dustry, Wadeville, South Africa, to act as a binder to fix the powder to the Mylar.

-

produce a homogeneous suspension, which was centrifuged at 3000 rpm, while the' "

centrifuge was surrounded with a hot-air bath. After 2 hours the chloroform had

The cehtrifuge tube was then again mounted in the mixer for about 2 minutes to -

distilled and the glue dried. In this way a uniform, thin, circular target of about 5.7 |

mg/cm? was produced, which could readily be mounted and kept unchanged during |

bombardment under vacuum.

The uniformity of the deposit was visually checked by light transmission when viewed i

against a strong light source. If it was found that the quality of the targets depended !

critically on the particle type of the geological ore, with the best targets produced
from the fines. The target area was sufficiently large to allow for the irradiation of

several spots for replicate analysis.
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F‘igure 2.1: Diagrammatic representation of the approach used for the prepara-
“tion of intermediate thickness targets of geological ores: A - Aluminium holder;
«B - PTFE sealing ring; C - Mylar substrate; D - Sample deposit.

2.1.3 Thick targets
‘Biological

. Dried biological materials were powdered by the brittle fraction fechnique [Iy 76],
[Iy 77] using liquid n1trogen cooling and teﬁon-covered steel balls in teflon containers
: shaken on the Mlcrodlsmembrator supplied by Messrs Bra.un of Mebungen West
Germany. About 1g of powdered material was compressed in a Beckmann 10-ton
hydraulrc press into tablets of 13mm diameter and abouf.2mm thick. Figure 2.2
shows a diegrammatic representation of the type of die used to press the pellets. The
| pe.per rings and discs shown in the figure gave extra mechanical strength to allow
for safer handling of the final pellet, while the paper discs a.lso‘served‘ to protect
‘the die from any damage by small crystals of harder r_nateria.ls, and to decrease the
pdssibility of .cross-contamin‘ation between samples. Compression of material was
c'a;rried out under vacuum to remove trapped air. It was assumed that all sample

specimens were homogeneous. Prior to irradiation, all the targets were stored in a
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Figure 2.2: Schematic représentatibn of the die used for making target pellets.

R

vacuum dessicator. All sample preparation was undertaken in a clean environment
on a laminar flow bench where particles of more than 0.5 ym in diameter were filtered.

out. Standard reference materials (SRMs) of biological origin were obtained from:

1. National Institute of Standards and Technology (NIST), Gaithersburg, Mary-- -
land, U.S.A., ‘ "

2. Analytical Quality Coqtrol Services of the International Atomic Energy Agency,
IAEA, Vienna, Austria, and - |

3. National Institute for Environmental Studies, NIES, Environmental Agency,

Tsukuba Ibaraki, Japan.

Geological and Archaeological
SRM of geological ores were obtained from:
1. NIST, Gaithersburg, Maryland, U.S.A.,

2. South African Bureau of Standards, SABS, Pretoria, South Africa and
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3. United States Geological Slrrvey.

Thick pellets of these materials were prepared in the same way as previously de-
scribed. |

Archaeological materials, including source materials such as clay samples and ar-
chaeological artefacts were obtained from several areas of southern Africa. The clay
specimens were corhpressed into pellets as previously described. Unlike source ma-
terials, archaeological specimens of artefa‘cts,b potsherds and others such as glass and
porcelains were analysed without pre-treatment, but care was taken to remow)e su-
..perﬁcia.l adhering particulates which were not part of the artefact. The specimens
- were mounted in such a way that the geometry of the target for irradiation was kept

constant and presented an analytical surface that _wa.s relatively flat.

Pure metals and compounds

For the quantification of TTPIXE measurements using the methodologies of analysis
described here, targets of pure elements were preferred. Where metals were availaBle,
th%ygwere used. In some cases elements were available ohly in a pyowderedv form
as compounds. These were used as compresseci tablets, provided the material was
-sufficiently refractive to withstand the temperatures generated during bombardment.

'The chemical form of the targets used here is shown in Table 2.3.

2.2 Facilities for irradiation )

A large proportion of this work was carried out on the 6 MeV Faure Van de Graaff
~ accelerator (VDG) ‘Beams of protons.‘in the energy region of between 1 and 5 MeV
were used. The precision of selected beam ,eriergies was of the order of 2 keV and
~ its stability of the order of keV. In addition 4He+ beams were used for backscatter

analysis.

2.2.1 The beam line

- The accelerator beam was focussed onto the target as a spot between 0.5 and 3.5

mm, the dimensions of which were determined by a series of tantalum collimators.
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Table 2.3: Elemental thick target standards.

Element Chemical form(s) Element Chemical form(s)
Na NaCl;NaOH;Na,CO3 In In

Mg Mg;Mg(OH),;MgO Sn Sn

Al Al Sb Sb(sponge)
Si Si Te Te

P NaPO3 I KI
) S Cs CsCl;CsNO3
Cl NaCl Ba BaCl,

K . KBr;K[;KCO3 La Lay03

Ca CaF, : Ce CeO,

Sc SC2O3;SCF3 Pr PI‘203

\% \" { Sm Sm,03;SmF3
Cr Cr Eu Eu,05

Mn Mn Gd = Gd,0;

Fe Fe Tb Tb,03

Co Co . Dy DY203

Ni Ni Ho Ho,05

Cu Cu - Tm Tm,03

Zn Zn Yb Yb,0;5

Ga ) G&N : Lu LU203

Ge Ge . Hf HfF4

As As,03 - Ta Ta

Se Se(sponge) W W

Br "KBr - Re  Re

Rb RbNO3;RbCl;Rb,SO4 Os Os(sponge)
Sr SrCO3;Sr(NO3), Ir Ir

Y Y,0; Pt =~ Pt

Zr Zr Au Au

Mo Mo Tl leSO4;T1203
Ru Ru(sponge) Pb Pb

Rh Rh ' Bi Bi

Pd Pd ' Th ThF,

Ag Ag U U0,

Cd Cd



2.2. FACILITIES FOR IRRADIATION ‘ 35

Three different collimators were used td define the beam spot. The first of these was
situated at a distance of a.pproxima.teiy 9 meters from the detector assembly. The
beam-defining variable collimator was situated at approximately one meter from the
detector. An anti-scattering collimator was positioned just outsidlevvthe scattering
chamber to prevent scattered protons from hitting the target frame or other metal

components inside the chamber.

2.2.2 The scattering chamber

The aluminium scattering chamber [Gi 76] was situated immediately behind the anti-
scattering collimator and was electrically insulated from the beam line by means of
a PTFE junction. If. could therefore serve as its own Faraday cup to integrate the
bombarding current directly. A schematic dia)gfa.m of the chamber is presented in
Figure 2.3. The chamber was designed for optimum efficiency and for the simul-
taneous use of three detectors. The sca.tteréd charged particles were detected by a
Si surface barrier detector mounted at 135° to the incident direction of the beam,
in a plane above the horizontal. The X-rays excited by the ion beam were mea-
- sured'by an X-ray detector detector mounted in a port at 90° to the beam direction.
The geometry of the apparatus allowed for positioning the detector window close
to the target surface thus increasing the solid angle especially f_or.detection of small
amounts of metals. Gamma-rays from nuclear interactions were measured exferna.lly
by a gamma-ray detector, positioned at 45° to the beam in a recess of the chamber
where the wall had been tiﬁnfléd to reduce the attenuation of low energy radiation.
The chamber was easily isolated from the remainder of the accelerator vacuum sys-
tem 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.

7z

Automatic sample changer

Samples were mounted at 45° to the direction of the beam on a vertical ladder which
had space for ten holders with an additional vacant position for beam alignment
and covered with a lining of Perspex to prevent excitation of the metal by scattered

protons. The ladder was fitted into the shaft of a motor drive and kept accurately at
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Figure 2.3: Design of the multi-purpose scattering chamber at the Van de.
Graaff Group, National Accelerator Centre, in which samples were irradiated
and prompt radiation analysed using three different detectors [Gi 76].

the centre of the scattering chamber by two sets of groerd nylon wheels on either ,
side (see Figuré 2.4). The position of the ladder was controlled by a stepping _motdr "
opéra.ting at six pulses per mm, through a 25:1 gear, thereby enabling the target to-
be positioned accurately vwrli“thin about 6 um, at pre-selected speeds from 1 to 4_007
steps per second. By moving the ladder in the chamber under remote control, it was R

possible to bombard ten targets without disruption of the vacuum system.

X-ray Detectors housing

. The dipstick detectors were housed in a horizontal pipe made of Perspex, (see Figure -
2.5). The total length of the tube was 20 cm, allowing for the position of the detector.
window to be adjusted from 2 to 22 cm from the point of incidence on the target
surface to cope with varying X-ray fluxes from thick targets. The distance of the

detector and the bombarding current were optimised so that the dead time of the
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(wn ]

Figure 2.4: Automat1c sample cha.nger A - Sample ladder; B - Nylon posi-
tioning wheels; C - Steppmg motor, D - Aluminium foil diffuser.

!

couutiug equipment did not exceed about 10_%. The front of the detector was shielded
from stray ra,dié,tion by a lead collimator with a 6mm aperture, which fitted over the
dlpstlck pipe for a length of about 4cm. The detector was further screened from

gamma radiation by standard lead bricks.

Rotating absorber holder

A multipurpose rotating absorber holder with manual external control/ which could
locate 8 different types of absorbers was placed imuiediately parallel to the tube
,‘ ‘pipe housmg of the detector (see Figure 2.5). This allowed the rapid and accurate
optimisation of low energy X-ray absorption without the need for opemng ‘the scat-
tering chamber. This system was found to be particularly useful in cases where the
intensity of the X-rays from the major components in the target matrix was too high,

degrading the quality of the spectra.
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Figure 2.5: Plastic housing for the Si(Li) detector which allows the positioning
of the detector at different distances from the target surface to be able to cope -
with different X-ray count rates; A - Si(Li) detector; B - Absorber wheel knob;

" “C - O-rings; D - Perspex collimators; E - Absorbers wheel.

Anti-spar_king thin foil support

An aluminium support, shown in Figure 2.4, was designed to hold a thin foil used
to generate an electron flux to prevent charge build-up and sparking from insulafors
such as carbon based rna.tefia.ls. It was found that the 2 pm aluminised Hosta.pha.ni.
was suitable for 1 and 2 MeV proton irradiation, while 5 yum aluminium foils were

suitable for 3 and 4 MeV beams.

2.2.3 External mode

Most archaeological samples, could be analysed in vacuum, but due to limitations
in size by the geomevtry of the vacuum chamber, large specimens were analysed in
the external mode (see Figure 2.6) [Bo 79]. The quartz viewer at the rear of the

chamber was then removed and replaced by an aluminium pipe fitted with a 10 ym



2.2. 'FACILITIES FOR IRRADIATION R : 39

Sample
Accelerat _ Beam N
cgg;;ﬂ " Chamber Window co(limator -lgﬁ?ec{d
l/ - Detector

‘ @ L

W

Figure 2.6: The external beam facility at the Faure Van de Graaff accelerator.

thick beryllium exit foil. Depending on the n_a.ture of the investigations, windows
of Havar, Mylar and nickel were also used. After emerging through this window
the focussed beam was allowed to fall on the target pla.ced a.pprox1mately lcm from
the wmdow and mounted at 45° to the dlrectlon of the incident beam. The X-ray
detector ‘was shlelded from the chamber and exit window by a lead shield. and it
V1ewed the 1rra.d1ated spot on the target through a Perspex lined collimated hole.
The entire shield assembly was connected to the upper surface. of the chamber (not
shown in Figure 2.6) in order to preserve a constant geometrical arrangement. The
sample position was adjusted externally so as to plece the face of the sample at the -
intereection b,etween the center of the beam end the de.tector axis. The detector
* viewed the sample at 90° to the incident beam. The distance between the exit
window and the sample surface was 22 mm while the dlsta.nce to the detector could
be adjusted by shlftlng the detector in the dlrectlon of its axis as requlred to suit

the different count rates.

For very fragile samples such as intact old glass objects low currents were used. To" -
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reduce the danger of thermal damage to the sample a jet of filtered compressed air
was directed onto the region of incidence of the beam. Samples of large size or awk-
ward shape such as pottery and glassware were mounted individually. Small tablets
were mounted on a remote controlled ladder as in vacuum-PIXE. In most investi-
gations involving the analysis of archaeological artefacts, there was little interest im,
determining light elements. For this reason, and to reduce the X-ray count rate, -
suitable absorbers of methyl methacrylate were mounted in front of the active area

of the detector face. This effectively restricted the analysis to X-rays having energie's.

above 3 keV. .
The measurement of the current was difficult. In some cases, indirect ways to meas.
sure the current were considered, but most of the measﬁrements in this mode mérély—{v
required current monitoring; rather than a knowledge of the absolute value. Depend-
ing on the type of target under investigation, beam currents ranged from about 0.5

n
4

to 3 nA, and the duration depended on the content of the element(s) of interest.

2.2.4 PIXE-induced X-ray efnission

For the analysis of trace elements with absorption edges below that of minor or
major components of the matrix, such as steels, where iron makes up to about 80%
of the whole matrix, the above scattering chamber was modified by a steel a,ssemb’lyﬁ )
inside the chamber. X-rays generated in a primary target were used to excite Xi |
rays in the target material under investigation. To prevent X-réy excitation of .the
major component in the tz;.l:get the primary target was chosen in such a way that
its absorption edge was below the absorption edge of the major component in thcj :
target. |

A beam of H, ions was directed on to the primary target, which consisted of a
water-cooled disc 18mm in diameter and about 3mm thick. In order to generate
sufficiently intense X-ra;y fluxes, a current of 3 to 8 yA was used to bombard the
primary ta.rgetv.. The aperture, which collimated the primary X-rays onto the surface
of the sample, was a 3mm hole in the steel assembly. Subsequently, when it was
found that the Fe X-rays from the steel were scattered into the X-ray detector, the -

collimator was replaced by graphite with the same dimensions.
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2.2.5 The detectors
The Si(Li) detector

Ka X-rays from elements with 12 < Z < 56 a.rid La X-rays of heavy metals were
detected with a dipstick plaﬂar type lithiumedrifted silicon detector >supplied .by
Detector System GMBH, Germany. The detector was assembled inside a cryostat
~ which had to be vcooled to liquid nitrogen tempefature six hours priof\to operation.
It hed an active area of 3Orﬁm2 and a thickness of 3mm. The beryllium window in
front of the detector was 1 mil thlck and its distance to the inside silicon crystal
was 3mm + lmm. The reported peak-to-compton ratio was 1800:1, with an energy

resolution of 163 eV at 5.898 keV.

Intrinsic germanium detector

Low energy gamma-rays and Ka X-ray lines of rare earths and heavy metals Were
- detected by a high resolution Canberra dipstick plana.r germanium. detector (Int-Ge),
ha.v1ng a P- I-N structure. The a.ctlve diameter was 5.64mm with an a.ctlve area of
25 mm?. The thlckn_ess of the crystal was Smm and it was pla.ced at 5mm from the
(5;05mm Berylium window. | |

-

Other detectors used in this work

- A silicon surface ba.rrier detector for the measurements of prompt alpha »pa,rticles in
Rutherford backscattering spectremetrj (RBS) was used partieularly'for the mea-
surements of thin films thicknesses and to find the mofe likely matrix compositions
in biological and geological miaterials. o

~ A lithium-drifted germanium detector (Ge(Li)), was used simultaneously with the
Si(Li) detector for the detection of prompt gamma rays to obtain information on low
Z major and minor components. The Ge(Li) detector had a resolution. of 2.3 keV

measured at 1332 keV ®°Co gamma-ray energy.
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Figure 2.7: Diagramatic representation of the electronic system used for Si(Li)
spectrometry. '

2.2.6 Electronic counting system

The diagram of the electronic system used for Si(Li) spectrometry is shown in Figure‘,'_
2.7. The output pulses from the Si(Li) detector were transmitted through a charge-
sensitive preamplifier with pulsed optical feedback which ensured a low electronic
noise, to a high resolution pulse processor unit model 1500A supplied by the Nucleus
Inc., USA., containing a linear amplifier with suitable pulse-shaping networks, an
active baseline restorer CiI:(;lit, a pulsé pile-up rejection (PUR) circuit, a fast dis-
criminator for timing and pulse pile-up inspection, a signal stretcher, linear gate and
a biased amplifier. In addition a 0 to -1000 Volts high voltage supply was included to
bias the Si(Li) detector. Both preamplifier and pulse processor were able to handle
high count rates without appreciable loss of energy resolution. The pulses were then
transmitted to a 4096-channel analog to digital converter (ADC). A current integra-
tor, set to count for either a pre-determined time or to accumulate pre—selected totﬁl
charge, automatically switched off the measuring system. The total dead time of the’
system was obtained by integrating the contribution of all dead time cc;mponents "

and represented by a total live operational time of the whole system. This value of .
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Figure 2.8: Variation of the Ka X-ray yield (excited on a pure thick target of
Copper) with the integrated proton beam current.

the live time was stored in the first channel of the X-ray spectrum. The dead time
was evaluated experimentally in a standard .geornetry which was kept 'consta.vntvfor
the whole duration of this investigation by checking the linearity of the normalised
X-ray count yield with ion beam current. For this purpose a thick target of Cu was
ir’fé,dia,ted with 2.0 MeV protons with currents ranging from 58 pA to 7 nA. The
K, X-ray yield count was recorded and plotted against the corresponding current
(see Figure 2.8). Between count ratés of 100 cps and about 1000 cps the dead time
was negligible, but increased steadily with the increase in count rate. An identical

afrangement was used for the Int-Ge detector.
2.3 Data handling

T_he availability of the PDP-11 on-line computer assisted materially in the smooth
running of the experiments by instantaneously supplying information such as peak

position, peak areas and energy calibration on demand. At the end of each run,
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the spectrum was recorded on magnetic tape to be processed off-line. A micro-VAX

computer was used for all spectrum fitting and for data manipulation

2.3.1 Spectrum evaluation

Shape of the peak

When a well-defined X-ray of constant energy is measured in an ideal detecting sys-
tem, for which there are no coincidences or escapes, the shape of the spectrum peak is
a symmetrical Gaussian. However, no detection system is ideal and deviations frorh
the gaussian shape are always experienced. With thick targets, the lower energy
X-rays have to be measured over a background of relatively intense bremsstrahlung,

resulting in asymmetric peaks. To overcome this problem, accurate subtraction of

background is essential. General approaches for dealing with the fitting of ba.cis; v

grounds in TTPIXE have been suggested as follows:

(a) A background baseline may be fitted to a set of minima in the experimental
spectrum chosen as far away as possible from peaks. When there exists a large

number of peaks in a limited energy region, this approach cannot be applied

[Ge 89].

(b) An analytical expression may be fitted, which describes the background with

the smallest number of parameters, as, for example, the program AXIL [Va |

81].

L

(¢) An iterative stripping process may be used to remove peaks using an asyrﬁmetric
~ weighting function at each iteration. Peak structure information is obtained

by using a digital filter to suppress the background [Ma 89].

In addition the variation of background shape with the type of matrix composition
is a typical feature in TTPIXE analysis. This point will be discuésed further in
chapter 4. With higher energy X-rays, such as the K X-rays from elements Z > 35
having energies between about 15 to 30 keV, the spectrum peak shows appreciable
low-energy té.iling. This effect is due to Compton scattering of the X-rays before

reaching the detector. The magnitude of the effect is about 1-5% of that of the main
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elemental spectrum peak and extends for about 3 keV below the energy of the main
peak. The effect depends on the geometry and characteristics of the detector and
has to be ascertained at the measuring facility. Analytical expressions can then be

applied to cope with the low-energy tail.

Validity of the peak integral

Ideally the integral of the peak area should be a direct measure of the elemental
goncentration.' However, several effects either add or subtract a contribution to
the counts measured at the peak energy, and have to be taken into account when

cpncentratioﬁs are calculated.

Eséapé peaks

The formation of escape peaks is due to the generation of an X-ray in the detector
matrix by the incoming ele_niental X-ray. When this secondary X-ray is not integrated
. in coincidence with the incoming X-ray, it fepresents an energy loss and appears in
the spectrum as an additional peak, with energy diﬂ'erénce equivalent to that of the
":s;econda.ry X-ray (whether Si or Ge). The magnitude of the effect is less than or
about the order of 1% and is important for Si(Li) detectors mea.s.uring the K X-rays
from the elements 17 < Z < 35. The intensity of the escape peak decrea.Seé withv
increasing X-ray energy. The effect is much smaller for Ge—detectors An example of
escape peaks for Int-Ge detectors is shown in Flgures 2.9. The occurrence of escape
peaks represent a loss of counts from the main elemental spectrum peak. Since the
.Jivntensity of the escape peak is a fixed proportion of that of the elemental peak,
allowance for its formation may be made either dﬁring calibration, when the escape

peak may be ignored, or by adding the integral counts from the ésca.pe peak to that

of the main elemental peak.

:Pile?up effects

When two (or more) pulses from X-rays at the detector, arrive within the peak
- processing interval, the energies of the pulses are summed and result in additional

spectrum peaks. The use of long integration times in the electronic circuitry, though
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Figure 2.9: Spectrum of a barium oxide sample obtained with a high purity

Int-Ge detector, showing the germanium escape peaks from the different K-

shell lines of barium. The peaks that are not identified in the spectrum are
" due to the surroundings in the accelerator line..
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advantageous for resolution, increases the possibility of coincidences and hence sum
peaks. When two X-rays are truly coincident, there is no poséibility of eliminating the
sum peak effect, but when there is a short time interval between them, fast electronic
processing will greatly reduce the effect (see Figure 2.10). For accurate analysis the

duration that thebpile~up rejection system was in operation has to be known, since,
the elimination of an X-ray pulse implies the loss of count rate and hence results in

inaccurate analyses. Such inaccuracies can be corrected for by calibration of sum

peak intensities as a function of count rate.

When the pulse from an elemental X-ray is summed with a background pulse, the:
effect is to increase the apparent background of the system. By removing the bom-

barding beam from the target during the pulse processing time, background pulses

cannot be generated to add to the pulse from the elemental X-ray. Demand puls- |
ing of the bombarding beam can be carried out by parallel electrostatic deflectors’
placed along the beam tube some few meters from the target, and triggered by the

detection of an X-ray pulse [Al 87]. Since the duration of the deflection period can
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.Flgure 2.10: Comparison of spectra from a thick Cu target, obtained with and
without (lower spectrum) eIectromc pile-up rejection system at rates of 2000
and 4000 counts per second.

be accurately determined, dead time corrections may be more accurate.

Because pile-up effects are a function of the count rate, the intensity of the effect .ca,n
be reduced by decreasing the intensity of the bombarding beam, and hence decreasing
the count rate, or the same result can be obtained by shifting the detection system

further from the point of irradiation.

Secondary fluorescence

When an en'erge‘ticX-ray from a sample component generates a secondary X-ray
within the sample, the secondary X-ray will be counted as if generated by the bom-
barding beam, and hence constitutes a source of error leading to high results. It
may be noted that secondary X-rays may be either K X-rays of lighter elements or L
X-rays of lower energy. The intensity of secondary X-ray generation will depend on
the sample composition [Ah 77],[Ca 89]. Tertiary fluorescence, caused by the same
process but by the secondary X-ray, is of negligible intensity and can be ignored
in TTPIXE. Table 2.4 lists some intensities for secondary fluorescence. The matrix

element is assumed to make up at least 99% of the material and the intensity of
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Table 2.4: Secondary Fluorescence Intensities Ep = 2.0 MeV, 0 = 45°.

Matrix Primary Minor Secondary  Relative

Element X-ray Element X-ray Intensity
/%

Ni K Fe Ka 54

Zn K Fe Ka 21

Ge K Fe Ka 8.0

Au L Zn Ka 17

Au L Cu Ka 10

Au L Co Ka 4.0

Au L Mn Ka 1.4

Se K Au La 28

Rb K Au La 19

Zr K Au La 10

Mo K Au La . 4.6

P K. Si  Ka 21

S K Si Ko 13

Ca K Si Ka 1.4

th;: secondary fluorescence is given for the minor component as a calculated ratio
relative to the calculated value of the primary X-ray [Re 75]. The expected decrease’
in cross section for secondary fluorescence with increasing energy difference between
the exciting prima.ry X-ray and the secondary fluorescence is clearly indicated in the
table. Three cases are listed where the same secondary X-ray is excited by differ-

ent .primaries and one case where the same primary X-ray (Au L) excites different

secondaries.

Description of program AXIL [Va 81]

The program is based on an algorithm [Ma 63] which ensureé convergency of the min-
imisation process, finds the minimun of chi-squared and combines a gradient search
with an analytical solution by linearisation of the fitting function. The program is
very dependent on parametrisation of many variables in particular the relative in-

tensities and the mass absorption coefficients which are stored in a library file as
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part of the program. Libraries for low energy tail correction are also included. A
least-squares fitting algorithm locates the peaks in the spectrum corresponding to
energies stored in a library according to a supplied energy and resolution calibration
and then fits the peak shapes using Gaussian distributions to which the appropriate
background contribution is added. This background is expressed as a polynomial,
the coefficients of which are very dependent on the absorption of X-rays in the ma-
trix and interposed absorbers. Fortunately, the values of these coefficients can be
optimised interactively by the operator to fit a suitable background profile. Also
contained in the software package is a program called AXLIBR which enables the
user to change the library in accordance with his own needs. The program provides
the user with an analysis report of the nett peak intensities (corrected for background

and peak overlap) of the different elements analysed.

2.3.2 Multielemental data evaluation

-Being a multielemental technique the output of information from TTPIXE is such
that data output could be high. If we suppose that m samples analysed are repre-
sented by the rows of the matrix, and n element concentrations by the columns the
n x m dimension of the matrix will be difficult to interpret by standard statistical
techniques such as cluster analysis [An 73], which plots only one dimension of the
data matrix.

Correspondence analysis is a technique which simultaneously displays the rows and
columns of a data matrix in a, low dimensional space. In other words, from an n
x m dimensional space correspondence analysis reduces the data to be displayed
to a two dimensional space. In the context of multielemental trace analysis, the
display in two dimensions may be interpreted as a map. Samples which are plotted
together are similar, and elements plotted close to each other are correlated. The
simultaneous display of the rows (samples) and columns (elements) is justified By
the "transition formulae” , enabling one to see not only which samples cluster , but
also to understand why they are clustered [Gr 84].

Correspondence analysis belongs to the family of statistical techniques that have as

their common feature the calculation of the singular value decomposition of a data
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was 'developed [Gr 90]. A typical output.of results from'"such a program applied to
a small data matrix obta.lned from the a.na.lys1s by PIXE of 6 kidney stones (rows)
and 6 elements Fe, Cu, Zn, Br, Sr and Pb (columns) is shown in Table 2. 5.°

2.4 Analysis of non-conducting.samples_ ‘

One of the more difﬁcult problems to deal kwlth in TTPIXE measurements including

the stripping of the PIXE energy spectrum by A.XIL"is that of the generation of

high bremsstra.hlung under 1rra.d1a1.t'10‘n of non-conducting sa.mples such as all biolog-

_ ical materials, some geological compounds and ca.lclum—rlch materials. Beca.use the
optlmlsa.tlon of the background polynomla.l coefﬁclents is one of the more demand-
ing ta.sks in the execution of the progra.m AXIL care must be ta.ken to ensure'thia.t
such ba.ckgrounds are norma.l a.nd free from bremsstra.hlung component a.r1smg from
the knock-out of seconda.ry electrons 1ns1de the matrix of the target as well as other

- phenomena [Jo"88]. When non-conductlng samples are bombarded ‘with' protons,
the loca.llsed cha.rge bUIld -up, is a.ccompa.med by a bulld up of voltage, which contln-_..
ues untll the brea.kdown voltage is rea.ched When Shis happens, there is a v131ble‘
spark discharge after which the process starts over again. The secondary electrons, ) »
knocked off from the ta.rget ma.terla.ls a.nd from the re81dua.l gas in the vacuum cham-
“ber, are a.ccelerated by the bullt up volta.ge ca.usmg an a.pprema.ble increase in the
bremsstra.hlung ba.ckground sufﬁclent to a.ﬂ"ect the sensitivity of analysis in an ap-
preciable manper.- Accordmgly it is essential to ensure that charge build-up does not
occur. Techmques that have been developed for this' purpose are; ",

.

The. electron gun.method .

ot
Since the’ Ch'arg'e’th'a.t builds up ‘on’'the ‘t‘érg’ét is’pdsitive, it may be’ néutralised by
an’ electron flux generatéd from a ot filament placed near the target. The original
_sug'g'estion [Sh'72] advocated thé ise of a fllanleh't"df -tungsten heated by the passage
of about 0’."§A at 6.3V, but tliiS'method‘ resulted in’the deposition onto the surface,

of tungsten, ‘the .preSenceof ‘which' was indicated "by the observance of W L X-ray

peaks in the PIXE ‘speé‘t;ﬁm'-‘[Go 83]. The contamination can be obviated if a carbon




- Table 2.5: Typical results output table for the correspondence analysis on the
~ kidney stone data.

DATA MATRIX

. 1 2 3 4 5 6 sum
FE . CU ZN BR SR PB i
1 1 55 59 94 3 1us 2 328
2 2 9 .90 76 8 112 2 316
3 3 24 181 58 29 65 23 are
4 4 a 187 62 5 100 17 401
5 5 17 - 3s 65 10 106 . 14 246
6 6 4 13 50 15 82 11 i75
sum 140 565 . 402 70 579 86 1842
. ROW PROFILES
BT 1 2 3 4 5 6 sum
FE CU ZN BR SR PB
1 1 168 17.9  28.8 09 350 0.5 100.0
2 2 28° 286 241 . .26 355 65  '100.0
i3 3 63 480 147 7.7 173 6.0 100.0
4 1 7.7 466 154 1.3 248 .42 100:0
5 5 69 142 .263. 3.9 430 5.7 100.0 !
e 6 2.3 76 28.6 8.6 469 60 - 100.0
i average 7.6 . 30.7 218 38 314 a7 100.0
‘COLUMN PROFILES
¥ . 1 2 . 3 4 5 -6 average
FE - CU ZN BR SR PB
1 1 396 104 235 43 1938 1.9 17.8
2 2 63 160 - 189 1.7 19.3 238 . 174
3 3 169 320 13.8 414 112 262 20.4
4 1 221 - 331 15.4 74 172 197 21.8
s 5 12.2 6.2 161 137 182  16.2 13.3
6 6 2.9 24 125 214 142 123 9.5
. sum 1000 1000 100.0 1000 100.0  100.0 100.0

INERTIAS AND PERCENTAGES OF INERTIA

0.121095 65.87%
0.047655 = 25.92%
0.013831 7.52% -
0.000843 0.46%
0.000425 0.23%

(LR N S

INERTIA CONTRIBUTIONS OF EACH CELL

1 2 3 4 s 6

* FE cu ZN. BR SR. PB

1 1 110 51 21 21 4 36
2 2 28 . 1 2 4 5 7
3 3 . 2 110 26 - 45 71 4
1 " 0 98 22 20 17 1
$ 5 o 64 7 0 31 2
6 6 19 20 1m . 33 3 2

Chi-square statistic (if applicable) = 338.59 (d.f.= 25)
.ROW CONTRIBUTIONS

I NAME QLT MAS ' INR k=1 COR CTR k=2 COR CTR , k=3 COR CTR
1 1 T 999 - 178 244 321 ° 408 151 -378 567 533 -79 - 25 79
2 .2 955 171 47 62 L 5 143 407 73 153 471 291
3 .3 299 204 258 -444 852 . 333 101 44 44  -155 103 . : 354
4 4 - . 991 218 157 -324 791 188 <115 100 61 115 100 208
5 5 - 982 133 104 362 916 144 . 95 63 25 24 4 ]
6 6

994 95 192. 476 612 178 364 35‘8 285 -94 24 61
" COLUMN CONTRIBUTIONS ' '

NAME QLT  MAS INR k=1 COR CTR k=2 'COR CTR k=3 ~ COR CTR

J

1 FE - 997 76 160 121 38 9 -580 889 535 -187 90 192
2 Ccu 1000 307 414 -496 990 622 -37 5 9 35’ 5 27
3 ZN 1968 - © 218 . 89 269 ‘960 . 130" - . -23 7 2 -8 1 : 1
4 - BR 299 38 - 120 -102 18 3 . 571 563 260 -492 418 664
5 SR 991 314 168 298 911 230 61 | 38 24 64 43 24
] PB - 964 © 47 51 -121 .73 [] .o 415 858 . 169 81 32 22
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filament is used instead [Ah 75]. A current of 2.5 mA at 7'V gave a glow which was
sufficient to neutralise the charge from a beam of 50 nA of 2 MeV protons. Deposition
of sputtered carbon was prevented by a perforated aluminium cap at a potential of

+100 V over the filament.

