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Chapter 1 9 

1. INTRODUCTION 

The merits of neutron activation analysis as trace and ultratrace element analysis technique, 

as well as its relevance to silicon integrated circuit technology are briefly described and the 

subject of the thesis is outlined. 

Neutron activation analysis 

Georg de Hevesy and Hilde Levi, the first to do so in the year 1936, practised 
neutron activation analysis, namely for the determination of about l% dyspro
sium in yttrium. They activated the dysprosium, i.e. produced an artificial radio
active isotope by irradiation of the alloy with neutrons, and determined the 
element by measuring the radioactivity of the isotope produced. They did not coin 
the name, but entitled their publications as nThe action of neutrons on the rare 
earth elements" or "The use of neutrons in analytical chemistry" 1). 

A more systematic development of this method started in the fifties, with the 
availability of nuclear research reactors. From the early sixties this development 
was accelerated, mainly due to an important progress in y-ray spectrometry: the 
introduction of the germanium detector. In those days it was already clear that 
neutron activation analysis is a suitable method of simultaneously determining 
very small amounts of a multitude of elements. 

What are the merits of neutron activation analysis when one contemplates the 
progress in activation techniques over the last decades? The high sensitivity 

(practically achievable low detection limits) is still the outstanding advantage of 
this technique H 1). The other characteristic, namely the potential possibility of 
determining many low-level impurities simultaneously, can be readily met by this 
method in practice, thanks to the availability of high-resolution y-ray spectrome
ters with high-purity or lithium-drifted germanium detectors. Moreover, neutron 
activation analysis is found to be accurate, among other things primarily due to 
the fact that the method is almost matrix and concentration independent, and also 
because it is not prone to contamination. This last brings with it that there are 
no systematic errors due to a blank. Consequently, the relative- total- accuracy 
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is independent of the concentration, except for those small concentrations where 
the statistical fluctuations in the measured radioactivity are predominant. 

Activation methods stand or fall with the availability of nuclear activation 
sources of high intensity: the application of neutron activation analysis is facili
tated by the widespread presence of nuclear research reactors with their high 
neutron fluxes. Nevertheless, it is a disadvantage of this technique that, in many 
cases, the response time is rather long and that the necessary effort and costs are 
relatively high. These are probably the main reasons why neutron activation 
analysis is not generally seen as a routine analytical method. 

The most serious sources of error in trace element analysis are the introduction 
of contaminations and trace-element loss in all stages of the entire procedure, like 
sample preparation, dissolution, chemical separations, etc. It is an obvious 
advantage that, in activation analysis, sample handling only has to be carried out 
very carefully before and during irradiation 12), because contamination after 
irradiation does not degrade the measurements: any impurities added are not 
radioactive! On the contrary, they may even be helpful: if a chemical manipu
lation e.g. etching is necessary to remove the contaminated surface in bulk anal
ysis, as a rule "carriers" (small but appreciable amounts - milligrams - of the 
elements to be determined) are added to the etching solution. In this way trace
element loss from the solutions by redeposition or cementation of the radioactive 
nuclides is hindered. 

The following scheme gives the successive steps of a neutron activation analysis 
procedure after sampling: 

a. preparation of the samples for irradiation: packing, 
b. irradiation, 
c. unpacking, 
d. chemical or physical treatment: mostly chemical separation of the elements to 

be measured (not always necessary), 
e. preparation of the samples for measurement, 
f measurement: y-ray spectrometry, and 
g. evaluation of the spectra: calculation of element contents and detection limits. 

The complete separation in time as well as place of the two steps, irradiation (step 
b) and measurement (step f), which are in fact the signal excitation and the de

tection, respectively, is almost unique to activation analysis 2•13). That is why 
contaminations can only occur during the steps sample preparation (step a) and 

irradiation (step b), the former being the more crucial one. It goes without saying 
that in view of the question to be answered, or the problem to be solved, the 
sampling should be given due attention. 
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If the main constituents of the sample produce high radioactivities with a rather 
long half-life, direct instrumental neutron activation analysis becomes more or 
less problematic: removal of the highly activated elements by means of chemical 
separation is necessary (step d). Though radioactive contamination by the chem
icals used does not occur if the separation is carried out after irradiation 12

), the 
methods are often laborious 14), require radiochemical experience and may lead 
to high radiation doses. 

Silicon integrated circuit technology 

Since the concentrations of many electrically active impurities in semiconductor 
materials range down to the order of parts per billion (ng/g) and often even much 
lower (pg/g) for some elements, it will not be surprising that neutron activation 
analysis has been applied to research and development in that field 15- 56). Reli
ability problems in semiconductor devices may also be related to contaminations 
on the trace or ultratrace level, as was already concluded by Snow et al. 15) in 
1965. The most serious effects of metallic contaminations in silicon are reduced 
minority-carrier lifetimes and increased junction-leakage currents. Further unde
sirable effects are the introduction of stacking faults, dislocations and mobile 
charges into gate oxides, which degrade the dielectric properties. 

Due to the large number of process steps in the present-day integrated circuit 
technology using silicon wafers, there is a high probability of a significant de
crease in the final device yield when unwanted impurities are picked up by the 
wafers or their top structures. As a multielement method, neutron activation 
analysis enables the presence of many coinciding impurities to be established and 
contamination sources in device fabrication identified. 

With silicon, the basic material used predominantly in integrated circuit tech
nology, nature is on our side: after silicon is irradiated with thermal neutrons, the 
y-activity of the 31Si produced is relatively low and its half-life is only 2.62 hours. 
A decay time of about one day is sufficient to get rid of almost all 31Si activity, 
even after a long irradiation in a high neutron flux. The same holds for silicon 
dioxide, since oxygen produces only a very short-lived radioactivity. Carbon is a 
still more favourable matrix, because its radioactivity after irradiation can be fully 
neglected. We mention these materials since silicon dioxide (quartz glass), silicon 
carbide and graphite are widely used as auxiliary materials in the production 
process of electronic devices. Knowledge of their degree of purity is desired 
because of the release of their impurities at the high temperatures involved in the 
fabrication process. 

No analysis technique can claim to offer fully satisfactory insight into the 
element distributions and concentrations of samples, and neither can neutron 
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activation analysis. At the end of this thesis a brief discussion will be devoted to 
other trace analysis techniques which are applied in the field of silicon integrated 
circuit technology. 

Subject of the thesis 

Summarizing the foregoing it can be stated that neutron activation analysis is a 
relevant technique for ultratrace analysis, due mainly to its sensitivity, multi
element character and accuracy. Unfortunately, the method has a considerable 
turnaround time, involves special facilities, is subject to safety regulations and is 
thus handicapped as a method for device and process development, not to men
tion process control. 

It was in the seventies that the task of making neutron activation analysis serviceable 
as a more or less routine method for silicon integrated circuit research, development 
and fabrication took shape. The method should give high priority to the multielement 
character with the lowest possible limits of detection and to manageability. 

If necessary, a concession could be made with regard to the accuracy, since in 
neutron activation analysis for silicon integrated circuit technology, where the 
impurity level is in the parts per billion range or lower, and where the distribution 
of these impurities is often inhomogeneous, the accuracy need not be better than 
about 25%. 

As the years passed, the silicon wafers to be analysed became ever larger, and, in 
order to avoid contamination before irradiation and be able to clean or etch the 
surfaces after irradiation according to regular production procedure, the demand 
to analyse the large wafers as a whole had to be fulfilled. 

The investigations turned out to be a long-term matter of gradual progress in 

• further development of the calibration method already in use for several years 
(single-comparator method), 

• construction of irradiation facilities for ever larger silicon samples, 
• mapping of the parameters of the irradiation facilities, 
• standardization of the measuring conditions in conjunction with the detectors 

to be used simultaneously, 
• provision of a library of well-considered nuclear parameters, 
• programming computerized batchwise evaluation of the y-spectra, and 
• organization of the entire procedure in such a way, that in a multielement 

approach, the lowest possible detection limits are reached by a manageable 
system. 
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The work is reflected in the present thesis, the following eleven chapters of which 
can be conceived as being divided into four parts: 

Part I. The theory of the neutron activation process, the calibration method 
and the influence of interfering reactions: Chapters 2 and 3; 

Part II. The irradiation facilities and the determination of their characteristic 
parameters: Chapters 4 and 5; 

Part Ill. The spectrometer system for the measurement of they-radiation and the 
evaluation of the spectra: Chapters 6, 7, 8 and 9; 

Part IV. The accuracy of the method, the limits of detection and the practical 
performance of the analyses, and typical results in the field of silicon 
integrated circuit technology: Chapters 10, 11 and 12. 

