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SECTION 16 NUCLEAR ANALYSIS 

16.1 Basic Studies 

Summary: Basic studies in nuclear analytical techniques include the 
examination of underlying assumptions and the development 
and extension of techniques involving the use of ion beams 
for elemental and mass analysis. 

16.1.1 The assessment of the matrix effect in analysis using PIPPS 
with protons 

C Olivier*, M Peisach and H J Morland* 

* University of Stellenbosch 

Homogeneous spiking of a sample with a known amount of a standard 
containing the sought analyte may be used to analyse a sample of unknown 
composition. If the mass of the spiking material is relatively small, 
the elemental concentration c is related to the measured count N of 
proton-induced prompt gamma rays by 

Nx = cx 
^xs cx + cs 

where N x and N x s are the signal intensities from the original and spiked 
sample respectively, c x is the concentration of the required element 
in the unknown sample and c s is the added concentration of that element" 
as a result of the addition of the spike. Provided the properties of 
the sample matrix are not effectively changed by the spike, the solution 
of c x should give a unique result independent of the value of c s. That 
this is not the case was demonstrated by measurements made on each of 
four spiked samples of the ore BCS 308, using the yields of the gamma 
rays of 378 and of 1434/1440 keV. The calculated chromium concentration 
was back-extropolated to zero concentration of the added spike. The 
true concentration was found to be 29.59 ± 2.13% Cr by mass from the 
378 keV gamma ray and 28.50 ± 1.86% from the higher-energy gamma rays, 
which are in good agreement with the known concentration of 28.41% by 
mass. It was noted that an error of 9.3 and 6.0% respectively is made 
per 1% Cr added spike for each gamma ray. 

It would therefore be convenient to be able to determine the effect 
of the so-called matrix effect of the sample in advance and hence make 
the appropriate corrections. 

It has previously been shown {1}that by spiking lithium and chromium ores 
respectively with compounds of boron and lithium, elements which are 
absent in the samples, the induced prompt-gamma yields from these elements 
can be used in a comparator method to determine the ranges of protons 
in the unknown samples, and hence the concentrations of the analyte 
elements in a similar comparator method. In this investigation CHROME 
ORE I was spiked with compounds of boron and sodium as the range elements 
and the results were compared to those when lithium compounds were used 
{1}. The pure spiking compounds and comparator standards are listed 
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in table 1. The measured ranges are given in table 2 and the results 
of analyses are summarized in table 3. The overall mean, which reflects 
the value calculated from all the range values, is in good agreement 
with the known chromium content of the ore. 

Table 1. Pure spiking compounds and comparator standards 

Spiking compounds LiOfl, Li2COj, Li 2(COO) 2, Li2Si03, LiA102l 

Li 2Ge0 3 

B, B 4C, CaBg, LaBg, CeBg 

N^COj, CH3COONa, NaCl, N a 4 P 2 0 7 l NaBr0 3 

Standards (NH 4 ) 2 Cr 2 0 7 , K 2 C r 2 0 7 l C r 2 0 3 ) PbCr0 4 Cr 

Table 2. Measured ranges in the standard ore CHROME ORE 1 

Range element 

Li 

B 

Na 

E (keV) x 

429 

479 

428 

2124 

440 

1637 

Ranges(mg cm' 2] 

51.77 ± 2.799 

53.05 ± 3.10 

56.17 ± 4.35 

58.80 ± 3.73 

49.11 ± 2.85 

47.34 ± 3.17 

Table 3. Analytical r e s u l t s of standard chromium ore 

Range element Cr—content/% bv mass 

Found 

(Mean value) 

Overall mean 

Li 32.27 ± 1.38 

B 29.22 ± 1.25 32.08 ± 1.05 

Na 34.76 ± 1.61 

Reference 

K nown 

31.52 

1. National Accelerator Centre Annual Report NAC/AR/87-01 (CSIR, 1987) 
p 173 



16.1.2 Search for molecular effects in range corrections, using protons 

C Olivier*, M Peisach, H J Morland* and B S de Wet* 

* University of Stellenbosch 

The previously reported study { 1} on possible molecular effects, as 
shown by the variation of proton stopping power of compounds, was 
continued. 

(i) Phosphorus 

The prompt 1266 keV 3 1P p(l,0) and 2233 keV 3 1P p(2,0) gamiaa rays induced 
by 5 MeV protons were measured during the irradiation of 12 pure 
phosphorus compounds of known composition. To check thsir purity, these 
compounds were analysed for their phosphorus content, by chemical analysis 
using the method of ammonium phosphomolybdate precipitation, redissolution 
of the precipitate in excess standard alkali and back-titration with 
acid. The value of any molecular effect was found to be S 7.9%. 