Poor vacuum method

When the residual gas [Sz 81] or helium [Wi 81] in a scattering chamber is allowed to -
remain at a pressure of some millimeters the bombarding beam will ionise the gas,
thereby providing a path for the charge to leak away from the insulating sample. The;
presence of some gas has the advantage that it may help to reduce the heating effect’
of the'beam., especially on thermally-sensitive samples. However, the poor vacuums:
method has several disadvantages. The presence of air generated an unwanted K*
X-ray line for Ar in the PIXE spectrum, and the pressure of the gas has to be rigidly-
controlled to prevent variable energy loss by the bombarding pfotons. This method-

of prevention of charge build-up is automatically applied when an external beam is.

used for PIXE analysis [Pe 85),[Kh 81].

B paet)

Addition of conducting material

“An obvious method to convert an insulating sample into a conducting one is to
cover the surface of the sample with a conducting film. A suitable film is ca.rbon,v‘-
which, though conducting, does not generate X-rays which can be measured with the.
common Si(Li) or Ge detectors. A film of 20nm sputtered from an arc between two
carbon electrodes, is sufficient to produce conductivity, yet is thin enough to cause
negligible energy loss in the bombarding proton beam, and, in the case of biological
samples, does not materially alter the sample matrix [Pa 78).

When the sample material can be obtained as a powder, which is compressed to
produce a tablet, the tablet can be made conducting by the inclusion of a known
amount of conducting powder. In the first reported use of this method [Jo 62] finely.
powdered aluminium dust was used, but, since the X-rays from aluminium will be
detected in the spectrum, it is more common to use graphite. Care should, however,

be taken to ensure that the resulting mixture is homogeneous. The disadvantages
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are that the addition of the conducting powder may alter the matrix composition

and miay introduce contamination.

Thin foil technique

In this work it was decided that the easiest and most effective way to overcome the
problem of charge build-up was to use a suitable metal foil placed near to the surface
of the sample. Electrons generated by the passage of the bombarding beam serve
to neutralise charge build-up on insulating targets. The common foils used for this
purpOSe are nickel, carbon or aluminium [Ch 81a). (When carbon foils plated with a
thin layer of gold are used, backscatter measurements from the gold surfaces provide
aimeans to measure the beam current). Since the foils are not excessively heated,
the ‘metal does not deposii: on the sample surface and hence sample contamination
~doeés not occur. No deterioration of the metal foil by the proton bombé.rding beam
can -be observed, even after many hours of use. The X-rays generated from the foil
.. are shielded from the detector and usually are not observed in the PIXE spectrum.

‘The choice of foil thickness depends on the energy of the proton beam [Pi 88]. It was .

. _found that 2pm aluminised Hostaphan was suitable for 1 and 2 MeV beams, while

| for higher energies of 3 and 4 MeV, aluminium foils of 5um were needed.

Figure 2.12 shows the effect of the thin foil technique to prevent high bremsstrahlung
background on a pellet of spinach leaves irradiated with 3 MeV protons. The lower
spectrum in the figure was obtained by intérposing an aluminium foil of 5um thick-
ness in front of the target rﬁéteria.l,-a._nd perpendicular to the beam direction.- To
limit the spread of the beam dimension, the foil should be placed as close to the
'sample as possible. If, in a suite of samples Cc;ntaining both insulating and conduct-
ing specimens in which the latter is analysed without the beam foil technique, the
beam energy has to be adjusted t; compensate for the energy loss in the thin foil.
The PIXE background from a thick target varies with varying proton bombarding
energy. Figure 2.13 shows this variation for the standard reference material IAEA-
Mussel tissue. The ratio of backgrounds in the region of 3 to 8 keV is approximately
1:1000 for 2 and 4 Mev respectively. Although, the background at 2 MeV is 1000
times smaller than this at 4 MeV the efficiency of detection is smaller at 2 MeV.
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Figure 2.12: The effect of the charge build-up in an organic target during.
proton bombardment. The lower spectrum was obta.med by interposing a 5-
pm aluminiun foil in front of the target.
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Figure 2.13: PIXE background variation of a thick target of the standard
reference material IAEA-Mussel tissue bombarded at different proton energies.



2.4. ANALYSIS OF NON-CONDUCTING SAMPLES 57

From this figure it can be concluded that the best compromise will be somewhere

between 2 and 3 vMeV.»

X-ray yield enhancement by Compton gamma-rays

It is important to mention here that the Compton background component in the
PIXE spectrum will increase especia.lly if the 'ta,rget: material contains major compo-
nénts of low Z elements such as C, C, N or F. Compton gamma rays resulting from
nuclear reactions are résponsible for the high background in the high energy region
of the sbectrum above 8 keV [Jo 92]. This effect is particularly high when analysing
non-conducting biological materials for which the 19F(p,ory)“sO reaction has a strong
resonance. | |

During PIXE irradiations with protons, deuterons and *He* ions on homogeneous
thick targets of binary metal fluorides an enhanced X-ray yield from the metal com-
ponents of these compounds was observed [Pe 92].

. The experimental data obtained from the bombardment of fluorides of some elements
of the first transition series with protons and deuterons of 1333 keV and *He*-ions of
2000 keV, are given in Table 2.6. The experimental X-ray yields were calculated per
unit bombarding charge for the equivalent target cof;ta,ining 100% of the metal under
consideration. No range corrections for the matrix effects were taken into account,
because in most éases the correction is of the same or.der. of inagnitude for the pure
metal and the fluoride, and hence would not matefia.l_ly_ 'a.lter‘ the size of the enhance-
ment factor. As the increasea yields were observed only in the fluorine-containing
compounds the prospect of secondary excitation of the metal X-rays by the 110 and
197 keV gamma-rays of fluoride produced, via coulomb excitation, was considered
as a strong possibility, becaus¢ of the consistent occurrence of the improved yields

with all three ion-beams.
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Table 2.6: X-ray yield enhancement in metal fluorides.

Sample % Metal X-ray yield® Enhancement
Factor

E, = 1333 keV ,
Cr 100 30 153 6.5
CrF3 41.71 196 700
Fe 100 24 416 - 12.8
FeF; 49.49 311 881
Eq = 1333 keV :
Cr 100 369 250 2.0
CrF; 47.71 722 341
Fe 100 315933 2.9
FeF3 49.49 910 951
Cu 100 195 347 3.8
CuF,-2H,0 46.19 740 313
Zn 100 152 507 5.8
ZnF, 63.24 880 093
E, = 2000 keV
Cr 100 315 084 1.6
CrF3. 47.71 488 769 '

- Fe -~ 100 256 944 3.6
FeF, 49.49 932 361
Cu 100 153 291 7.0
CuF,-2H,0 46.19 1073 881
Zn 100 116 263 2.7
ZnF, 63.24 312 670

*K,-counts per pC for a metal content of 100%,
uncorrected for range effects.
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Known matrices

In spite of TTPIXE Being less tirne—consurniﬁg, the evaluation of elemental concen-
trations in thick specimens demands a far more thorough control due to the intro-
duction of uncertainties imposed by the quality of the database. The ideal would be
to have a standard ‘with the same matrix composition as the sample material to be
analysed, but in most cases this is not possible. Often the best that can be done is
to use a standard with a matrix more or less similar to that of the sample. Hence
the use of such a standard could introduce errors in the elemental concentration due
to uncertainties in the databases of stopping power, cross section and attenuation
coefficient. _ _ ,
Because the fnajor drawback in TTPIXE is the evaluation of K(Z) and F(Z) factors,
- the selection of analysis methodologies should be directed to procedures that cancel
out bthAe contribution of one or both of these parameters. In the following sections a
series of methods of TTPIXE.-analysis on materials with known composition is pre-
sented with examples of applications 'Which make use of these methods. It is evident
that, for the calculation of F'(Z )-va.lueé the most important condition is the knowl-
edge of the matrix composition of the material under investigation. So, initially the
criterion for selecting a pa.fticula.r method would be based on the accuracy of the
information about the matrix composition. However, if such accurate information

is not available, a further simplification of the calculation of elemental concentra-

tions in TTPIXE may be achieved if the selection of a standardisation techni‘qu‘e is - -

determined by the assumed or empirical matrix composition in each analysis.

59
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8.1 Use of internal standard

Internal standards can take the form of either the addition of a known amount of a
selected element not present in the sample, or by selecting one element in the sample
as a reference element. While the former procedure can yield absolute concentrations,
only relative values can be deduced from the latter procedure unless further inter--
calibrations with other standards are subsequently carried out.
When an internal standard is added to the sample, the yield of X-rays from the stan-: -
dard element, can be combined with the yields of the other elements, in the sample to.

obtain elemental concentrations. From equations 1.15 and 1.17, the concentrations

are given by

_Y(2) K(Z') F(Z) | - o
¢= Y(2') K(2) F(zf)CZ’ BCAVE

where the primed pa.ra.rneters refer to the internal standard element.

With this approach the current need not be measured, nor need corrections be made
fonthe dead time of the measurement. However, the calculation is aggravated by the
fact that K (Z) and F(Z) factors have to be calculated for both the element under
consideration and for the internal standard element. The method has an additional
disadvantage in that the preparation of the thick sample should ensure that the

internal standard element is homogeneously distributed.

-

3.1.1 Previously reported work

An internal standard which is commonly used is yttrium [Cl 81], [Ra 86},[C] 87], but
other elements such as copper [Ts 79] and cesium [Pa 72] have also been used. When
precision is essential, it may be advisable to use internal standards of more than one
element, chosen so that their emitted X-rays nave energies near to those of critical
elements to be determined, as for example, the use of zinc and yttrium together [Ca

85] for the analysis of fluid residues.



3.1. USE OF INTERNAL STANDARD 61

3.1.2 Application with added internal standard
Rationale of the problem in human biology

The study of the effects of nutrients on health, growth, and development presents
certain difficulties. In plant and animé,l life, a continuous interrelationship exists
between nutrients, and no single nutrient acts in isolation. The spectrum of clinical
manifestations and pathophysiologic and biochemical deviations from the normal in
both over- and undernutrition is probably determined by patterns rather than defi-
clencies or excesses of single nutrients. It is difficult to determine what constitutes
marginal deficiency of one or more nutr‘iehts. Disturbed:biochemical and physiologic
indices are present in a pediatric age group before deficiencies cause deviations of nor-
mal growth and development and clinical manifestations. Nature presumably makes
pgm‘rision for mechanisms that allow for adaptation to mild to moderate deficiencies
or excesses of nutrients, including trace elements.
.The importance of zinc, copper, selenium, magnesium, and molybdenum in the func-
tion of metallo-enzymes, normal growth and development, and disease processes as-
‘sociated with deficiencies or excesses is well reéognized [Wo 73],[Hu 81]. Clinical and
1ab0ra.tory findings that can detect large abnormalities in some of these trace ele-
ments are easily identified because of a recognizable pattern of clinical and biochem-
ical manifestations and their correction after removal or addition of the appropriate
trace element. Examples are lead excess with its hematologic and neurologic distur-
bances [Ne 79]; zinc deficiencyleading to lack of appetite and taste, gastrointestinal
disturbances and skin lesions, or to acrodermatitis enteropathica [Wa 80],[Ha 72],[Mo
" 74]; and selenium deficiency resulting in cardiomyopathy (Keshan disease) [Go 82].
The above deficiency states are easy to recognize but are probably just the tip of
the iceberg. Minor excesses or deficiencies of one or more of the trace elements
probably give rise to more common but more subtle complex Biologic manifestations.
These manifestations may be hard to recognize with standard forms bf trace element
measurement and standard methods of statistical analysis. Absolute concentrations
are usually carried out on hair, nail clippings, and, commonly, on serum samples

in newborns, infants, and children. A relatively large serum sample is ‘required to
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measure individually one or more trace elements.

In the investigation of possible trace element deficiency or excesses, single individual
measurements are generally not helpful except where very high or very low levels
are found. When plotted serially against time and where correlations are sought
" between levels obtained and biologic states, the patient may occasionally benefit
from such investigations. In the study of trace element deficiencies or excesses in the
pediatric age group and particularly in the newborn, two major constraints have to -
be overcome. They are, firstly, the ability to measure simultaneously a number of
elements in a small sample of serum or tissue; and secondly, to identify individuals,
e.g., mothers and infants at birth, with Similar or dissimilar patterns of elemental
levels and to find an explanation for such groupings. | |
The application of PIXE combined with Correspondence Analysis have shown promise
in overcoming the above mentioned constraints, and, more speciﬁcally, to a.scerta.in-
their value in identifying trace elements profiles in and between apparently healthy

mother/infant pairs before and after birth.

Trace elements in blood sera of mother-baby pairs

2

Thirty apparently healthy mother/full-term infant pairs were studied at the time of -
deliw;ery. The mother had to be well nourished and belong to either the middle or;-
upper socioeconomic groups, had to have no history of diseases, infections, blood
transfusion, or toxemia during pregnancy or past history of liver disease, had to;.
show no abnormalities on clinical examination, and labour and delivery had to be -
uncomplicated. The infant had to be delivered by vertex and be appropriate for-
a gestational age of 37 to 42 weeks. Infants with a history or evidence of asphyxia
neonatorum, respiratory distress or dvisease, central nervous system abnormality, seri-
ous illness or failure to thrive during the early neonatal period, exchange transfusion,
congenital abnormalities, cbngenita.l infections, or any other abnormality on clinical
examination were excluded. It was necessary to examine and investigate a large
number of mother/infant pairs to obtain the number required for this study.
Maternal venous blood was collected immedia.tely prior to delivery and cord blood

at the time of birth. Appropriate measures were taken to prevent contamination of
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-F igure 3.1: Typzcal PIXE spectrum of blood serum obtained with a proton

" _beam of 3 MeV and measured in air with an absorber to decrease the intensity

.of low energy x-rays. The Ar is present in the air and the yttrium was added
to the sample as an internal standard.

the samples with trace elements at all stages (See Chapter 2) A known amount of
yttrium was added to serum sa.mples to serve as internal standard for the sample
under analysis. Flgure 3.1 shows a typical X-ray spectrum of a blood serum sample.

Principal elements observed in blood spec1mens_- a.revphqsph’orus, chlorlne, potassium,
cé.lcium; iron, copper, zinc, and bromix‘lev. Silicon, .titaniu.r'n, chromium, manganese,
nickel, gallium, selenium, and-lead was also present; but not in all sa.mples. ’,The
correspondence analysis plot of the PIXE data for iron, copper, zinc and bromine is
shown in Figure 3.2. Points representmg the sera of mothers and babies sepa.rated
into two well-defined groups which showed that the elemental composmon of the
relevant sera was different. Futhermore, the mapping of the samples showed that |
the sera of apparently healthy mothers séparated into several sub;gfoups as far as
- ‘the concentrations of the elements were concerned, and that the sera from their
healthy infants were also related to one another in the same way as that of their
mothers. This.opened the.wa.y for the development of new concepts of maternal/fetal

* interrelationships.
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Figure 3.2: Correspondence analysis plot of 61 sera samples (one mother had

twins) showing complete separation between sera of mothers and those of ba- !
bies. Similar letter combinations identify mother-baby pairs, whereas similar
symbols identify groups of mother sera. Baby sera have been marked with
corresponding symbols. Apparently overlapping groups are resolved in the
vertical direction. Note: Usually, whereas mothers’ sera form groups, their
corresponding babies have their points as near-neighbors to each other.
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It would appear that for zinc, copper, and bromine a connection exists between the
elemental pattern of the mother and that of her fetus. Biological mechanisms must
therefore exist for the control of these elemental concentrations and other interrela- -

tionships during an uncomplicated pregnancy, labor and birth of the infant.

Extension to time variation

The same set of mothers and infants was followed for twelve months postnatally.
Analysis of serum samples collected at fixed intervals during this period provided
further information on trace element pattern variations during infancy. It is a medical
fact that the blood composition of a mother at the time of giving birth is disturbed
frorﬁ its normal state. Accordingly in further analyses maternal serum concentrations
at 3 months were employed as the maternal reference set of data. Using this reference
“cluster, a pattern emerged in the clustering of the points representing infant sera
concentrations at birth and at 3, 6, 9 and 12 months. (See Figure 3.3). |
At birth (Figure 3.3a) the infant cluster is separated from the maternal reference set.
This separation is more emphasized when the infant'cluster_ is compared with that
of mothers at birth as shown in Figure 3.2, confirming the fact that the sera from
mothers 3 months after birth, is not the same as at the time of giving birth. |
At 3 months (Figure 3.3b) the infant cluster is closer to the maternal reference set
but is more diffuse. - _

At 6 months, when most babies are weaned, (Figure 3.3c) the infant cluster moves
- further away from the rnaternalv réference set but shows less scatter. The increase in
copper concentration coupled to the decrease in the zinc concentration accounts for
the separation. |

At 9 months (Figure 3.3d) the infant cluster becomes tighter and moves closer to the
maternal reference set. The movement is probably explained by the change in the
diet of the child, tending to become more sirnilaf to that of the mother.

At 12 months (Figure 3.3¢) the infant cluster Becarnes effectively indistinguishable
from that of the maternal reference set. This is probably due to the fact that the

baby’s diet is now very similar to that of the mother. As an interesting fact it was
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Figure 3.3: Correspondence analysis plots for trace element composition in
blood sera of babies at different time intervals during the first year of life. The
sera of mothers at 3 months was taken as the reference set.
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3 days ’ 7days 6 weeks
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Figure 3.4: Correspondence analysis plots for trace elements in blood sera of
babies, showing the inter-relationship with time of the composition of the sera
_ for a pair of similar twins (marked here as bigger dots).

notéd* during the course of this study that a pair of similar twins grouped closely
together at birth and maintained this interrelationship with time as shown in Figure

3.4.

3.1.3 Applications by the relative method

When thick targets such as archaeologically important specimens, have to be anal-
| ysed non-destructiveiy, the addition of foreign elements as internal standards is not
possible. Under such conditions, a component element may be éonsidered as an in-
ternal standard, relative to which all other elerﬁents can be determined. Often, such
relative data are sufficient for characterisation of the material or for Verifying simi-
larities in trace element composition by multivariate statfstica.l analytical methods.
Thus, for example, in the analysis of pottery and clays, the iron concentration varies

over a limited range and serves as a useful internal standard [Gi 84], [Gi 85].
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Rationale of the problem in archaeology

It has been left to the archaeologist to reconstruct the history of the south-western

portion of the African continent prior to the mid-18th century, because the inhab- -
itants of that time left no written records. Archaeological excavations in southern -
Africa have unearthed a large variety of cultural history material from this period::
such as potsherds, fragments of Cape and early glasses and rock tool artefacts. The -
common feature to all these materials is the absence of any authenticated refer-
ence material which could assist in establishing their provenance or age. As a start,
- the external appearance and points of similarity or difference were carefully noted

and recorded, but these details were not sufficient to answer the more penetrating.
questions of the archaeologists. |

Many archaeological artefacts are of such importance in cultural history that the

need to preserve them intact is accepted without question. At the same time, de-
tailed chemical analysis is required to extend the knowledge of such artefacts beyond.
what can be deduced from even painstaking external examination. Analysis of the

material is thus limited to the use of nondestructive methods.. Although the chem-

ical composition of the major components may often be deduced from the type of

_ material itself, the information from such analysis is unlikely to be of significance in

Vestablishing provenance or age. Minor components and trace élements, by contrast,.
can vary over Such a wide range of concentrations that their presence may be used:
to establish groupings of artefacts. Indeed the trace element composition may even

be characteristic of a particular site. Accordingly the analytical methods suitable for

the study of cultural history need to be sensitive in addition to being nondestructive.

Since the trace elements can range over a wide variety of elements, the analytical

method of choice should be multielemental. ‘

Once the analytical information is available, the place of origin of the object may

be identified by comparing its elemental composition with that of objects of known

provenance. In the absence of such reference artefacts, the process of identification

becomes a statistical one for which as many objects as possible have to be analysed

to construct the necessary data reference set. It was hoped that the data thus
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accumulated would lead to objective classification of the materials in place of the very
personal and subjective classification that resulted from using design and external
examination. Once a firm method of classification had been established, the question
that could be tackled was whether trade already existed in the indigenous society
and, if it did, to establish the possible trade routes. In this work TTPIXE has been
used for nondestructive é,nd multielemental analysis of archaeological artefacts and

materials sometimes in combination with other nuclear analytical techniques.

I{ientiﬁcétion of early Capé glass

The earliest record of glass production in South Africa was by a cdmpa,ny formed in
1878 in Woodstock near Cape Town, and continued operations until 1882. During
this four-year period household glass objects were manufactured for local sale in
competition with similar objects imported from Europe. This early Cape glass, or
‘Woodstock’ glass named after the area where it was manufactured, has become
. important in material culture studies and is eagerly sought by museums and private
collectors. However, despite the fact that the acti;'ities of the early glasshouses have -
been well documented [Ho 71], the close similarity between the local and imported
glassware makes it difficult to distinguish between them. Indeed, in examining the
problem of identification of early Cape glass, it has been stated [Sn 81} that “ it is
doubtful whether scientific analysis would ever be able to solve the-problem-” because
the main ingredients were similar to those used elsewhere and some components, like
lead, were imported from England. | |

It-is known that fine, pure white sands, well suited for glass making was and is
available in large deposits within and near the area of Cape Town. It is unlikely
that the nature of the elemental impurities and their concentrations in these sands
would resemble those in sands used overseas. Unfortunately the exact locality of
the sources of sand used at that time can no longer be identified so that direct
comparison of the glass with the source material is no longer possible but some of the
impurities could have been carried over into the final products and could thus prove
to be useful indicators of origin. Elemental analyéis of these glasses, particularly

for those components that could have been present as impurities may thus provide
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the data which may reveal correlation between the elemental concentrations of the
contaminants in the glass and the place of Vorigin' as reported by the owners of the
objects. '

The material submitted for analysis consisted either of fragments of glass from.ar-
chaeological sites or intact objects from museums or private collections.

During- the course of archaeological excavations, cultural materials of a durable na-
ture .weré recovered, together with fragments of glass. Although the domestic glass -
objects were broken, they had some advantage over intact glassware, firstly, because
they could be designated to a specific place or structure inhabited by people who
used the objects, and secondly, because they were found in a sealed context, thus
adding weight to their authenticity as a primary source of information. -

Six groups of fragments were analysed, as listed in Table 3.1. The fragments from the "
' Drostdy site (marked 1) were from the Dutch period dating to the third quarter of the .
eighteenth century. The single sample from Welgevallen (marked 2) can similarly be
. assumed to be a Dutch origin of about the same period. The German group (marked
3) consisted possibly of samples of 18th century roemer glaSs of unknown provenance.
Fragments from the Cape-Dutch homestead site (marked 4) were accompanied ;by
marked ceramics and could confidently be dated to the late 19th céntury and wer;a» |
possibly imported from England, while those from the La Concordia site (marked 5)
were assumed to be of Woodstock manufacture. The English gi'oup (marked 6) was - |
“of unknown provenanée but was reported to be of late 19th century English origin.
The intact objects were mostly wineglasses of different sizes bearing a variéty of
decorations, punch cups or bowls, tumblers, jars and decanters, from museums and
private collections. Most of the objects were stated to be of Woodstock glass, except
a medicine bottle from one collection which was thought to be of early Cape glass
but from a different place of manufacture, made some years after the Woodstock
~ firms stopped production. |
The purpose of the analyses was to obtain data for classification of the glass samples,
rather than to obtain information on the absolute concentration of trace elements.

Accordingly the integrated counts under the relevant peaks in the spectra were ex-
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~

Table 3.1: Archaeological Glass Fragments.

No Description Site Origin Plot Symbol
‘1" Octagonal tumbler - -

2 Wine glass rim - Drostdy site, - ‘

3. Wine glass bowl Stellenbosch Dutch late 1
‘4 Wine glass rim ?(Magistrate’s 18th century

"5 Tumbler side wall court and dwelling)

6 Unidentififed ) |
“7- - Tumbler facetted - ] Welgevallen Farm, Dutch mid 2
: } Stellenbosch 18th century

8  Unidentified ) Not reported German 3

9  Unidentified }

10 - Wine glass upper bowl ’

11 Cylindrical bowl Cape-Dutch English 4
12 Wineglass conical foot Homestead 19th century '
13 . Tumbler foot fragment in Cape Town '

14 Decanter stopper J

15 Solid handle of water jug )

16 - Tumbler fluted sides -

17  Wine glass bowl . o ‘
18 Container/Jug . »>The Farm - Woodstock 5
19 Dessert bowl La Concordia 19th century

20 Wine glass bowl near Paarl

21 Wine glass rim

22 Chimney of oil lamp )

23 Decorated fragment ] o _

24  Decorated fragment Not reported English 6
25 Cup handle : 19th century -

26 Bowl fragment |

27 Bowl fragment J
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Figure 3.5: Comparison of X;ray spectra from a specimen of Woodstock glass ,:
(upper curve) and from an imported glass. Note the differences in the peak

heights of K, Mn and Rb.

vk
pressed in terms of the. yield from Fe, which was taken as an internal standard:. In
this way errors involved in absolute (;a,libra.tion were eliminated, but the patterns of
elemental concentrations were retained. The elements that were measured by PIXE
were K, Ca, Ti, Mn, Fe, Cu, Zn, As, Rb, Sr, Zr, Pb,
A typical pair of X-ray spectra obtained with 3 MeV protons is shown in Figure
3.5. The upper spectrum was obtained from a short stemmed wine glass with a tyb-.
ical somewhat stilﬁed and crude fefn-lea.f design of the early period, while the lower
spectrum was measured from a cylindrical bowl with a wheel-engraved geometri-'
cal pattern which could confidently be ascribed tovimported glassware of European
origin. The most important qué.ntita.tvive differences in the relative photopeak inten-
sities in the two spectra are related to the elements K, Mn and Rb. In the upper
spectrum the photopeak from Mn is very intense while those from K and Rb are
relatively poorly defined. In the lower spectrum the situation is reversed with a
prominent peak from K, a relatively well-defined peak from Rb and a considerably

reduced photopeak from Mn.
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In the absence of accurately identified atid analysed 'sﬁééifnens of Woodstock glass-
ware, it was decided to apply a correspondence analysis to the analytical data. The
data from PIXE analysis yielded a 60 x 11 data matrix from 27 excavated fragments
and 33 intact objects.
Since it was known that Pb was usually added to glass to improve the lustre and was
thus not a normal impurity in the glass raw materials, this element was an obvious
choice for exclusion. As a result bf the presence of Pb, the_element As had to be
- determined through its lower intensity K X-ray photopeak, and was thus open to
la.rgér rélative errors, hence As data should also be excluded. Furthermore, the values
for Zn resulted in a péor index of quality. Acéordingly Pb, As and Zn were considered
as supplementary elements. Also, in view of the fact that the fragments were found
in a closer conte){t, it was desirt;,d to obtain a plot of the point representihg intact
objects on the éa.me scale of axes as calculated for the fragments. This was aéhieved
by considering all the data from intact objects as supplementary as well.
. Computed data are p"lotvted in Figure 3.6, the ui)per portioh of which is a plot of axis
1 against axis 2, and the lower, of axis 1 against axis 3. Examination of the upper plot
-of Figure 3.6 shows two major clusters in close proximity, on the left of the Figure,
marked ‘Woodstock’ and ‘English’. Minor groups on the left and right are marked
‘Dutch’, ‘European?’ and ‘German’. A diffuse cluster near the oﬁgin is again labelled
‘English’. These labels refer to the assumed origins of the fragmeﬁté as listed in Te;,ble
3.1. The two English groups are probably glasses imported from England that were
made by different ma.nufa.éturers. The ‘European?’ groub. probably originated in
Europe, but its provena.nce was unknown.
Since most of the intact objects were thought to be of Woodstock origi’n, it is sat-
isfy_ing to find a fair representation of objects from collections A, C, D, E and G
associated with group 5. Also, two objects from collection B are included in the
same cluster, although the other three objects from the same collection are associ-
ated with,the English group 4. Collection F, labelled ‘European?’ was reported as
~ being of non-Woodstock origin. |
Two points in each portion of Figure 3.6 are marked with asterisks. The point

from group 5 so marked, was distinctly different in composition from the rema.inihg
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Figure 3.6: Correspondence analysis plots of Axis 2 (upper plot) and Axis 3
against Axis 1 for 60 samples analysed for 11 elements. Fragments are plotted
with numerals and intact objects by symbols for the collections to which they
belong. The two points marked with asterisks are described in the text.
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fragments of the same group. This point représents a glass chimney from an oil lamp,
numbered 22 in Table 3.1. Subsequent excavation at the La Concordia site produced
~ enough fragments to reconstruct a lamp chimney. Near the upper rim appeared
a manufacturer’s mark and the words "‘Central Vulcan’, proving conclusively that
- this chimney was from a non-Woodstock source and possibly of Czechoslovak origin
[Wr 64]. The marked point from collection G was reported as of early Cape origin,
but suspected of being from a somewhat later period and manufactured at a site
near Glen Cairn, some 25 km from the Woodstock site. The trace element analysis
confirmed that the compoéition was d_iﬁ{érent from that of Woodstock glass, with a
considerably higher content of Cu. |

The lower portibn of Figure 3.6 shows that the proximity of the Woodstock and
English groups was more apparent than real. While the groupings obtained from
‘the upper plot retained their cluster make-up, the Woodstock group was now distin-
guished from the large English grouﬁ by the fact that the axis 3 coordinates of the

.. former were all positive, whereas those of the latter were strongly negative.

Criteria for classification of Woodstock glass

The importance of the Mn concentration in the classification is borne out by the cor-
1respondence analysis plots in Figure 3.6, which show the Woodstock grbup strongly
correlated with'the position of the element Mn. The sa.int_a ﬁgufes also show that
the Woodstock group is remote from the element K. Accordingly the ratio of Mn to
K would a.ppeé.r to be a possible diagnostic parameter. The concentration ratio of

Mn to K, as gi\}en by the count ratio of the correspo.nding photopeaks in the PIXE
| spectra, is shown as a frequency histogram in Figure 3.7. The group identities are the
same as in Figui’e 3.6. Most of the samples that form\ed lpa.rt of the Woodstock group
have count ratios clearly distinct from, and much higher thén, those of other groups.
Furthermore, it appears that this group can be divided into three subgroups which
have Mn/K count ratios between 60 and 100, between 130 and 300 and between
400 and 800. Such a subdivision possibly suggests three periods of manufacture,

corresponding to the three developmental stages in the history of the company [Ho
71].
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- Figure 3.7: Frequency histogfam of objects according to their count ratio of
Mn to K. Groups are labelled as in Fig. 3.6. The group marked with an
interrogation mark is of Woodstock origin (see text).

The only specimens which were included in the Woodstock group by correspondence-
analysis but which have a Mn/K count‘ra.tio of about unity is a batch of 6 objects
fr01:n two different.collections, which from the group labelled with an interrogation
mark in Figure 3.7. These all contain relatively high concentrations of Mn, but
also contain appreciable levels of K. They were clustered with the Woodstock group, |
because the entire composition of a sample is considered in correspondence analysis -
when the plot coordiné.tes for the representative point are calculated. In the search
for additional element-pair diagnostic parameters, attention may be paid to the rnea.n-
of some of the elemental concentrations of the various groups, as given by the count
ratios relative to Fe in Table 3.2. Here the subgroup 'Woodstock?’ is shown to be
similar to the main Woodstock group by virtue of its high content of Mn and low
content of Rb. Hence a second diagnostic parameter that may be considered is the
ratio of Mn to Rb. From the values of the count ratios given in Table 3.2 it is evident
that most Woodstock glass specimens have high values of the Mn/Rb count ratio.
Count ratios of Mn to K above 60 are good indicators of early Cape glass, however

these diagnostic parameters should be used with caution, particularly for specimens
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Table 3.2: Mean values of some elemental concentrations in glasses from dif-
ferent groups. ‘

Group . Count ratio relative to Fe

K Ca Mn Rb Sr
Woodstock* 213 310000 43400 97 : 131
‘Woodstock ’?’ 14400 93300 13100 29 197
Dutch 1920 28200 4600 471 86
English 1 6000 86200 1460 800 226
English 2 253000 1055000 6960 311. 498
German 1008000 4450000 644 666 445

* The group Woodstock ’?’ was not included in the mean values

which contain appreciable concentrations of both Mn and K.

Soutpansberg pottery study

The kind of interaction between different communities in the northern Transvaal

. over the last thousand years still remains a,.nv open qluestion._Their language is made

up of elements from both Shona, which is spoken in the more northerly areas, and
Sotho which is characteristic of the south, the two areas being separated by the
Soutpansberg mountain range. - | -

Seven different pottery styles have been identified from the Soutpansberg region
[Lo 88]. Of these, three are from north of the mountain range two from the south
and two are regional, being common to both sides of the mountain (see Table 3.3).
Oécasionally a southern pottery style may be found on a northern site or vice versa.
It is possible that tra,dbe, in the modern sense, could have accounted for the transfer,
but more complex social explanations are also possible. For example, the formation of
marriage alliances between communities in opposite sides of the mountains could have
been respohsible for the transfer either as a dowry or bride wealth, or the new bride
may have used her accustomed style in her new surroundings. The implication is that
the physiéa.l \transfer of pottery would be reflected by its trace element composition

being similar to those from its place of origin, whereas a transfer 'of ideas would
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Table 3.3: Styles and distribution of the analyzed samples.