At the end of the thesis the method is briefly compared with other modern trace 
analysis techniques which are also used for silicon integrated circuit technology, 
and the future possibilities of neutron activation analysis in this area are 
considered as well: Chapter 13. 

Although Parts /, li and Ill cope with the development of the method, their 
relevance to the silicon technology will be highlighted at the proper places 
throughout the thesis. 

Note at the references: 

Transliteration of Russian characters according to: INIS Atomindex, an International 
Abstracting Service, International Atomic Energy Agency, Vienna. 
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PART I 

2. THE NEUTRON ACTIVATION PROCESS 

The quantitative aspects of the neutron activation process are treated, relating the measured 

y-ray pulse rates to the corresponding amounts of trace elements in the sample. The treatment 

has general applicability to all kinds of samples. 

2.1. Nuclear reactions with neutrons 

When radioactive nuclides are produced by nuclear reactions with neutrons, such 
as e.g. 59Co(n,y)60Co, 58Ni(n,p)5SCo or 27Al(n,cc)24Na, the process is called neutron 
activation. The growth of the number of radioactive nuclei during irradiation 
with monoenergetic neutrons is expressed as 1.2) 

where 
No 
N 

<P 
(J 

t 
4 

dN 
dt 

number of target nuclei (in the full sample), 
number of radioactive product nuclei, 

= neutron flux (cm-ls-1), 

activation cross-section ( cm2), 

time (s), 
disintegration constant 
half-life (s). 

ln2/ ha1r (s-1) and 

For the disintegration rate of the produced radionuclides this leads to 

where 
B = disintegration rate of the produced radionuclides (Bq), assuming 

N 0 at t = 0 and No constant. 

(l) 

(2) 



18 The neutron activation process 

It will be evident that reality is much more complicated, since the neutrons 
present in a nuclear fission reactor have energies which are spread continuously 
over a broad energy range up to about 20 MeV, and the activation cross-section 
is highly dependent on the neutron energy. Thus knowledge of the shape of the 
neutron energy spectrum is very important. 

It will be shown that for our considerations it is sufficient to distinguish three 
"types" of neutrons, placed here in order of decreasing energy: 

• Fast or fission neutrons. They are mainly produced by the fission of 235U and still 
unmoderated. The most probable energies are about l MeV. 

• Epithermal, resonance or intermediate neutrons. These are the neutrons as slowed 

down mainly by collisions with the nuclei of the moderator, which is usually 
light water, heavy water or graphite. Their flux distribution varies nearly in

versely proportional with the energy in the range from about 100 keY down to 
about 0.5 eV. 

• Thermal or moderated neutrons. These neutrons, with energies below about 
0.5 eV, are in thermal equilibrium with the atoms of the moderator and show 
a Maxwellian distribution (neutron density as a function of velocity) with a 

most probable velocity of 2200 m s- 1 at 20°C, corresponding to an energy of 

0.0253 eV. 

The fluxes of these three types of neutrons as well as their ratios differ not only 
from one reactor type to another, but also from position to position within a 
given reactor. 

A schematic neutron flux spectrum of a nuclear fission reactor is given in 
Fig. I. It can be seen that the highest f!uxes are those of the thermal neutrons. 
They are also most important for our purpose, because the probability of their 
being captured in atomic nuclei, and thus causing a nuclear reaction, is generally 
by far the greatest. The predominant reaction in the thermal region is the (n,y) 
reaction, which means that a nuclide X absorbs a neutron, resulting in the pro
duction of a nuclide with the same atomic number but with a mass increase of 
one unit, MX(n,y)M+1X. The redundant energy is emitted as prompt y-rays. Some 
typical examples of (n,y) reactions are given in Table 1. 

The thermal activation cross-sections for (n,y) reactions find a commensurate 
measure in the size of the atomic nuclei, which is about 10-24 cm2• Therefore the 
usual unit for the cross-section, the barn (b), is I0-24 cm2 = 100 fm2 in size. A 

number of nuclei, however, has thermal cross-sections of 10 to 100 or even more 
than 104 b due to long-range forces, which influence the neutrons even when they 
are "far" from the nucleus. On the other hand, some nuclei have activation 
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Table I. Typical nuclear data for a number of (n,y) reactions 

reaction isotopic thermal Qo £" half-life 
abun- cross- eV I half 

y-ray I y-ray 
energy abundance 

dance section 4.5) 6) E, keV • a 
e ao, barns 

23Na(n,y)24Na 1.0000 0.513 0.590 3380 14.96 hours 1368.6 
2754.0 

30Si(n,y)31Si 0.0310 0.105 1.21 2280 2.622 hours 1266.3 

58fe(n,y)59fe 0.0028 1.31 0.975 637 44.63 days 1099.3 
1291.6 

59Co(n,y)60Co !.0000 37.25 1.993 136 5.271 years 1173.2 
1332.5 

63Cu(n,y)64Cu 0.6917 4.28 1.14 1040 12.70 hours 511.0 

94Zr(n,r)95Zr 0.1738 0.053 5.05 6260 64.03 days 724.2 
756.7 

96Zr( n, y )97Zr 0.0280 0.0213 248.2 338 16.74 hours 743.3 
72.1 m .... 97Nb 657.9 

i2lSb(n,y) 122Sb 0.5730 6.33 33.0 13.1 2.70 days 564.2 
692.7 

123Sb(n,y)124Sb 0.4270 4.08 28.8 28.2 60.20 days 602.7 
1691.0 

164Dy(n,y)I65Dy 0.2820 2700 0.19 224 2.334 hours 94.7 
361.7 

!97Au(n,y)l98Au 1.0000 98.65 15.71 5.65 2.695 days 411.8 

I 
238U(n,y)239U I 0.9927 2.75 103.4 16.9 2.355 days 228.2 
23.5 m -. 239Np 277.6 

u0 = thermal neutron activation cross-section at 0.0253 eV 
Qo = resonance integral/thermal neutron cross-section, see equation (8) 
E, = effective resonance energy, see equation (15) 

0.9999 
0.9998 

0.0007 

0.5650 
0.4320 

0.9990 
0.9998 

0.3573 

0.4415 
0.5443 

0.9790 
0.9839 

0.6930 
0.0378 

0.9780 
0.4734 

0.0358 
0.0084 

0.9556 

0.1150 
0.1420 

cross-sections of only 10-3 b, e.g. the very stable nuclei with "magic numbers" of 
nucleons. 

Of course, many (n,y) reactions produce stable isotopes. For example, 92.23% of silicon consists 

of 28Si and 4.67% of 29Si, giving the stable isotopes 29Si and 30Si, respectively. Consequently, only 

the reaction with 30Si has to be considered (Table 1 ). 
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Other reactions, such as (n,p), (n,oc), (n,n') and (n,2n) reactions, need neutrons 
of much higher energy (Me V region). Here the reaction probabilities are generally 
two to three orders of magnitude smaller, so their practical use is much less 
important. In Chapter 5 the application of (n,p) reactions will be treated. 

2.2. Thermal and epithermal activation 

In this paragraph the simplified calculation of the induced radioactivity, equation 
(2), will be extended, taking into account the dependence of the activation 
cross-section on the neutron energy. Since activation by the fast neutrons can be 
neglected in the case of (n,y) reactions, the considerations are restricted to the 
thermal and the epithermal neutrons. Although for most (n,y) reactions the acti
vation cross-section in the epithermal region is smaller than in the thermal region, 
it nevertheless shows sharp high peaks at the so-called resonance energies for 
many elements, see Fig. 2. That is why one also speaks of "resonance" neutrons. 