(ii) Fluorine 

The yield of the prompt 110 keV 1 9 F p(l,0) and 197 keV ] 9F p(2,0) gamma 
rays induced by 5 MeV protons from the irradiation of a range of pure 
fluorine compounds of known composition is currently under investigation 
in the search for possible molecular effects. 

Reference 
1. National Accelerator Centre Annual report NAC/AR/87-01 (CSIR, 1987) 

p 175 

16.1.3 High-resolution spectrometry of low-energy photons 

L G Lackay*, D Gihwala* and M Peisach 

* Peninsula Technikon, Bellville 

Prompt photons with energies between 20 and 200 keV are not often favoured 
for analytical use because the resolution of Ge(Li) detectors is 
insufficient to cope with the high density of photopeaks that occur 
in that energy region of the spectrum, and the efficiency of Si(Li) 
detectors is very low for photons above about 30 keV. Using thin 
intrinsic germanium detectors, a survey was carried out of the photons 
in this energy region, emitted under proton bombardment of 77 stable, 
non-gr.seous elements in the pure form or in the form of pure compounds. 
From the survey, the photons that were potentially useful for analysis 
(sensitivity less than 1000 ppm) were identified and their yields were 
measured for proton bombarding energies from 3.5 to 6.0 MeV. The yields 
and sensitivities for one such elemental study, that of titanium, is 
shown in table 4. 
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Table 4. Yields and sensitivity results of identified gamma rays from 
the proton bombardment of pure titanium 

Ef(keV) Assignment 
3.5 4.0 

Yield 

4 .5 

(Counts 

5.0 

liC-' ) 

5.5 6 .0 HeV 
Scnsltivllr 
(Mg-j-'-C-'l 
at 6 MeV 

32.9 Ti-50 n(4,3) 39 790 2 800 4 400 7 500 :• 800 640 
35.3 Ti-50 n(3.2) 47 1 300 5 030 8 500 13 100 21 300 350 
58.2 Ti-47 n(2,l) 68 85 1 700 3 500 6 400 10 700 710 
62.2 Ti-47 11(2,1) 96 690 1 760 2 500 3 200 4 700 
87.5 Ti-47 nll.O) 22 200 3 400 7 600 14 000 22 300 400 
90.7 Ti-49 nll.O) 830 3 500 8 700 13 100 19 000 27 000 300 
94.) Ti-50 n(2,1) 40 2 000 8 300 17 11)0 20 300 48 400 180 
98.0 Ti-46 n(4,2) 8 52 74 210 410 7 900 920 
112.5 Tl 48 ti(2, 1 ) 6 IB 38 66 4 700 30 000 230 
152.9 Ti-49 n(2,0) 110 380 1 000 1 800 2 100 2 500 
159.8 Ti-48 p(l,0) 370 1 500 3 700 5 700 8 000 11 500 420 
210.8 Ti-48 n(3,l) 10 19 36 43 ISO 2 500 
226.2 Ti-50 11(1,0) 10 290 1 300 2 700 4 900 8 900 450 
260.0 TÍ-4B n(3,0) 4 8 43 110 290 500 
308. 5 Ti-48 nll.O) 5 5 9 13 1 350 6 400 540 

Some subjects for more intensive study were identified. These are: 
(i) The use of the high-yield gamma rays of 110 keV and 197 keV 

for the determination of fluorine. 
(ii) The analysis of several transition metals in matrices such 

as steel and biological material. 
(iii) Rare-earth elemental analysis in geological ores. 
(iv) Determination of minor components of noble metals in essen

tially a gold matrix. 

16.1.4 Chemiscrption of caesium on II-VI compounds 

R Tenne*, M Peisach, C A Rabe, C A Pineda^ and D Mahalu* 

* Dept of Materials Research, Weizmann Institute of Science, 
Rehovot, Israel 

S Cape Provincial Administration 

When CdSe crystals were used in solar cells with a Cs-polysulphide 
solution, the photovoltaic efficiency was much higher than with cells 
using Na-polysulphide. One possible explanation was that caesium adsorbed 
on the surface induced a shift in the work function of the semiconductor. 
Work was therefore undertaken to study a series of II-VI compounds and 
their behaviour in solutions containing caesium. 

(i) Studies on zinc selenide 
A comparison of caesium adsorption on ZnSe crystals from chloride and 
sulphide solutions was carried out. Rutherford backscattering of 2 MeV 
1*He+ ions was used to analyse the surface and near-surface layers of 
the crystals while the composition was deduced from simulated spectra 



which best fitted the experimental data. The elemental composition, 
and in particular the presence of Cs, was confirmed by PIXE analysis, 
using 3 MeV protons at the Faure Van de Graaff accelerator. 