No. of samples

Style Location |
From north From south
Letaba Regional 2 3
Tavhatshena Regional 1 2
Khami North 9 5
Muta.mba. North - -1
Mapungubwe North . 11 1
Eiland South 3 , 7
Moloko South . : 6
Totals: 26 27

2

result in the pottery containing the trace element pattern of the area in which it was

found. Accordingly, a classification of pottery based on stylistic criteria could be -

different from one based on elemental composition. Excavations covered both sides i'

of the Soutpansberg range. The geological deposits on the southern side consisted of
granite and amphibolite, while that in the northern valley was sandstone. Pottery

excavated from both sides of the mountains were submitted for trace metal a.na.lysis.f

By appearance, the pottery from the two regions was indistinguishable. A total of

26 sherds taken from seven sites in the northern area and 27 sherds from four sites

in the south were used for analysis (see Table 3.3). In addition, reference specimens

of daga (a mixture of local clay and organic material such as dung) were taken from

two locations on the southern side, one on the northern and one to the north-east.

Potsherds were irradiated with 4 MeV protons in the external mode. The elements

that were measured were Ar, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Ga, Rb, Sr l

and Zr and a typical X-ray spectrum is shown in Figure 3.8. Because of possible
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Figure 3.8: X-ray energy spectrum obtained from the bombardment of a pot-
sherd with 4 MeV protons in the external mode.

dilution of the elemental .concen_trations by carbon, and the difficulty of accurately
measuring the total beam charge falling on the target material, the data were ex-
pfessed as count ratios relative to that of Fe in the same sample. The presence of
Aris (iue to interaction of the proton beam with air in the gap between the window
a.nfi the sample. The count repr_esenting the argon yield was not included as a pa-
rar_#eter in subsequent calculations. The data for the measured elements that were
c01;'/rf1mon to all the samples were submitted to corr_espondente anélysis. The plots
of the first two axes and of the first and third axes are shown in Figure 3.9. The
re;;;esentative points of the pottery samples separated into two major groups with
thé southern samples lying above the drawn line of sepa.fation. The reference clay
samples follow the sets according to their provenance, while replicate analyses were
' satisfactorilyv close together, _iridicating over-all agreement between ele‘menta,‘l content
and precision. When the plot of axis 3 is taken into account, a three-dimensional
representa.tion results, in which th\e points of the southern group are seen to lie partly
on, _va,nd partly under the plane of the plotted figure, while those from the north are
positioned above the plane. The clay samples from the north-east follow those from

the north. Since all the samples were selected from specific areas it was assumed
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that any apparent misclassification was significant.
The distribution of the representative points of the potsherds from the more im-
portant northern and southern styles, in the plot of the first two axes are shown
separately in Figure 3.10. Since these are subsets of the upper plot of Figure 3.9,
 the same line of separation is shown on all. Khami-style pottery (see Figure 3.10a),
though more characteristic of the northern areas, is also found, in lesser numbers, in
the south. This is clearly borne out in Figure 3.10a where the line of demarcation
separates the samples into their two groups, with one exeeption. In this case the
sample, though found in the south, has a trace element composition more akin to
the north. It thus represents an imported vessel. The fact that Khami-style pottery
was found in the south and made in the south, indicates the movement of people
and their 1deas rather than the movement of pottery
The Mapungubwe-style samples were all found in the north (see Figure 3. 10b), yet
~one sample reflects the trace element composition more eha_racteristie to the south.
 This shows the movement of pottery from the south to the north, either in trade or
by other means, after the idea of the oottery_ style had been conveyed to the south.
The Eiland-style pottery was essentially southern in origin, and most of the samples
show that they were made and were found in the south (see Figure 3.10c). However,
one sample, found in the south was apparently made in the north, which shows
a similar pattern of progress to that of the other in the Mapungubwe group, i.e.,
a transfer of pottery from the north to the south after the design idea had been
“imported” into the north. The samples found. in the north in the same style were
manufactured in the north and thus reflect an importationof an idea.
All the Moloko-style pottery were found in the south (see Figure 3. 10d). Two of
the analyzed samples hed the trace.element traits of the north. They were thus

manufactured in the north after the transfer of the stylistic design to that region.

The influence of style

The above reasoning provides the means of synthesizing groupings based on style with

those based on elemental analysis. The simplest model is that where two regions can
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Figure 3.10: Correspondence analysis plots of the first two axes for the separate
stylistic groups of northern and southern styles: a - Khami; b - Mapungubwe;
¢ - Eiland; d - Moloko. The symbols are the same as in Figure 3.9.
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Table 3.4: Model for “trade” patterns.

Site of Site of  Regional
Case manufacture discovery  style .

I A A A No inter-regional movement
II A B A Movement of artefact A — B
I11 A A B Movement of idea B — A
v A B B Complex movement,

Idea B — A then artefact A - B

be defined according to the elemental comﬁosit’ion. The present work is an example
of such a case, and the combinations vwith style are summarized in Table 3.4. In the
présent case, A refers to either north or south, and B to the other region. This model
- depends on identifiable styles and distinct regions defined by elemental composition.
Its éx.tension to a multiplicity of regions merely extends the number of cases, but the
pr;cess of reasoning remains the same.

A-lthough the monitored beam charge was the same for the irradiation of all samples,
a degree of uncertainty in the value of the -tota.lva'.bsolufe beam charge on each target

makes it difficult to evaluate the absolute elemental concentrations, and hence a

. comparison of the count yields is justified. Mean values of the count yields for

the elements considered for correspondence analysis are given in Table 3.5. The
gross values included all the samples accofding- to where they were found. After
examination of the corlrespondénce analysis results, it was found that some samples,
though found in one region, had a trace element composition similar to that of the
other region. These samples were excluded in the calculation of the “corrected” mean
values. From Table 3.5 it is evident that the samples from the north are much richer
in K, Ca and Zr, while those from the south have a higher content of Cr and Ni.
This enabled the samples found in the two regions to be separated by correspondence
analysis. When the stylistic characteriétics were taken into account, details of trade,
in its widest sense, became evident, as well as the likelihood that patterns were
copied across the region boundary. A model describihg the significance of combining

elemental data with stylistic characteristics has been proposed [Pe 91].
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Table 3.5: Mean count yields.

All samples Corrected values Ratio N/S
Element North  South  North  South . corrected values
K =~ 2578 2507 2711 2111 1.31
Ca 22121 14853 23741 12381 1.92
Ti 13338 14604 13287 14 995 0.89
\% 1819 2042 1 825 2072 0.88
Cr 532 2 205 448 2 501 - 0.18
Mn 6 465 6 849 6 718 5 990 1.12
Fe 408 802 448 592 395 731 454 494 0.87
Ni 1149 1674 1121 1797 0.62
Cu 421 526 427 514 0.83 ‘
Rb 87 112 87 102 0.85
Sr 333 359 232 334 - 0.97 SN
Zr 187 169 195 . 98 1.99

3.2 Use of external standard

The ideal external standard is a reference material with the same matrix as the
sample for analysis, containing the elements of interest at concentrations of the sameé
order of magnitude. When such standards are available, there is no need to calculate
either K(Z) or F(Z) values. The elemental concentration is then given by

/ _
C. = }3,’-((5—,)).%.02, (3.2)
where Z = 7. -7 |
If the standard does not contain an element of interest, the concentration can be
. calculated by equation 3.1, corrected by the ratio of the respective integrated charges.
Since most samples of biological origin have very similar matrices [C] 87], the use of
standard reference materials as external standards has been applied extensively [Ma
80]. Thus, for example, the standard reference material, NBS orchard leaves, served
adequately for the analysis of dried human blodd [Kh 81]. In a similar fashion, the
analysis of coins can be carried out By cémparison with alloys of known composition,

serving as external standards [Fe 81].

When samples have to be analysed in a matrix which cannot readily be approxi-



3.2. USE OF EXTERNAL STANDARD 85

RN L ST

mated by available standard mat{ériz;,l;\:.“w.b;cause of the p;ésence of some particular
élement at a relatiyely high concentration level, suitable standards for comparison
may be prepared syﬁthetically to have the same composition as the sample matrix.
Thus, when trace and toxic elements had to be determined in bone [Hy 81] or teeth
[Co 81],[Cu 87], hydroxyapatite was chosen as the carrier of known amounts of the
elements under investigation, because its elemental composition was 1 vir’tually, the
same as that of the samples.

An alternative semi-quantitative method is to use thick targets of pure elements or
their compounds. From the X-ray yield of the element, equation 1.18 can be used
to obtain the K(Z)-value for this particular element. When this element is. then
determined froiﬁ the bombardment of the thick unknown material under the same
experimental conditions, equation 1.18 can again be used to obtain the concentration

of the element in the unknown sample [Bu 90],{Ca 84] and hence

Cs = [Clua [W%‘(z_)] d [Mé@] nbnonn

This method has the disadvantage that it requires the evaluation of the MCF for

(3.3)

~every thick target standard as well as that for the unknown sample. However, this
disadvantage need not be serious, since a database of MCF values as is shown in
Table 1.5 can be constructed for all elemental standards, provided the conditions of

analysis are kept constant.

3.2.1 Application in biology
- Toxic effects of Al in vines

In certain wine-growing regions of the Western Cape it was known that the per-
formance of the vines was below normal as regard growth vigour, grape yield and
quality. These problem areas were all located on soils having a pH below 4 (KCI pH)
and aluminium concentration of the order of 20 pg/g. To combat this condition, the
standard prat’tice is to apply lime in order to raise the pH level. The result of this
treatment is that the top layers of the soil to a depth of not more than about 50-100
‘cm were depleted of assimilable aluminium, but below this depth the toxic effects of

- aluminium became evident. In an earlier investigation [Me 84] on plants grown in a
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water culture medium with and without added aluminium, it was confirmed that the
roots concentrated large amounts of aluminium and that consequently the uptake of
the important nutrient elements magnesium and calcium was severely reduced.

Since, under normal growth conditions in Al-rich soils, the roots of the vines are
exposed to favourable as well ‘as unfavourable media, the effects of such varying
media on the elemental content in the roots, of the main nutrient elements, using
the split root technique was studied. Attention was directed to a variety which
was badly affected by increased aluminium concentration, Sauvignon blanc (Vitis
vinifera), and one which was more resistant, 2-1 (R99 x Jacquez). These varieties

are referred to below as Sauvignon and 2-1.

The split root technique

Soft wood cuttings of the selected varieties were rooted on a mist bed for about 3
weeks in a sand medium virtually free of nutrient material. Plants of about equal
root vigour and top growth were then selected, removed from the root bed and their
roots, after being rinsed free of supporting media, and divided in two roughly equal
. portions, by hand. Half the root system was plé.ced in one compartment and the
other half in a second compartment of a divided culture bath containing modiﬁeci .
Hoagland solutions at pH 4. Separate tests were carried out on the two varieties.
In order to verify that the divided root technique did not introﬂuce spurious effects,
some of the plants were grown in baths in which both compartments contained the
same control solution without added aluminium. The remainder had half the roots
growing in a control solution solution and the other half in a solution containing
added aluminium at the 10mg/] level (see Figure 3.11). Groups 1, 2, 3 and 4 refer
to 2-1 and groups 5, 6, 7 and 8 to Sauvignon. The root systems grown in the
divided cell in which both compartments contained the control nutrient medium, are
numbered groups 1 and 2 and groups 5 and 6. The remainder were from roots in the
bath containing a control solution in one compartment, groups 3 and 7, and added
aluminium in the other compartment, groups 4 and 8. After 90 days of growth the
root systems were washed free of adhering solution and about 20% of the root system

from each compartment was sampled for analysis.
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Figure 3.11: - Diagramatic representation of the split root technique showing
the compartment numbers used for the 2-1 variety. A parallel system was used
for Sauvignon with compartments 5 to 8.

Sin;e trace metals were not of interest in this application, it wa.é permissible to use
s.t.ajnless steel equipment to cut and handle the rbot systems. The roots were sepa-
r{aAi;ed‘ from the stems and freeze-dried without heating. Dried powder material was
plrepa_,red as stipulated in Chapter 2 in the form of compressed tablets. Simﬂar tar-
géts were prepared from NIST SRM-1570 spinach leaves, SRM-1571 orchard leaves,
SRM—1572 citrﬁs léa.ves, SRM-1573 tomato leaves and SRM-1575 pine needles. The
caiibration sensitivity ':f'ﬁnction,was obta,ined from the data from the reference stan-
dard materials. It was assumed that the matrices of the standards and of the sampies
were similar and hence no corrections for matrix effects were applied.

Since the scattering chamber was fnade of aluminium, if was essential to prevent
vs_‘c,a.ttered protons from exciting Al K X-rays which may have found their way to the
. detector either directly or by scattering processes. This was achieved by surrounding
the sample ladder with a sleeve of Perspex in which an entry hole allowed access to
the beam, and an exit hole at 90° to allow generated X-rays frorﬁ the sample to
be viewed by the detector. Protons of 1 MeV were used to irradiate the samples

with beam currents of about 2 nA. A thin absorber of Kapton protected the Si(Li)
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Figure 3.12: Spectra obtained from samples of the grape variety 2-1 (R99 x
Jacquez) showing the difference in aluminiun and magnesium concentrations
of the test sample (upper curve) and control. The arrow identifies the Al-peak.

detector from scattered protons.

- Typical spectra obtained from the irradiation of thick targets of the the two varieties
are shown in Figure 3.12. The main elements detected were Mg, Al, Si, P, S, Cl,

K, Ca and metals such as Mn, Fe and Zn. However, since the main interest in this

application was the effect of Al, the conditions chésen for spectrometry were those

that optimised the yield of the light elements. No attempt was made to analyse for

the trace metal composition. The analy.ticé.l results are summarised in Table 3.6.

Each value represents the mean of all root samples from the same compé.rtment and

the relative standard deviation is given under each value. The overall experimental

~ error in the determination of elemental concentrations is composed of:

1. the error inherent in the technique. This error was given by the precision as
determined from 8 duplicate analyses of Fe in SRM-1575 pine needles. The |

relative standard deviation was 0.49%;

2. the error due to the statistical nature of counting as given by v/2B + S where

B and § are respectively the background and the nett sample counts;
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Table 3.6: Analysis of roots from grape vines of various groups grown under
different conditions. Concentrations are given in pg/g.

- 2-1 (R99 x Jacquez)

Element ‘ Sauvignoh blanc
1 2 3 -4 5 6 7 8
Mg 6478 4105 5717 2962 | 6 780 5467 6085 2613
(43) (2.8) (5.5) (8.9) | (28.1) (12.0) (16.9) (44.5)
Al 1198 1017 482 6590 | 4375 1931 7339 6592
(27.9) (42.1) (17.2) (3.8) | (25.7) (20.3) (9.3) (19.7)
Si 1977 2578 1437 . 1230 | 9338 5072 22893 3580
(28.5) (26.8) (25.2) (16.9) | (38.8) (28.2) (18.8) (30.6)
P 4529 4493 4137 3768 | 7479 4737 8918 5798
(3.0) (34) (38 (40) | (13.3) (13) (5.8) (6.2
S 4488 3743 4189 5567 | 4551 6038 4 238 5062
(8.6) (9.0) (7.9) (6.6) | (12.8) (11.4) (9.5) (11.7)
Cl 11 010 10421 10670 11497} 4887 6867 3941 4829
(11.0) (6.1) (6.7) (9.7) | (17.9) (10.6) (15.2) (7.4)
K 56 624 48 923 49 127 46 896 | 41 523 46 216 24 937 29 271
(7.6) (11.8) (6.1) (11.8) | (7.4) (10.1) (19.0) (11.8)
Ca 9894 9987 10153 3 940 6685 8480 7928 3269
3.7 (5.5) (5.6) (2.5) | (6.53) ~(6.1) (4.6) (9.4)

- Groups 4 and 8 were grown on nutrients.with added aluminium.
- Relative standard deviation in % is given under each value.
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3. inaccuracies of correction for thick target yields, estimated at 1%.

4. errors due to differences in behaviour of biological specimens. These are the

majors errors and are beyond the control of the experiment.

The mean values confirm the previous observation [Me 84] that the concentrations :'
of Mg and Ca were reduced when the nutrient was enriched in Al. The increased
absorption of Al in groups 4 and 8 was due to the increased concentration of this

element in the feed. The concentrations of the other elements appear to be unaffected .

by changes in the Al concentration.

In order to visualise the correlation between group of samples, the data was submit-

ted to correspondence analysis. A plot of the first two axes, calculated from all the

measured concentrations is given in Figure 3.13 in which the samples are represented &
by the number of the compartment in which they were grbwn and the elements are
identified by their chemical symbols. With few exceptions, the data points repre'-'i
senting samples of the variety 2-1 were plotted to the right of the sloping broken line.

This indicated that the concentrations of the determined elements differed from thosq

- of.the variety Sauvignon. Since the points of groups 1,2 and 3 formed a tight cluster,
the composition of the measured elements in these grbups could be considered to

be similar. This confirmed that the variety 2-1 was resistant to Al conc_entra.tioﬁ _

changes. By contrast, while groups 5 and 6 formed an extended cluster, the smaller
cluster of group 7 was situated at further negative values of axis 1. This proved that
the roots in compartment 7 absorbed more Si and Al and confirmed that the variety,
Sauvignon, was sensitive to the presence of Al even though part of the roots was
grown in a control medium.

The horizontal dotted line in Figure 3.13 separates the points representing éampl&s
grown in feeds containing added aluminium. This confirmed thé previous observation
[Me 84] that roots grown in Al-rich media concentrate this element in the root system.
The nutrieht elements, Mg, P, S, Cl, K and Ca were all plotted in an extended cluster
in the top right portion of Figure 3.13, while Si and Al were clearly not part of the
cluster. The uptake of these élements was obviously different in the two varieties.

The measured concentration of Al was then plotted as a function of the Si content
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- Figure 3.13: Correspondence analysis plot of the first two axes of the data
for 8 elements determined in the root. specimens by PIXE. Each sample is
' represented by the group number to which it belongs. The sloping liné indicates
‘the separation between variety 2-1 on the right and Sauvignon on the left. The
_horizontal line separates controls from samples grown in feeds with added Al
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Sauvignon blanc

(Vitis vinifera)
2-1.

(R99 x Jacquez)
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Figure 3.14: The correlation between Al and Si content of the two grape vine .
varieties. Stars refer to (2-1) and circles to Sauvignon. :

for each of the two varieties. It was found that the Al content was proportional to
the Si-content, but. that the proportionality constants for the two varieties differed,
being 0. 580 for (2-1) and 0.343 for Sauvignon. In both cases the correlation factor
was better than 0.96. The plots are shown in Figure 3.14, in which the values for

variety (2-1) are plotted as stars and for Sauvignon as circles.

3.2.2 Application in archaeology

Cation-ratio differences in rock patinas

The determination of the age of archaeological artefacts from surface sites is often
impossible using conventional methods such as radiocarbon dating, because they
lack direct association with datable organic material. For about a century [Wa1891]
interest has been directed to the coating observed on rocks and artefacts from arid
regions. This coating has been referred to as "rock varnish” in‘ the USA [Do 83],
but the term ”patina” seems more accurate and will be used here [Go 60]. Yarnish

or patina had long been considered by South African archaeologists as a means of
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“dating [Go 60] stone artefacts found in arid and semi-arid régions, but the mechanism
of patina growth is nof yet fully understood. |
Rock patinas are relatively thin surfa.ce(la.yers formed from dust-particulates, silicate
clays a.nd small amounts of organic material. Their rate of formation depends on
climatic factors and biologicél processes [Do 83]‘: Elemental analyses of the patina
have shown that it is not necessarily derived from the matrix on which it was formed
and usually consists of clay minerals containing, inter alia, Mn and Fe; the minor
elements inclﬁde Na, P, S, K, Ca and Ti [Du 86]. Because Ti deposited in the pa.tiha.'
layers is less soluble and less mobile [Po 77],[Do 84], substitution of alkali metals by
Ti can serve as a basis for dating. The ratio of alkali and alkali earth metals (K,Ca)
to Ti, here called the cation ratio, gives an indication of how long the artefact has
been exposed to the leaching process.
Previous analysis [Pi 88] of patina layers has established the presence of nitrogen and
thus indicated that organic materials may play a role in pa.tina. formation. However,
-no correlation was established between the nitrogen éontent and the content of inor-

ganic components. The presence of organic material in patinas has been indicated

. [Do 86], but the low carbon content required that large areas (~ 1m?) of patina‘be
3

sa.mpléd for radiocarbon dating, thus making the technique unsuitable for dating
.réla.ti.vel)l' small a.rchaeologicél artefacts.

An alternative method of dating patinas by cation-ratios has been demonstrated [Pi
- 88],[Do 86],[Do 83] in which the elemental concentrations of metals are determined
in small areas o_f .the patina and the cation-ratio of elutable to stationary elements
is used to provide a time scale for dating pﬁrpoées longer than that of radiocarbon
dating. |

‘The northern Cape area of South Africa and the central area of Namibia form part
of the same geographic and climatic region. To establish whether the matrix com-
position of the rock substrate had any effect on the rate of growth of the patina, an
i\nv&s.tiga,tion'Was undertaken, in which a leaching curve was established for Sé.fnpl&s
of hornfels and compared to that on chalcedony.

A suite of samples from the northern’ Cape of South Africa and one from Damara-
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land in central South West Africa/Namibia were selected for the study. The samples
from the northern Cape were selected because they formed part of the only avail-
able typological sequence [Sa 88] from which a cation-ratio leaching curve could be
determined. The Damaraland samples consisted of Middle Stone Age artefacts, ap-
parently all dating from the same time period, and consisting mainly of chalcedony
and basalt. Standard samples of SARM-18 and SARM-20 obtained from the South
African Bureau of Standards were used to calculate elemental concentrations.

The study of patina composition on artefacts of interest to archaeologists rarely in-
volves deposits of more than 1 mm. Accordingly, in order to ensure that the patina
layer is analysed with as little interference as possible from the stone matrix, pref-
erence should be given to beams which have limited penetratioﬁ. The disadvantage
of using a beam with too little penetration is that the maximum age that can be
determined is limited by the beam penetration. The best compromise was found to
be alpha particles (*He*) of about 2 MeV. Under such bombardment, the range of
elements that can readily be excited extends to beyond Fe, which is sufficient for the
present investigation. Furthermore, the bremsstrahlung level is low in the energy
region from 2.5 keV, which fa.cilitates the evaluation of spectral peak areas for the
elements K, Ca, Ti, Mn and Fe.

The major difference between the rock matrix of hornfels and of chalcedony is the -
higher levels of concentration of silicon in the latter. Backscatter spectra obtained
from the two types of rock material are compared in Figure 3.15. The arrowed
positions in the figure refer-to backscatter energies corresponding to scatter from
the surface. The curves have been normalised so that the steps corresponding to
iron have equal heights. The known presence of a larger concentration of silicon
in chalcedony is clearly shown. Comparative X-ray spectra obtained from patina
layers on hornfels and on chalcedony are shown in Figure 3.16. The relative yield of
Ti X-rays from the chalcedony sample is much‘ greater than that from the hornfels,
while the yields from K and Ca are appreciably less. The sensitivity calibration
curve obtained from the standard materials using 2 MeV ‘Het ions to excite the
X-rays is given in Figure 3.17. From this curve, the concentrations of K, Ca, Ti, Mn

and Fe in the patinas. were deduced. These values are given in Table 3.8, together
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Figure 3.17: Sensitivity calibration curve for the determination of elemental
concentrations from X-ray generation by 2 MeV *He" ions. The standards that
were used were SARM-18 and SARM-20 and the solid angle of measurement
was 0.649 msr. '

with typological (i.e. approximate) ages of the samples and their cation ratios of
(K+Ca) relative to Ti. The linear correlation between typological age and cation
ratios, shown in Figure 3.18, was calculated by the method of least squares in which.
every experimentally determined value was taken into account, except that for the
single Lockshoek sample. The relationship represents the time-related leaching of the
elements K and Ca, relative to the stationary Ti phase. This leaching curve confirms.
the previous findings [Pi 88]. It should be noted, however, that the previous values:
[Pi 88] were calculated as ratios of the X-ray count yields, whereas the present ratios:
are determined from the mass concentrations. The Lockshoek sample has a cation--
ratio significantly at odds with the expected ratio for that time period. Replicate
analyses of the patina from this sample agreed with a relative precision of about 8%,
thus confirming that the sample was more akin to those attributed to the poorly
understood Florisbad Industry. It therefore appears that this surface-derived sample
may have been misattributed, possibly as a result of the assemblage being mixed.
Another possible explanation is that the titanium concentration of the rock matrix

may differ appreciably from one sample to another [Je 92] and that such variation
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1

vTa.ble 3.7: Results of elemental analyses of patinas.

No. Matrix Age Period Elemental concentration/%by mass  Cation Ratio

/k years ' (K+Ca):Ti
K Ca  Ti Mn Fe by mass

1 H 0.5 = Wilton ~4.62 1.04 0.335 0.051 6.00 169

2 H 13 . Lockshoek = - 4.32 1.04 0.479 0.052 6.27 11.2

3- H : 239 0.848 0.277 0.0184 3.09 11.7

4 H 64  Florisbad 3.80 1.38 0.451 0.0051 12.10 11.5

5 H 3.97 141 0490 0.0155 4.07 11.0

6 H 3.26 110 0.320 0.040 9.74 13.6

7 H © 213  0.517 0.264 0.032 3.45 10.0

8 - H 3.62 0.679 0.435 0.097 7.74 9.9

9 B 1.76 2.11 0.493 0.167 851 7.9

10 C 128 Orangian 1.20 0.560 0.600 0.019 3.56 2.9

11 C S 1.44  0.422 0.458 nd 3.32 4.1

12 C 1.09 111 0.869 0.021 2.69 2.5

13 - C

0.436 0.356 0.654 0.017 1.61 1.2

nd=not determined; H=Hornfels; B=Basalt; C=Cha.lcedqny

may affect the titanium content in the patina. If this is the case, further work needs
to be done on the distribution of titanium in the matrix material, and its effect on
thej-fitanium content of the patina. For these reasons the data from the Lockshoek
sample were not included in the calculation 6f the leaching curve.

Since all the areas under discussion form part of the same climatic region, a single
leaching curve Shdlﬂd have Been applicable for dating all the artefacts. The basalt

sample, which is. a coarser material than the chalcedony, is somewhat similar to
the northern Cape hornfels samples and shows the expeéted cation ratio for its
typological age. By cdntrast, the cation ratios of the four chalcedony samples differ

markedly from those of the other Orangian artefacts by’é. factor of almost 4, even |
though all five South ,Wesf African samples were collected at the same site. The
implication therefore is that the nature of the matrix may play an important role in
the formation and éornposition of the patina.

Chalcedony samples are fine-grained, highly siliceotis materials with a smooth, al-
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most porcelain-like surface. Examination of their surfaces showed that the patina
layers were thinner than on samples of hornfels. If the smooth surfaces inhibited
the rate of patina growth, the cation-ratio should have been relatively higher thus
reflecting a younger age. However, the reverse was the case, indicating that the mo- |
bile elements were leached at a greater rate. In the absence of an established theory
of patina growth, it seems suggestive that the mobile elements in a thin patina a.re.
not protected against leaching by the blanketing effect of an added fresher layer over
it. The average rate could then appear to be more rapid than from thicker patina
layers. It therefore appears that leaching curves should be determined for a uniform
raw material and that such curves should be expecfed to yield reliable ages only for

artefacts of the same raw material type.

3.2.3 Thin filmn thickness measurement via thick target yields

As an example of the practical uses of the tables in appendix C, the following appli-:
cation is presented. ,

When PIXE analysis is carried out on thin layers, the thickness of the target is
usually measured by Rutherford Backscattering Spectrometry (RBS) analysis with'
alpha particles if the sample can withstand the radiation damage and the possible-
evaporation of certain elements. Various attempts have been made to measure the
thickness of thin samples by PIXE. Some of them [0l 87],[Ja 89],[Mi 89] made use
_ of calculated yield curves from which the thickness and concentration profile can be
obtained. Others used the variation of the K, to Kz ratio [Ah 75],[Ca 89a] or of
changes in the orientation of the sample, thereby altering the effective thickness.
The reported attempts were restricted to specific target types. What would be useful
would be a method applicable in general to any matrix and for every element that
would yield the sample thickness with a single irradiation and a single measurement
of the PIXE yieldé. Such a method was tried as a parallel study in the methodology
of TTPIXE, in which the X-ray yields from an unknown thin film and a thick target
contaihing the same element under consideration were compared and were used to

deduce the thickness of the thin film.

From equations 1.3 and 1.18 the sensitivity factor K;(Z) measured from the thin
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film can be expressed as:

v

Ki(2) = y‘(f) |  (34)
where here y;(Z) is the K X-ray yield measured on the thin film, ¢ is the unknown
thickness (in mass per unit ‘a,rea,) and q the total integrated charge in. Coulombs.
Similarly‘, the sensitivity factor K7(Z), can be calculated from the K X-ray yield of |
the same element in the thick target, Yr(Z), by using the calculated values of the
ihtegral I(Z). Then from equation 1.18 we deduce that:

- Yr(Z)

Kn(2)= g 7

(3.5)

Where C is the concentration of the element in the thick target glven in parts per

m_llhon. Since

Bl . K(2)=Kr(2) - (3.6)
combining equations 3.5 and 3.6;
y:(2) 1
t="—— 3.7
g Kr(2) (37)

'I:‘.his.postula_.te should be true for e,ny proton bombarding energy a.s far as the ex-
perimental conditions are kept the same for both K;(Z) and Kr(Z) measurements.
Accordingly,‘a. set of thin film standards a.s described in Chapter 2 were irradiated
with 2, 3 and 4 MeV protons in order to check their reported thicknesses. Table
3. 9 presents a resume of some of the results of these measurements. It must be
stressed that the accuracy of the found thickness de_c1_'eases as the bombarding energy
increases. This is because the error on the evaluation of the I(Z) factor increases
with increasing proton energy. In spite of this fsct, all the thin film thicknesses
" found at various energies compared well with the reported values. Given in the same
- table are the found values for the KT(Z). It is important to mention here that
the experimental geometry, in terms of detector solld a.ngle, plays a major role and
must be defined as accurately as poss1b1e The same applies to knowledge of the -
true thickness value for the absorber 1nterposed between detector and target. If we
assume that the error on the estlmatlon of the solid angle is about 3%, and that for

the absorber is 5%, then the total error for this tech-nique.is of the order of 7.6%.
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Table 3.8: Thickness of thin film standards found via thick target yields using
different proton energies.

Thin Thick Elexﬁent Known Found* ' kT(Z)“
Film Target - : 2MeV  3MeV 4MeV 2MeV  3MeV  4MeV.
GaP NaPO3; P 18.29 18.63 18.89 16.13 6.3 8.0 9.7 -
Ti Ti Ti 41.00 41.21 3949 39.70 458.6 1422.0 1955.6 .
CuS Cu Cu - 43.00 4231 42.94 43.02 133.5 1093.4 1154.1 .b
GaP GaN Ga 40.71  40.22 40.18 40.45 71.7 2072 4523
RbNO;; RbsSO4 Rb 24.36 28.56 . 23.67 26.7 11.1 98.5 171.4
* in pg.em—2 |

in Counts/uC/pug.cm=2
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Table 3.9: Sources for error in TTPIXE with 1-5 MeV protons.

Parameter Symbol RelatiQe Reference

‘Magnitude
Tabulations- |
Ionisation cross sections or ~10% [Co 88]
Fluorescent yields - oW, 1-2% [Ba 72]
Mass absorption coefficients  u, 2-5% [Ma 84]
Stopping power S(E) ~1% (Zi 85]
‘Experimental
Detector efficiency € ~3%(®) [Ch 85)

o)

Detector solid angle ~3% [Ch 85]

Areal density of thin films  M,(Z) ~5%
Total charge Q ~0.5%
Dead time of measurement - ~1%0)

(a) For X-rays with energies above 3.5 keV.
(b) For count rates ~1 kHz.

* This error factor includes the variation range on the reported thickness values which

is of fhe or_-der of 5%.