In neutron activation analysis practice the division between thermal and epi
thermal neutrons is at the so-called cadmium cut-off energy Ecd, which is inter
nationally accepted as 0.55 eV (see Fig. 1; the reason for the prefix "cadmium"' 
will be discussed later). Assuming this, we can split up the reaction rate per 
nucleus, r = 4>a, but now more exactly written as ") 

(3) 

into two parts, according to what is usually known as the "H0gdahl convention" 
8-!0), 

(4) 

where 
r reaction rate per nucleus (s-1), 

v. = neutron velocity (cm s-1), 

fln(v.) neutron density as function of velocity (cm-4s), 
a(v.} neutron activation cross-section (cm2), 

vcd neutron velocity corresponding to Ecd (cm s-1) and 
Ecd = cadmium cut-off energy 0.55 eV. 
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For the thermal part of equation (4), where v. < vcd, it is convenient to consider 
the neutron flux as a product of the neutron density and the velocity, but as 
will become clear below - since the epithermal flux is inversely proportional to 
the energy, the integration of the second term is carried out with respect to the 
energy, 

(5) 

where 
v0 most probable neutron velocity at 20"C: 2200 m s-', 
u0 thermal neutron activation cross-section for the corresponding energy, 

0.0253 eV, (Eo in equation (16)), (cm2), 

E. neutron energy (eV), 
Em.. maximum energy of the epithermal neutrons, about I to 2 Me V, 
u(E.) epithermal neutron activation cross-section ( cm2) and 
4>epi = conventional epithermal neutron flux (cm-2s-'). 

The integration of the first term of equation (4) - the thermal region is simple 
because, in that region, the cross-section is almost always inversely proportional 
to the neutron velocity, v., so we can write u(v.) = UoVo/v •. With the definition of 
the "conventional thermal neutron flux", <f>,h n,hvo, the integration of the first 
term can be carried out, since its integral in equation (5) equals flth, the thermal 
neutron density (cm-3). 

The second term of equation (5) contains an equivalent integration of the 
reaction probability over the neutron flux in the epithermal region, which has a 
practical upper energy limit of about 1 to 2 MeV, which we call Emax· The inte
gration is done by introducing the infinite dilution resonance integral, /0, giving 

(6) 

The surprising element in the definition of this infinite dilution resonance integral 
is the fact that the energy dependence of the epithermal neutron flux, 1/E.., is 
brought under the integral sign of the equation for /0, which is essentially a 
cross-section. In this way, however, it is easier to define what is usually called the 
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"conventional epithermal neutron flux", <J>ep;, equation (5). This flux is also called 
the epithermal neutron flux per unit logarithmic energy interval 2). 

Finally this leads to 

(7) 

where 
</>th = conventional thermal neutron flux (crn-2s-1) and 
lo infinite dilution resonance integral (cm2). 

As a rule, the dimensionless ratio "infinite dilution resonance integral/thermal 
neutron activation cross-section at 0.0253 eV" is used, which is called Q0 and 
expressed as 

(8) 

The most recent values of Qo for a large number of (n,y) reactions have been given 
by De Corte et al. 4

•5), see also Table l. 
In the definition of the resonance integral, /0, the epithermal neutron flux is 

assumed to be inversely proportional to the energy, see equation (6). As a matter 
of fact, however, a slight deviation from this 1/ En law occurs in most irradiation 
facilities ll. 12). The epithermal flux is more realistically described as being inversely 
proportional to £J+«, which leads to 

L (•) ~ l'""' u(E,)dE, (9) 
0 El+a 

n 
Ecd 

and 

/ 0(ct) 
(10) Qo(ct) =--ao 

where 
a epithermal flux distribution parameter, - 0.15 <et< + 0.3 13

-
18

). 

In fact, we should use a dimensionless parameter En/ Erer instead of£., with Erer as reference energy, 
but, for the sake of simplicity we follow the usual notation - with Erer 1 eV -and thus express 
the neutron energy in eV in all subsequent equations. Due to the 1/EJ.+• dependence, the definition 
of the #conventional epithermal neutron flux•, 1/Jeph becomes more difficult 19•15), since it depends 
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on the reference energy Eref· Further on in this paragraph it will become clear that the numerical 
values of I0(a), or Qo(a), also depend on the reference energy, because as a matter of fact the epi
thermal part of the reaction rate, </Jepdo(a), cannot be influenced by it. 

In the next chapters the prefix •conventional• will be omitted before both the terms "thermal 
neutron fluxn and nepithermal neutron fluxn. 

Unfortunately the H0gdahl convention (equation (7)) does not hold for a few (n,y) reactions for 
which the thermal cross-section, a(v0 ), is not exactly inversely proportional to the neutron velocity, 
Vn. This will be discussed in Chapter 10.2. 

The cadmium ratio 

A generally known practical parameter for characterizing the ratio between the 
thermal and the epithermal fluxes, defined as f = <PepdcPth, is the "cadmium ration, 
R, of an arbitrarily chosen (n,y) reaction. Often the cadmium ratio of the uflux 
monitor" - see next chapter is used, e.g. of cobalt, gold, zinc or iron with the 
reactions 59Co(n,y)60Co, 197Au(n,y)198Au, 64Zn(n,y)65Zn and 58Fe(n,y)59Fe, respec
tively. Since the thermal cross-section, rr0, for the reaction 113Cd(n,y)114Cd (stable) 
is so high('="' 20000 b) that a foil of 1 mm cadmium absorbs all thermal neutrons, 
and the cross-section above about 0.55 eV - the already mentioned "cadmium 
cut-off energy" - is low, a cadmium cover around a sample causes activation by 
epithermal neutrons only. The cadmium ratio, R, is defined as the reaction rate, 
without, over the reaction rate, with, cadmium foil, which leads to 

or 

lPthO"o.mon + cPep/o,mon(r:x) 

cPep/o,moo(r:x) 

cPthO"O,mon = I + I Rrnon = 1 + __ __..:_ __ 
cPep/o,mon(r:x) JQo,mon(r:x) 

where the subscript "mon" refers to "flux monitor". 

( 11) 

(12) 

From this equation the flux ratio, f, can easily be expressed in the cadmium 
ratio of the flux monitor as 

(13) 

It must be emphasized that the use of the cadmium ratio, R, for characterizing 
the flux ratio, f, is more or less historical, because a direct determination of the 
cadmium ratio is impossible in the present-day high fluxes. The point is that the 
cadmium foil would melt owing to the high energy dissipation. 
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It should be noted that in other literature on this subject the reciprocal value off, rPth/cPepi. is defined 
as the •flux ratio", see e.g. 1•11). 

The effective cross-section 

After this excursion about the cadmium ratio we introduce an effective cross
section, O'err, from r = cf>,hO'err by combining equations (7), (10) and (13), hence 

(14) 

Thus, we take account of the epithermal activation by the use of the effective, 
instead of the thermal cross-section, since the !lux ratio, J, is present in the cor
rection term. When treating the practical values off in Chapter 4, we will see that 
the contribution of the epithermal activation can be considerable; for some (n,y) 
reactions it even overshadows the thermal activation. 

The influence of the epithermal flux distribution parameter 

For the calculation of the a-dependent Qo an "effective resonance energy", £,, as 
defined by Ryves is used 12). Its significance is that it represents a single effective 
or average energy which replaces all the resonance energies. Tabulated values of 

for almost all (n,y) reactions in use have been given by Jovanovic et al. 6). From 
the fifth column in Table 1 one can get an idea of its order of magnitude. The 
value of Q0(a) is calculated by the following equation which describes the 
"1/vn·tail" of the thermal cross-section in the epithermal region by means of the 
parameters u and ~(a) tl-15), so that 

Qo(a) = ...::.Q~o =-u + ~(et) (15) 

where 
E, effective resonance energy (eV). 

The constant u is given by 13-
15

) 

(16) 

with 
Eo = most probable neutron energy at 20°C, being 0.0253 eV. 