In the chloride, caesium was present on the surface and diffused through 
the crystal with a decreasing concentration to a depth of up to 140 nm. 
Evidence was also obtained of partial removal of surface zinc, possibly 
by dissolution, leaving a non-stoichiometric ZnSe with excess selenium 
in the first 40 nm of the crystal and a smaller Se excess for the next 
50 nm. Evidence of hydrolysis was also obtained to a depth of about 
90 nm. 

With sulphide solution the concentration of caesium w<-. ; much lower than 
with the chloride solution. The surface of the crystal was covered 
with a thin layer of 1.5 nm of Cs, but the Cs diffused into the crystal 
to a total depth of 180 nm, with the Cs concentration decreasing with 
depth. There was no evidence of crystal decomposition. As a result 
of these tests, further work was restricted to sulphide solutions. 

The effect of exposure to light using the sulphide solution showed that 
at first a caesium layer builds up on the surface with limited diffusion 
inward. Longer exposure showed that the Cs concentration profile extended 
to about 310 nm but at a much lower concentration level. 

A systematic study of the effect of washing the dipped crystal with 
water without exposure to light, showed that directly after a 15 min 
immersion of ZnSe in caesium sulphide and quickly rinsing off the adhering 
liquid, the Cs concentration profile formed a -surface layer as well 
as a diffused layer within the crystal to a depth of 50 nm, which did 
not change with further washings. The presence of Cs on the rinsed 
ZnSe crystals was confirmed by PIXE analysis. 

(ii) Studies on cadmium sulphide 
Crystals of CdS were allowed to interact with caesium sulphide for varying 
periods of time. Thereafter the crystals were quickly rinsed and 
analysed. As was the case with ZnSe, the shorter exposure showed a larger 
concentration of surface Cs, which implied that surface adsorption was a 
rapid process but the extent of retention of Cs was determined by the 
duration during which diffusion into the crystal was allowed to take 
place. Prolonged water treatment removed Cs from the outermost subsurface 
layers as well, but no change could be detected in the Cs concentration 
in the deeper levels. 

(iii) Studies on cadmium selenlde 
The experimental procedure was the same as that used for ZnSe. However, 
the preparation of clean reference surfaces of CdSe required alkali 
treatment, which if not correctly performed, resulted in a deposit of 
elemental selenium on the crystal surface. 

Channelling studies on CdSe crystals cut along the 0001 plane were carried 
out for different crystals. The angular scan for both faces of the 
crystal showed excellent channelled dips and all 12 main channels were 
clearly observed. The backscatter spectra of randomly orientated crystals 
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showed the presence of low concentrations of caesium to a depth of about 
80 nm. When compared with the channelled direction no Cs was observed, 
indicating that the Cs occupied crystal sites and hence was 
substitutional. 

(iv) Studies on tungsten selenide 
The effect of etching WSe2 crystals for different periods showed a 
systematic preferential depletion of selenium. The variation of the 
ratio of Se:W in the surface layer with etch duration is shown in 
figure 1. 

(v) Chemisorption of iodine on molybdenum selenide 
The adsorption of iodine is difficult to study from backscatter data 
when the adsorbed species is in the elemental state, because the iodine 
is volatilized by the heating effect of the bombarding beam. Preliminary 
investigations to establish the magnitude of the effect were carried 
out on crystals of MoSe2 that had been exposed to iodide. Backscatter 
spectra were measured consecutively and the observed iodine concentration 
was monitored. In this preliminary study it was found that the iodine 
content did not change from one analysis to the next, indicating that 
there was no volatilization of iodine. It was concluded that the adsorbed 
species was iodide. A typical spectrum is shown in figure 2. 

16.1.5 Study of semionic materials 

G Dagan*, D Cahen*, M Peisach and C A Pineda' 

* Dept of Structural Chemistry, Weizmann Institute of Science, 
Rehovot, Israel 

§ Cape Provincial Administration 

The ternary chalcogenide semiconductors, with ABX2 stoichiometry 
adamantine structure, and A=Cu or Ag, are known to have low but 
significant ionic conductivity, while retaining their semiconducting 
character. Several pieces of experimental evidence point to the 
monovalent species as the ones involved in ionic conductivity. Because 
these ions in interstitials, vacancies or antisite occupancy can serve 
as dopants as well, the materials have the interesting property that 
their semiconducting properties are, in principle, controllable by control 
of ion migration in them. Such materials are termed "semionics". 

The possibility of Cu/Ag exchange in AInSe2 was studied using electrical 
potential differences with or without thermal assistance. In experiments 
of this type, several kinds of electrodes are used. 