3.3 Ab301ute' method

Samples, of which the matrix is well kriown; may be a.na.lysed absolutely by the
use of equation 1.18 only. When this procedure is followed, the experimental errors
are those involved in the determination of the yield a,nd the measurement of the
bombarding charge. 'In the case of the former, the statistical error in the count
must be iﬁcfeased by the errors involved in the spectrum analysis [Ca 86], while the
error in thé charge measurement can be separately determined by standard methods.
For the calculation of the sensitivity factor, K(Z), the more important sources of
error are those from the calculation of the ECPSSR X-ray production cross sections
{Co 88],[Pa 89], the fluorescent yield [Bd 72] and the mea.éﬁ:ements of the detector
efficiency [Ma 84] and geometric factors. The two important pa,ra,m_eters used in

the calculation of F(Z) values are the mass absorption coefficients [Ve 74],[Le 77]
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and stopping powers [Zi 85]. A summary of the errors involved in the “absolute”

method and their estimated magnitudes are given in Table 3.9. By appropriate

ch01ce of standardisation methodology, the transmission of analytical errors to the

ﬁna.l calculated concentrations can be minimised.

3.3.1 Calibration of thick standards by Geo-PIXE

For the purpose of illustration the determination of minor and trace elements in steels

is presented using the program Geo-PIXE [Ra 90}, which calculates the sensitivity

~factor absolutely. Usually a set of pure thick standards is used to calibrate all the

absolute parameters involved in the computavtion, including the MCF. A typical cal-

ibration curve generated by Geo-PIXE for elements between Ni and Sn was obtained

and is shown in Figure 3.19. The estimated mean error for all determinations is of

the order of 5%. This error does not include errors for solid angle of the geometry,
efficiency of the Si(Li) detector or X-ray production cross sections [Ra 92]. If, as
stipulated in Table 3.9, these errors are normally of the order of 3%, 3% and 10% re-

spectively then the final total error could run close to 10%. The uncertainties in the

30
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~ Table 3.10: Determined elemental concentrations in steels by Geo-PIXE.
NBS-1185

. Mean - Mean Mean
Elem Found Error Error Known MDL

(ug/g) (ug/e) (%) (ue/s) (us/e)

Fe 733367 191400 26.1 nr.(*) 3200
Ni 130633 22095 169 131800 741

_ As 75 11 14.6 nr. -+ 36
Nb 259 40 156  nr -
Mo 20667 - 637 3.1 20100 48

NBS-1152

Fe 733500 190967 26.0 . n.r. 3000
Ni 97003 16373 169 102100 . - 600

Cu 4470 632 141 4970 230
As 170 17 10.0 100 - 30
Zr 43 8 186 - 300 29
Nb 1405 42 3.0 2000 34
Mo 3641 117 3.2 3660 32
Sn 60 20 333 . 40 48

(*) not reported

' tabulated attenuation coefficients are not a serious problem for the calculation of the .

absorption of generated X-rays in the filter 'interposed between detector and target,
because these filters are calibrated beforehand and thus any possible filters thick- -

ness uncertainties are included in the effective thickness calculation. Two sta.nda.rd. .

steels that were used as unknown samples for the determination of minor and trace

etements were NBS- 1185 and NBS-1152 steel alloys. A table of results is presented
in table 3.10. The results which include the mm]mum detection limit (m yg/ g) as

calculated by the progra.m are the mean va.lues of three 1rra.d1a.tlons on each alloy.

'The smallest estimated errors were obtained for Nb and Mo in b‘oth a.lloys The

errors for elements such as Fe (the major component) and N1 are rela.tlvely hlgh
although the concentratlons agreed very well W1th the reported values. A similar

situation existed for Cu in the NBS-1152 alloy.



Chapter 4
Unknown matrices
4.1 Previous work

4.1.1 The a—param’éter methdd |

Originally developed for targets of intermediate thickness, the a-parameter method
was used to determine trace elements in samples of which vtllle,corni)osyition of the
- matrix was unknown [Al 86]. The parameter, ‘a, is obtained as the ratio of the
mass é.bSorption coefficient and the stopping power of protons in the sample at the
surface. Since the cornposifion of the matrix is not known, the stopping power ;
factor is modified from thé.yields obtained either by using two diﬁerent irradiations
with diﬁ'e;enf proton energies, or by carrying out two measurements under changed
- geometrical conditions. , | )

The a-parameter values have been tabulated [A1 89]-for the elements 16 < 7 < 30,
ie. frorn S to Zn, for biological, environmental, geologlcal and alloy materials. In
this respect the approach is similar to that of cotnmon matrix types, dlscussed in
the next section. However, values calculated for different matrix types, even arnong
the same class of sample, vary by relati.\fely large factors [Al 89], e.g. for Ca in the
NBS standards 1673 and 1575, the respective 'a-Value_s'}ére 1.08 and 0.57. |

The most seriousdisadvantag‘e of this procedure is the need to perform double anal-
yses under diﬁ'éfent experimental conditions. The obvious a.d\‘ra.nt‘a',ge is the fact that

no assumptions are made about the matrix composition.

105
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4.1.2 The Iteration Method

When every component of the matrix yields an X-ray which can be detected in the

measured spectrum of the sample, an approximation may bé made as to the elemental

composition of the material from the X-ray counts, but care should be taken to

correct for secondary.X-ray excitation of higher components by the X-rays of heavier

elements. Using this approximate composition, MCF-values are calculated for all

the components, including the main matrix elements. These values are then used to

calculate a better approximation to the concentration of the matrix elements. By

continuing the iterative process, the determination of the matrix composition can be

refined until the relative difference between successive iterations become acceptably

- small [C] 81], [Pe 88], [Sm 84]. It is seldom necessary to continue for more than 4 or

5 iterations. |

If some matrix components are not detected in the X-ray spectra, such as would be
the case for hydrogen and other light elements with Z < .11, additional information™
on the matrix composition needs to be sought by other methods. Alternatively, i
the sample can be compared with a common matrix type, one of the procedureé
discussed in section 4.2 could be applied.

An example to illustrate this approach is the study of semionic materials. The
ternary chalcogenide semiconductors, of the type I-III-VI with ABX, stoichiometryh
adamantine structure and A=Cu or Ag, are known to have low but significant ionic
conductivity, while retaining their semiconducting ché.ra.cter. ‘Several pieces of ex-
perimental evidence point to the monovalent species as the ones involved in ionic
conductivity. Because these ions in interstitials, vacancies or antisite occupancy can
vserve as dopants as well, the materials have the interesting property that their semi-
conducting properties are, in principle, controllable by control of ion migration in
them. Such materials are termed “semionics”[Pe 88]

By drifting Cu or Ag under an electric potential from electrodes of these metals into
AgInSe; or CulnSe; respectively, components of the general form Cu,Ag;_.InSe;
may be formed. Different electrical potential differences were applied in a solid state

electrochemical arrangement. The negative electrode was analysed for accumulation
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Flgure 4.1: PIXE spectrum of a CulnSe; compound Jrradxated with 4 MeV
protons

of Ag or Cu. . ‘

Figure 4.1 shows a PIXE spectrum of a CulnSe, compound collected with 4.0 MeV
protons.’ All major elements of its matrix are present on the energy spectrum. The
analytical information obtained from RBS was not utilised because that technique
cannot adequately resolve the steps for Ag and In. ‘.
The aim, from the point of view of analytical TTPIXE, was to ﬁﬁd the “true” sto-
ichiometry of the semionic compoﬁnds after treatment. In the case of .Cu excess in

CulnSe; the methodology was as follows:

1. From the PIXE spectrum the atomic ratios Cu:Se and Cu:In were deduced

from the relative X-ray counts, Y(z) without taking into account the MCF: ,

~

CCu Y(Cu) K(Se) CC“ — .Y(C“) K(I“)

- - (4.1
Cse  Yse) K(Cu) CIn Yin) K(cuwy (1)

| where the values of K(s,,), Kcu were obtained from the irradiation of thin

standards.

2. From the atomic ratio an initial stoichiometry was deduced (CuzIn,Se,).
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3. These initial concentration guesses by mass were used to calculate the F(Z)-
values for each element in the compound Cu.In,Se, using the program RD1

(see Appendix B).
4. Then a new set of atomic ratios was calculated but this time including the
F(Z)-values previously calculated:

CCu — K(Se) F(Cu.) . Y'(Cg)
Cse Kcu) Fise) Y(se)

(4.2)

5. With a new set of atomic ratios the process of recalculating new F(Z)-values
was extended until the change of atomic ratios between two consecutive itera-

tions was less than 1%.

Table 4.1 shows a resume of the results for both the CulnSe; and AglnSe, caseé.
The atomic ratios were expressed relative to Se in both cases and the guesses Weré
taken as the original i.e. before treatment. As seen in the table, the atomic ratios
converge rapidly. It is noted that for the case of AgInSe; only two iterations wel:é
necessary. As an alternative, if there is no possibility to obtain the K'(Z) factors from :
thin film standards, the absolute method can be applied, when tabulated values of"
X-ray production cross sections ¢ and the efficiency of the detector £ have to be:
used. Expressing this as in equation 4.2 for Cu and Se we have:

Cou _ 0se €se F(Se)  Y(Cu)
CSe B OCu €Cu F(Cu) - Y(SC)

w5

- Other values included in the K(Z) factor such as the solid angle cancel out.

4.2 Common matrix type

Although the composition of the matrix may not be‘ known in detail, samples may
frequently be classified according to types in which the main components of the
matrix do not vary appreciably in their concentrations. The calculation of elemental
concentrations in TTPIXE can then be achieved if a generalisation of MCF-values
can be applied in the form of universal values to a set of materials having similar

types of matrix composition.
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Table 4.1: [Iteration steps for calculation of atomic ratios in AInSe,-based
. compounds with 4.0 MeV protons, where A=Cu or Ag.

Cu;InySe;

After After After
Element Initial guesses 1st Iteration 2nd Iteration 3rd Iteration

At. Ratio F(Z) At. Ratio F(Z) At. Ratio - F(Z) At. Ratio

Cu 0.5 14.84  0.4757 15.27 048 15.23 0.48

In 0.5 . 439  0.867 4.35 0.85 4.35 0.85

Se | 1.0 - 910  1.000 9.20 1.00 9.20 1.00
' Ag;InySe;

Ag 0.5 4.56 0.71 4.7 0.71

In 05 - 432 0.79 4.46 - 0.79.

Se 1.0 9.34 1.00 9.64 1.00

4.2.1 Carbon-rich materials

Since the organic n‘lvatrix composition of biological samples is often unknown, some
e;_npirica.l compbsition', usually that of cellulose, is assumed. To te‘st the validity
of this asSumption_F (Z)-values were calculated for the standard material NIES-
CRM-3 Chlorella, the composition of which was.ﬁrst assumed to be that of cellulose
(C6¢H1005), and compared with those _cé.lcula.ted from an empirical formula. From
Rutherford backscattering analysis the. carbon-to-oxygen ratio was found.to be 4:1,
which indicated an empirical'fdrmula of (C4H;0),,. When the value of x was changed
- ._progressively from 1 to 6, the corresonding values of the range of 4 MeV protons were
calculated to vary from 27:2 to 24.2 mg/cm?® with a mean value of 25.7 mg/cm?,
corresponding to a value x=3. The same value ff)r x was obtained for the mean
value of the a.bso‘rpéion and fo.r the F(Z)-value of the K, Ca X-ray. Ac(:or‘dingly,' the
émpirical formula was accepted as (C4H30),. Comparison of the va.rla.tlon of F (Z)-
values with a.tomlc number of the target ma.terla.l calculated for 4 MeV protons, is
given in Figure 4.2 where the composition of the organic material was assumed to
be that of cellulose and that of (C4H30)n The differences between F (2)- values for |

corresponding elements decrease with increasing atomic number. The F(Z)-values
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Figure 4.2: The variation of the F(Z)-value with atomic number of the target

material, calculated for 4 MeV protons on chlorella and K, X-rays. The values

are compared for the measured matrix composition (C4H30), and an assumed

cellulose composition (CeHyOs ).

for cellulose exceeded those for the assumed chlorella matrix by more than 20% for
target materials with 12<Z<17, and between 10 and 20% for 19<Z<22. When the
- atomic number of the target material was 23<Z<56 the discrepancy was less than -
10% and was acceptable for most analyses. For lighter elements the differences are
large and increase with decreasing values of Z. Table 4.2 lists a comparison between
data calculated for some"el‘ements on the assumption that the matrix is cellulose,
and for the matrix composition calculated from analysis. While the precision of the
two sets of data remained constant, the accuracy of the latter set is improved mainly
for the light elements. | N
For the determination of light elements, accurate analysis required a knowledge of
the true empirical formulation, either known or measured. However, when Z<23,
the exact empirical formulation of the organic matrix could not be replé.ced by that
of cellulose. This conclusion is in agreement with similar suggestions [Cl 87], [Ah 77]
made earlier, but for which no experimental proof was vproff‘ered. Measurements made

on different matrix materials shoWed that the use of an assumed cellulose structure
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‘Table 4.2: Analysis of Chlorella*.

. Concentration (mg.g™*)
Element Known Assumed Matrix** Analysed Matrix

(C1H1o05)n (C4H30),
K 1_2400 12920 12380
Ca 4900 ' 3374 : 4890
Mn 69 51.4 55.1
Fe 1850 : 1440 1550
Cu 35 2.6 - 2.6

Zn 205 19.3 19.6

*Japan Environmental Agency standard NIES-CRM-3
**Assumed composition of cellulose

was acceptable provided the results were compared to some selected standard.

Calculated F(Z)-values

F(Z)-values were calculated for each biological standard (listed in Table 43) ac-
cording to equation 1.12 using the program RDI. In the calculation of F (Z)-values
the inorganic composition was used as certified, but the residual organic component
was assumed to have the composition of cellulose. The values in Table 4.4 are the
mean values obtained from all the standard materials listed in Table 4.3. Values
in parentheses refér to the relative sta.nda.rd-‘devia..tion expressed as a percentage.
The precision of F(Z )-va.luesi for elements from K to Cr, bombarded with the more
énergetic protons, is relatively poorer than for most of the other values. This implies
that elemental concentrations of these elements analysed with 3 or 4 MeV proton
beams and calculated by using the tabulated F(Z)-values may have a poor accu- -
racy. For purposes of illuétration the values of Table 4.4 are plotted in Figure 4.3.
C'lea.rly, the best energy for analysis would be somewhere between 1.0 and 2.0 MeV.
But obviously there will‘ be a limitation as regards the X-ra.yv production cross sec-
tion for the number of elements that could be excited. Plots of these MCF-values
against -proton enefgies showed a similar trend (sée Figure 44) From the point of

view of the TTPIXE analyst, these values have to:be calculated for every proton
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Table 4.3: Identification of ca.rbon-rich standard reference materials.

Name of standard

Laboratory code

Supplier

Vegetable materials
Wheat Flour
Spinach
Orchard leaves
Citrus leaves
Tomato leaves
Pine needles
Pepperbush

" Chlorella

Tea leaves

Animal materials
Oyster tissue
Bovine liver
Human hair
Animal muscle
Horse kidney

SRM-1567
SRM-1570
SRM-1571
SRM-1572
SRM-1573
SRM-1575
CRM-1
CRM-3
CRM-7

SRM-1566
SRM-1577
CRM-5
H-4

H-8

NBS®
NBS
NBS
NBS
NBS
NBS
NIESY
NIES
NIES

NBS®
NBS
NIES®
TIAEA®
IAEA

a) US National Bureau of Standards.
%) Japan National Institute for Environmental Studies.
¢) International Atomic Energy Agency.
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Figure 4.3: The variation of F(Z)-values with the K, X-ray energy for the
bombardment of carbon-rich materials with protons between 1 and 4 MeV.
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Table 4.4: Mean calculated F (Z )-values and relative standard deviations [%)
for biological materials. A

Element Incident proton energy [MeV]
1.0 2.0 3.0 4.0

K 3.19(1.7) 3.16(5.2) 3.99(8.8) 5.63(10.9)
Ca 3.17(1.4) 2.88(4.4) 3.40(7.8) 4.50(10.4)
Sc 3.17(1.1)  2.73(3.5)  3.02(6.7) 3.77 (9.2)
T 3.18(0.9) 2.66(3.2) 2.77(5.6) 3.27 (8.4)
Vv 3.21(0.7)  2.60(2.3) 2.62(4.6) 2.94 (7.2)
Cr 3.23(0.6) 2.59(1.9) 2.52(3.9) 2.72 (6.2)
Mn 3.27(0.5)  2.60(2.4) 2.46(3.2) 2.57 (5.2)
Fe 3.30(0.4) 2.62(2.3) 2.42(2.7) 2.48 (4.4)
Co 3.33(0.3) 2.62(1.1) 2.41(2.2) 2.42 (3.7)
Ni 3.36(0.3) 2.63(0.9) 2.40(1.0) 2.38 (3.1)
Cu 3.39(0.3) 2.67(2.1) 2.41(1.6) 2.36 (2.6)
Zn 3.43(0.3)  2.69(2.1) 2.42(1.3) 2.35 (2.2)
Ga 3.46(0.2) 2.70(0.5) 2.44(1.1) 2.35 (1.9)
Ge 3.49(0.2) 2.73(0.5) 2.46(0.9) 2.36 (1.6)
As 3.52(0.2) 2.77(21)  2.48(0.8) 2.27 (1.4)
Se 3.55(0.1)  2.79(0.4)  2.51(0.7) 2.39 (1.2)
Br 3.56(0.1) 2.83(2.1) 2.53(0.6) 2.41 (1.1)
Rb 3.63(0.1) 2.88(2.0) 2.58(0.5) 2.45 (0.8)
Sr 3.66(0.1) 2.90(2.0) 2.60(0.4) 2.47 (0.7)
Y 3.69(0.1) 2.91(0.2) 2.63(0.4) 2.47 (0.6)
Zr 3.71(0.1) -2.93(0.2) 2.65(0.3) 2.52 (0.6)
Nb 3.74(0.1)  2.96(0.2) 2.67(0.3) 2.54 (0.5)
Mo 3.77(0.1)  2.98(0.2) 2.59(0.3) 2.56 (0.5)
Ru 3.82(0.09) 3.02(0.1) 2.74(0.2) 2.61 (0.4)
Rh 3.84(0.09) 3.04(0.1) 2.75(0.2) 2.62 (0.4)
Pd 3.87(0.09) 3.05(0.1) 2.77(0.2) 2.64 (0.4)
Ag 3.90(0.09) 3.07(0.1)  2.79(0.2) 2.66 (0.3)
cd 3.92(0.08) 3.09(0.1) 2.80(0.2) 2.68 (0.3)
In 3.95(0.09) 3.10(0.1) 2.82(0.1) 2.70 (0.3)
Sn 3.98(0.09) 3.12(0.1) 2.84(0.1) 2.71 (0.3)
Sb 4.0000.1)  3.13(0.1) 2.85(0.1) 2.73 (0.3)
Te  4.03(0.09) 3.15(0.1) 2.85(0.1) 2.74 (0.3)
I 4.06(0.08) 3.16(0.1) 2.88(0.1) 2.76 (0.3)
Cs 4.12(0.07) 3.19(0.09) 2.90(0.1) 2.79 (0.3)
Ba 4.15(0.08) 3.20(0.09) 2.91(0.1) 2.80 (0.3)
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Figure 4.4: Variation of F(Z)-values on carbon-rich materials with proton
bombarding energy.

- energy selected for experimentation. Intermediate mean F(Z)-values showed that
there were no irregularities or discontinuities. On the other hand the F(Z)-values
are dependent on the ion borﬁbarding energy and not on the geometrical factor K (Z)
or the experirnenta.l conditions. Hence fitted polynomials to thésé curves could be of

~ some use, for interpolation at vintermedia,te proton energies. Polynomial coeflicients

of mean F'(Z)-values curves plotted for 1, 2, 3 and 4 MeV for carbon-rich materials
are given in Table 4.5. |

According to the methodology proposed here, the F(Z)-values alone could not give

the analyst the complete information necessary for analytical work. Additiona.l in-

formation about sensitivy factors K(Z) as mentioned in Chapter 1, and the depth
of analysis would be of value for the calculation of elemental concentrations. Ta.ble‘

4.6 presents values for these parameters for bombarding energy with 3 MeV protons,

and the X-ray energy of the K, line in keV. The values for the K(Z) are very depen-

dent on the experimental geometrical conditions. These values refer to the geometry

which was used in Chapter 1 for the evaluation of the sensitivity factors.
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‘Table 4.5: Polynomial coefficients (order 3) of mean F(Z)-value curves for

C-rich materials fitted for the proton energy range 0.5 to 4.5 MeV.

- a(l)

Element

K
Ca

- Sc
Tj
A"
Cr

Mn

- Fe
Co
Ni
Cu
Zn
Ga
Ge
As
Se
Br
Rb
Sr
Y
Zr
Nb
Mo
Ru
Rh
Pd
Ag
Cd
Sn
Sb
Te
I

- Cs
'Ba

a(0)

+4.13
+4.50
+4.61

+4.57
+4.78
+4.75
+4.68
+4.82
+4.88
+4.82

+4.91
. +5.05

+5.05
+5.06

. +35.11

+5.11
+4.97

+5.11
+5.17

+5.35
+5.34
+5.34

"+5.00

+3.51
+5.50
+5.68

+5.68

+5.66

' +5.85
+5.89
+5.88

+6.04

+6.15

+6.24

-1.412
-1.927
-2.030
-1.905

-2.160

-1.978
-1.803
-1.973

-2.012

-1.868
-1.940
-2.115

-2.110

-2.082
-2.137
-2.067
-1.833
-1.938
-1.982

-2.226.

-2.172
-2.120

-1.463

-2.258

-2.207

-2.388

-2.388

-2.318
-2.518
-2.543
-2.465
-2.673
-2.733
-2.820

a(2)

+0.480.

+0.635
+0.635
+0.555
+0.645

+0.545

+0.460
+0.530

+0.540 -

+0.480
+0.505

'+0.580

+0.580

+0.565

+0.610
+0.560

+0.465

+0.505
+0.520

+0.630

+0.600
+0.575

+0.240 -

+0.630
+0.605
+0.675

+0.675
+0.640
+0.720

+0.725

+0.680

+0.770

+0.780

+0.810
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Table 4.6: Information on relevant parameters for analysis with carbon-rich .
materials.

Element Z = K. F(2) K(Z)® P Mass(**)

(keV) (mg/cm?) (1g)
K © 19 3.313  3.99 108 10.75 338
Ca 20 3.691 3.40 216 11.33 356
Sc 21  4.090 3.02 364 11.45 360
Ti 22 4510 277 519 11.83 372
\% 23 4952 2.62 672 12.02 378
Cr 24 5414 252 784 11.98 376
Mn 25 5.898 2.46 792 11.98 376
Fe 26  6.403 2.42 716 11.98 376
Co 27 6930 241 636 11.93 375
Ni 28 T.ATT 240 562 11.88 373
Cu 29  8.047 241 484 11.83 372
Zn 30 8.638 242 412 11.78 370
Ga 31 9.251 2.44 355  11.73 369
Ge 32 9.885 2.46 264 11.69 367
As 33 10.543  2.48 196 . 11.64 366
Se 34 11.221 251 132 11.59 364
Br 35 11.923 2.53 115 11.54 363
Rb 37 13.394 258 76 11.44 359
Sr 38 14.164 2.60 64 11.38 358
Y 39 14.957 2.63 58 11.33 356
7r 40 15774 2.65 53 11.33 356
Nb 41 16.614 2.67 48 11.28 354
Mo 42 17478 259 48 11.23 353

) in Count/uC/pg/cm? ,
(*) Mean value assuming a 2mm diameter beam spot on target.
No beam spread was considered.



42, COMMON MATRIX TYPE 117

4.0

BRe “"BINE NEEDLES
4 Ep R lf-SMev

3.8

o P
— 7 .
o 7 cc=01833xt+3.634
= r=099%
wn 3.6
[~
=
]
3 >
a // .
el €C = 0.4493xt #1667
o 34 r = 0984
[a e
(o]
< /
/
/
3.2 : I | | | |

0 1 2 3 L S
TIME (t}/hours :

Figure 4.5: Variation of the Fe X-ray yield with irradiation time in a pellet
of pine needles irradiated with protons. The two stages of irradiation, before
(left side) and after changing to a fresh pellet show linear trends.

Experimental verification of F(Z)-values

Some results of analyses carried out with 4 MeV protons to test the validity of
the calculated F(Z)-values are given in Table 4.7. The sensitivity factors K(Z ) were

calculated experimentally from thin targets bombarded under the same experimental

conditions as the biological thick targets. In most cases the agreement between |

the experimentally determined values and the known concentfa.tion, as certified, is

acceptable. The values in parentheses are those reported as preliminary. As the RSD

(relative standard deviation) decreases with decreasing proton enefgy it is e)rcpectedi

that (better results will be obtained with lower proton energy irradiations. Analysis
of the organic pellets had to be performed either on fresh pellets or at a.fresh site on
a pfeviously irradiated target [Wi 77]. Continued irradiation of a pellet on the same
target site resulted in a steady increase of the signal intensity from one irradiation
to the next by 2-3%; but the original yield was reproduced when a fresh target site
was used. (see Figure 4.5). These results illustrate the absolute determination of
elements with atomic number 23<Z<56 in biological materials using a universal set

of F(Z)-values for matrix correction, but without the use of comparative standards.
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Table 4.7: Determined elemental concentrations [ug/g].

Pine needles Spinach Tomato leaves Orchard leaves Chlorella Bovine liver

SRM-1575 SRM-1570 SRM-1573 SRM-1571 CRM-3 SRM-1577

Mn Known . 675 165 238 91 69 10
Found 754 . 170 175 64 52 9

Fe Known - 200 550 690 300 1850 268
Found 245 546 397 215 1660 256

Cu  Known 3.0 12 11 12 3.5 193
Found 3.5 14 14 12 2.6 183

Zn Known 612 50 ‘ - 62 25 20.5 130
Found 71 65 61 23 19.6 140

As  Known 0.21 0.15 0.27 10 - 0.055
Found 0.5 ND ND 7 2 ND

Rb Known 11.7 12 : 16.5 12 - 18
Found 23 14.6 18 12 28 13

St Known 4.8 87 45 37 40 (0.14)
Found 5.3 138 ‘ 49 48 40.2 » ND

Br Known 9) (54) (26) (10) - -
Found 11 81 29 9 4 17

a) See ref. [Gl 80]
ND = not detected.

Ahalysis of wood species

As a parallel study to the one presented for grape vines (see section 3.2.1), the anal-.
ysis of chemical components of wood species was investigated as another application

of the external standard methodology in TTPIXE analysis.

It has been shown {Fe 89] that chemical studies of wood can provide important

information not only for its applicability but also for the economic feasibility of

many processes involving wood. In particular, it has been found that the presence

of intermediate and transition metal elements can affect the chemical and physical
- properties of various wood species [Gi 71],[Sc 73],[Hi 79]. It has been established
that trace elements present in the production of paper could be responsible for the
gradual discoloration of the paper and in some cases the slight odoriferous nature of |
certain types of paper. Thus there exist an obvious demand for the determination

of the elemental components of wood. Previous work [El 65],[Ch 76],[Cu 80] on
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T Figure 4.6: Typical X;ray energy spectra frbm about 5 to about 17 keV ob-
- .. tained from the bombardment of wood samples with 3 MeV protons. A: Pinus
Laxibaea from Zululand. B: Eucalyptus Grandus from Tzaneen, Transvaal.

certain wood species has been carried out using neutron activation analysis and X-
ray fluorescence. The present application involved the analysis of wood species from
southern Africa by PIXE. |
Finely g’round wood samples from various locations in soufhern Africa were obtained
: -ffo:ﬁ Messrs South  African Pulp and Paper Industries,' Transvaal. Details o‘f
t_i‘i}é.sarnple-s are listed in Table 4.9. |
-Standards that were used for Aquantiﬁca.tion were Tomato Leaves, SRM 1573 and
Pitie Needles, SRM 1575 from the U.S. NIST, and Pepperbush CRM-1 from the
ﬁationd Institute for Environmental Studieé, Japan. Typical spectra showing the
miost important trace metals in the woovd types of Pinus and Eucalyptu:é trees are
cgnipared in Figure 4.6. The level of the concentration of most trace m'etals:is higher
in'the former, except fof rubidium, which is present in relatively low concentration
in'both wood types. Since the wood specir\nens are materials which are cai'bon-rich,
the methddoldgy devised in this chapter for thick target organic materials, in which
dhif/ersal matrix correction factors were cé.lcula.ted, ‘was applied. The accuracy of

this approach was checked from the data obtained from the standards listed above.
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Table 4.8: Elemental concentrations found in wood samples.

Concentration (ug/g)
Sample K Ca Mn Fe Cu Zn Rb

1 2009.5 8354 404 1199 63 44 2.9
2 837.1 7640 304 164 69 54 16.7
3 549.7 1184.7 191.6 289.6 2.7 9.1 7.2
4 728.7 637.7 260 129 34 65 94
5 675.3 6629 166 14.7 09 nd. 84
6 840.3 4593 73.1 589 55 64 4.8
7 407.0 9089 50.7 328 119 81 6.1
8 3302 7255 617 281 9.8 83 nd.
9 1166.3 807.1 849 406 19 5.5 113

10 7434 9355 189 68.1 4.5 123 2.6
11 480.4 1177.6 84.7 385 9.7 9.9 10.0
12 532.2 915.2 109.3 - 274 17.1 11.0 6.5
13 971.2 5942 59.8 20.1 1.0 3.8 26
14 - 837.7 1013.7 343 476 146 8.0 1.2
15 377.0 9382 970 87.0 113 7.6 84
16 427.8 1144.9 122.0 543 13.2 114 79

17 686.6 499.6 70.3 166 0.8 2.0 4.5

Mean values
4 Group A 846.6 632.1 51.6 257 29 42 8.2
Group B 425.8 968.4 87.6 44.7 122 94 6.5

n.d. - not detected

Results of the metal content of wood samples are given in Table 4.8. The sample
numbers are those given in Table 4.9. The values included in the calculation of
the means for the two groups are from those samples whose reference points formed
separate groups in correspondence analysis. The analytical data obtained for the
contént of K, Ca, Mn, Fe, Cu, Zn and Rb were used for correspondence analysis.
Since the first two axes had almost 93% of the information content, it was only
necessary to plot the first two axes against each other. Such a plot is shown in~
Figure 4.7. The sample representative points are drawn towards the position of
those elements present in relatively higher concentrations in the samples concerned.

Thus Group A is situated near to the site of Ca because the mean calcium content
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Figure 4.7: Plot of the first two axes of the correspondence analysis of the
data for 7 elements determined in wood specimens. The representative points
of the samples are plotted as numbers (see Table 4.9) and those of the chemical
elements by their symbols. Note the proximity of Ca to Group A and K to
Group B. ' | '

of the samples in thi»s group is 53.2% higher btha.n the corresponding mean §a.lue of
Group B, whereas in the case of potassium, fhe mean value for Grbﬁp B is 98.1%‘
higher than tha.fl of Group A. It may be noted that the two intermediate samples,
10 and 14 have relativeiy high contents of both éal_cium and potassium. Of the two
dutlieré, sa.mplé 1 has a high potassium content, and its representative point_’.»lies
near that of K, while sa.mple.3 has high content of manganese and iron, and its
point lies near to both Mn and Fe. Most of{ the repfesentativé points separate into
two. groups, the contents of which are listed in Table 4.9 It is noted that Group A '
consists entirely frt_)m Pinus-type wood from Zululand, while Group B ¢ontains all

Eucalyptus-type woods, as well as one Acacia-type. The intermediate samples are
| both Pinus-type while one outlier is Pinus and the other, Acacia. The stréﬁgth of the
correspondence é.nalysis classification lies in the fact that, although only elemental
contents were used in the cé.lcu‘laltion, the st;dng regional correlation is emphasized.
Such correlation was not obvious from the analytical data shown in Table 4.8. If

it is indeed:the trace element composition in the wood which is responsible for the
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Table 4.9: Grouping of wood specimens from correspondence analysis.

Sample

Wood type

Origin

Group A

7

8

11

12

15

16
Group B

4

6
9
13
17

Intermediates

10
14
Qutliers
.

3

Pinus Idesiya *
Pinus Taeda

Pinus Patula

Pinus Laxibaea
Pinus Elliottii

Pinus Pseudostrobus

Eucalyptus Grandus 209/6
Eucalyptus Grandus 11/3
Eucalyptus Grandus 213/2
Acacia Decurrens Wattle
Eucalyptus Macarthuxia
Eucalyptus Grandus 37/7
Eucalyptus Grandus 35/3

Pinus Elliottii -
Pinus Patula

Acacia Dealbata Wattle
Pinus Taeda

Zululand
Zululand
Zululand
Zululand
Zululand
Zululand -

Tzaneen
Tzaneen
Tzaneen
Greytown
Ixopo
Tzaneen
Tzaneen

Dukuduku

Tecurmani

» Greytown

Renosterhoek

quality and the properties of the paper made from that wood, then the above results

indicate that:

S0

1. paper made from the wood from one variety of tree in a group, should have.

the same properties as paper made from any other variety of tree in the same,

group.