With the already mentioned value of 0.55 eV for the cadmium cut-off energy, 
Ecd, this leads to u = 0.429. Furthermore 13

-
15

), 
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Table 2. Influence of the epithermal neutron flux distribution parameter a 
on the value of a.rr (a)fa.rr (0) 

Getr (rx.)/Getr (0) 

Reo= 10 Reo 20 

reaction Qo E. rx.= IX = 

-0.10 +0.10 0.10 +0.10 

eV flux ratio I = flux ratio I 
0.0363 0.0832 0.0172 0.0394 

J15Jn(n,y)116Jn 16.8 1.56 0.85 1.21 0.90 1.13 
168Yb(n, y )169Yb 8.93 0.61 0.88 1.18 0.93 l.ll 
J97Au(n,y)19BAu 15.71 5.65 0.89 l.I2 0.93 1.08 
23Na(n,y)24Na 0.59 3380 1.00 1.01 1.00 1.00 
40Ar(n,y)41 Ar 0.65 31000 1.01 1.00 LOO 1.00 
81 Br(n;y)82Br 19.3 152 1.04 0.95 1.02 0.97 
98Mo(n,y)99Mo 53.1 241 1.09 0.90 1.07 0.92 
94Zr(n,y)95Zr 5.05 6260 1.11 0.93 1.06 0.96 

i %Zr(n,y)97Zr 248.2 338 1.15 0.85 1.14 0.86 

u 
~(rx.) = (1 + 2a)£Cd 

(17) 

It can easily be shown by means of the equations (15) and (17) that Qo(O) = Qo. 

In order to get an impression of the influence of a. on the activation, some cal

culated values of Getr {a = -0.1)/a.tr (IX = 0) and Getr (a = +0.1 )/a.rr (IX= 0) for two 
cadmium ratios (for cobalt) are given in Table 2. The reactions are placed in 
sequence of increasing and decreasing values of the cross-section ratios. 

* 

The Hegdahl convention 8-
10

), extented with the method of Ryves and Paul for 
the calculation of the epithermal activation 11

•
12

) described above is the simplest 

way to calculate the reaction rate in reactor neutron activation. With other con

ventions 1·2. 10), which will not be discussed here, the accuracy is not substantially 
improved. When treating the accuracy of the method in Chapter 10.2, we will 

briefly return to this subject. 



Part I Chapter 2 27 

2.3. The activation formula 

It will be evident that determination of elements by the reactions mentioned in 
Chapter 2.1 is only possible if the product nuclide is radioactive; it should pref
erably emit y-radiation during decay. Since the spectra of most y-radioactive 
nuclides show a number of peaks that are characteristic of this nuclide, it is pos
sible to deduce the constituent elements of an unknown sample directly from the 
peaks in the measured y-spectrum. Fig. 3 gives the disintegration schemes of two 
radionuclides, viz. 31Si and 59Fe. These examples are rather simple; other disinte
gration schemes are much more complicated. Most produced radionuclides decay 
by p-- y-emission like these two; however, pure p--emission, {3+- r-emission and 
EC y-emission also occur (EC = electron capture). 

The basic expression for the determination of an element by means of an (n,y) 
reaction and y-ray spectrometry is the "activation formula", equation (18), which 
is a practical extension of equation (2), since it also includes the decay after irra
diation and the detection efficiency of the y-rays. We relate the activation to the 
thermal neutron flux, the correction for epithermal neutron activation being 
accounted for in the already defined effective cross-section, <1'err, (equation (14)). 
Further, the number of target atoms of the considered (n,y) reaction, being No in 
equation (l), is now written as NAOWJM. 

where 
A measured (average) pulse rate of the considered y-ray peak (s-1), 

NA = Avogadro's number (mol-1), 

e = isotopic abundance of the target isotope (fraction), 
W weight of the irradiated element (g), 
M atomic mass of the irradiated element (g mol-1), 

4>th conventional thermal neutron flux (cm-2s-'), 
<1'etr effective activation cross-section (cm2), 

a abundance of the considered y-ray, photons/disintegration, 
E detection efficiency of the considered y-ray, full energy peak, 
S saturation factor 

S 1 - exp( ltirr) 

with 
A. disintegration constant ln2/thatr (s-1

), 

( 18) 

(19) 
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thatr half-life (s} and 

tirr irradiation time (s). 
D decay factor, so that 

D = exp( (20) 

with 

!wait waiting time, from end of irradiation to start of measurement (s) and 

lmeas measuring time (s). 

If lmeas ~ !hatr, then equation (20) reduces to 

(21) 

y, 142.7 
a, 0.001 

Y2 192.3 

a2 0.030 

31 Si thalf = 2.62 hours 

Y3 1099.3 

a3 0.565 

~-

59Co stable 

31 P stable 

Fig. 3. Examples of simple disintegration schemes of p- }'·emitting radionuclides: J 1Si and 
59Fe 2°). They-ray energies are expressed in keV; the abundances a are defined as the number 

of photons per disintegration. 
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The activity as a function of time and the various experimental times t;,, lwa;,, 

lmeas, as well as !hair, are elucidated in Fig. 4. 
In equation (19) the saturation factor, S, is somewhat more complicated if 

corrections for "bum-up" during irradiation are applied. The term "bum-up" is 

used for the decrease in the quantity of both the target atoms, MX, and the 
product atoms, M+1X, by irradiation. The latter is caused by the second-order 

activation M+ 1X(n,y)M+2X. In Chapter 7.4 this type of second-order activation will 

be treated in more detail. Fortunately, the correction for bum-up of MX can be 
neglected in practically all cases. For instance in the usual high-flux irradiations 

this type of burn-up amounts to only 1% even when the effective cross-section is 

as large as 2000 b. 

The detection efficiency, too, is simplified in equation (I 8), because the influence 

of "y-cascades" is not taken into account. When two or more y-photons are 
emitted serially within a very short time during the decay of an atom, the emission 
is referred to as a cascade. An example of such a cascade can be seen in the dis

integration scheme of 59Fe (Fig. 3, ')'1 -+ ')'2 -+ ')'3 ). The simultaneous detection of 
two of these photons produces a pulse in the detector equal to the sum of the 

original pulses, resulting in a peak corresponding to the energy sum. The inten
sities of the original peaks are therefore smaller and the product ae in equation 
(18) should be replaced by a more complicated form, see Chapter 6.3. 

1.0 .-----------------------. 

0.0 

I half-life I 
thalf 

irradiation 

tirr 

waiting 

twait .. 
measure-

ment 

tmeas 

time 

Fig. 4. Activity versus time schedule of the activation, waiting and measuring process 
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From equation (18) it is found that, in order to achieve low limits of detection 
(i.e. a high full-energy peak pulse rate, A, for a small amount, W, of irradiated 
element), it is necessary to provide for a high thermal neutron flux, cf>,,, and a high 
detection efficiency, e, which depends in addition on the y-ray energy; these 
experimental parameters will be discussed in Chapters 4 and 6, respectively. 
Furthermore, it can be said that a large cross-section, D"etr, is of great importance 
as regards the nuclear parameters. This cross-section, however, and thus the 
detection limit varies over several orders of magnitude from one radionuclide to 
another (see Table 1). Also, the isotopic abundance, 9, may not always be 
adequate in (n,y) reactions that are otherwise perfectly usable; for example, in the 
determination of iron from 58Fe(n,y)59Fe the value of (J is only 0.0028. The same 
holds for the abundance, a, of the y-radiation: silicon is determined via 
30Si(n,y)31Si; the isotope 31Si, however, is a virtually pure p--emitter, and for the 
only y-photon of 1266 keV the value of a is found to be only 0.0007 (see Fig. 3). 
This fact - together with a rather short half-life and a low isotopic abundance, 
(J - underlies the advantage of having silicon as a matrix element in neutron 
activation trace analysis! 

Another practical condition that must be imposed on a nuclide to be deter
mined is that the half-life should not be too short (D small), because then there 
will be no time for the measurement. It should also not be too long (S small), 
because in that case the activity reached within the necessarily limited irradiation 
time will not be high enough for the measurement to be carried out within a 
reasonable time. 