Ag or Cu: These are ionically blocking, electrically conducting. 
They can also serve as sources or sinks for the oxidized 
or reduced species. 

Agl or Cul: These are ionically conducting, electronically blocking 
electrodes, allowing isolation of the ionic current. 

C/I or C/S: These are electronically conducting and good sinks for 
ions. 
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Fig. 1 The variation of the Se:W ratio with the duration of etching 
of a WSe2 crystal . 
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Fig. 2 Backscatter spectrum of MoSe2 treated with iodide. The iodide 
was present mainly as a surface layer, but no volatilization 
occurred during analysis. 
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Different electrical potential differences were applied in a solid state 
electrochemical set-up. In such case the negative electrode was analysed 
for accumulation of Ag or Cu. 

The crystals were analysed by 2 MeV **He+ Rutherford backscatter and/or 
proton-induced PIXE either with 1.8 MeV protons at the Weizmann Van 
de Graaff accelerator or with 4 MeV protons at Faure. 

16.1.6 Matrix corrections for the determination of trace elements 
in thick biological samples by PIXE 

C A Pineda* and M Peisach 

* Cape Provincial Administration 

The concentration C^ of an element i deduced from the observed count 
Yj measured during a PIXE analysis of a uniform thick target is given 
by 

Ci = YiFi / Q Ki, 

where Q is the integrated bombarding current and K^ is the parameter 
determined by the experimental conditions and includes the thin target 
yield, geometrical factors, efficiency and the effect of external 
absorbers. The parameter F is the reciprocal of the matrix correction 
factor and includes the effects of sample stopping power and X-ray 
absorption. Published tables of ECPSSR ionisation cross-sections {1}, 
proton stopping powers {2} and mass absorption coefficients {3} were 
used to calculate the values of F for 12SZS56 and for proton bombarding 
energies of 1, 2, 3 and 4 MeV. 

Homogenized dried powders of 14 different reference standards of 
biological materials were compressed into pellets thick enough to stop 
the bombarding beam, and analysed by PIXE. The composition of the organic 
components of the matrices was determined by backscatter analy's. Since, 
in unknown biological materials, the composition of the organic components 
is not known and is often assumed to be that of cellulose, F-values 
were calculated for Chlorella standard reference material NIES-CRM-3 
for both the known and assumed organic compositions. It was found that 
for the elements 12áZál9 the difference between the two F-values was 
appreciable but decreased with increasing Z, until at Z219 the difference 
became small and could be neglected. This implied that for the elements 
19SZS56 a reasonable organic composition could be assumed without 
affecting the calculated value of F. 

Using the known composition of the biological standards, F-values were 
calculated for each element. Comparison of the F-values for the same 
element in different standards showed a small standard deviation. The 
mean value could thus be used aa a representative F-value for all 
carbonaceous organic materials. A universal reference curve (see figure 
3) was constructed for the chosen range of elements and for each selected 
bombarding energy. For practical application interpolation could be 
made to any bombarding energy in the range 1.0 á E p á 4.0 MeV. 
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Verification of the validity of the calculated F-values was obtained 
from the determination of the trace elements in the known standard 
materials. 
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16.1.7 PIXE from rare earths by energetic protons 

M Peisach and C A Pineda* 

* Cape Provincial Administration 

The analysis of rare earths by PIXE using protons of a few MeV depends 
on the measurement of the L X-rays. Since these X-rays have overlapping 
energies, it is difficult to determine individual rare earths from 
mixtures. The energies of the K X-rays are sufficiently different 
to be resolved by intrinsic-Ge detectors, but the yield using low-energy 
protons is too low for sensitive analysis. Attempts were thus made 
to improve the sensitivity of analysis by using more energetic protons 
to excite K X-rays from the rare earths. 

Thin film standards of some of the rare earths (as fluorides), obtained 
from a commercial source, were bombarded with 40 and 60 MeV protons 
from the Faure 200 MeV separated-sector cyclotron, and X-rays were 
measured with a 5 mm thick intrinsic Ge detector. A typical spectrum 
is shown in figure 4. Preliminary sensitivity factors were calculated 
for the combined K a X-rays, and the variation with X-ray energy is shown 
in figure 5. 

Thick targets containing rare earths generated the expected high yields 
of prompt and delayed radiation due to bremsstrahlung, Compton effects 
and nuclear reactions, with the result that rare earth analysis could 
rot be performed with sensitivity. 

The investigation shows promise for the determination of individual 
rare earths in thin targets. An obvious advantage is that under such 
conditions, X-ray absorption by the target material is small. 
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Fig. 5 Variation of the sensitivity factor with the combined K a X-ray 
energy of some pure earths irradiated with 40 MeV protons. 