2. paper made from the wood from one variety of tree in a group should have

different properties when compared to paper made from a variety of tree be-

longing to another group.

3. if one variety of wood is used to produce a paper with required properties;

then another variety from the same group can be used as a substitute without

affecting the properties of the paper.
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Figure 4.8: Variation of the F(Z)- Va.Iues with the K. energ gy for the bombard-
ment of silicon-rich materials with protons between 1'and 4 MeV.

4.2.2 Silicon-r,ieh materials

/

In a similar manner as for carbon-rich materials in section 4.2. 1 the evaluation of
MCF for silicon-rich materials (examples of which are most archa,eologlca.l a.rtefa.cts)
can be applied. The F(Z)-values of silicon-rich materials with elements Z <19
were found to be relatively constant over a-wide range of sa.mples of dlfferent ongm
- and a wide range of proton beam bomba.rdlng energies (see Flgure 4. 8) Thus a
universal set of F (Z)-values for matrix correétion in silicon-rich materials could also
~be estabhshed A set of environmental standards with known matrix cornposxtlon
listed i in Table 4.10 was used as reference for the evaluation of these MCF The
computa.txon used progra.rn RDl (see Appendlx B), a.nd F(Z)-values are shown.in
Table 4. 11. '

It was found that the relative standard deviation of F(Z )-values (given in parentheses
in Table 4.11), for a wide range of elements from K to Ba, was relatively small and
decreased with increasing atomic number. The highest value (~ 10%) was that for
t};egro}up of elements wit'h 19< 7 <32at the proton energy of 4 'MeV. The lowest
(0.1%) occurred for elements with 46 < Z < 56 irradiated with.l MeV protons.
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Table 4.10: Identification of silicon-rich standard reference materials.

Name of standard  Laboratory code FSupplier

Feldspar SRM-70a NIST®
Flint clay SRM-97a NIST
Basalt rock SRM-688 NIST
River sediment SRM-1645 NIST
Estuarine sediment SRM-1646 NIST
Fly ash SRM-1633a NIST

9) US National Institute for
Standards and Technology. -

Plots of these MCF-values against proton energies showed a similar trend (see Figure
4.9). Since for analysis these values have to be calculated for the particular proton
energy selected for measurement, the evaluation of intermediate mean F(Z)-values
showed that there were no irregularities or discontinuities in these curves. It was
thought that as in the case for carbon-rich materials, fitted polynomials to these
curves could be of some use for interpolation at intermediate proton energies in the
‘range of 1 to 4 MeV. Pblynomial coefficients of mean F(Z)-values curves fitted for 1,
2, 3 and 4 MeV protons for silicon-rich materials are given in Ta.ble_4.12. According
to the methodology described here, the F(Z)-values alone could not give the ana-
lyst the complete information necessary for analytical work. Additional information
- about the sensitivity factor K(Z) evaluated for a particular experimental geometry
as discussed in Chapter 1, and the depth of analysis would be of value for the calcu-
lation of elemental concentrations. Table 4.13 present values for 3 MeV protons for

these parameters cited above.

Application in geochemistry

!

A common problem encountered in the simultaneous determination of a.dja.éent el-
ements by nucleé,r a.na.lytica.l methods is that of interference. Much of the research
covered in this area has been by neutron activation analysis (NAA) [De 72]. The
occurrence of primary interfering reactions in samples under neutron irradiation af-

fects the accuracy of-determining adjacent elements and hence this technique is not
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Table 4.11: Mean calculated F(Z)-values and relative standard deviation [%)
for Si-rich geological materials. '

Elemeﬁt Z

Incident proton energy [MeV]
1.0 2.0 3.0 4.0
K 19 4.46(1.6) 6.91(3.2) 11.84(3.7) 19.06(5.1)
Ca 20 4.15(1.7) 5.69(4.0) 9.27(4.9) 14.7(6.7)
Ti 22 3.80(1.8) 4.28(5.1) 6.14(7.4)  9.24(8.9)
Mn 25 3.63(1.5) 3.40(4.9) 4.06(8.4) 5.43(11.0)
Fe 26 3.61(1.3) 3.26(4.6) 3.71(8.2) 4.75(11.1)
Co 27 3.60(1.3) 3.16(4.2) 3.59(7.6)  3.34(10.5)
Ni 28 3.61(1.1) 3.09(3.8) 3.40(7.2) - 3.12(10.2)
Cu 29 3.61(1.0) 3.05(3.5) 3.13(6.7) 3.58(9.9)
Zn 30 3.63(0.9) 3.02(3.2) 3.03(6.0) 3.37(9.3)
Ga 31 3.64(0.8) 3.00(2.9) 3.07(5.5) 2.77(9.0)
Ge 32 3.66(0.7) 2.99(2.6) 3.02(5.0) 2.71(8.8)
Rb 37 3.77(0.3) 3.02(1.5) 2.83(3.0) = 2.80(4.5)
Sr 38 3.80(0.4) 3.03(1.4) 2.81(2.7) 2.78(4.1)
Y 39 3.82(0.3) 3.04(1.3) 2.92(2.5) 2.63(3.3)
Zr 40 3.84(0.3) 3.06(1.1) 2.93(2.2) 2.64(2.8)
Nb 41 3.87(0.2) 3.07(1.0) 2.93(2.0) 2.65(2.5)
Mo 42 3.89(0.2) 3.08(0.9) 2.94(1.9) - 2.66(2.1)
Ru 44 3.94(0.2) 3.11(0.8)" 2.97(1.5) = 2.69(1.6)
Rh 45 3.97(0.2) 3.13(0.7) 2.97(1.4) 2.71(1.4)
Pd 46 3.99(0.1) 3.14(0.7) 2.98(1.3) 2.72(1.2)
Ag 47 4.02(0.2) 3.16(0.6) -3.00(1.2) 2.73(1.1)
Cd 48 4.04(0.1) 3.17(0.6) 3.01(1.1) 2.75(1.0)
In 49 4.07(0.1) .3.18(0.5) 3.02(1.0) = 2.76(0.8)
Sn 50 4.10(0.1) 3.20(0:5) 3.03(0.9) 2.78(0.8)
Sb 51 4.12(0.1) 3.21(0.5) 3.04(0.8)  2.79(0.7)
Te 52 4.15(0.1) 3.22(0.4) 3.05(0.7) 2.80(0.6)
I 53 4.18(0.1) 3.24(0.4) 3.06(0.7) -2.81(0.5)
Cs 55 4.24(0.1) 3.26(0.4). 3.08(0.6)  2.84(0.4)
Ba 56 4.27(0.1) 3.27(0.3) ) 2.85(0.4)

3.09(0.6)
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Table 4.12: Polynomial coefficients (order 3) of mean F(Z)-values of Si-rich
materials fitted for the proton energy region between 0.5 and 4.5 MeV.

Element  a(0) a(l) a(2) a(3)
K +4.68 -1.618 +1.430 -0.033 .
Ca +4.84 -1.868 +1.210 -0.031
Ti +4.84 -1.847 +0.830 -0.023
Mn +4.93 -1.895  +0.625 -0.030
Fe - +4.97 -1.935 +0.610 -0.035
Co +5.55 -2.918 +1.075 -0.106
Ni +5.68 -3.085 +1.135 - -0.120
Cu +5.08 -2.015 - +0.590 -0.045
Zn +5.15 -2.072 +0.600 -0.048
Ge +5.64 -2.838 +0.960 -0.101
Rb +5.48  -2.323  +0.680  -0.066
Sr +5.48 -2.233 +0.635  -0.060
Y +6.09 -3.292 +1.160 -0.138
Zr +5.90 -2.910 +0.955 -0.105
Nb +5.92 -2.872 +0.920 -0.098
. Mo +6.00 -2.970 +0.965 -0.105
Ru +6.18 -3.185 +1.065 -0.120
Rh +6.17 -3.106 +1.020 -0.113
Pd +6.19 -3.095 +1.005  -0.110
Ag +6.28 -3.193 +1.050 -0.116
Cd +6.23  -3.053  +0.965  -0.101
In +6.35 -3.195 +1.025 -0.110
Sn +6.42 -3.260 +1.055 -0.115
Sb +6.47 -3.303 +1.070 -0.116
Te +6.49 -3.262 +1.030 -0.108
I +6.54 -3.290 +1.040 -0.110
Cs +6.74 -3.500 +1.120 -0.120

Ba +6.72 -3.475 +1.115 -0.120
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Table 4.13: Relevant information of TTPIXE parameters for the analysis in

silicon-rich materials.

Element

K
Ca
- Sc
Ti
\%
Cr
Mn
Fe
Co
Ni
Cu
Zn
Ga
Ge
As
Se
Br
Rb
Sr
Y
Zr
Nb
Mo

A

19

20

21
22
23
24
25
26

27

28
29
30
31

32

33

34

35
37
38
39

40.

41
42

Ko,
(keV)

3.313

3.691
- 4.090
4.510
4.952
5.414
-5.898
6.403
16.930
7477
8.047
-8.638

9.251

9.885
10.543
11.221
11.923
13.394
14.164
14.957
15.774

16.614

17.478

F(Z) K(Z)®

11.84
9.27
7.02
6.14
5:30
4.67
4.06
3.71
3.59
3.40
3.13
3.03
3.07
3.02
2.99
2.91
2.87
2.83
2.81
2.92
2.93
2.93
2.94

*) in Count/uC/pug/cm?.
(**) Mean value assuming a 2mm diarn_eter beam spot on target.
No beam spread was considered.

108

216
364
519
672
784
792
716
636

562

484
412
355
264

196

132
115
76
64
a8
33
48
48

P
(mg/cm?)

6.64
1.72
8.46
9.76

©10.35

1133
11.92
12.36
12.87
13.06

13.26

- 13.40
13.52
13.66
13.70
13.71
13.72
13.73
13.73
13.73
13.73
13.73
13.73

Mass(**)
(1g)

209
242
266
306
325
356
374
388
404
410
417
421
425
429
430
431
431
431
431
431
431
431
431
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Figure 4.9: Variation of F(Z)-values with proton energy for silicon-rich geo-
logical materials.

well-suited for such analyses. The fact that an (n, p) reaction on element (Z+1) or aqvj
(n,a) reaction on element (Z+2) produces the same product as an (n,y) reaction on
‘element Z shows that the presence of elements (Z+1) and/or (Z+2) interferes with
the determination of elements Z. This state of affairs is comfnonly encountered in the
analysis of geological materials which frequently contain the range of elements Mg,
Al, Si, P and S. Specifically, in the case of determining Al/Si ratios by NAA, wheré:j
the ’yields of the nuclides *®Al and 3!Si are measured, serious interference may be
expected for the neutron-induced reactions #Si(n,p)*Al, 3'P(n, a)*Al, *P(n,p)*Si
‘and %S(n, ap)®Si. For routine accurate analyses, therefore, a suitable alterndtive'
technique may be sought. In the cases of zeolites (a term which includes a host of
crystalline ores all of which possess a framework of aluminosilicate structures fro£11
corner-sharing tetrahedra of SiO§~ and Al{~ [Hu 85]) the determination of Al/Si
ratios becomes a matter of importance. It has been shown [Ja 77] that variation of
this ratio has important consequences for the properties of zeolites. Thus, for exam-
ple, the catalytic behaviour of zeolites in the isomerisation of hydrocarbons [Yo 82],~
is affected by the Al/Si ratio. In addition to éeolites, aluminium and silicon occur

as major components in many geological materials as was shown previously in this
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Table 4.14: Some empirical formulae of zeolites and geological ores; atomic
ratios are expressed relative to oxygen taken as 1000.

Sample ~ C (Al4Si) - S (K+Ca) Fe
Mobil zeolite - 484 9.79 - 0.394
Union Carbide

zeolite - 561 483 - -
Zululand 7 '

zeolite _ - 481 19.2 38.2 6.82
Quartzite 1670 384 36.4 - 213
Shale - 308 - - 149
Kaolinite - 474 17.56 - 6.50 1.15

Granite 8620 465 186 33.2 34.3

Chapter. Thus the main thrust of the present application involved the development
of a suitable analytical procedure, based on the common matrix type methodology
: presented in this work, for the rapid and accurate determination of Al/Si ratios in

thlck samples of zeolites and geological materials.

Sa,mpl&s submitted for analysis consisted of geological ores, roughly smoothed to.
prov1de a surface for ion beam analysis. Zeollte speclmens were obtained from Zul-
 uland. Synthetic zeolites were obtained from Mobil and from Umon Carbide. (See
descrlptlon in Ta.ble 4. 14). In order to be able to deduce the a.pprox1ma.te matrix
vcomposmon for stopping power ca.lcula.tlons [Gi 77], ba.cksca.tter a.na.lys1s was per-
formed on the sa.mples with a.pprox1mately 50 nA of 2 MeV *He* beams. PIXE was
carried out W1th low currents (0.3 - 2.0 nA) of 1 MeV protons.

Experlmental backscatter spectra were numerlca.lly dlfferentla.ted [Pe 73] using a
runnlng interval of 15 keV across the spectrum This interval was compa.ra.ble with
the resolution of the detector. A typlca.l dlfferentla.l spectrum is shown in Flgure'
4.10. From the minima of the peaks, the exact energy of the inflexion points in the
experimental spectra were obtained a.nd the elements identified. Empirical formulae
of the matrices were deduced [Gi 77] from the step heights in the mea.sured spectra.
Some exa.mples of matrlx formulae are presented in Table 4.14. Since Al and §i, as

~well as K and Ca., cannot be resolved by backscatter a.na.lysrs the values for these
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Figure 4.10: Differentiated backscatter spectrum of Zululand zeolite to estab-
lish accurate identification of matrix component elements.

pa.iré were considered as a unit. Such treatment is justified because of the small

differences in atomic mass.

The relative value of the atom ratio Al:Si is given by

Al _YuosiFu
[Si]., .~ YsonFsi®® __

atoms

where fg5, is the ratio of absorption factors for Al and Si in é.bsorbers interposed"

between the detector and the sample.

Range corrections

From empirical formulae, ranges of 1 MeV protons in the matrix were calculated

according to the method of Ziegler et al. [Zi 85]. Some typical results are listed

in column 4 of. Table 4.15. The ranges in zeolites are relatively constant, despite

'(4.4) |

the changes in the Al/Si ratio. Clay-type ores such as shale and kaolinite also show

similar ranges, but slightly different values were obtained for granite and quartzite.
The mean value for the proton range was 3.4040.10 mg/cm? for the whole range of
materials with a relative precision of 2.9%. Preliminary values for the F(Z)-values

were obtained by using the matrix empirical formulae. Thereafter the calculation
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Table 4.15: PIXE analysis of zeolites and ores.

Sample Raw counts Proton F(Z) F(Al) Si/Al
Si Al range  Si Al F(S:) atoms
[mg/cm~?] | :

Alumina 414 175225 334 8.12 109 - 1.34 0.004
Mobil zeolite 135818 2452 3.32 880 11.7 133 954
Union Carbide zeolite 78369 24295 3.34 890 119 . 1.34 5.5
Zululand zeolite 79495 11548 3.38 890 11.7 131 11.6

~ Quartzite 56127 4209 3.10 6.50 8.50 1.31 22.3
Shale 24027 3113 3.56 9.00 11.50 1.28 126
Kaolinite 27662 9945 3.55 9.30 12.40 1.33 4.8

Granite , 32475 12857 290 5.10 6.30 1.24 4.0 -

was reiterated using the results of the first approximation with a new calculated value
for the oxygen content, and, by difference, a new value for carbon was obtained. In
all cases a second iteration showed that the values had élrea.dy converged to within
an acceptably small margin and that, in essence, no second iteration was needed.
While the matrix correction factors F(Z) for both 'Ai and Si differed appreciably
from sample to sample, their ratio, which is used in equation 4.5, has a mean value
of-1.3140.035 with a relative precision of 2.6%. The mean value of F(Z)/F(S%) can
thus be applied to all zeolites and siliceous materials with confidence for irradiations

uéing 1 MeV protons.

Silicon/aluminium ratios

Examples of determined atomic ratios Si:Al are given in column 8 of Table 4.15. In
the cases of zeolites, the values were confirmed by X-ray fluorescence analysis [Pe
. 92a] and are in agreement with the data available for synthetic samples. From the

above discussions it can be concluded that:

1. TTPIXE offers an interference-free method for routinely determining Si/Al

atomic ratios in thick targets rapidly and nondestructively.

2. Matrix correction factors calculated from empirical formulae deduced from

~ backscatter data converged rapidly and hence required only one iteration.
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Table 4.16: Major components in NBS portland cements 633-639 (concent_ra.—
tions in %.

633 634 635 636 637 638 639
Oxygen 36.2 37.1 39.1 37.0 37.2 36.8 35.5
Silicon 10.1 9.6 8.6 108 107 9.9 10.0 -

Calcium 46.1 44.7 42.7 454 47.2 443 46.9

- 3. Absolute calculation of ratios is achieved without reference to standards.

4. A single calculation of F(Z)-values is sufficient to meet the needs for all siliceous

sample materials.

4.2.3 Calcium-rich materials

There are numerous examples of calcium-rich materials in‘géology and biology such
as cement and certain human kidney stones. Cements are Ca-rich materials with
contents of silicon and calcium being in the region of 10% and 40-50% respectively.
Compared to Si-rich materials like estuarine sediment and flint clay in which the Si,Al
content is between 40-50%. Bone and certain types of kidney stones are organic
materials comparable to chlorella, but with the concentrations of phosphorus and
calcium around 10% and 20% respecfively. A set of Portland cements standard-
reference materials NBS 633-639 were used to evaluate the MCF factors in Ca—rich‘
materials over the proton energy range of between 1 and 4 MeV. Table 4.16 presents
the concentration of the major components, oxygen, silicon and calcium in this set
of cements. The percentage concentration of these components which account for
about 92% of the whole matrix is very similar in all cements. The difference (~8%)
is made up of Na, Mg, Al, P, S, K, Ti, Cr, Mn, Fe, Zn and Sr with concentration
levels ranging from 0.0068% for Cr to 3.281% for Al Althdugh the Si content is
still relatively high (~10%) the major component is calcium. The average content of
oxygen (~36%) did not play a major role here due to the fact that the oxygen X-ray

lines cannot excite other X-rays of heavier elements. Since the relative standard
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Table 4.17: Mean F(Z)-values and relative standard deviation ( %) for calcium-
rich materials.

Element Z Incident proton energy [MeV]
1.0 2.0 3.0 4.0

K 19 5.11(0.3) 8.85(0.5) 15.85(0.6) 24.78 (0.7)
Ca 20 4.67(0.3) 7.25(0.5) 12.56 (0.7) 19.39 (0.6)
Sc 21 4.36(0.3) 6.11(0.5) 10.16 (0.7) 15.41(0.6)
Ti 22 4.15(0.2) 5.29(0.5) 8.39(0.7) 12.44(0.7)
\% 23 4.00(0.2) 4.70(0.5) 7.07(0.8) 10.21(0.7)
Cr 24 3.90(0.2) 4.26 (0.5) 6.09(0.8) 8.52(0.8)
Mn 25 3.83(0.2) 3.95(0.4) 5.35(0.7) 7.24(0.8)
Fe 26 3.78(0.2) 3.72(0.4) 4.80(0.7) 6.25 (0.8)
Co 27 3.74(0.2) 3.55(0.3) 4.38(0.7) 5.49 (0.8)
Ni 28 3.73(0.1) 3.42(0.3) 4.06(0.6) 4.91(0.8)
Cu 29 3.72(0.1) 3.33(0.3) 3.81(0.6) 4.46 (0.7)
Zn 30 3.72(0.1) ' 3.26(0.3) 3.62(0.5) 4.10(0.7)
Ga 31 3.73(0.1) 3.21(0.3) 3.48(0.5) 3.83(0.6)
Ge 32 3.74(0.1) 3.18(0.2) 3.37(0:4) 3.62(0.6)
As 33 3.75(0.1) 3.15(0.2) 3.29 (0.4) 3.45(0.5)
Se 34 3.77(0.1) 3.13(0.2) 3.22(0.4) 3.32(0.5)
Br 35 3.79 (0.1) 3.12(0.2) 3.17(0.3) 3.22(0.5)
Rb 37 3.82(0.05) 3.12(0.1) 3.11(0.3)  3.07 (0.4)
Sr 38 - 3.84(0.05) 3.12(0.2) 3.09(0.3) 3.02(0.3)
Y 39 3.86(0.05) 3.131(0.1) 3.08(0.2) 2.98 (0.3)

deviation of the evaluation of F(Z)-values in cements resulted in. very small values,
as was the case for carbon and silicon-rich mé.teria.ls, a universal ta.Ble of MCF for
calcium-rich materials was calculated. Table 4.17 gives a list of the mean universal
'F(Z)-values. As observed ir_lv"I‘é.ble 4.17, although the standard deviation of analysis
| is very small, there is still a serious problém in‘{'ana.lysing calcium-rich materials.
- That is, the high intensity Ka signal produces pile-up and sum peaks of first, second
and third order in the energy spectrum. To overcome this problem a thick absorber
of plastic or aluminium must be interposed between the detector window and the
target surface to reduce the intensity of the calcium Ka signal as much as possible.
In doing so, the X-rays of all elements with 1'9 < Z will also be absorbed. Another
disé.dva.nta.ge is that elements below calcium wi.ll be impossible to analyse by PIXE.
In a manner similar to the case for silicon-rich rha.teria.ls, a polynomial fitting of these

F(Z)-values for Ca-rich materials is presented in Table 4.18. An application of the
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Table 4.18: Polynomial coefficients (order 3) of mean F(Z)-values for Ca-rich
materials fitted for the proton energy region between 0.5 and 4.5 MeV.

Element a(0)  a(l) a(2)  a(3)

K +5.96 -3.588 +2.960 -0.221
Ca +6.03 -3.733 +2.575 -0.201
Sc +6.01 -3.717 +42.250 -0.183
Ti +5.98 -3.652 +1.990 - -0.168
R +5.87 -3.455 +1.735 -0.150
.Cr +5.88 -3.440 +1.605 -0.145
Mn +5.78 -3.248 +1.430 -0.131
Fe +5.75 -3.182 +1.340 -0.134
Co +5.69 -3.077 +1.250 -0.123
Ni +5.73 -3.092 +1.215 -0.123
Cu +5.68 -2.978 +1.135 -0.116
Ga +5.75 -3.007 +1.105 -0.118
Ge +5.74 -2.950 +1.066 -0.115
As +5.81 -3.030 +1.090 -0.120
Se +5.86 -3.055 +1.085 -0.120
Br +5.90 -3.070 +1.080 -0.120
Rb +5.93 -3.055 +1.065 -0.120
Sr +5.98 -3.093 +1.075 -0.121
Y +6.00 -3.088 +1.070 -0.122

~ methodology for Ca-rich materials will be described in Chapter 6 for the analysis of v

human kidney stones using the microprobe beam at NAC.

4.2.4 Iron-rich materials

For the case of iron-rich materials a similar methodology could be applied, but sec- .
ondary effects dﬁe to X-ray fluorescence generated by the K lines of Fé on elements

below its absorption edge become very important. This is the case of steel alloys..
To determine more closely the variation of the physical parameters (proton range, .
depth of analysis, absorption of X-rays and F(Z)-values) involved in the calculation :
of matrix correction factors in this type of materials, the NBS-D837 steel reference:
material was taken as a case study. Its composition is given in Table 4.19.

Tables 4.20 and 4.21 show the results of the analysis at 4 and 1 MeV protons par-

ticularly when vanadium is determined. For the case of 4 MeV protons the depth-
of analysis (~25 mg/cm?) was reached at the point when the proton energy inside

the steel was 2.4 MeV, although the total range of the protons in the steel is 44.82
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‘Table 4.19: Calculation of F(Z)-values for the standard reference steel alloy
NBS-D837. o

Matrix Z Amount K, = F(Z)-values
(%) keV 1MeV 4 MeV

C 6 070 028 - - -

Si 14 0.53 - 1.74 1290 95.97
\% 23 - 3.04 495 535 20.58
Cr 24 779 - 541 515 . 18.20
Mn 25 0.48 5.90 4.99 16.20
Fe . 26 79.7  6.40 4.87 14.52
Co 27 2.9 6.93 '4.76 13.10 -
Mo 42 1.5 17.48 4.38 5.14
w 74 2.8 5931 - 3.42
Proton range (mg/cm?) 5.37 44.82

mg/cm?. Only 1/1000 of the X-fa.y yield excited at this particular energy is seen by
thé detegtor; This means that no contribution to the total X-ray yield is obtained
- after the proton energy have réached 2.4 MeV. The I(Z) converged rapidly to the
value 0. 049145 and the a.bsorptlon of X- ra.ys by the matrix decreased rapidly, pro-
portlona.lly to exp -#2_When the proton energy rea.ched 3.5 MeV the tra.nsmxssxon
was already down to ~2% for va.na.dmm This i isa serious drawback of using PIXE
in thick Fe-rich materials with 4 MeV protons. The eva.lua.tlon of F(Z)-values pre-
sented in Ta.ble 4.19 for 1 MeV shows a much smaller value due.to the fa.ct that the
rangevis only 5.37 mg/cm?, i.e. 12% of that for 4 MeV irradia,t‘ions'. For elements
like Co, Mo and W the secoﬁdary fluorescence effect does not. play a role but the
F(Z)-values are still high for both 1 and 4 MeV.

For the case of 1 MeV the depth of a.nalys1s (2 094 mg/cm?) was reached at the point
~ when the proton energy inside the steel sa.mple was 705 keV. The I(Z) converged
| rapidly to the value 0.18682. Contrary to the case of 4 MeV the transmission of
X-rays did not converge rapidly. At the step when the proton energy was 450 keV
there was still 20% transmission. Smce the X-ray yield, at equal concentrations, is
a'smoothly varying function of the atomic number, the determination of vanadium |
and chromium in the steel D837 is. aggravated by the overwhelming yield of iron

X:rays from the predominently iron matrix (see Ta.ble 4.19). It has been shown [Gi-
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Table 4.20: Calculated proton energy loss, MCF’s, depth of analysis p, ion-
isation cross sections and transmission of X-rays in a thick target of steel
reference material NBS-D837 irradiated with protons of 4 MeV. Case study
for vanadium (Z=23). ‘

Proton energy =~ I(Z) Depthof o0.(E) X-ray transmission

analysis
 (keV) (x107%) (mg/cm?) (barns) (%)
4000 0.3919 0.000 1614 100.00
3900 2.9311 1.819 1577 44.92
3800 4.0337 3.605 1539 20.46
3700 4.5185 5.361 1500 9.45
3600 4.7343 7.084 1459 4.43
3500 4.8315 8.775 1418 - 2.10
3400 4.8758 10.430 1375 : 1.01
3300 4.8963 12.060 1332 0.50
3200  4.9058 13.650 1287 0.25
3100  4.9103 15.210 1241 012
3000 4.9125 16.740 1194 ‘ 0.06
2900 4.9135 18.230 1146 0.03
2800 4.9140 19.690 1096 0.02
2700 4.9143 21.120 1046 ' ©0.01
2600 4.9144 22.510 994 ‘ 0.00
2500 4.9145 23.870 942 ' 0.00
2400 4.9145 25.190 889 0.00
2300 4.9145 26.480 835 0.00
2200 4.9145 27.730 780 0.00
2100 4.9145 28.950 725 0.00

2000 4.9145 30.130 669 0.00
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Table 4.21: Same as for Table 4.20 but for 1 MeV protons.

Proton energy I(Z) Depthof o,(E) X-ray transmission

, analysis

(keV) (x10%) (mg/cm?) (barns) (%)

1000 0.10 0.00 160.20 100.00
950 6.30 0.38 141.40 84.51
900 10.70 0.75 - 122.50 71.76
850 - 13.90 1.12  105.00 61.24
800 16.10 1.46 89.43 52.53
750 17.70 1.80 74.78 45.29
700 - 18.80 2.12 61.44 39.26
650  19.50 2.44 50.14 34.22
600 20.00 2.74  38.88 29.99
550 20.30 3.02 30.38 26.45
500 20.50 3.30 21.90 23.46
450 20.60 3.55 15.50 20.94
400 20.79 3.79 10.35 18.82
350 20.80 4.03 6.48 ‘ 17.02
300 20.81 424 3.65 15.50
250 20.81 " 444 1.81 14.21
200 20.81 4.62 0.71 13.10
150 20.81 4.80 0.20 - 1213
100 20.81 4.97 0.02 11.25
50 20.81 5.15 0.01 10.37

80] that under such conditions the precision of the results for elements lying closely
below iron, is appreciably worsened. Because the absorption edges of vanadium and
chromium occur at energies below the absorption edge of Fe, it is'expected that such
uncertainty in the precision is due to secondary excitation of these elements by iron.
Relatively high yields of chromium may be expected since the yield of fluorescent
X-rays, increases with decreasing difference between the enérgies of the exciting Fe
radiation and the absorption edge_of excited elements as shown in Figure 4.11 for
the K, and Kp contributions. The shape of the curves is materially affected by the
presénce of the absorber in front of the detector which attenuated X-rays of lower
energy to a larger extent. The low yield of manganese X-rays is due to the fact
that the K-absorption edge of manganese is 6.537 keV. This energy lies above that
of the high flux irb_n Ko X-rays of 6.403 and 6.390 keV, but below the Kz X-ray of
7.057 keV. Accordingly, excitation of manganese X-rays is caused ohly by the Fe Ks-
radiation, the intensity of which is only some 15% of that of the Fe K,, and hence
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the yield is proportionally lower. To overcome this problem it would be required to "
~.decrease or ‘suppress the generation of iron X-rays.
To investigate the first alternative (decrease), PIXE analysis was carried out on -
the D837 steel alloy with irradiations at 1 and 4 MeV. Irradiations with 4 MeV''
showed a marked increase in the "true” X-ray yield for vanadium and chromium while.
the determination of Mo and W was more accurate. Analysis of Fe-rich materials 3
such as steel alloys are more suitably performed with irradiation with low energy
protons, althbugh the sensitivity of analysis is not as good as with 4 MeV irradiations-
for heavier elements such as Mo and W. The sensitivity factor calculated for both_",
1 and 4 MeV showed a better accuracy for the case with 1 MeV protons. The -
second alternative (suppress), can be succesfully be achieved by PIXE-induced X-ray.
fluorescence analysis (XSQR) using an Fe primary target (see Figure 4.12). Although,
this technique is a good choice for the determination of minor and trace metals in
Fe-rich materials we have to be aware of the type of interferences that occur for..
adjacent elements such as V, Cr, Mn and Fe and the coherent Fe scatter, as well as .

the matrix corrections involved for this technique. It is not the purpose of this work
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- Figure 4.12: PIXE-induced X—ray spectrum from the standard steel D838,
using an iron prrmary target.

. to examine in detail the results of analysis obta,med by XSQR These deta.lls have
been a.lrea,dy reported elsewhere [Gi 82]. |

| 4.2.5 Gold-r’ich materials

Impurltles may be 1ntroduced into fabricated gold obJects elther incidentally, as

a: result of the manufa.cturmg process, or mtentlonally, in order-to debase the gold
content of the ob Ject or to produce alloys with prOpertles to suit a pa.rtlcula.r purpose
Such objects are seldom ‘available for destructive a.naly51s, so that . the choice of
method for determmmg impurities is limited.

The analysis of Au—rlch ma.terla,ls by PIXE has the dlsadvanta.ge that the hlgh inten-
| 51-ty Au L X-rays blanketed the energy region from about 9 to 15 keV. In addition,
the high count rate from Au made it difficult to measure X-rays in the lower energy
.ra,nge where the K X:-rays of the metals of the first transition series are found: Fur:
thermore, gold interfered with the de_terrnina.tion of possible irnpurities of the rare’
noble metals Ru, Rh and Pd as well as with the common impurities such as Ag and
Sn. B_eoa.use these metals have lower cross sections for X-ray excitation it would be

necessary to use bombarding proton beams of hi\gher energy and higher currents.
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Table 4.22: Interference-free sensitivities of PIXE-induced X-ray fluorescence
with a germanium primary target. '

K4 X-ray energy Sensitivity

'Element (keV) (ug/g)
Ti _ 4.510 5.02
v 4952 265
Cr - 9.414 1.76
Mn 5.898 1.14
Fe 6.403 0.73
Co 6.930 0.86
Ni 7.477 0.56
Cu 8.047 0.55
Zn 8.638 0.53
Ga 9.251 2.04

Under such conditions random coincident X-rays from gold would form sum peaks
in the energy spectrum over the region of 20 to 30 keV, thereby making it impossible
to measure the K X-rays of the heavy metals which lie in the same region. On the
other hand the F'(Z)-values, even for elements with high Z value, are extremely high,
increasing the uncertainty of MCF evaluation.