2.4. Concluding remark 

Up to now we have discussed how thermal and epithermal activation can be dealt 
with by changing the thermal neutron cross-section, (Jo, into the effective 
cross-section, D"err· We have seen that the reaction rate per nucleus of an (n,y) 
reaction is determined by three nuclear parameters, viz. (Jo, Qo and £,. The 
determination of the irradiation parameters, cf>th, f and a, which are also needed, 
is discussed in Chapter 4 and the detection efficiency, e, in Chapter 6. 
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3. CALIBRATION AND INTERFERING REACTIONS 

Aspects of the calibration in multielement analysis and the problems concerning interfering 
reactions are elucidated. 

3.1. General 

Calibration of an analytical technique plays an important role with regard to the 
accuracy of the determination of the concentrations or amounts to be analysed. 
The most obvious method, the relative method - i.e. with a standard for each 
element - is the most accurate, but is unworkable for multielement neutron 
activation analysis. The solution to this problem, the single-comparator method, 
is therefore treated in this chapter. 

Another aspect of neutron activation analysis, viz. the occurrence of interfering 
reactions, is also discussed. 

3.2. The relative method 

An important general advantage of neutron activation analysis - as a relative 
method, i.e. calibrated with (elemental) standards- is that the accuracy is as good 
as that of the standards, because the relation between the concentration and the 
measured y-activity is almost always matrix-independent and linear over many 
decades, as the neutron flux perturbation in the sample during irradiation and the 
self-absorption of the y-rays in the sample during measurement can be neglected 
or corrected for in most cases. In the nature of things, the chemical form of the 
elements does not play any role. Consequently, standards need not have the same 
composition as the samples. 

Many recommendations have been published for the preparation of standards 
H). In addition, the following points should be brought to attention: 
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• Particularly in the survey analysis of semiconductor materials which in the 
majority of the analyses resolves itself into the determination of impurities at 
very low concentrations - limits of detection for the elements which do not lead 
to a measurable signal are also very important. Thus calibration of all elements 

which can be determined by neutron activation analysis is necessary. 
• The preparation of appropriate multielement standards is a difficult and tedious 

job 9
). What is more, it is not even feasible to make standards of up to sixty 

elements, because it is impossible to join these many different elements quanti
tatively in one or even a small number of media. For instance, the relatively 
large amounts of "insensitive" elements needed can contain inadmissible 
amounts of the most "sensitive" elements (e.g. gold in iron). 

• The size and the shape of a multielement standard can also cause problems: 
firstly, there is the limited space in the irradiation container, and secondly, with 
the standards - e.g. dried on filter paper in a sealed capsule there is the risk 
of explosion during long high-flux irradiations. 

• With standards, either complex or single, one runs a serious risk of contam

inating the very pure samples. 
• Finally, there is the added disadvantage that all these standards also have to 

be measured within a reasonable time, even if they are composed of a number 
of elements. 

3.3. The single-comparator method 

What's in a name? That which we call a rose 
By any other name would smell as sweet. 

William Shakespeare, 
Romeo and Juliet, Act I/, Scene ii, 45 

Fortunately, there is a way to remove the obstacles caused by using multielement 
standards and that is the "single-comparator" or "monostandard" method. 

Girardi' s k-method 

As early as 1965 Girardi et al. 10) introduced the principle of the single-compara
tor method. The essence of their approach is that they determined a so-called 
k-value for each usable y-ray of each (n,y) reaction. This k-value takes a number 
of nuclear parameters and the detection efficiency together. Here we will call it 
ko ("G" from Girardi), so that 
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A 

()monO" montlmonl:mon M 

e&aeMmon 
(22) 

where e, a, e and M are the isotopic abundance, the y-ray abundance, the 
detection efficiency and the atomic mass, respectively, and where the subscript 
"mon" refers to the comparator, which they called "flux monitor". 

Their flux monitor was cobalt, with the reaction 59Co(n,y)6()Co. The "effective 
activation cross-section", 8-, was related to the "neutron energy spectrum used", 
and the neutron flux - consisting of both thermal and epithermal neutrons - was 
not described more precisely. But this is of no importance, since, with these 
experimentally determined k0 -values they were able to eliminate the inaccuracies 
in the nuclear parameters and the neutron flux, see equation (22). Subsequently 
the amount of each element, W, was calculated by means of 

(23) 

where S and D are the saturation factor and the decay factor, respectively, and 
A is the measured y-peak pulse rate, see Chapter 2.3. 

A serious drawback of this method is, that the shape of the neutron spectrum, 
embodied in 8-, and they-ray detection efficiency, e, are included in the kc;-values. 
This means that a set of k0 -values is required for each irradiation facility and each 
detector (and even detection geometry). But in those days, when almost all 
neutron activation analyses were carried out with Nal(Tl) detectors, necessitating 
radiochemical separations after irradiation, this method was a move in the right 
direction. 

Another single-comparator method, the "element-to-zinc-ratios" method (ETZR), was published by 
De Goeij et al. in the early seventies ll· 12). The method was used for radiochemical neutron acti
vation analysis, i.e. with chemical separation of the elements to be determined, and with Nai(TI) 
y-ray spectrometry. The monitor was a weighed piece of zinc metal, and the reaction 64Zn(n,y)65Zn 
was used. At regular intervals the zinc monitors were calibrated versus multielement standards 
which were processed in the same way as the samples. These calibrations yielded an element-to-zinc 
ratio for each element, which obviously also contained the chemical yield of the separation process. 
The advantage of this method is that variations in the ETZR-values indicate variations from run 
to run in the entire analysis system. 

The fundtunental parameter method 

As early as the late sixties we, too, started with a single-comparator method, but 
using the fundamental parameters from the activation formula (equation {18)), 
and applying the Hagdahl convention 13

,
14

), with 
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w AM (24) 

where r is the "equation-of-data" factor. This factor was introduced in order to 
bring the then uncertain data of the cross-section, a0 (the basis of a.rr), and the 
y-ray abundance, a, known from literature into agreement with our own cali
brations. The experimentally determined product of a 0 and a was adjusted by 
means of r and written as raoa in the activation formula (18), mostly with 
r ::J: I, (see also Chapter 7.4). 

From that time onwards we also used cobalt as a flux monitor (see Chapter 
4.2). In other words, the method implies the calculation of the thermal neutron 
flux, 4>,h, from the activity of one element - cobalt - simultaneously irradiated 
with the samples, so that 

(25) 

where the parameters now refer to the flux monitor. 

When a product radionuclide emits more than one usable y-ray, then the average values of the cal
culated data for W and 1/J,h must be used. 

The application of this "fundamental parameter" method was necessary because 
of the demand for flexibility of the system: the use of several different irradiation 
positions in different nuclear reactors, different measuring geometries (including 
silicon wafers) and different germanium detectors. 

From the theory in the previous chapter it will be clear that the contents of all 
elements can be calculated accurately, provided: 

• the flux ratio, f, and the epithermal flux distribution parameter, tX, of the irra
diation facility concerned are also known (calculation of a efT, equation ( 14) ), 

• the required nuclear data of all (n,y) reactions (a0, 8, a, M, Q0, E, and tha1r, 
equation (18)) are sufficiently accurate, and 

• they-ray efficiencies of the detectors (e) are determined accurately. 

In Chapters 4 and 6 we will see that the first and last requirements can be fulfilled. 
As regards the second requirement, we have taken advantage of the fact that 
gradually more and more publications concerning single-comparator or mono
standard methods have appeared 15- 28), providing more and more accurate nuclear 
data. Nowadays the most accurate tables with the vast majority of the required 
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nuclear data are published by De Corte and Simonits 29). These authors also 
adopted the Hegdahl convention, but use gold as comparator. 

The ko-standardization method 

The procedure of De Corte et al., introduced in 1975 1x·30), has been generally 
referred to as the "ko-(standardization) method". Tbe subscript "0" points to the 
fact that these authors exclude both the irradiation and detection parameters, and 
also the correction for the epithermal activation from their data, which reduces 
the ko-value to a purely nuclear parameter for the thermal neutron spectrum, so 
that 

(26) 

The amount of each element is then calculated from 

(27) 

where the factors between the braces contain the correction for the epithermal 
activation, and where Q0 is the infinite dilution resonance integral divided by the 
thermal neutron cross-section as defined in equation ( 1 0). 

Once again the fundamental parameter method 

It was already mentioned in Chapter 2.3 that, for the correction of y-cascade 
summation the y-ray abundance, a, is required separately. When using the short
est possible sample-to-detector distances, which is necessary to obtain lowest 
detection limits, the possible influence of y-cascade summation on the full energy 
peak efficiency cannot be neglected. By reason of this complication we maintained 
our own approach of the single-comparator method by calculating the element 
amounts directly from the fundamental parameters by means of the activation 
formula, equation (18), see equation (24). The theory of the correction for 
y-cascade summation will be treated in Chapter 6.3. 

Since in modern single-comparator methods (including the ko-method) the 
thermal neutron flux is calculated by means of the fundamental parameters of the 
flux monitor, Erdtmann et al. 31 ,32) advanced arguments in favour of "absolute 
neutron activation analysis". One can discuss this point at great length, but we 
prefer the indication "single-comparator method", because of the use of one 

element for the thermal neutron flux determination. 
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Finally, in order to avoid confusion of tongues: from the nature of things the 
"flux monitor" is the same as the "comparator" or the "standard" in the single· 
comparator method. 

* 

There is no doubt that, with the single·comparator method, the accuracy is 
somewhat poorer than when a standard is irradiated for each element separately 
and measured under the same geometrical conditions. However, it is a matter of 
choice between multielement analysis with optimal detection limits, flexibility of 
the method and accuracy. In neutron activation analysis for silicon integrated 
circuit technology, where the impurity level is in the parts per billion range or 
lower, and where the distribution of these impurities is often inhomogeneous, the 
accuracy need not be better than, say, about 25%. 

3.4. Interfering reactions 

In Chapter 2 we described the quantitative aspects of thermal and epithermal 
neutron activation analysis, using (n,y) reactions. As a matter of fact, in the 
qualitative step before - the identification it is supposed that the radionuclide 
was produced exclusively by the (n,y) reaction in question. How far is this 
assumption correct? Indeed it is mostly so, but not always. And so we arrive at 
physical sources of error of a type that are caused by interfering reactions. They 
can be classified as 33) 

• Primary - first-order interference: the same radionuclide is produced by 
means of another reaction, e.g. (n,p), (n,!X), (n,t) ... , 
- second·order interference: the same radionuclide is produced by 
means of a chain of two (n,y) reactions. 

• Secondary interference: occurs when secondary particles, e.g. protons from an 
(n,p) reaction, cause a (p,n) reaction which leads to interference. 

The latter possibility need not be considered due to the small cross-sections and 
the relatively low fluxes of fast neutrons. Therefore, we only discuss the first· and 
second-order interferences and omit the indication "primary". 

It will be evident that correction for errors caused by interfering reactions is a 
quantitative operation again. 
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First-order interference 

Three types of reactions are of interest for first-order interference: 

• Theji:w neutrons of a nuclear reactor cause (n,p), (n,a), etc. reactions which lead 
to the same radionuclide as the (n,y) reaction under consideration. We take the 
determination of sodium by 23Na(n,y)24Na as an example. In Fig. 5 it is shown 
that 24Na can also be produced from magnesium, aluminium and silicon by means 
of the reactions 24Mg(n,p)24Na, 27Al(n,ct)24Na and 28Si(n,ctp)24Na, respectively. 
Since these reactions only take place with fast neutrons and generally with small 
cross-sections in comparison with those for (n,y) reactions, this type of interfer
ence has only to be considered when the interfering elements are matrix elements 
or main constituents. The calculation of the correction for this type of first-order 
interference is described extensively in Chapter 8.2. 

When an (n,n') reaction causes interference, then the target nuclide belongs to 
the same element; this interference influences the quantitative result directly. A 
typical example is 134Ba(n,y)135mBa where the interference is by 135Ba(n,n')135mBa. 
More examples are given in Chapter 10.2. 

• The decay product of an (n,y) reaction can be the same radionuclide as the 
product nuclide of the (n,y) reaction under consideration. Fig. 6 shows that 
177Lu can point to the presence of both lutetium and ytterbium by the reactions 

p-
176Lu(n,y)177Lu and 176Yb(n,y)177Yb (1.9 hours)--"' 177Lu, respectively. 

• When uranium is present in the sample, then 235U undergoes fission and a num
ber of fission products interfere with some (n,y) reactions, see Fig. 7. Due to the 
high fission yield the effect is most spectacular when determining zirconium and 
molybdenum. Correction for this type of interference is not difficult and will be 
worked out in Chapter 7.5. It should be emphasized that in these calculations the 
cumulative fission yield should be considered, since most fission products are 
short-lived. Thus the statement "94Zr(n,y)95Zr is interfered by the fission reaction 

p- p- p-
235U(n,f)97Zr'' means that all 95Zr originating from 95Kr -+ 95Rb 95Sr -+ 95Y -+ 

95Zr is included. 
In some cases, however, the radionuclide involved lies in the "shadow" of a 

stable nuclide. For instance, 133Cs(n,y)134Cs is not interfered by the chain 
p- p- p- p-

134Sn -+ 134Sb -+ 134Te -+ 1341 -+ 134Xe, because 134Xe is stable. 

Second-order interference 

In studying second-order interferences, two types of (n,y) reaction chains have to 
be considered, that is without and with decay of the first product radionuclide: 
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• Examples of the first type without decay of the first product nuclide are: 
181Ta(n,y)182Ta(n,y) 183Ta and 197Au(n,y) 198Au(n,y)199Au, because the cross-sections 
for the second reactions are large. The most striking effect of this type of reaction 
chain is "burn-up" of 182Ta and 198Au, respectively; correction for it will be dis
cussed in Chapter 7.4. Only in a few cases do reaction chains, as mentioned here, 
lead to interference. The reaction 198Pt(n,y)199Pt (31 min) ~ 199Au (75 hours) for 
the determination of platinum is the most conspicuous case, because gold causes 
interference by the above-mentioned reaction. The correction method is described 
in Chapter 7.5. 

The next example is also worth mentioning. When tungsten is irradiated in a 
high thermal neutron flux for a long time, one could draw the wrong conclusion 
that a considerable amount of rhenium is present, due to 186W(n,y) 187W(n,y)!88W 
( 69 days) ~ 188Re (17 hours). The cross-section for the second (n;y) reaction is 
rather large (64 b), so that the 188Re activity is considerable. Wrongly calculating 
the rhenium concentration with the nuclear data of 187Re(n,y)188Re gives a high 
result, because of the long waiting time between the irradiation and the 
measurement (decay of most mw is necessary for the measurement) and the short 
half-life of 188Re. Fortunately, when the waiting time is not too long, then the 
result of the other reaction with rhenium, 185Re(n,y) 186Re (91 hours), contradicts 
the just mentioned wrong conclusion. 

• The other type of second-order interference with decay of the first product 
radionuclide - can be seen in Fig. 8, where the reaction chains 74Ge(n,y)75Ge ~ 
75As(n,y)76As and 70Gc(n,y)'1Ge ~ 71Ga(n,y)72Ga are illustrated. Evidently, they 
interfere with 75As(n,y)16As and 71Ga(n,y)72Ga when determining arsenic and 
gallium, respectively. 

Since two (n,y) reactions in succession are necessary to obtain the interfering 
radionuclide, usually the effect is slight. In Chapter 8.3 it will be shown how this 
type of interference can be calculated. Some spectacular cases will be demon
strated. 
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PART Jl 

4. NUCLEAR REACTORS AND THEIR IRRADIATION 
FACILITIES 

45 

The determination of the characteristic neutron flux parameters of thirty irradiation facilities 

in four nuclear reactors is described. In this way a flexible combination of facilities is available, 

with which different types of sample can be analysed, with irradiations in high as well as in low 

neutron fluxes. A special facility was developed for long irradiations of large silicon wafers in 

a high neutron flux. 

4.1. General 

In Chapter 2.1 we mentioned three "types" of neutron to be distinguished in 
nuclear reactors, the thermal, the epithermal and the fast neutrons. In order to 
reach the lowest possible detection limits, the thermal neutron flux which is by far 
the most important for neutron activation analysis should be as high as possible, 
see equation ( 18). 