Hence, as was the case with Fe-rich materials, the techniqﬁe of choice was XSQR,!“'
where calculation of MCF is of a different nature. Interference-free sensitivities”
from measured XSQR yields from compounds of known composition and using-aig v
germanium primary target are given in Table 4.22. The expected deterioration of
sensitivity was observed with the increase in the energy difference between the energy"
of the exciting X-rays and that of the absorption edge of the target material. The’ |
sudden deterioration in going from Zn(Z=30) to Ga(Z=31) is due to the fact that’
only the Kz X-rays of germanium have sufficient energy to excite Ga K X-rays:-
The ehergy spectra of fluorescence X-rays obtained from a sample of tooth alloy
(upper curve) and of a standard gold disc are shown in Figure 4.13. The tooth alloy "
contained a high concentration of Cu, some Zn and traces of Fe, while the standard
showed the presence of traces of Fe and Zn. The high intensity péaks were due to
Ge K, and Kz X-rays that were scattered into the detector from the primary target -

by elastic and inelastic scatter processes.

\
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A Si escape peak should have been observed from the Ge K, X-ray, corresponding
t§ an energy:of 8.145 keV. However, the Ge escape peak was not resolvable from
tha.t due to 8.047 keV Cu Ka, and accordingly should be considered as an added
b%c‘kground to the peak, correction for which has to be made from the intensity of
t?e Ge K, X-ray yield.

F;'om fhe analytical results obtained from the standards, it was found that the root
mean square error, a good indica.tbr of analytical sensitivity, for determining the
eléments Fe, Cu and Zh were respectively 0.73, 9.71 and 0.78 ug/g. The value for
Fe was exactly the same as the calculated interference-free value in Table 4.20, and
added support to the validity of the calculated values. The small decrease in the
sensitivity for Zn was due to the fact that the Ba.ckground against which the Zn K,
X;,_ra.ys had to be measured increased as a result of the tailing of the intense Ge K,
scattered X-rays. The very large decrease in sensitivity for determining Cu was due
to the interference from the Ge K, escape peak, which was not resolvable from the
peak due to Cu. This cause of error could be eliminated by replacing the Si(Li)

detector with one of Intrinsic Germanium.
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In addition, as seen from Figure 1.6, the maximum of the sensitivity function de-

creases. -a,nd:'mov‘e's to the left. :For 1 MeV "it‘s"value is one third of that at 4 MeV

t‘-\

This fhéans that ‘the absorptlon of X-rays 1n the matrix is much less than at 4 MeV

Thus; there exxsts a proton energy ‘at which this ma.xunum is very sma.ll w1th the re-
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sult tha.t the sens1t1v1ty factor curve is approx1mately constant throughout the whole

range of X- -tays energles, iie: L
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In other words, the I ( ) factor is also constant at thls partlcular energy and an
I

a.verage matrlx correctlon factor may be calcula.ted A comprormse must be achleved
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in the analys1s of thick target by PIXE to 1nclude low ranges and highest cross
sectlons for X- ray productlon '

It is-éviderit from the aboye 1nvest1ga.txons that the dlfferences in the concentratlons
Ca Ay A F L I (ruts i ‘e,

of the trace elements found™in different ‘types of materlals by these methodologles
are _due to the -mhomogenelty of the thick target through the range of the protons.

Efforts have to be directed to improve protocols for sample surface preparation.. This; -

in fact; lis‘,the-eaSe.in hiicro-PIXE,fivhiéh:Will be'discussed in Chapter 6. ' ..
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Chapter 5

High energy PIXE

5.1 Introduction

The determination of rare earth elements is becoming increasingly important for the
characterisation of materials, and in general, rapid and sensitive Analytical methods
for these elements are limited. Over the pasf years, PIXE has been used to an
“increasing extent for elemental analysis. The most common procedure is to use
proton beams of a few MeV andvtb measure the X-rays by Si(Li)-épectrometfy. Under
these- conditions the determination of raré earths is aggravated_ by three factors.
'Firstly,vthe low cross section for the excitation of K X-rays results in yields that are
too low for sensitive analysis. Secondly, the éfﬁciency of the Si(Li) detector is so low
for energies gfeater than about 20 keV, that the use of L X-rays. is indicated. Thirdly,
rare earths occur in natural oréé as mixtures of elements. Since each elemenf emits .
several L X-rays, the deconvolution of the resulting measured spectrum becomes
complex due to the overlapping peaks, and hence requiresva. very high-level stripping
program in order to obtain a.c_cura.té results. |

Because the energies of the K X-rays are sufficiently different to be separately re-
solved, it would be éonvenient to use K X-rays for rare earth determinations. This
can be attained throﬁgh increasing the cross section of K X-ray producti;)n by us-
ing higher energy protons, and improving the efficiency of the detection system by
replacing the Si(Li) detector with the mofe efficient intrinsic germanium one. Few
studies have been made with high energy particles. The earlier work is summarised

in Table 5.1. Only one of the reported works used the efficient intrinsic germanium
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detector [Du 88], but although rare earths were analysed, and an estimate was made
of the attainable detection limits, no quantitative data were reported. Because there
is a need to analyse rare earth concentration variation in minerals [Du 88], yield and
cross section data for K X-ray excitation with energetic protons have to be measured
to supply the necessary database. This is despite the opinion [Wi 77} that at higher
energies Compton scattering could produce a high enough background to obscure the
K X-rays completely. In fact, it was stated categorically "that cyclotrons can find
only limited application in PIXE analysis and that there is no significant advantage.,

in studying X-ray fluorescence at higher energies that a few MeV” [Ge 75).

5.2 The Cyclotron facility

For the measurements of the K-shell X-ray yields and detection limits of the ra,re‘ .
earth and heavier metals, the 200 MeV Open Sector Cyclotron facility of the Na- |
tional Accelerator Center at Faure [Bo 84] was used. In the present investigation a J
scattering chamber similar to the one used for low energy PIXE (see figure 2.3) was
mounted on one experimental line, behind two quadrupole focussing and two steer-
ing magnets. The charged particle beam was directed onto the target situated at
the centre of the chamber, then exited from the chamber to a Faraday cup situated
abbut 3 meters away. The beam was focussed to about 4 mm? while being viewed on
a fluorescent plastic scintillator screen target by a closed-circuit television camera.
The experiment required the quality of the incident proton beam to be as high as
practicably obtainable and the beam had to be free of halo or other effects due to slit
scattering of beam scanning devices in the beam transport system upstream of the.
target. The target ladder mounted at the centre of the chamber could accommodate
10 targets and was driven by'remote control from the data room using a specially

designed multi-dimensional goniometer.

Detection and counting system

Low energy gamma rays and K-shell X-rays of rare earth and heavier elements were

detected with a Canberra dipstick planar germanium detector(for details see Chap-
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Table 5.1: Earlier high-energy PIXE studies.

First Reference  Particle Energy Detector . Accelerator  Study
Author Beam /MeV ' Site
Bissinger [Bi 70] p 2-28 Proportional  (a) Ca Ti Ni
counter
Bissinger  [Bi 72] p 230 Si(Li) . (a) Ag
Watson [Wa 71] @ 50 Si(Li) =~ (b) * Cu Sn Pb
Deconninck [De 73] =« 40 Ge(Li) (¢)  SuBaW
: Au Hg Pb
P 49 ' o " Sn Ba Ta
- WAuPb
Randell [Ra76] p 20-50  Ge(Li) () Ta
Wilk Wil p 20-50  Ge(Li) () " InTa Au Pb
’ ‘ ’ - Satellite
cross sections
Ramsay” [Ra 78] p 22,3144  Ge(Li) (d) Cu Rb Ag
o Eu Au
Durocher [Du 88] p T 40 Int-Ge (d) Rare earths
- in ores

(a) Tandem Van de Graaff, Durham N.C., USA.

(b) Cyclotron, Texas A&M, College Sta. TX, USA.

(¢) Isochronous cyclotron, Grenoble, France. .

(d) Sector-focussed cyclotron, Winnipeg, Manitoba, Canada.
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ter 2). The preamplification stage was similar to that of the Si(Li) detector used for
low energy PIXE. The electronic circﬁit of the spectrometer system for high energy
PIXE was designed specifically to record the accurate total dead time of the system.: |
(see Figure 5.1). This included dead times arriving from pile-up and pulse process- -
ing. The digitised current sign‘al was fed to a single channel analyser(SCA) and its-
negative pulse output was sent through a QUAD discriminator which fed the signal
for the uninhibited and inhibited scalers. The dead time counting ratio was obtained
by using the digitised current integrated pulse (unhibited scaler) in combination with
the input of the logic FAN IN/OUT OR gate which decided whether or not the ADC
interface (busy signal) or/and the amplifier were busy processing an event. If one of-
these were busy this unit inhibited the current pulse signal (inhibited scaler). The
ratio of counts from the two scalers gave the total factor for dead time correction.
The present setup did flot take into consideration the background due to radioactive

processes in the scattering chamber but generally speaking its contribution to the "
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- Figure 5.2: PWBA calculation for K-shell ionization cross-sections for the rare
earths, showing the energy (*) at which the maximum occurs for each element.

" total events was of less than 1%.

5.3 Theoretical considerations

Th‘eoretical calculations of PWBA cross-sections were carried out for the K X-rays of
- each of the rare earth elements, in order to establish the most convenient energy for
.’an_alysis. Corrections at high bombarding energiéé, for coulomb repulsion, polarisa-
tion and binding energy changes, relativistic effects and ioh energy loss effects were
negligible, so that ECPSSR. corrections [Pi 90] vv}e;e not incorporated in the calcula-
tion. The calculated curves are shown in Figure 5.2 in which the maximum value is
indicated on each cur\-/e. These maxima occur at proton enefgies between 74 MeV,
for La, and 125 MeV for Lu. However, for all the rare earths the rate of change of
cross section with energy is relatively low in this energy region so that near-maximum
yields can be obtained at bombarding energies less than those maxima.

The cross section for K X-ray production, o, from thin targets is given by
Or = 0w, | (5.1)

where o7 is the ionisation cross section in barns
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and w, is the fluorescence yield for the K shell of element Z, and

kYA,

o= ——
d dtew,aN

(5.2)

where Y is the measured K X-ray yield of element z (in counts)

A is the atomic mass of element z (in kg per mole)

® is the integrated flux of bombarding particles (in protons/sec)
t is the sample thickness (in mg/cm?)

¢ is the absolute counting efficiency for the particular X-ray, and
a is the corresponding absorption in the interposed absorbers

N is the Avogadro number (in afoms per Kg mole) and

k is the conversion factor for the units.

The experimental count yield was obtained by stripping the spectra with the program

SAMPO [Ro 69].

;
w

5.4 Experimental cross sections

Thin deposits of the fluorides of eéch of the rare earth elements (excluding Pm), on"
3 pm thick Mylar supports, obtained from Messrs. Micromatter Co., were irradiated = -
with proton beams of 40, 66 and 85 MeV. The thickness of thg deposits were given' |
with an accuracy of £5% in the ra,ngé between 45 and 56 pg/cm?, and were checked ';
by backscatter analysis using 2 MeV *He* ions (see Chapter 2).

From an experimental point of view the most critical step in the irradiation process is -
the focussing of energetic protons. Since the beam usually has a halo around it, this*
halo can generate an intense background if it is allowed to fall onto the aluminium
of the sample frame. After the beam had been focussed to about 2mm diameter,”
further focussing was achieved on a blank sample frame until a minimum background
was registered. It was also found useful to carry out periodic checks of the state of
focus.

Beam currents were adjusted between 0.2 and 2.0 nA according to the count rate
of the sample, to ensure that the dead-time of rheasurement did not exceed 20%. -

Irradiations usually lasted about 30 min but in some cases, the duration was extended
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Figure 5.3: X-ray energy spectrum from a thin target of efbium fluoride bom-
barded with 66 MeV protons, showing the relatively intense L X-rays and the
low background over the energy region of the K X-rays.”

to obtain better sensitivity. A typical X-ray energy spectrum obtained from the
‘bombardment of a thin target of erbium fluoride with 66 MeV protons is shown in
' Figure 5.3. It should be nc;ted that the bremést;ahlung contih_uum falls at a much
lower energy than th_at of the K X-ra);s. As a result, the background against which
K_',;/X—ray yields have to be measured is relat_ivevly'low,v and can be assumed to be
Iinea.r. The Ka; and Ko X-rays have an énergy diffe;ence of 894 eV, iand are c_iearly
resolved because the resolution bf the detector is very much less than this energy
diffe_rénce. The precision -with which K X-ray yields.ca.n be measured is therefore
much‘imprdved. Peak_-to«béckground ratios for thin ﬁlxﬁs of some elem_é,nts, given
in Table 5.2, show the prominénce of the pgaks in the spectra and emphasize the
ease with which they can be observed. At the higher proton energy the effect of the
. increased background is obvious. Experimental X-ray production cross séctions at.
© 66 MeV are listed in Table 5.3 for the Ka;, Ka,, KBy and KB, X-rays and include
elements heavier than the rare earths. Data for the Ka; and Kay X-rays from |
bombardments at 66 and 85 MeV are shown in Figures 5.4 and 5.5 respectively,

where the plotted' points refer to the experimental values and the lines are PWBA
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Table 5.2: Some Ka; peak-to-background ratios.

Element Peak-to-background ratios
66 MeV 85 MeV

Dy 33.0 5.5
Lu 33.7 3.7
w 24.9 3.4
Pt 24.2 2.8
Pb 14.3 1.7

U 6.3 2.0

calculations of the corresponding cross sections. The agreement between theory and
experiment is satisfactory. = The errors inherent in the above calculations were
between 1.6 and 2.9% for the fluorescence yield, about 3% in the target thickness, |
about 10% in detection efficiency, about 2.5% in the measurement of the solid angle
and counting errors which did not exceed 3%. When these errors were taken togethef,

the overall experimental error in the determination of ionisation cross sections were

taken as about £12%.

5.5 X-rays from nuclear reactions

A complicating factor is the observa.tiorll of ‘nuclear’ satellite K X-rays of element
(Z+1) from targets of element Z as a result of nuclear reactions on the target material
[Pe 90). Furthermore, during long irradiations nuclear satellites of element (Z-1)
became evident from targets of the fluorides of Tb, Dy, Ho, Er and Tm. As >a.n
example, the case of HoF3 is shown in Figure 5.6. One possible explanation is that
as a result of (p,xn) reactions, nuclei of the element (Z+1) were formed from element
Z. These prodicts decay mostly by electron capture, which results in vacancies in
the atomic K subshell, the filling of which could generate the observed satellite X-
rays. The relative intensities of the Ka; X-ray of the (Z+1) nuclear satellite to that
of the target element Z under bombardment with 66 MeV is plotted in Figure 5.7
as a function of the atomic number of the target element. As is evident from the

figure, the relative yield increases with atomic number, but the effect is negligible
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Table 5.3: Experimentally determined X-ray produciion cross section (mean
values) for K X-rays of the rare earths excited by 66 MeV protons.

Element Cross section (barns)

Ka1 Kag Kﬂl K,BZ

La 278 153 8.02 1.91
Ce 237 12.6 649 1.67
Pr 213 114 625 1.53
Nd 220 123 620 1.59
Sm 185 10.7 5.68 1.58
Eu 173 9.3 525 1.38
Gd 156 7.9 4.36 1.17
Tb 157 7.9 492 1.28
Dy 135 7.6 4.40 115
Ho 132 7.2 434 143
Er 126 7.3 432 1.28
Tm 128 7.2 4.35 1.29
Yb 128 7.8 475 1.44
Lu 114 6.6 3.68 121
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Figure 5.6: X-ray spectrum from a thin target of holmium fluoride bombarded
with 66 MeV protons. The inset shows the detection of nuclear satelhtes of
both the (Z-1) and (Z+1) elements Dy and Er respectively.
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Figure 5.7: The yield of the K,, X-rays at E;,=66 MeV from the (Z+1) nuclear
satellite relative to that from the target Z, as a function of atomic number.

for elementé with Z<60.

5.6 Sensitivity of analysis

From the data collected from thin target irradiation, interference-free sensitivities
- were calculated on the ba.sié of the mass of element required to yield a count equiva-
lent to three times the standard deviation of the background against which it has to -
be measured. .Sinée the peak-to-background ratios obtained with 85 MeV protons is
so much poorer than fhose obtained at 66 MeV, it is obvious that the higher energy
is less suited for analytical purposes. Aécordi~ngly sensitivities were calculated only
for 66 MeV protons. Since the sensitivity will obviously depend on thé integrated
bombarding flux, values given in Table 5.4 refer to an accumulated charge of 14C and -
1ImC. Under suitable conditions, sub-microgram quantities of most heavy elements
can be determined, but the background is materially affected by the composition of

the target material, and hence will detrimentally affect sensitivity.
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Table 5.4: Interference-free sensitivities. E, = 66MeV.

Element Sensitivity /ng
Charge = 1uC Charge = 1mC

Nd 340 11

Sm 450 14

Eu 580 : 18

Gd 490 16

Tb 570 18

Dy 580 18

Ho 760 24

Er 830 26

Tm 860 27 ‘
Lu 860 ' 27

%Y 1290 41

Pt 1430 45

Au 1700 - 54

Hg 3850 122

Tl 2140 68

Pb 2020 64

Bi 2240 71

Th 6000 190
U - 6910 219

5.7 Analysis of standard ores

When 85 MeV protohs are used, the drop in the background continuum.occufs at
a higher energy, as ekpééted, but the K X-rays of the heavier elements are still
measurable against a relative low background as before. Figure 5.8 shows part of _
the X-ray spectrum obtained from a target of carbonatite (an ore not previously
analysed), about 6 mg/cm? in thickness, prepared by the technique mentioned in
Chapter 2. The spectrum shows relatively well-deﬁnéd peaks of Ba, La, Ce, Trr;
and Yb. Since there was the doubt about the uniformity of the prepared target, the
concentration of La, Ce, Tm and Yb were calculated relative to that of Ba, and found
to be 0.104, 0.212, 3.01 and 1.85 respectively. If we accept that the (non-certiﬁéd)
concentration of La is 121 ug/g then the concentrations found for Ba, Ce, Tm and Yb

are 1163, 246, 3502 and 2152 pg/g respectively. The result for Ce is acceptably close
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Figure 5.8: X-ray spectrum from carbonatite with 85 MeV protons, showing
the presence of Ba, La, Ce, Tm and Yb. The small peaks marked Bkg refer to
low-energy gamma-rays in the background.

to the (non-cértiﬁed) value, 313 ug/g. Certified values for Ba, Tm and Yb are not
..-available, so no comparison could be made for these elements. Targets made from
the‘ finely-ground ‘portions of the standard reference materials SARM-1, SARM-3
and SY-3 were bombarded with 66 MeV and with 85 MeV protons for analysis. The
relevant part of the energy spectrum obtained from SY-3 with 66 MeV protons is
s_hown in Figure 5.9 The increase in the intensity of the background continuum, when
compared with that in Figure 5.3, is due to the increased thickness of the material in
the beam, detrimentally affecting the attainable sensitivity. Results of analyses are
;-hown in Table 5.5, and are compared with the certified values and with values that
Qere recommended, but not certified. The overall agreement is good, but relatively
large discrepancies were noted for the uncertified concentrations of Pr and Nd in the
case of SY-3. If the certified values are considered to be correct, the accuracy of
the repdrted results is 6%, with the statistical error of counting being about 2.6%.
Accordingly the accuracy of the method itself is of the order of 5.4%.

Ih order to obtain a measure of the uniformity of the prepared targets, one of the

components of the standard ores was considered an internal standard, from which



Chapter 6
TTPIXE with microb eams

6.1 Introduction

The cross sections for X-ray excitation with proton bearhs of a few MeV are among
“the highest ol;tainable_for ion bgam reactions and heﬁce, in microbeams, where the
current intensities are relatively low, these reactions are the method of choice for
most elemental analyses. Experience has shown that most materials requiring the
use of miéroprobes are either geological or biological in origin. Thus, for example,
the elucidation or isolation of grains of geological material in a complex matrix can
readily be achieved, while a scan of a singie hair across its width, typically 50yxm,
requires a microbeam of small dlmensmns Similarly, the analyS1s of human kldney
stonies across a cut section can only be carried out with a microbeam when the rings
of stone growth are of the order of a few microns apart. |
The méthodology- (Jf TTPIXE" used in the macro-mode can equally be applied in the
micro-mode. However, even though the prvincipvles of the technique are applicable in
both environments, some effects, often negllected"in ordinary TTPIXE, can determine
the accuracy in the micro-mode. | |

In the case of thin, or intermediate thickness targets, any variation in target thick-
ness during a mapping of a micro-region will» show up as variations in elemental
: concentrations. This problem can be overcome by normalising the data by backscat-
ter measuremgnts that are recorded simultaneously [Th 86]. No such normalisation
would be required if the material were available as a thick target.

The ideal conditions for good quantitative‘micr.o-PIXE spectrometry are that the

161
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target material should be a perfectly flat surface with uniform areal density. Ran-
dom variation of surface roughness, even of the order of some tens of microns, will
cause changes in the extent of absorption, especially with low energy X-rays. The
magnitude of this effect could be up to 100% or even more in some bad cases [Or
90]. Some attempt to correct for surface roughness has been reported [Co 83],[Ca
85a).

Due to the fact that the minimum detection limits in PIXE are proportional to
the square root of the total charge, the detection limits of micro-PIXE are at least
one order of magnitude inferior to th'a,t of macro-PIXE. Compared to the detection
limits of EPMA, which are about 10~3 g/g, micro-PIXE is still better by two orders
of magnitude. In spite of the poorer mass resolution of micro-PIXE compared to
that of EPMA, micro-PIXE is the technique of choice, especially for some medical
and biological applications where analysis required a small diaineter spot beam and
better detection limits. In this chapter the methodology used in Chaptérv4 for the -
analysis of Ca-rich materials is applied for the study of human kidney stones in the

micro-PIXE mode.

6.2 The Micro-PIXE facility at NAC

The component parts of the system, schematiéally presented in F igure 6.1, have been
installed on a dedicated beam line. A 1 pm beam spot has been achieved with 100 pA
of 3 MeV protons which is fecognised to be a usable current. Larger beam spot sizes
. can be provided with correspondingly larger currents if the detection techniques can
accomodate higher count rates. By scanning the focused beam spot across the target
sample, a two-dimensional element map of the sample can be obtained using PIXE
or secondary electron signals. With a 3 MeV proton beam PIXE produces very little
bremsstrahlung and has an ultimate sensitivity of parts per million for elemental
analysis. The precision focussing lenses in the system at NAC were manufactured
by the Oxford group who has pioneered the development of sub-micron systems.
The quadrupole lenses are cut from single pieces of high quality magnet iron to a

~ dimensional precision of better than 2 ym. The resultant magnets have very high
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Figure 6.1: Schematic diagram of the rnicroprobe system [Ch 92].
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Figure 6.2: Schematic diagram of the scattering chamber at the NAC nuclear
microprobe. The beam enters the chamber from the left. 1 - Secondary elec-
tron suppressor; 2 - Channeltron detector (above microscope); 3 - Target; 4

- Faraday cup; 5 - Annular surface barrier detector; 6 X-ray detector; 7 -
‘Kevlar foil; 8 - X-ray filter wheel [Ta 92].

quadrupole field purity which minimises aberrations and makes it possible to achieve
sub-micron focusing of the'objéct slits. As the NAC system consists of three lenses,
it has asymmetrical focusing properties. The object slits are therefore set at about
100 x 40 pm. For 3 MeV protons, the demagnification factors already achieved at
Faure are greater than 80 and 30 in hor‘iéontal and vertical directions respectively,
ﬁsing about 50 amps of current through the w}ery low résistance magnet windings.
The NAC microprobe system is supported on concrete blocks separated by damping
material and is also isolated from the beam lines by a flexible bellows section of tub-
ing. The beam travels through the zy deflection magnets and the three quadrupole |
lenses before entering the target chamber (see Figure 6.2). The target is supported
on an zyz manipulator with micrometer position adjustments. The target is viewed
by an optical microscope at 45° to set up the beam focus and target position. A Link
Pentafet (model 6648) X-ray detector with 80 mm? active area and 8 pm beryllium
window is supported at 135°;, about 35 mm from the target. It is separated from

the evacuated specimen chamber by means of an intervening 75 pm Kevlar window.
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An annular surface ba,rner detector W1th.a, resolutlén of 30 keV, is positioned -at -
180° to provide backward Rutherford backscattering analy51s for determination of
major components in the target as a function of depth. A channeltron is used to
detect secondary electrons. The beam current transmitted through or absorbed by
the target is collected in a Faraday cup or extracted at the .specimen ladder. For
the accuracy of the current integration for TTPIXE work, a potential can be .applied
-to an electron suppresor to ensure that the apparent current does not increase as a
result of secondary electron emission. This is pal;ticularly important When currents
of the order of pA are used.

A PC-based user-friendly interface was developed to drive the scan controller [Ch
92]‘to‘facilita,te the focussing of the beam by means of the secondary electrons or
X-ray input signals. ‘Additionally, the microprobe has been interfaced to a CAMAC
data acquisition and analysis compufer systems in use at the Van der Graaff. The
data analysis software package XSYS [Iu 84] is used in the multiparameter mode.
The software Geo-PIXE package [Ra. 90] has been installed to do on-line stripping

ova-ra.y spectra with immediate report of elemental concentrations. -

6.3 Analysis of human kidney stones

Stones are an ancient anguish of the human body and occur at several sites, in par-
ﬁi_cular the kidney, blé,dder, gall—bladdér, prostate gland, salivary gland and pancreas.
Although not necessarily life-threatening, stones were and still are a source of con-
s‘i’dera.ble’pa.in. Common features of the different types of stones have emerged. For
example, basic physico-chemical principles dictate that the formation of a concretidn'
is. alwa.ys a.ssoc1ated with a highly concentrated fluid in a partlcular gland or secre-
tory organ followed by precipitation of the stone salt. An organic matrix within the
stone structure is another common feature. ,

Among the different stone sources, urinary calculus disease is one of the oldest known
medical disorders of mankind. As early as the third centﬁry BC the Greek physician
Amrnonlos used the technlque of llthotrlty to break up bladder stones mechanically

so that they could be passed in-the urine: The bladder stone was a typlcal urinary
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concrement of history. Today, a fundamental change in the pattern of calculus disease

reveals renal and ureteric stones to be the most common manifestations. Over the -

past 30 years, world-wide prevalence of renal calculi in particular has multiplied,
paralleled by generally increasing prosperity. It is not surprising that a great deal

of scientific effort has been directed at studying the prevention and dissolution of

calculi [Br 81a}, [Sm 81], [Sc 85]. However the hope that such studies would reveal
the cause of urinary calculus formation has not yet been realized, the main reason ,

being the multiplicity of factors contributing to the process of formation of stones. .

. As a result, the specific combination of these factors has to be determined separately

in each individual case.

Amongst these casual factors, pathological changes of the kidney and metabolic

disorders (like hypercalciuria, cystinuria, etc [Pa 76]), in addition to geographical;

environmental, ethnic and family related parameters have been shown to predispose:

certain people to stone formation [Va 79]. The prevalance of renal calculi is correlated .

- directly with the net income of a population group, probably as a result of increased..

_ingestion of animal protein. Changes in stone type and composition as countries.

become technologica.lly developed have been observed [Su 71]. An increased inci-

dence of renal stones with rise in atmospheric temperature has been observed and a.-

Y

ot

“high occurrence of stones in persons with occupations which entail exposure to high -

environmental temperatures [Bl 82]. Another factor is the physical activity associ-,

ated with certain occupé.tions (the more sedentary a job, the higher the frequency -

of stones). Regarding other personal parameters, a family history also seems to be .

correlated with multiple occurrences of calculi [KI 80].

Since the stone is a kind of solid state crystal its analysis tends to be directed at the.

accurate characterization of the chemical composition. Moreover, careful analysis.

of the structure of a stone with respect to the sequential deposition of the various..

components provides data which reflect the changing chemical conditions during the .

stone’s growth. In addition, nucleation and growth mechanisms may be deduced-

from structural studies. The analysis of calculi has shown that all stones formed

within the urinary tract, irrespective of cause or composition, have, in addition to

the crystalline inorganic substances a second basic component, namely an organic
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matrix mixed with the crystal a.ggrega.tes :‘[Bo 59] ;i‘}‘l‘i;:lb(nowledge, together with
data obtained from crystallization experlments has led to the development of two
well known theories of stone formation.

' The present study concentrates mainly on concretions formed in the urinary tract and:
in particular the kidneys. The most common matrices observed in kidney stones are
presented in table 6.1. The calcium oxalate appear in two forms: calcium-oxalate
monohydrate CaC,04.H;0 (COM) and dihydrate CaC,;04.2H;0 (COD). In' most
cases kidney stone matrices are fofmed of a combination of all these compounds, but

100% pure phases are also encountered [Jo 87].

6.3.1 Theories of stone formation

Many theories have been'proposéd for the formation of human kidney stones [Oh 57,
(Eu 67], [Me 77}, [Le 78], [Jo 87], but the entire procéss has not yet been s.a.tisfactorily‘
explained. In particular it has been pointed out that trace elements (TE) may play a
role in stone formation [Jo 87]. If this is correct, it is expected that the trace elements
concerned will be present in the stone itself. Most studies in kidney formation and
growth refer to isolated stones from different patients, concentrating on the statistical
characterisation of stones from a large number of cases [Le 78].

As far as the role of urinary elements in stone disease is concerned, attention has
| been focused on trace concentrations in calculi [He 77],[Le 78], [Ta 82],(Li ‘85],[Ce
- '86] and urine [An 73a),[Co 75],[Sc 82]. Two recent clinical studies have addressed
the important question of whéther any cdrrelation- exists between the trace element
content of calculi and that of urine and serum of the patient from whom the stones
were obtained [Jo 87, [Ho 89]. In both cases no correlation was found. Nevertheless
it'seems reasonable to pursﬁe this line of research as studies have not, as yét, been
able to identify- major differences between stone formers and normals-on the basis of

urinary compounds. | |

The initiating factor in stone formation is ﬁot- clear. On the one hand the stone
rriatrix, which constitue about 2-10% of the total mass, plays an imﬁorta‘nt role
[Bo 56]. According to this theory, the condensation of specific organic colloids is

thought to initiate the process of calculus formation. The deposition of inorganic
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salts is then regarded as a secondary phenomenon. It is conceivable that these

organic substances act as a trigger for heterogeneous nucleation of stone salts, which

are then absorbed ontd the matrix skeleton. Another hypothesis suggests that the

stone matrix is not considered crucial but rather as being included in the stone by

protein co-precipitation [Fi 61]. This theory emphasizes the physico-chemical and

crysta.ilogra.phic elements of stone nucleation and growth [Ra 63]. According to this

approach, urinary supersaturation is the driving force.

There are three mechanisms which are of importance in stone formation. These are:
nucleation, crystal growth and aggregation [Na 83a]. Nucleation refers to the birth of

sub-microscopic molecular species of critical size within the supersaturated solution

[Ve 66]. This initial event can be either homogeneous or hetergeneous, involving .
nucleation of more than one phase. As a consequence of recurrent supersaturation-
and other factors, aggregation of the formed crystal may occur, either by sintering or
by interparticle bridging of polymeric material [Fi 77]. With the subsequent trapping
of the resulting polycrystalline mass in the kidney, a stone is formed.

Today it is the role of macromolecules which is receiving most attention as far as:
stone formation. In contrast other urinary macromolecules are thought .to have. a
protective (inhibitory) effect on the crystallization of stone salts [Gi 76a). Amoﬁg
these are natural inhibitors like citrate, pyrophosphate and magnesium. Promoters
and inhibitors of stone formation are thus thbught to be another important factdr

in understanding urine crystallization parameters.

6.3.2 Dynamics of calcium oxalate stones and trace ele-
ments |

The crystal growth of calcium oxalate kidney stones is governed by the general

equation:

Ca“ + 0202_ — 000204 ) (61)

This rate equation has been shown [Me 75] to be of second order and takes the form:

] o
-2 = kN | | (6.2)
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where —% is the instantaneous decrease in concentration of either calcium or ox-
alate.
k is the growth rate constant, and

N the degree of supersaturation

N is defined as C — C,,, where C and C,, are the concentration of calcium or oxalate
at time t and at saturation, respectively. The relation of N and t after solution of

equation 6.2 is:

1
t=k— | (6.3)

If a trace element inhibits the crystal growth of calcium oxalate, a decrease in the
rate constant k is observed. In the context of calcium oxalate stones which this
chapter addresses, particular interest has been paid recently to the effect of trace
element aggregates as pr‘omo'tlers or inhibitors in the three stages of stone formation.
- Accordingly, thé-a.irn of this research was to study the effect-of TE on crystal growth
6f .calcium oxalates and in particular to focus attention on the interrelationship of
TE with time.