The thermal neutron flux in a high-flux reactor generally has a maximum value 
of about one to several times 1014 cm-2s-1, 1•2). It will be evident that these highest 
fluxes only exist in or near the core of the reactor. The accompanying epithermal 
neutron fluxes are usually lower. As examples we mention the high-flux facilities 
of the reactors HFR at Petten, Netherlands, and BR2 at Mol, Belgium (with 
thermal neutron fluxes of about 2 x 1014 cm-2s- 1), where the maximum flux ratio, 
f = <f>.p,f<f>,n, is about 0.03 and 0.06, respectively. The determination of this flux 
parameter will be treated in Chapter 4.3. 

The greater the distance from the core, the lower is the thermal neutron flux. 
The epithermal neutron flux decreases even faster, which results in a decrease of 
the ratio f as well. The value of the epithermal flux distribution parameter, a, 
increases with the distance from the core of the reactor. This is called "softening" 
of the neutron spectrum. For the above-mentioned irradiation facilities near the 
core of the reactors HFR and BR2, the value of a lies between 0 and + 0.04. 
Further from the core a reaches a maximum value of about + 0.1. 
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Though the mentioned values off seem to be rather low, it must be emphasized that the Qo-values 
of a number of (n;y) reactions give rise to an activation by the epithermal neutrons of the same order 
of magnitude as by the thermal neutrons. By means of equation (!4) and with the data of Table l, 
it can easily be calculated that, for instance, for the two reactions with antimony, the value of <Telf 

is about 2.5 a0 if the flux ratio, J, is 0.05 and IX= 0. For the case of 96Zr(n,y )97Zr - with the largest 
Qo-value of all (n,y) reactions used- under the same conditions the epithermal activation dominates 
even more: a err"" 13 cro! 

In the above-mentioned reactor facilities with high fluxes, the dimensions of the 
container in which the samples are irradiated are mostly restricted to a diameter 
of 2 cm and a length of about 7 cm. They may be sufficient for many applications, 
but are not adequate for silicon wafers, with standard diameters of lO cm and 
nowadays even 15 cm. Therefore, in the HFR reactor at Petten a special facility 
was built for irradiation of such large samples. This silicon wafer irradiation 
facility called "SIP" Silicon Irradiation Philips) is situated as close as possible 
to the reactor core, which results in a thermal neutron flux of about 
4 x 1013 cm-2s-1 and a flux ratio, J, of about 0.015. Since the radial flux gradients 
beside the reactor core amount to several per cent per cm, the canister with the 
sample container rotates slowly during the irradiation for the purpose of obtain
ing a homogeneous integrated flux distribution 3). 

With this "SIP" facility, 120 containers, each with on average fifteen silicon 
wafers were irradiated during the first five years (1985 1989) of its operation. 
The average irradiation time was about 70 hours 4). More practical details will 
be described in Chapter 11. 

For short irradiations in in-core positions pneumatic or hydraulic systems are 
mostly used. The sample containers which are transported through the pipes are 
usually called "rabbits". With such irradiation facilities the beginning and end of 
irradiation can be recorded accurately, which is necessary for all calculations with 
the "activation formula", equation (18). For long irradiations of one or more 
days, however, canisters can be moved fairly slowly into and out of the irradiation 
position. 

4.2. Characteristic neutron flux parameters 

As mentioned in Chapter 2.4, with regard to neutron activation an irradiation 
position in a nuclear reactor is characterized by three parameters, here placed in 
order of decreasing importance: 
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• the thennal neutron flux, <f>,h, 
• the epithennal neutron flux, <f>epi. or, the preferably used epithennal flux/thermal 

flux ratio, f = <f>ep,f<f>,h, and 
• the epithennal flux distribution parameter, a:. 

If no rearrangement of the fuel elements of the reactor takes place, the two 

parameters f and a: remain practically unchanged for each irradiation position, so 

that the detennined values can be used for a long time. In the next paragraph 

experiments for this detennination are discussed in detaiL 

Since the neutron flux may vary with the power of the reactor, a flux monitor, 

preferably in duplicate, always has to be irradiated simultaneously with the sam

ples, in order to measure the thennal neutron flux, <f>u,. Generally applied flux 

monitors are definite amounts e.g. of cobalt, gold, zinc or iron with the reactions 
59Co(n,y)60Co, 197Au(n,y)198Au, 64Zn(n,y)6~Zn and 58Fe(n,y)59Fe, respectively. The 

choice of the type of flux monitor used depends on several practical reasons, such 

as the magnitude of the half-life and the cross-section, whether burn-up happens 

or not, the accuracy of the nuclear data and the availability and purity of the 

monitor materials. For many years we have used cobalt, which is available as a 

cobalt containing (0.1 to 0.5%) aluminium wire. This "dilution# is necessary for 

two reasons, that is, pure cobalt would lead to too high a radioactivity of a 

manageable piece of material and to underestimation of the flux due to neutron 

self-absorption. The thermal neutron flux, <f>,h, is calculated from the measured 

pulse rates of the two y-rays of 60Co (1173 and 1333 keV) by means of the acti

vation fonnula (18), see Chapter 7. 7. 

4.3. Determination of the characteristic neutron flux parameters 

It will be evident that accurate knowledge of the two parameters f and et of each 

irradiation facility is essential. De Corte, Simonits, Moens and their colleagues 

have developed a useful technique for the detennination of these parameters 5- 9), 

and we used this method in general lines. As the thennal neutron flux, <f>,h, is also 
unknown in the experiments, at least three (n,y) reactions should be employed 

simultaneously. 
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Theory 

Let us join all factors in the activation formula ( 18) 

(28) 

which either are known or can be measured, and call it w, hence 

w AM (29) 

For the three different (n,y) reactions with index i this leads to 

(30) 

and, eliminating f/J,h and f from this equation with i = 1, 2, 3, gives 

In the following it will be found that it is convenient to separate the two terms 
of equation (15) for Qo(o:) by defining qo ( = q0(0)), so that 

qo,; = Qo,; u (32) 

(33) 

Qo,; 

~5 
(34) 

Qo,;(o:) qo,;(<X) + ~(e>:) (35) 

With equation (35) we find from equation (31) that 

(36) 

in which all terms with e(<X) cancel out. This gives 
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The parameter a: can be solved by substituting equation (34) for each qo,;(a:) into 
equation (37). The simplest way to do this is to use a computer program that 
carries out the proper iterations with several values of a: until the function 'I' 
equals zero 10), as below. 

'I' = W1 - W2 + W2 - W3 + W3 (1) I 

qo,I(a:)qo,2(a:) qo,2(a:)qo,3(a) qo,J(a}qo,I(a) 
-+ 0 (38) 

In these calculations the effective resonance energies from Moens et al. 11) and 
Jovanovic et al. 12), and values of a: between -0.2 and +0.2 are used. In practice 
the latter lies between -0.05 and + 0.15. 

With the following equations the values of the other parameters can be calcu
lated where, i andj are two of the three (n,y) reactions: 

(39) 

(40) 

r/Jepi = fr/Jth (41) 

Experimental 

From the foregoing it is found that the minimum number of monitors for deter
mining the characteristic parameters of an irradiation position is three, and it will 
be evident that such a set of three (n,y) reactions should fulfil the following con
ditions: 

• the values of Q0 must be sufficiently large in order to get sufficient epithermal 
activation compared to the thermal activation, 

• the values of Er must be spread over the whole epithermal energy range, and 
• the nuclear data needed for the calculations must be known with sufficient 

accuracy. 

The set 94Zr- 96Zr- 197Au fulfils these conditions and provides acceptable accu
racy 6

•
7

•
13

). As 59Co is the standardized flux monitor, however, we added this 
element to the set, though the value of Q0 is too low to serve for site character
ization. Thus, in each irradiation position we irradiated simultaneously 
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eZr-foil, 100%, 

eAu-wire, 0.109% in AI, and 

• Co-wire, 0.525% in AI (low flux) or 0.116% in AI (high flux). 