As mentioned earlier, stone formation is mainly governed by crystallization and
~ supersaturation of urine in the most fundamental step of forma.tjon. From this, it
is logical to conclude that any TE present in the urine are going to be concentrated
in the supersaturation process. The role of. ‘.those' concentrated TE in the nucleation
process is not clear yet, but the influence of TE in stone formation could be studied

‘indirectly by the interrelationship between the TE.

" Fe, Cu; Zn and Pb are adsorbed on the crystalline phases of calcium oxalate and
calcium phosphate from urine [Me 77]. Although the TE distribution is similar in
both, results suggest that the I‘a.ppatite phase tends to concentrate Zn to a greater
extent than calcium oxalate phases. But in this respéct some confusion still exists.
The presence of the COD phase in the latter study did not alter the TE composition
of calcium oxalate calculi, but this is in contradiction with other results [Le 78],
which demonstrate how COD and COM have distinct distributipns of TE.

Investigations of urinary kidney stones from a single patient, during a determined
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period of time, have not yet been undertaken extensively. Thus the effects and
variability of concentrations of tface elements present in the kidney stones with
time presents a new alternative to study the formation of kidhey concretions. an-
destructive sensitive techniques suitable for this type of study are available in proton
micro-probe analysis. |

A series of human kidney stones of different sizes, excreted by a single patient over
a period of 11 years, at different intervals, was investigated in the present study.
Major and trace metals were determined by RBS and PIXE respectively. A total of
8 kidney stones were excreted by the patient, but the first stone of the series was
destroyed in its analysis and the second was lost. Therefore, this work is limited
only to the study of the latest 6 kidney stones. For simplicity they are numbered 1,
2, 3, 4, 5 and 6 in chronological order. The mass of each stone varied from 5 to 50
mg and its size varied from about 0.5 mm to 3-4 mm in diameter.

- Because the main aim of this experiment was to collect information on the bulk
concentration of the kidney stones, no effort was made to analyse the samples with 1
pm size beam spots. Beams of the order of 10 um were used. In this way, any surface
~ effect due to the topography of the stones surface was minimised and allowed the
beam current to be increased to tens of nano-amps, facilitating the determination of

trace metals in the 1 to 100 ug/g range.

6.3.3 RBS spectrometry

Analysis by RBS spectrométry confirmed that the major components were calcium,
oxygen and carbon, with possible empirical chemical formulae COM and COD (see
Figure 6.3a). The first two and the last two stones in the series of 6, had the former
structure while stones 3 and 4 had the latter one. Since in RBS spectrometry it is not:
possible to separate the steps due to Ca and P, it is likely that the amount of P is such
that P is a major component, thereby indicating that the matrix composition was
closer to that of calcium phosphate or a mixfure of calcium phosphate and calcium
oxalate phases. For comparison Figure 6.3b shows the differential RBS spectra of
one of the stones. The presence of P in the spectra suggested that an admixture of )

apatite structure was present in combination with the calcium oxalate phases. No
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Figure 6.3: (a) Comparison of
RBS spectra for the two possible

(a}

kidney stone matrix compositions

and (b) differential RBS spectra

for one of the structures, showing
" the presence of phosphorus.
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attempt was made to determine the exact crystallographic structures of the kidn.ey
stone series. The information obtained from this technique could serve to explain
the type of ‘stone ‘matrix which is expected to be correlated to the trace metals
pr_'esent, in the bulk of the stones.-Several spots analysed in the stones showed similar
.compositions for major,‘compone'nts, giving evidence of a homogeneity. Thefe was

no,,sﬂigniﬁca.,nt-vafia;t'ion with time of the rh_a.jor components (C,Ca) of the kidney

stone matrix . It may be noted in' Figure 6.3b that the left of the calcium peak

shows a tailing effect. This could be due to the presence of phosphorus as shown
by the previous destructive analyses conducted on the first ‘stoxile of the collection.
The approximate total mass of this particular stone was 10 mg, of which 4 mg was
Ca, 3 mg oxalate and 3 mg phosphate. Therefore 30% of the matrix component

was phosphate. From the most common matrices which occur in kidney stones (see

800
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Table 6.1: Some common components of human kidney stones.

Compound Major inorganic
elements

Calcium oxalate CaC.04.H,0 27.43% Ca

Hydroxyapatite Cajo(PO4)e.(OH)2 39.90% Ca,
18.50% P

Brushite CaHPO,.2H,0 23.29% Ca,
18.0% P

Calcium

carbonate CaCO; 40.04% Ca

Struvite MgNH,PO.6H,0 9.91% Mg,
12.62% P

Uric acid CsH4N,O3

Cholesterol C.7H460

Cystine CGH12N20482

Mixture of calcium oxalate and hydroxyapatite
Mixture of calcium oxalate and uric acid
Mixture of uric acid and hydroxyapatite

Table 6.1) it appears that hydroxyapatite corresponds to this level of phosphorus. It
is therefore likely that the above stone belongs to a combination of several typical

structures, such as hydroxyapatite, calcium oxalate, brushite or struvite [Kw 92]. "

6.3.4 X-ray spectrometry

Because of the possible role of TE in the formation and growth of urinary stones
the series of stones were analysed by micro-PIXE. Trace elements detected were Mn,
Fe, Ni, Cu, Zn, Br, Sr and Pb. Although, it has been suggested that Br may be
an essential element [Cu 88],[Cr 78] very little data on the levels of this element in
urine is available. Levels ranged from 2 to 18 pg/cm® [Ba 89]. Since kidney stones
are insulators, the thin foil technique had to be used to prevent charge build-up a.nd
generation of bremsstrahlung and Compton background. Unfortunately, this is not
possible in the micro-mode. To solve this problem without destroying the original

state of the kidney stones it was decided to paint the surroundings of each stone with



6.3. ANALYSIS OF HUMAN KIDNEY STONES 173

aquadag (colloidal graphite). Thvivs treatment wa.s sufficient to control the effect of
charge buildup; because of the small size of the stones, the distance for the charge
build-up to discharge is much shorter than in the macro-mode. The same technique
was used to paint the CaF; and animal boné standards.

As demonstrated by [K,w- 92] the heating up of samples analysed by proton beams
causes a change of the matrix composition and is paxticulaﬂy critical for Sr. There-
fore, care was taken to ensure that the current falling into the target did not exceed
1nA per 10 pm?. Figure 6.4 shows that this was .certa.inly controlled because the Sr
signal is relatively constant in all 6 stones. Due to the high concentration of Ca in
the calcium oxalate stones, the analysis was restricted to the detérmination of TE
with X-ray energies greater than that of Ca. Since only L X-ray lines of Pb were -
detected, it was assumed that other heavy metals were nof present.

The trace metal concentrations found in these analyses for all stones is presented in
Table 6.2. The elements deterrningd were Fe, Cu, Zn, Br and Sr. Due to the small
. count rate for those elements the typica1 analysis time was extended to two hours for
each stone in order to obtain reasonably good statistics in the peak areas. Aithough
-Rb and Pb a.ppea.red in the sgectfa no attempt was made to quantify these elements.
For the calculation of elemental concentration two different approaches were used,
é,c;:ording to the methodologies p;e\vibusly discussed in Chapter 4.

The first approach was based on the evaluaton of the sensitivity function using pure
thick metal standards. By this approach the X-ray yield of element Z in the kidney
~stones Yis(Z) is:

Y;cs(Z) = Kks(Z)kaCksIks(Z) (64)

The sensitivity factor K,(Z) calculated as from the pure standard

L Yp(2) |
5 = Gz 63)

should be equal to the Ki,(Z), then;

Yi.(2)

Co = Rr(2)0nIn(2)

pgg™! _(6)
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Figure 6.4: X-ray energy spectra for the whole series of kidney stones.
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Table 6.2: Elemental concentration in the kidney stone series(ug.g™").

Sample Fe - Cu Zn Br Sr
Stone a)* b)* a) b) a) b)) a) b) a) b)

8.4 57.2 91 94 147 136 09 08 19.1 20.1
93 9.2 139 141 11.8 11.2 25 23 18.7 19.7
249 252 281 270 86 80 87 89 109 10.2
326 328 29.0 292 96 85 1,6 1.7 16.6 155
179 181 54 53 100 107 29 26 17.6° 18.7
43 42 20 22 77 79 45 46 13.7 133

UL LN

*First method: using pure single metal standard.
**Second method: using animal bone IAEA-H-5 as external standard.

The values for It,(Z) were taken from table 4.17 as mean values of calcium-rich
" materials.
" For the second approach, the standard réferencé material IAEA-H-5 animal bone,
 being the standard with the closest matrix composition to that of calcium oxalate or
calcium phosphate stones was used as an external standard. Because the sensitivity
_~factors and the I (Z )-ya.lues are the same, when comparing the yields of the bone
B standard and the unknown stone, they cancel each other. The only parameters which
play a role a.re. the total integrated charge and the dead time correction. Because
~-the count rate was very low, no correction for dead time was necessary. Thus, the
- concentration of element Z in the stone Chs 1s;
| _ Yiu(2) Qus
Yun(Z) Qs
- Table 6.2 shows the results obtained with both methods. The variability on the cur-

Chs Cap - , (6.7)

rent integration was of the order of 2% as calculated over all measurements. Because
~ the two methods were applied to different experiments it can be considered that each
. one served as a standardisation method for the TE content in the kidney stone series..
Accordingly, the \a.ccura.cy of the determination is very good with an é.vera.ge for all
elements of b'etweén 1 and 2%. With some exceptions these concentrations coﬁlpare
acceptably with preﬂ'ious reported data [Jo 87], for both COD and COM phases as

well as apatite.
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Table 6.3: Elemental ratios in the Stones.

Stone number Cu/Zn  Cu/Sr Zn/Sr

1 0.623 0.513 0.823
2 1.186 0.805 0.678
3 3.260 2.781 0/852
4 3.018 1.879 0.621
3 0.538 -0.329 - 0.611
6 0.265 0.162 0.610

Mean 1.48+1.2 1.0840.94 0.699+0.1

Figure 6.4 shows plots of the PIXE spectra for all 6 stones. From this it can be visu-
alised that the content of Cu and Zn is variable and in particular their ratio and the
Cu/Sr ratio follow a non-linear distribution as presented in Table 6.3. On the other
hand the ratio of Zn/Sr seems more constant through the whole series i.e. with time.
This ihdica.tes that Zn and Sr substitute each other in the calcium oxalate matrix
in a similar manner. It has been reported that Zn is associated with crystallization
of calcium oxalate-type structures. The fact that Zn and Cu concentrations change
with fime is of importance, since these two elements appear to be-related to several
pathological factors in the body. In general it has been demonstrated that at least,
in patients with a history of kidney calculi, the correlation between Zn in the stones
and urine is very high. By plotting tHe elemental concentrations for every stone
against the atomic number certain features emerged. Firstly, there is a similarity
between pairs of consecutive sfones such as 1:2, 3:4 and 5:6 as shown in Figure 6.5.
Because the times of excretion do not follow a linear scale, but rather a log scale, it is
thought that the process of variation of TE profiles accelerate with time of recurrent
kidney disease.

Another way of visualising the TE profile in the kidney stone series is shown inb
Figure 6.6 where the relative X-ray yield is plotted against the stone numbers for
Fe, Cu, Zn and Sr. This graph demonstrates that the concentration of Fe remained
relatively constant thrdughout the time of excretion, although it appears to decrease

for the last two stones. A similar trend was found for Cu, Zn and Sr. It can
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Figure 6.6: Plot of the relative X-ray yield against stone number for Fe, Cu,
Zn and Sr, showing a general trend of depletion of TE with time.
be concluded that TE deposition in the stone matrix during the process of stone
growth is being depleted. A possible explanation for this is a change in diet, which
effectively occurred in this particular patient, or could be explained by physiological
changes in the subject under investigation. Of interest is the fact that Cu was very

high in stones 3 and 4 but decreased again in stones 5 and 6.

6.3.5 Discussion of the interrelationship of TE ratios

Since more subtle interrelationships in biological systems could be obtained by con= .
sidering ratios of elements, an attempt was made to correlate ratios to elements and

ratios to ratios as an exploratory way to visualize more clearly the analytical data
-

obtained in this study.

The types of correlation found can be divided into two groups:

1. Linear correlation: It was found that the Cu/Sr and Cu/ Zn ratios correlated
linearly with the content of Cu. Figure 6.7 shows this relationship for the |
case of the Cu/Zn ratio. Similarly the Cu/Fe ratio correlated liﬁearly with Cu
but, although the number of points is relatively low in this case it appeé,rs to

exist two different types of linear correlation associated to the Cu/Fe ratios
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Figure 6.7: Relationship between the Cu/Zn ratio and the Cu content (nor-
malized to counts per unit charge) in the series of stones. A linear regression
line is fitted (r=0.95) to demonstrate the linearity between variables. The
value for the animal bone standard is plotted for comparison. '

and indicated in Figure 6.8 by fitted lines. This could be explained By the two

different calcium oxalate types of phases discussed earlier.

2. Non-linear correlation: The more typical of these were found to be the Fe/Br

ratio bplotted agé,inst Br and the Br/Sr plotted against Sr (see Figure 6.9).

Since the point numbers in these plots are not associated with the chronological
number of stones it can be concluded that these type of interrelationship are not

related with a particular type of orientation with time.

' év.3.6 : Cdnclusions

The factors upon which kidney stone ‘forma.tio‘nv d'epe'nd_sv remain unclear. Never-
twheless, it is apparent that this disease must be generated by funddméntal physico-
,' g:hefnica.l laws. As such, the presence of any substance in a kidney stone is likely to
hé.ve some significance. Elemental ana.lysvis, such as those described in this chapter
%fe extremely useful in determining the structure and ultrastructure of a particular

stone. It is clear from the present study that trace element trends and correlations
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Figure 6.8: As for Figure 6.7, but for Cu/Fe ratio.
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Figure 6.9: Relationship between the Br/Sr ratio and the Sr content (nor-
malized to counts per unit charge) in the series of stones. Apart from point
number 4 all the others appear to follow the pattern of a non-linear relation.
The value for the animal bone standard coincides with that of point 4 in the
plot.



6.3. AN'ALYSIS OF H\UMAN KIDNEY STONES : | - 181

can be identified and.these might very well give ;;se to hew insights i‘nt\;o stone for-
" mation and ultimately might provide clues as té how clinicians may either retard the
.forma.tion of stones or, indeed, how their formation might be totélly prevénted.
The fact that the stoﬁes have been a.na.lyséd in\ their na.tvur.al forfns is more méaningful, _
beca.use their structure is preserved from the time of excretion from the urinary
~system. The inforrhation obtained is more répresenta.tive of the role of trace elements
" in kidney stone formation and growth, contrary to 6the_r work where the stones were
destroyed for sample prépa.i‘a.tio’n. The use of a prot‘on microprobe for the systematic
PIXE scans of stone sections will minimize the risk of missing important constituents
[Po 88]. This 'étudy' shows that the téchnique has useful applications in kidney stone |

research and particularly when stones are small with low levels of TE concentrations.



Appendix‘ A

| Numerical integration of I (Z)

" The definition of I (Z ) as stlpula.ted in equa.tlon 1.10 is wrltten as:

or(E,2)T(E),, |
I(Z)_/o o | (A1)

~ where all the pa.ra.rheters have already been defined in Chapter 1. From the definition

“of stopping power this integral can be written as:

N - o .
I(Z) = /o or(E, 2)T(z)dz | | (A.2)

if the target is sliced into n layers of equal amounts of proton energy loss, then the

contribution of the layer (z;,z;41) is given by
| / ! R(E, 2)T(2)dz. o (A.3)
The total cont;ributvion. from all 7; la.yers will be: | | |
R / ' oR(E, Z)T(:c)d:v :  (Aw

Assummg, that the thickness of each la.yer is thin enough then or(E, Z) will be
almost constant in the mterva.l T;, T;4+1 and it would be correct to take a mean value
of the cross sectlon for each interval. Let this value be og(E;, Z), which can be taken
out of the integral, then: | '
' - fTi4 :
I(Z) = 2} or(E;, Z) .‘ T(z)dz. (A.5)

From the deﬁnitivo‘n of absorption of X-rays we know fha.t,
T(z) = exp(—pf(6)z) : (A-6)

183
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Figure A.1: General geometry for thick target PIXE analysis. Where z is
the total path of X-ray measured from the point of X-ray generation to the
surface of the target; p is the total path of the protons measured from the
target surface up to the point of interaction; d is the depth of analysis at the
point of interaction taken perpendicular to the target surface; 0, is the proton

incidence angle; 0, is the X-ray take-off angle.

where g and z have already been defined in Chapter 1, and f(f) is a geometrical

factor related to the angles of proton incidence into the target surface and the X-ré.y 8

take-off direction from the point of interaction in the X-ray detector as shown in

Figure A.1. From the figure we can deduce that;

sin 02

f0) =

" cosb’ _
Then the absorption factor T'(z) becomes,

sin 6,

z) = exp(—pf(f)z)

T(z) = exp(—p— 5

‘For an experimental geometry where §; = §; = 45° then the factor f(0) = 1.

Solving the integral in équafion A .4 we have;

1(2) = Tiston(Br, 2) R Ejomses

and

12) = 515 D) (e pi) — expl(—pzin)

(A7)

(A.8) .

(A.9)-

(A.10)
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Because z; and z;4 are ranges, the exponentials inside the parentheses can be further

simplified by using the definition of range for each one of these, that is,

E ,
° dE .
T = TN A.11
5 S(B) (AL -
and . ' _
_— I dE :
Tiv1 = Z; + i A.12
H Eiyy S(E) o ' ( )
Introducing these values in equation A.6, the integral I(Z) becomes;
n Or(E,Z % dE | ,
12) = 572 E0 D) ey - expon [ o) (A
. z ' : Eiy1 S(E)
For the sake of simplicity we call z; = z; and
E.
i dE
To = | —_— A14
h Einx S(E) . ( )

. \
For every layer n we have to evaluate the term z2. To do that the method of stepwise

initial value by Runge-Kutta [Ko 61] was used.

Two assumptions were made:

a) To evaluate z, we define;

Eo dE .
= o A.15)
N AT75) (349)
b) similarly,
B dE |
Th = — A.16
2 Erq1 S(E) ( : )
then _ : ,
T, =Y"be, (A.17)

where E, = E, — r§E. |
Normally, after 50 iterations the value of I (Z) did not _cha.ngé by more than 0.1%. = -

The following appendix describes more in detail the mechanics of the prpgré.m

RD1.FOR used for the computation of MCF.



' Appendix B

Program RD1.FOR

B.1 Description

The main block of the program calls the following..subroutines:

INPT: input block with associated read only file, RD5.DAT, which sets up
initial values for proton bombarding energy, matrix composition, absorption
coefficients (A and B) and K or L energy lines. In addition specific Ziegler
coefficients [Zi 85] for proton stopping powers calculations are selected through
subroutine SPCOEF and stored in array A(20,12). Then, it computes the
number of iteré.tions requifed and the tbta.l X-ray absorption for each iteration

based on interpolation of non-linear square fits of McMaster data values [Mc
: _— .

69] by the program AXABSP [Va 81].

OUTPT: output block Qf program, which sets up formats and opens appropri-
’a.t_e files according to the type of?_ information required from the program, i.e.,
total range or F (Z)-values. The output in file XDKK.DAT, also iﬁcludes infor-
mation on rounding errors, Y-STEP, depth of analysis, p, exit proton energy,

E-Exit (see definition on Chapter 1) and ionisation cross section if required .

SGMA: the more sensitive part of the program, i.e., the evé.llia.tion of the X-
ray cross-sections at each iteration, is performed by this subroutine, which de-
pends heavily oh only-read ionisation cross-section files, SIGMAK. DAT, SIG-
MAL3.DAT and SIGMAL2.DAT [Co 88]. The values for these cross-sections

are found by linear interpolation.
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e DISST: this subroutine computes the R-K integration [Ko 61)(see Appendix

1), for the evaluation of the terms z; and z; in expression A.13.

B.2 Methodology to use the program

o Construct an RD5.DAT file for the material under investigation:
- select X-ray shell;
- select print option;
- select proton energy and geomet.ry angles;
- input matrix composition (1n %);
- give an estimated value for absorption coefficients A and B;
- set value for AE for each iteration;
- put the X-ray energy value for only one element to be analysed;
- give an estimated value for the thickness (e.g. 100 mg/cm?); -

- An example of input file RD5.DAT is given in Table B.1 for the case of CSCVI.;

~ o Run RD1L.FOR with options screen=00 and data option 1=01. .
- Remark: if the Y-STEP (rounding -error) is too large then AE must be
decreased. One must be aware of the fact that there is not a rule as far the step,b
size is concerned. You must try several times until the Y-STEP is acceptably*

small. Note as AE decreases the computer CPU time increases.

e Collect output results on file XDKK.DAT and check what is the p (Range) at:
Ep=0, the final energy. ' .

o The obtained range value is then used to calculate the a,bsorptionv coefficients

A and B, using the AXABSP program.

e Once A and B are found return to the RD5.DAT file and correct the values for
the thickness (the range just found) and the attenuation coefficients A and B.

e Once decided on the size of AE, run RDi.FOR, with options screen=03 and
data optio_n 1=03 (data option 2 is always set to 08).

e A final output with the values of I(Z) and F(Z) will be stored in file XDKK.DAT.
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Table B.1: Example of input file RD5.DAT for the case of CsCl irradiated with
3 MeV protons. . :

SIGMAK=0,SIGMAL1=1,SIGMAL2=2,SIGMAL3=3 00

DO YOU WANT THE RANGE YES=00,N0=01 01

'THE SKIP OF PRINT DATA 10

THE FIRST ENERGY NUMBER TO BE PRINTED . 01

PRINT DATA OPTION SCREEN (0,1,3) 03

PRINT DATA OPTION 1 (1,2,3,4) 03

PRINT DATA OPTION 2 (1,8) 08

THE NUMBER OF NUCLEONS 1

THE PROTON BEAM ENTRANCE ENERGY IN keV  3000.0000
THE PROTON BEAM EXIT ENERGY IN keV - 0.0000
THE BEAM ANGLE IN DEGREES o 0.0000
THE DETECTOR ANGLE IN DEGREES 45.0000
THE NUMBER OF ELEMENTS IN THE MATRIX 2

* | © (CL) 17 21.05
* - - | (CS) 55 78.94
ABSORPTION PARAMETERS FROM AXABSP: (A) +0.62099E+03

* (B) -0.22054E+01
MATERIAL THICKNESS IN MGRAMS/CM2 FOR AXABSP 35.65

MATERIAL THICKNESS IN MGRAMS/CM2 ACTUAL 35.65

THE ENERGY STEP INTERVAL IN KEV 5.0

THE NUMBER OF TRACE ELEMENTS 6

*7 - KA1 55 30.970
N : ~ KA2 55 30.623
* KBl 55 34.984
* KB2 55 35.819
* KAl 17 2.622
* KB1 17 2.815
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B.3 Listing

c

c

c ok Rk Rk Rk Rk k kAR

c * PROGRAM RD1 *

c ik k Rk Rk kR

c

c A PROGRAM TO CALCULATE MATRIX CORRECTIONS IN THICK TARGETS
c ANALISED BY PROTON INDUCED X RAY EMISSION SPECTROMETRY
c .

c Written and Compiled by C.A. PINEDA

c March 1887

C Updated: September 1988

c

c

c

c

REAL EKEVO,COMP(20),A4(20,12),AW(20),DELTA,ABS(20),EB,ET,DIST

REAL SUM,EN,SIGMAO,SIGMA,ELH,DIS1,SMM,FACT,RHO,NSA,RHO1

INTEGER NELEM,NZ(20),LAYERS,I,J,K,NOIT,NNUC,FLAG1,I9,ELNO(20),PRT
INTEGER OTP,PDAT,PRS,STSKP,SKP,NSP,NLM,DISP,NTRACE,LS,STFL,CUT,CROSS

COHHON/ONE/NﬁUC,HELEH,A,NZ,AV,COHP
COMMON/TWO/ELNO, EKEVO,RHO, ABS,PRS,PRT ,RHO1 ,NTRACE

C INPUT THE INITIAL VALUES

CALL INPT(DELTA,LAYERS,PDAT,SKP,STSKP,CUT,CROSS)
STFL=1 :
IF(CUT.EQ.O)NTRACE=1
DO 600 LS=1,KTRACE
DISP=0
SUM=0
DIS1=0
EN=EKEV0
CALL OUTPT(STFL,EN,SUM,SMM,DIS1,SIGMA,SMM2,DISP,LS)
STFL=0 . '
CALL SGMA (EKEVO,SIGMAO,ELNO(LS),1,I9,PDAT,CROSS)
FACT=RHO*SIGMAO*ABS(LS)
L=1

-

500 IF(L.LE.LAYERS.AND.DIS1.LE.RHO) THEN
c CALCULATION OF CROSS SECTION

ELB=EN-DELTA/2

CALL SGMA(ELH,SIGMA,ELNO,0,I9,PDAT,CROSS)
BOIT=50 ,

EB=EN-DELTA

ET=EN

CALL DISST(EB,ET,NOIT,DIST)

SM1=ABS (LS)*DIST-(ABS(LS)*DIST)#*%2/2
SMM2=EXP (-ABS (LS) *DIS1)
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SMM1=SMM2+(SM1)
SMM=SMM1*SIGMA
SUM=SUM+SMM/FACT
IF(CUT.EQ.1)THEN
IF(SMM/FACT.LT.SUM/1000.)GOTO 599
END IF
IF(L.GE.STSKP)THEN
NSA=(L+SKP-STSKP)*1.0
NSP=INT(NSA/SKP)*SKP .
IF(NSP.EQ.NSA)CALL OUTPT(2,EN,SUM,SMM, 0151 SIGMA, suuz DISP,LS)

END IF
EN=EN-DELTA
DIS1=DIS1+DIST
L=L+1
GOTO 500
ELSE IF(DIS1.GT.RHO. AND L.LT.LAYERS)THEN
DISP=1
599 END IF
CALL OUTPT(3,EN,SUM,SMM,DIS1,SIGMA,SM1,DISP,LS)
600 CONTINVE
CALL OUTPT(4,EN,SUM,SMM,DIS1,SIGMA,SM1, DISP ,LS)
STOP
END
C ****************************.**‘*******************
c saskhkssshsss  SUBROUTINE INPT T
C sskkkdddksd  Input block of program  #kkdkkkkksis
C ek oo e ok oo o e o sk ol o e oo o o ol e o e o e ol o o ok o oo o okl kol ek ok ko
SUBROUTINE INPT(DELTA,LAYERS,PDAT,SKP,STSKP,CUT,CROSS)
c READS THE DATA FROM FILE RD5.DAT » SORTS THE DATA THEN FINDS THE
c ZIEGLER COEFFICIENTS AND ATOMIC WEIGHTS FROM FILES:
c ZIEGLER.DAT = ATWT.DAT
c OUTPUTS DATA FOR THE MAIN PROGRAM

REAL EKEVO THETA,AP,BP, RBO »XKEV(20) ,DELTA, ABS(20),A(20, 12) AH(20)
REAL COMP(20),ALPHA,RHO1,EKEVF

INTEGER ELMNO(20),LAYERS,PRT,PDAT,NZ(20),NNUC,NELENM,PRS,STSKP, SKP
INTEGER NTRACE,CUT,CROSS

COMMON/ONE/NNUC,NELEM,A ,NZ, AW, COMP
COMMON/TWO/ELMNO,EKEVO, REO, ABS, PRS, PRT, RHO1, NTRACE

16  FORMAT(43X,I4)

36 FORMAT(43X,F9.4)

45 FORMAT(43X,2PE15.7)

565 FORMAT(43X,I4,1X,F7.3)

c INPUT OF BOMBARDING. CONDITTIONS

OPEN(10,FILE=’RDE.DAT’,STATUS=’0LD")



192

10

60

C

= APPENDIX B.

READ(10,15) CROSS
READ(10,16) CUT
READ(10,15) SKP
READ(10,15) STSKP
READ(10,165) PRS
READ(10,15) PRT
READ(10,15) PDAT

READ(10,15) NNUC
READ(10,36) EKEVO
READ(10,36) EKEVF
READ(10,36) ALPHA
READ(10,36) THETA
READ(10,15) NELEM

DO 10 I=1,NELEM
READ(10,56) NZ(I), COHP(I)
CONTINUE

SORT ELEMENTS IN INCREASING ATOMIC NUMBER
CALL SORT (NELEM,XZ,COMP)

STORE ZIEGLER COEF(S) IN FILE
CALL SPCOEF(NELEM,NZ,COMP,A,AW)

READ(10,45) AP
READ(10,45) BP

_READ(10,35) RHO1

READ(10,36) RHO
READ(10,36) DELTA
READ(10,15) NTRACE
DO 60 I=1,NTRACE
READ(10,55) ELMNO(I),XKEV(I)

CALCULATE ABSORPTION COEFFICIENTS

PROGRAM RD1.FOR

ABS(I)= (AP*XKEV(I)**BP)/(RHOi*lE-s)*COSD(ALPHA)/COSD(THETA)

CONTINUE

CONVERT TO GRAMS FROM MILLIGRAMS

RHO=RHO*1E-3

LAYERS=NINT( (EKEVO-EKEVF)/DELTA)
CLOSE(10,STATUS='KEEP’)

RETURN

END

SUBROUTIKE SORT(N,NZ,AZ)

FOR ARRANGING IN INCREASING ORDER OF ATOMIC NUMBER
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10
20

Q

a0

10
20

50

60

REAL AZ(20)
INTEGER NZ(20)
K=N-1

DO 20 I=1,K
M=I+1

DO 10 J=M,N
IF(KZ(J).GT.NZ(I)) GO TO 10
KZZ=NZ(J)
AA=AZ(D)
EZ(J)=RZ(I)
AZ(3)=AZ(I)
KZ(I)=N2Z
AZ(I)=AA
CONTINUE
CONTIKUE
RETURN

END

SUBROUTINE SPCOEF(N,NZ,C,A,AW)

STORES ZIEGLER COEFFICIENTS FOR CALCULATING STOPPING'
POWERS OF HYDROGEN IONS

NZ=ATOMIC NUMBERS OF COMPONENT ELEMENTS
C =CONTENT OF EACHE ELEMENT

A =THE 12 COEFFICIENTS FOR EACHE ELEMENT
N EHUHBER OF ELEMENTS

DIMENSION Z(12)

CEARACTER ANAME#*2

REAL C(20),AW(20),A(20,12).
INTEGER NZ(20)

INTEGER  ATN

OPEN(2OQFILE=’ZIEGLER.DAT’,STATUS=’0LD’)
OPEN(30,FILE="ATWT.DAT’,STATUS="0LD’)

DO 20 I=1,K

READ(20,50)MZ,CBEM, (Z(J),J=1,12)
“READ(30,80)ATN,ANAME ,AW(I)

IF (MZ.NE.NZ(I)) GO TO &

‘DD 10 K=1,12 -
A(I,K)=Z(K)

CONTINUE

CONTINUE

CLOSE(20,STATUS="KEEP’)
CLOSE(30,STATUS="KEEP’) |
FORMAT(I2,1X,A2,2(1X,F5.3),2(1X,F6.1),2(1X,F8.6),2(1X,F6.3),
+1X,F5.3,1X,F7.4,/,F7.5,1X,F10.7) o s
FORMAT(I3,1X,A2,F12.6)

193
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RETURN
END
C 85 20 2 2 e a0 20 0 o 30 3 36 39 36 3k 3 o0 36 99 e 3 o 36 398 9 3 o 26 39 o 2 a0 o e e o o o ool e ol e ook e ok o ool o ok ok
C Rk kR kR SUBROUTINE OUTPT  skskskdskokkkkkkkkkk
C Aok koo kR Output block of program ook ok ko ko
C 00 390 380 33 2 e o e ok ok 3 3 o ok o 3 ok 3 3 o o e o e ek ok o o e ok e o o oo o o e ol ool R o ool o e o e ol o e ok
SUBROUTINE OUTPT(I,KEVO,INT,SUM,XSTEP,CRSSN,ABS1,DISP,LS)
INTEGER PRT,I,NE(20),PRS,DISP,LS,NTRACE
REAL KEVO,INT,XSTEP,CRSSN,ABS1,ABS(20),EKEVQ,RHO1
COMMON/TWO/XE, EKEVO,RHO, ABS,PRS,PRT,RHO1, NTRACE
15 FORMAT(2X, 'ENERGY’,5X, *INTEGRAL’,6X, ’Y-STEP’,6X, *X-DIST’,6X,
\& ’CRSSCN’,6X,’ABSORPTN’)
26 FORMAT(2X, 'ENERGY’,8X, ' INTEGRAL’ ,9X, *Y-STEP’)
35 FORMAT(2X, ’ENERGY’,5X, *INTEGRAL’ ,6X, ’Y-STEP’,6X, *X-DIST’,7X,
\& °*CRSSCN’,4X,’ABSORPTION’)
45 FORMAT(2X, 'ENERGY’,8X, *INTEGRAL’,9X, ’Y-STEP’)
56 FORMAT(1X,F7.2,3X,1PE11.4, 3X,0PF9. 3, 3X, 1PE9. 3, 3X,
\& OPF10.3,3X,F8.4)
65 FORMAT(1X,F7.2,3X,1PE11.4,3X,0PF9.3,3X,1PE9.3,3X,
" \& OPF10.3,3X,F8.4)
75 FORMAT(1X,F7.2,6X,1PE11.4,6X,0PF9.3)
85 FORMAT(1X,F7.2,6X,1PE11.4,6X,0PF9.3)
95 FORMAT(2(/)1X, 'TRACE ELEMENT ATOMIC NUMBER:’,1X,I3)
99 FORMAT(1X, X-RAY ENERGY:’,1X,F6.3,’ KeV’)
106 FORMAT(1X, '’ ENERGY OF BEAM WAS:’,1X,F8.3,’ KeV’)
116 FORMAT(1X,° ABSORPTION COEFFICIENT:’,1X,1PE10.4,’ cu2/cu')
125 FORMAT((/),1X,’TRACE ELEMENT ATOMIC NUMBER:’,1X,I3)
136 FORMAT(1X,’ ENERGY OF BEAM WAS:’,1X,F8.3,’ KeV'’)
145 FORMAT(1X,’ ABSORPTIOM COEFFICIENT:',1X,1PE10.4,’ CM2/GM’)
166 FORMAT(1X,’ TOTAL INTEGRAL IS:’,1X,1PE11.5)
166 FORMAT(1X,’ TOTAL INTEGRAL IS:’,1X,1PE11.5)
176 FORMAT(1X, ' THICKNESS WAS:’,1X,1PE11.5,’ mGM/CM2’)
186 FORMAT(1X,’ o THICKNESS WAS:’,1X,1PE11.5,’ mGM/CM2’)
195 FORMAT(1X,® BEAM EXIT ENERGY IS:’,1X,F8.3,’ KeV’)
205 FORMAT(1X,’ BEAM EXIT ENERGY IS:’,1X,F8.3,’ KeV’)
215 - FORMAT(2X,’EL’,4X,’X-DIST’,7X,’ INTEGRAL’,7X,’F(Z)’,7X,’ABSORPTION’,

\& b5X,’E-EXIT’)
225 FORMAT(1X,13,2X,1PE9.3,3X,1PE11.4,3X,1PE11.4,3X, 1PEil 5,4X,0PF8.3)
235 FORMAT(1X,I3,1PE11.4)
245 FORMAT(30(/))

IF(I.EQ.1)THEN

WRITE(6,245)

IF(PRT.EQ.1)THEN
OPEN(40,FILE="XDKK.DAT’,STATUS=’NEW’)
WRITE(40,15)

ELSE IF(PRT.EQ.2)THEN
OPEN(40 ,FILE="XDKK.DAT’,STATUS=’NEW’)
WRITE(40,25)
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ELSE IF(PRT.EQ.3)THEN
OPEN(40,FILE="XDKK.DAT’,STATUS="NEW’)
WRITE(40,215)

ELSE IF (PRT.EQ.4)THEN
OPEN(40,FILE=’P10.DAT’,STATUS="NEW’) .
WRITE(40,235) NTRACE

END IF

IF(PRS.EQ.O)THEN
WRITE(6,35)

ELSE IF(PRS.EQ.1)THEN
WRITE(6,45)

ELSE IF(PRS.EQ.3)THEN

~ WRITE(6,215)
END IF
ELSE IF(I.EQ.2)THEN

IF(PRT.EQ.1)THEN
WRITE(40,56) KEVO,INT,SUM,XSTEP*1E3,CRSSN,ABS1

END IF

IF(PRS.EQ. O)THEH
WRITE(6,66) KEVO,INT,SUM,XSTEP*1E3,CRSSN, ABS1

ELSE IF(PRS.EQ.1)THEN

. WRITE(6,85) KEVO,INT,SUM

END IF

IF(PRT.EQ.2)THEN
WRITE(40,76) KEVO,INT,SUM

END IF ,

ELSE IF(I.EQ.3)THEN
IF (PRT.EQ.1.0R.PRT.EQ.2)THEN
WRITE(40,95) NE(LS)
WRITE(40,105) EKEVO
WRITE(40,115) ABS(LS)
"WRITE(40,165) INT
WRITE(40,185) RHO#*1E3
IF(DISP.EQ.1)WRITE(40,206) KEVO
. ELSE IF(PRT.EQ.3)THEN = )
WRITE(40,225) RE(LS),XSTEP*1E3,INT,1/INT,ABS(LS),KEVO
ELSE IF(PRT.EQ.4)THEN _
" WRITE(40,235) NE(LS),1/INT

EED IF

IF (PRS.EQ.3)THEN
‘WRITE(6,225) NE(LS),XSTEP*1E3,INT,1/INT,ABS(LS),KEVO

ELSE IF(PRS.NE.3)THEN
WRITE(6,125) NE(LS)

WRITE(6,135) EKEVO
WRITE(6,145) ABS(LS)
WRITE(6,1656) INT
WRITE(6,175) RHO*1E3
IF(DISP.EQ.1)WRITE(6,196) KEVO
END IF
ELSE IF (I.EQ.4)THEN

IF(PRT.EQ.3)THEN
WRITE(40,*)

WRITE(40,105) EKEVO
WRITE(40,185) RHO*1E3
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END IF
IF (PRS.EQ.3)THEN
WRITE(6,*)
WRITE(6,105) EKEVO
WRITE(6,185) RHO*1E3
END IF
CLOSE(40,STATUS="KEEP’)
END IF '
RETURN
END

*kkkkkkhkrrkhkkrxk  SUBROUTINE DISST *kkkkbbkkkkkkkkhkik

#xxxx+x%+x Depth computation block of program ***kxx*kxx
e e e e e L e S I e e PR S L

aaaa

SUBROUTINE DISST(EB,ET,NO,DIST)

REAL EB,ET,DIST,ZIG(20,12),AW(20),COMP(20)
INTEGER I,NZ(20),NELEM,NO,NNUC
REAL ESTEP,STP,STPP,K1,K2,K4,E1,E2,E4
COMMONM/ONE/NNUC,NELEM,ZIG,NZ,AW, COMP
STP=0 ‘
ESTEP=(ET-EB) /N0
EN=EB
DG 10 I=1,NO
E1=EN
CALL STPPWR(E1,K1)
Ki=1/K1
E2=E1+ESTEP/2
CALL STPPWR(E2,K2)
E4=E1+ESTEP
K2=1/K2
CALL STPPWR(E4,K4)
K4=1/K4
STP=STP+(K1+4*K2+K4)/6
EN=EN+ESTEP
10 CONTINUE
DIST=STP*ESTEP
RETURN
END

SUBROUTINE STPPWR(E,SPCOMP)

Q

CALCULATION OF PROTON STOPPING POWERS IN UNITS OF
c keV / GRAMS / CH**2

Q

E=ENERGY
M=HYDROGEN ION MASS
C N=NO.OF ELEMENTS IN TARGET

Q
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a

REAL E,SPCOMP,A(20,12),AW(20),COMP(20)
INTEGER NZ(20),N,M

REAL*8 BB

COMMON/ONE/M,N,A,NZ, AW, COMP

SPCOMP=0.
SUN=0.
IF(E.GT.999) CALL BETASQR(M,E,BB)

DO 2 I=1,N

IF(E.GT.999) THEN
SPCOHP=SPCOHP+SP(BB,A,E,I)*COHP(I)/AH(I)
ELSE
SPCOMP=SPCOMP+SP1(E,A, I)*COHP(I)/AH(I)
END IF
CONTINUE
SPCOMP=SPCOMP*6 .023E+03
RETURN '
END

SUBROUTINE BETASQR(M,E;BB)

CALCULATION OF BETA-SQUARED VALUES AT ENERGY E

M =MASS OF HYDROGEN ION
E =ENERGY IN KEV
BB=CALCULATED VALUE OF BETA-SQUARED

REAL*8 Enocc(a) BB
DATA EMOCC/1.50330744D-10,3.00512283D-10,4. 500477058D—10/

EMCSQR=EMOCC(M)
EJQULE=E#*1.6022E-16
BB=1.0-(EMCSQR/ (EJOULE+EMCSQR) ) #+2
RETURN '

END

REAL FUNCTION SP(BB,A,E,I)

REAL*8 BB ' /
REAL A(20,12),E '
INTEGER I
SUM=0.
DO 1 J=1,4
SUM=SUM+A (T, J+8)*(ALOG(E)**J)
CONTINUE
SP=(A(I,8)/BB)*(DLOG(A(I,7)*BB/(1.0- BB))-BB-A(I 8)-SUN)
RETURN
END

197



198

aaoaan

10

APPENDIX B. PROGRAM RD1.FOR

REAL FUNCTION SP1(E,A,I)

REAL E,SH,SL,A(20,12)
INTEGER I
IF (E.GT.10)THEN
SL=A(I,2)*E+*.46
SH=A(I,3)/E+ALOG(1+A(I,4)/E+A(I,B5)*E)
SP1=1/(1/SL+1/SH)
ELSE
IF (E.EQ.O)THEN
SP1=.1
ELSE :
SP1=A(I,1)*E**.5
END IF ' , o
END IF ‘ -
RETURN

- END

FAER AR KRR AR R R R R R
kkkkkkkkkkhkkkkkkkx SUBROUTINE SGMA #¥kddkkkkdkbkkkkkkkkhkis
*kk*¥4%%  Cross-section computation block of program *****
T L T T T T e P e T T

SUBROUTINE SGMA ( E , CRSS , EL , FLAG1,I9,PRNT,CROSS)

REAL E,CRSS,X(100),Y(100)
INTEGER I,I1,FLAG1,NFL,EL,PRNT,I9,N0,CROSS
IF(FLAG1.EQ.1)THEN
IF(PRNT.EQ.1) OPEN(20,FILE='TEST.DAT®,STATUS= ’nsw’)
CALL DATX2(X,Y,NO,EL,CROSS)
END IF
I=1 - 3t
IF(E.GT.X(I))THEN
I=I+1
IF(I.GT.NO)THEN
PRINT *,’ENERGY TO LARGE READ ERROR...!’
PRINT *,’RUN STOPPED'®
PRINT #*,’ERROR DEBUG... E=’,E
PRINT =*,°’ MAX ENERGY=’,X(X0O)
STOP
END IF
GOTO 10
ELSE IF(E.EQ.X(I)) THEN
CRSS=Y(I)
ELSE
I1=I
IF(I.EQ.1)I1=2
CRSS=(Y(I)-Y(I~1))/(X(I)-X(I-1))*(E-X(I-1))+Y(I-1)
END IF
IF(PRNT.EQ.O)THEN
NFL=6
WRITE(NFL,*)E,CRSS
ELSE IF(PRNT.EQ.1)THEN : Y

7



B.3. LISTING

15
25
35
45

(]

10

20

(]

30

NFL=20 .
WRITE(NFL, *)E,CRSS

'END IF

IF(PRNT.EQ.1.AND.I9.EQ.NO)CLOSE(20)
RETURN
END

SUBROUTINE DATX2(X,Y,NO,EL,CROSS)

REAL A(7)
REAL X(100) , -Y(100)

- INTEGER I,J,K,NO,ATN,EL,CROSS

FORMAT(I2)
FORMAT(I2,1X,7(2X,1PE9.3))
FORMAT(7(/))
FORMAT(10(3X,7(2X,1PE9.3)/))

IF(CROSS.EQ.O0)THEN ‘
OPEN (UNIT=10,FILE=’SIGMAK.DAT’ STATUS-’OLD’)
ELSE IF(CROSS.EQ.1)THEN
OPEN(UNIT=10,FILE=’SIGMAL1.DAT’ STATUS-’OLD’)
ELSE IF(CROSS.EQ.2)THEN
OPEN(UNIT=10,FILE=’SIGMAL2.DAT’,STATUS='OLD’)
ELSE IF(CROSS.EQ.3)THEN
OPEN (UNIT=10,FILE=’SIGMAL3.DAT’,STATUS="0LD’)
END IF ‘

READ CROSS SECTION DATA POINTS FROM FILE SIGMA(?).DAT

READ(10,15) NO
READ(10,25) ATN, (A(I),I=1,7)
IF(ATN.NE.EL)THEN

READ(10,35)

GOTO 10
ELSE :
DO 20 I=1,7

Y(I)=A(I)

' CONTINUE

READ(10,45) (Y(I),I=8,NO)
END IF ,
REERRRER KRRk
CREATE X VALUES

X(1)=100

‘DO- 30 I=2,NO

IF(I.LE.21)X(I)=X(I-1)+20
-IF(I.GT.21.AND.I.LE.23)X(I)=X(I-1)+100
‘IF(I.GT.23.AND.I.LT.26)X(I)=X(I~1)+50
" IF(I.GE.26.AND.I.LT.58)X(I)=X(I-1)+100
IF(I.GE.B8)X(I)= x(I 1)+200

CONTINUE

kg k kkkkkR *kkk

199
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CLOSE(10,STATUS='KEEP’)
RETURN
END
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202 APPENDIX C. MCF FOR PURE ELEMENTS AND COMPOUNDS: K-SHELL

Table C.1: K,, E,=1.0 MeV.

Target Element p I(Z) F(Z) ABS E-Exit Range
Z mg/cm? keV mg/cm?
Ce2(S04)3 16 1.02 0.07 1440 2647 847 4.71
Ce(SO4)2 v 16 - 1.04 0.08 12.92 2440 836 4.50
CsCl 17 1.07 0.05  21.66 2940 885 6.68
BaCl, 17 1.06 005 19.06 2842 - 875 6.01
KI 19 1.58 0.09 11.06 1484 824 6.02
Mn 25 2.16 0.21 482 305 687 5.28
Fe 26 217 020 4.90 306 690 5.33
Co 27 230 020 491 264 687 5.72
Ni 28 226 0.20 5.00 262 686 5.69
GaN _ 31 2.26 0.23 430 144 669 5.17
Ge 32 2.57 021 4.67 150 675 6.24
As20; 33 226 024 4.22 118 669 5.13
Se 34 256 0.22 4.64 131 674 6.20
RbNO3 1 1.97 0.25 4.00 59 665 4.35
SrCO3 38 198 0.25 4.00 52 665 4.36
Y03 39 230 024 414 60 669 ~  5.17
Zr 40 2.78 0.23 430 64 673 6.39
NbO _ 41 244 024 413 46 670 5.47
Nb,O3 41 2.45 0.28 3.56 38 668 4.76
Mo 42 2890 024 425 44 672 6.61
Ru » - 44 297 024 425 29 672 6.82
Ag 47 3.05 - 0.21 4.79 42 680 7.76
Cd 48 325 022 4.63 27 677 8.02
In 49 321 021 4.66 34 681 7.94
Sn 50 3.27 0.22 4.64 29 681 8.04
Sb 51 321 022 4.63 24 683 7.92
Te ' ‘ 52 3.36 0.23 . 4.43 22 684 7.92
-KI 53 2.71 - 024 4.16 22 685 6.02
CsCl 55. - 275 022 4.54 13 687 . 6.68
CsNO3 55 2.20 0.23 4.44 10 688 5.28
BaCl, 56 249 022 450 11 689 6.01
La;03 57 2.65 0.22 4.59 12 691 6.49
Ce(S04)2 58 1.85 022 451 7 693 4.50
Ce2(S04)3 58 193 022 453 8 693 4.71
CeO, 58 2.54 022 4.63 12 693 6.26
~ Pry03 59 - 266 021 479 13 695  6.77
PreO1y 59 257 0.21 476 12 695 6.52
Nd(NQO3)3.6H,0 60 147 023 443 4 698 3.51
Nd,03 60 2.70 0.21 475 12 697 -6.80
Gd;03 64 2.81 0.20 4.94 11 705 7.29
Dy203 66 292 020 5.12 10 708 7.81
Lu,03 n 3.03 0.18 544 10 718 8.46
Ta 73 ©3.90 0.17 5.94 11 722 11.68
w 74 393 0.16 6.07 11 725 11.98
Pt 7 402 0.16 6.43 14 736 12.76
Au 79 3.83 0.16 6.42 13 739 12.12
Pb 82 3.65 0.15 6.80 38 754 11.94
ThF, ' 90 230 0.15 6.75 7 771 7.44

U0, 92 266 014 697 8 777 8.78



Target

Ce2(S04)3
Ce(S04)2
'CsCl
BaClz
KI

Mn

Fe

Co

Ni

GaN

Ge
AS203
Se

. RbNO3;
SI'CO:;
Y203

Zr

NbO
Nb,O3
Mo

Ru

Ag

Cd

In

Sn

Sb

Te

KI
CsCL
CsNOj;
BaCl,
La203 .
Ce(S04)
Ce2(S04)3
0602
P[‘203
PrsOn

Nd(NO3)3.6H,0

Nd,O3 -
Gd;0;
Dy20s
LU203
Ta

w

Pt
Au
Pb
ThF4
U0,

Table Cvg Ko,, E, =20MeV

Element
Z

16
16
17
17
19
25

26

27

28

31
32
33
34
37
- 38
39
40
41
41
42
44
47
48
49
50
51
52
53
55
-5

56

57

58 -

58
58
59
59
60
60
64
66
71
73
74
78
79
82
90
92

p 1(2)
mg/cm?

- 7.66 0.23
1.84 0.03
1.79  0.02
1.85 0.02°
3.02  0.04
6.90 0.16
6.81 0.15
7.31  0.16
7.23  0.16
4.66 0.18
516 0.17
4.85 0.19
5.21  0.17
4.60 0.23
4.66 0.23
8.94 0.27

10.47 0.25
9.64 0.27
9.73  0.32

11.22 .0.26
11.64 0.27

11.89 0.25

1241 026
1233 0.25
12.65 0.26

12.93 - 0.26

13.30 027

11.11  0.28

11.22 -0.28
9.27 0.29

10.31 0.28

1091 0.28
7.99  0.30
8.21 0.29
10.47 0:28
10.89 0.27

10.63  0.27
6.49 0.30
11.09 027
11.65 0.27
12.01 0.26
12.69 0.25

15.57  0.24

15.75 0.23
16.17  0.23
16.06 0.23
1520 0.20
1i.15 0.24
12.87 0.24

F(2)

43.70
37.08
57.03
50.24
28.15

6.41
6.50
6.19
6.18
5.45
6.00
5.16
5.78
4.37
4.32
3.76
4.05
3.67
3.4
. 3.83
3.66
4.07
3.87
3.99
3.92
3.81
3.70
3.58
3.60
3.48
3.54
3.61
3.39
3.47
3.61
3.73
3.70
3.37
3.68
374
3.82
3.92
4.22
4.26
4.44
4.36
5.02
415
4.24

ABS

- 2440
2647

2940
2842
1484
305
306
264
262
144
150
118
131
59
52
60
64
46

38 .

44
29
42
27
34
29
24

22

22
13
10
11
12
1
8
12
13
12
.4
12
- 11
10
10
11
1
14

13

38
7
8

E-Exit
keV

1140
1825
1875
1860
1785
1330
1335
1310
1305
1560
1578
1549
1568
1511
1508
1115
1140
1105
1095
1115

© 1100
1130

1110
1125
1120
1115
1115
1110
1105
1100
1105
1110
1095
1105
1110
1115
1110
1110
1115
1120

1125

1135
1145
1145
1165
1170
1235
1210

1220.

Range
mg/cm?

13.67
13.14
18.95

17.27 -

18.23
14.93
14.92
15.70
15.49
14.66
17.23
14.78
17.07
12.82
12.89
15.03
18.24
16.01
14.11
19.01
19.50
21.10
21.67
21.70
22.09
22.21
22.21
18.23
18.95
15.35
17.27
18.46
13.14
13.67

17.76-

18.97
18.36
10.62
19.03
20.21
21.20

22.76

29.46
29.97
'31.61
30.95
31.07

20.98 -

24.26

203



904 APPENDIX C. MCF FOR PURE ELEMENTS AND COMPOUNDS: K-SHELL

Table C.3: K,, E,=3.0 MeV.

Target Element p I(Z) F(Z) ABS E-Exit Range
Z mg/cm? keV mg/cm?
Ce2(S04)3 16 1.88 0.01 7523 2440 2165 26.23
Ce(S04)2 16 1.96 0.01 7045 2647 2860 25.28
CSCL 17 1.95 0.01 106.86 2940 2895 35.65
BaCl, 17 1.89 0.01 9478 2842 2890 32.75
KI 19 3.28 0.02 52.66 1484 = 2820 34.81
Mn 25 9.06 0.10 10.07 305 2350 28.25
Fe 26 891 0.10 1014 306 2355 28.12
Co 27 9.83 0.11 9.36 264 2310 29.40
Ni 28 9.69 - 0.11 9.06 262 2305 28.29
GaN 3 6.51 0.13 7.46 144 2538 27.82
Ge 32 7.03 0.12 8.36 150 2562 32.22
As203 33 6.94 0.15 6.86 118 2516 28.20
Se ‘ 34 7.19 0.13 7.84 131 2545 31.85
RbNO3 37 7.05 0.19 5.24 59 2441 24.72
SrCO3 38 7.19 0.20 5.11 52 2433 24.86
Y203 39 17.64 0.24 4.09 60 1640 28.66
Zr 40 - 20.06 0.22 4.57 64 1700 34.28
NbO 41 19.19  0.26 3.88 46 1600 30.48
Nb,Os _ 41 1962 031  3.27 38 1560 - 27.11
Mo 42 21.84 0.24 4.11 44 1630 35.72
Ru 44 23.23 0.27 3.75 30 1560 . 36.57
Ag 47 19.52 0.22 4.48 42 1890 38.92
Cd 48 2092 0.25 4.05 27 1830 - 39.92
In 49 2048 023 430 34 1870 40.11
Sn 50 21.22 0.24 4.16 29 1850 40.88
Sb 51 21.87 0.25 399 24 1830 41.30
Te 52 22.60 0.26 3.85 22 1825 - 41.30
KI 53 19.19 0.27 3.74 22 1815 34.81
CsCL 55 19.87 0.28 3.57 13 1775 35.65
CsNO3 55 16.75 0.29 339 10 1765 29.36
BaCl, 56 18.46 0.29 3.47 11 1770 32.75
Lay03 57 1945 0.28 3.57 12 1780 34.88
Ce(S04)2 58 14.80 0.31 3.18 1 1735 25.28
Ce2(S04)3 58 15.05 0.30 3.33 8 1760 26.23
CeO, 58 18.73 0.28 3.55 12 1780 33.57
Pr,03 59 1940 0.27 3.66 13 1785 35.61
PreOn ' 59 18.89 0.28 3.63 12 1785 34.57
Nd(NO3)3.6H2.0 60 12.20 0.31 3.21 4 1755 20.78
Nd,O03 60 19.73 0.28 3.61 12 1785 35.73
Gd,03 - 64 2068 027  3.65 11 1790 37.77
Dy20s3 66 21.25 0.27 3.70 10 1795 39.30
Luz03 71 2238 027  3.77 10 1800 41.87
Ta 73 26.76  0.25 4.05 11 1815 52.51
w 74 27.07 0.25 4.08 11 1815 53.29
" Pt 78 27.82 0.23 4.26 14 1840 56.01
Au 79 27714 0.24 4.20 13 1840 55.28
Pb 82 24.86 0.18 5.41 38 1995 55.82
ThF4 90 . 2111 0.27 3.71 7 1830 39.42

U0, ] 92 24.05 0.26 3.85 8 1845 45.83



K1
CsCL
CsNO;
BaCl,
Laz03
Ce(S04)2
062(504 )3
0602
Pl‘203
P10y
Nd(NO3)3.6H,0
- Nd203

. Gd203
Dy203
Lll203
Ta

W

Pt

Au

Pb

U0,

Table C.4: K,, E,=4.0 MeV.

Element
Z

16
16
17

17

19
25
26
27
28
31
32
33
34
37
38
39
40
41
41
42
44
47
48
49
50
51
52
53
55
55
56
5T
58
58
58

59 .

59
60
60
64
66
71
73
74
78
79
82

90

92

P
mg/cm?

2.23
2.25

2.23

2.29
3.96
12.55
12.05
13.45
13.31
7.89
8.38
8.53
8.66
9.18
9.41

24.98

27.36
.- 27.55
28.52
30.76
33.53
32.13
35.40
34.11
35.71

37.16

38.43
33.16
34.80

29.81 -

- 32.66
34.13
26.85
27.05
33.06
26.60
33.28
22.23
34.68
36.26
37.31
39.06
45.98
49.74

47.20-

47.28
39.99
37.91
42.76

1(Z)

0.01
0.01
0.01
0.01
0.01
0.07
0.07
0.07
0.08

- 0.10

0.09
0.11
0.09
0.16
0.16
0.21
0.18
0.23
0.27
0.21
0.25
0.20
0.24
0.22
0.23
0.24
0.25
0.26
0.29
0.31
0.30
0.29
0.34
0.32
0.29

0.28 |

0.28
0.33
0.28
0.28
0.28
0.27
0.25

0:30

0.24

- 0.24

0.16
0.29
0.27

F(2)

- 116.17

103.70
181.17
158.95

84.21

14.48

14.72
13.42
13.19
10.12
11.43

9.12

10.53

6.41
6.18

4.79
. 5.52

442

3.65
4.73
4.08
4.94
4.23

4.65

4.42
4.16
4.00
3.84
3.50

3.27

3.37
3.50
2.93
3.16
3.46

3.57 .

3.54
3.00

3.52
- 3.56.

- 3.60
3.66
3.96
3.33

- 4.25

4.18
6.07
3.48
3.65

ABS

2647
2440
2940
2842
1484
331
306
264

262

144

150

118
131
59
52
60
64
46
38
44

29

42
27
34
29
24
22
22

13

10
11
12
1
8
19
13
12
4
12
11
10
10
11
1
14
13
38
T
8

E-Exit

keV

3870
3070
3900
3890
3820

3340

3290 -
3230

3220
3546
3573
3518
3551
3413
3401
2450
2560
2370

2300

2420
2290
2450
2310
2400

2350

2300
2290
2260
2170
2140

2150

2180
© 2060
2120
2170
2175
2180

2100

2180
2190
2190
2200
2230
2080
2290
2280
2610
2200
2230

'Rahge

mg/cm?

42.05
40.62
56.29
52.00
55.31
44.93
44.63
46.49
45.63
44.32

50.83

45.04
50.19
39.74

39.97

45.70
54.10
48.48
43.41
56.29
57.56
60.73

62.27

62.65
63.87
64.63
64.63
55.31

56.29

46.90
52.00
55.24
40.62
42.05
53.22
46.77
54.68
33.74

56.41

59.47
61.60
. 65.28
80.30
81.39
85.35
84.53
85.54

- 62.21.

71.80

205
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208 APPENDIX D. MCF FOR PURE ELEMENTS AND COMPOUNDS: L-SHELL

Table D.1: Ly, E,=1.0 MeV.

Target Element p I(Z) F(Z) ABS E-Exit Range

Z mg/cm? keV mg/cm?
CsCl , 55 194 011 9.04 994 786 6.68
BaCl, 56 193 013 7.68 870 765 6.01
La,03 57 211 0.13 748 765 - 759 6.49
CeOy 58 1.96 0.14 7.14 745 737 6.26
Ce3(S04)3 58 1.88 0.19 521 534 702 4.71
Ce(S04)2 58 1.85 020 4.93 494 693 4.50
PrsO11 59 209 0.13 7.52 745 757 6.52
Nd,O3 60 220 0.13 748 710 758 6.80
Nd(NO3)3.6H,0 60 1.64 025 393 317 659 3.51
Sm,03 62 235 0.14 715 622 750 . 7.08
SmF; 62 225 0.16 6.37 557 731 6.39
Gd,03 64 248 0.15 6.80 544 742 7.29
Dy,O3 66 260 014 697 512 743 7.81
HIF, 72 262 0.18 541 . 302 704 6.92
Ta 73 339 0.12 834 406 761 . 11.68
W 74 351 0.12 819 39 756 11.98
Pt 78 398 0.14 731 284 739 12.76
Au : 79 394 0.15 6.87 261 731 12.12
Pb 82 428 0.17 572 156 707 11.94

Table D.2: Ly, E,=2.0 MeV.

Target Element p I(Z2) F(Z) ABS E-Exit Range

: Z mg/em? - keV. mg/em?
CsCl 59 548 0.08 13.23 628 1600 18.95
BaCl. 56. 434 0.06 16.33 870 1660 17.27
La;03 57 480 0.06 15.47 765 1645 " 18.46
Ce2(SO04)s 58 527 011 875 534 1465  13.67
Ce(S04)2 58 539 013 7.96 494 1430 13.14
CeO, 58 487 0.07 1425 . 725 1625 17.76
Pr¢Oyy ' 59 4.80 0.07 15.12 745 1635 18.36
Nd(NO3)3.6H,0 60 574 0.20 5.02 317 1235 10.62
Nd,Og3 60 5.02 0.07 14.96 710 1635 19.03
Sm203 62 551 0.07 13.78 622 1610 19.72
SmF; 62 570 0.09 11.48 557 1550 17.84
Gd203 64 6.03 0.08 12.57 544 1580 20.21
Dy203 66 6.31 0.08 12,51 512 1575 21.20
HfF,4 72 787 0.13 7.61 302 1395 18.99
Ta ' 73 797 0.07 13.98 406 1590 29.46
W - T4 825 0.07 13.78 396 - 1580 29.97
Pt : 78 10.09 0.09 11.06 284 1505 31.61
Au 79 10.54 0.10 10.17 261 1480 30.95

Pb 82 13.23 0.14 7.10 156 1345 31.07



Target

CsCl

BaCl,

Las03
082(504)3
Ce(SO4 )2
0802

PreOn

Nd;O03
Nd(NOj3)s.6H,0
Sm203$M2O3
SmF.3

Gd,03
Dy;03

HfF,

Ta

W

Pt

Au

Pb

Target

CsCl

BaCl,

LayO3
062(504)3
Ce02 ) o
Ce(SO‘4)2
Pr¢O11
Nd(NOs)3.6H;0
Ndan '
Sm203 '

) SmFa

Gd203

Dy20Os3

HfF4

Ta

w

Pt

Au

Pb

ST -
e

A

Table D.3: Ly, E,=3.0 MeV.

Element
' Y/

55
56

57
58
58
58
59
60
60

62

62
64
66
72
73
74
78
79
82

p I(2)

mg/cm?

4.47
4.81
5.35
6.39
6.61
5.51
5.39
5.71
7.89
11.33
6.59
6.91
7.30
10.93
9.10
9.33
11.87
12.44
16.93

0.03
. 0.03
0.04
0.07
0.07

- 0.04
0.04
0.13
0.04
0.05

0.05
0.09
0.04
0.04
0.06

.0.06
0.09

0.04

. 0.05

F(2)

36.68
29.63
27.87
'15.21
13.70

25.52.

27.02
26.60
7.92

22.94

120:01
21.91
21.55

10.54-
23.05 -

22.71
17.68

16.23

10.62

ABS.

998

870
765
532
494

725.

745
710
317
376
558
544
512
252
406
396
- 284
261
156

Table D.4: Ly, E,=4.0 MeV.

Element

Z

55
56
57
58
58
58
59
60
60
62
62
64
66
72
73
74
78
79
82

p 1(2)
mg/cm?
5.30 0.02
5.96
6.51
8.15
6.71
8.51
6.76
10.94
7.03
7.89
8.26
8.72 -
9.18
13.10
11.37
11.79
14.96
16.08
22.74

0.02
0.04

0.05
0.02
-0.09
0.02
0.03
0.03

0.03

06
0.03
0.03
0.04
0.04

0.02 .

0.03 -

0.03

0.07

F(2)

57.21
46.26

43.30

25.00
39.57
20.95
41.79
'11.65

41.09
37.24

30.56

-33.43

32.68
18.06
33.99
33.54

25.66

23.50
'14.85

ABS

994

870.

765
534
725
494
745
317
710
622
557
544
512
302
406
396
284
262
156

E-Exit

keV

2755
2715
2700
2525
2490
2680
2690
2685
2250
3490
2610
2635
2625
2365
2630

2625

2540
2515
2340

E-Exit

‘keV

3760
3710
3700
3510
3680
3470
3680
3170

3680

3650
3600
3620
3610
3380

3610 .

3600

3510 |

3470
3250

Range
mg/cm?

35.65

32.75
34.88

26.33 -

25.28
33.57
34.57

- 35.73
20.78
58.18
33.49
37.77
39.30
35.45
52.51
53.29
56.01
55.28
55.82

Range
mg/cm?

. 56.29

52.00
55.24
45.05

53.22
40.62

54.68

33.74

56.41

58.18
53.02
59.47
61.60
55.85
80.30
81.39
85.35
84.53
85.54

209
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