Every monitor was in duplicate, and a few milligrams in weight. The irradiation 
times were one hour for the high and a few hours for the low neutron flux posi
tions. One or two days following irradiation, the zirconium foils were measured 

in order to determine the 97Zr activity from the 743 and 658 keV peaks (half-life 

17 hours). After decay of the 97Zr activity, the peaks of 95Zr, 757 and 724 keV, 
half-life 64 days, were measured. The activities of 198Au (412 keV, 2.7 days) and 
60Co (1173 and 1333 keV, 5.27 years) were measured about one week after irra

diation. The measurements of all monitors were carried out twice by means of 
Ge(Li) detectors. 

Correction for pulse pile-up losses was applied, though the pulse rates were not 
high (Chapter 7.2). In order to keep the detector-efficiency errors as low as pos
sible, all sixteen measurements of one irradiation position were carried out using 

the same measuring geometry, 5 or lO cm above the detector (see Chapter 6.2). 
The peak pulse rates and their standard deviations were calculated by means of 
the software of the ND6600 y-ray spectrometry system (Chapter 7.2). 

Numerical calculations 

The nuclear data of the four reactions '9Co(n,y)60Co, 94Zr(n,y)95Zr, 96Zr(n,y)97Zr 
and 197Au(n,y)198Au are summarized in Table 3 14). 

The computer program with which the parameters of the irradiation positions 
were calculated is called alphaRCd 10). After reading the experimental and nuclear 
data the program calculates the values of w. The values of qo and 'P are calculated 

(equation (38)) for IX ranging from -0.2 and + 0.2. The value of IX which results 

in 'P = 0 is the proper value. Subsequently the other parameters tPth, t/Jepi and fare 
calculatea with this IX (equations (39) to (41)). 

In the program a correction is applied for burn-up of 198Au caused by the 

reaction 198Au(n,y)199Au, see Chapter 7.4 and equation (88). An 7 estimated" ther

mal neutron flux must be given with the input data, the program iterating with 

this tentative flux until the correct thermal flux is found. Corrections for decay 

during measuring and y-cascade summing (the latter only in the case of 60Co, 

Chapter 6.3, equations (70) and (71)) are carried out as well. The correction for 
transient equilibrium of the decay chain 97Zr -+ 97Nb -+ 97Mo has been taken into 

account; the factor F.req = thalr,zr/(thalr.zr- thalf,Nb) used is also given in Table 3. 
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Table 3. Nuclear data of the four monitor reactions 

product isotope 60Co 9szr 97Zr !9RAu 

half-life, tbalr (hours) 46210 1537 16.744 64.68 
atomic mass, M (g mol- 1) 58.933 91.224 91.224 196.966 
isotopic abundance, e 1.0000 0.1738 0.0280 1.0000 
thermal cross-section, uo (barns) 37.25 0.0530 0.0213 98.65 

Qo-value (/o/ao) 1.993 5.05 248.2 15.71 
effective resonance energy, E, (eY) 136 6260 338 5.65 
y-ray energy, E1 (keY) 1173.24 756.73 743.41 411.80 

y-ray abundance, a1 0.9990 0.5443 0.9790 0.9556 

ko. Au·Value of ')' 1 * 1.32 1.149 X lQ-4 1.296 X lQ-S 1.000 

y-ray energy, E2 (keY) 1332.50 724.20 657.92 -
y-ray abundance, a2 0.9998 0.4415 0.9839 

ko. Au-value of Y2 * 1.32 9.321 X lQ-S uo4 x w-s -
y-cascade yes -
transient equilibrium factor, Ftreq(l'2) - - 1.0773 -
burn-up cross-section, a0 (barns) - - - 25800 

"' ko.Au [euoa/M]f[eAuao.AuaAu/MAu], see equation (26), gold is comparator 

It must be emphasized that for the final value of rx. the experimental data of 
cobalt are not used, because the value of Q0 is too low. They are only used for the 
determination of the thermal neutron flux. 

Results 

The final results of all measurements are summarized in Table 4. From the pub
lications of De Corte et al. 7·W·15•16) it can be concluded that, with this method, 
the overall uncertainty in the flux ratio, J, and consequently also in the cadmium 
ratio, R, does not exceed 5%. Moreover, the cadmium ratios for the BRl rabbits 
show good agreement with our previously determined values from measurements 
with cobalt flux monitors with and without cadmium cover (X26: 67, X27: 11.1, 
X28: 11.1, X29: 68, X30: 11.5, X31: 10.8; unpublished results 1975) and with the 
measurements carried out by Speecke, see ref. 2) page 68. This also confirms the 
assumption that f and rx. are stable parameters for a long period, as least for this 
reactor. 

As a criterion for the "best" values of the cadmium ratios, we took the 
above-mentioned error into account and assumed also that Reo varies more or less 
continuously from one position to another within one irradiation facility. 
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Table 4. Epithermal neutron flux parameters for various 
irradiation positions in four nuclear reactors 

reactor irradiation thennal 
moderator facility neutron 
power and flux, <Pth, 

position cm~2s- 1 

BRl, Mol X26 1 X lOll 
graphite 
IMW 

X27 3 X lOll 

X28 3 X l 011 

X29 l X lQll 

X30 3 X lQll 

X31 3 X 1011 

Y4 6 X 1011 

BR2, Mol hydraulic 1 2 X 1014 

HzO con~eyer 

56 MW 2 l 

" 3 3 X 1014 

thimble 4 2 X 1Ql4 

" 5 l . 7 l 

" 8 I X 1Ql4 

a: = epithennal flux distribution parameter 
abbreviations: see Table 6 

observed best 
cadmium cadmium 
ratio ratio 

Reo a Reo a 

68.38 +0.142 
67.13 +0.153 68 +0.15 

10.59 +0.019 
10.75 +0.015 10.7 +0.02 

10.36 +0.022 
10.33 +0.027 10.3 +0.02 

68.34 +0.178 
70.56 +0.130 69 +0.15 

10.44 +0.027 
10.76 +0.016 10.6 +0.02 

10.24 +0.017 
10.01 +0.032 10.1 +0.02 

21.85 +0.067 
22.91 +0.061 22 +0.06 

11.60 +0.007 11.6 +0.01 

11.69 +0.011 11.6 +0.01 

11.53 +O.Oll 11.6 +0.01 

10.62 +0.003 10.6 0.00 

10.21 -0.002 10.2 0.00 

10.41 -0.006 10.4 0.00 

9.82 +0.038 9.8 +0.04 

flux 
ratio 

f 

0.0135 

0.0562 

0.0586 

0.0133 

0.0568 

0.0599 

0.0305 

0.0493 

0.0489 

0.0497 

0.0522 

0.0545 

0.0533 

0.0670 
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Table 4. Epithermal neutron flux parameters for various 
irradiation positions in four nuclear reactors (continued) 

reactor irradiation thermal observed best 
moderator facility neutron cadmium cadmium 
power and flux, tPth• ratio ratio 

position cm-2s-1 &::.o a &::.o a 

HFR, Petten HFPIF 1·1 2 X 1Ql4 17.62 +0.020 18 +0.02 
H20 
45MW H 1-2 ! 17.62 +0.020 18 +0.02 

H 1-3 ! 18.72 +0.029 19 +0.03 

H 1-4 ! 17.48 +0.024 18 +0.03 

H 1-5 J X 1Q14 20.04 +0.031 20 +0.03 

HFPIF 2-1 8 X 1013 29.61 +0.045 30 +0.04 

H 2-2 ! 29.36 +0.029 29 +0.04 

H 2-3 ! 27.24 +0.039 27 +0.04 

H 24 ! 26.15 +0.058 26 +0.05 

n 2-5 5 X 1013 31.57 +0.054 32 +0.05 

PROF I 6 X J012 38.71 +0.030 39 +0.03 

H 2 ! 36.60 +0.058 37 +0.06 

H 3 7 X 1012 35.48 +0.077 36 +0.08 

SIP 4 X 1013 39.49 +0.036 
(PSF-2) 36.31 +0.036 
(ER220) 37.52 +0.025 
15 cm 0 36.72 +0.029 38 +0.03 

FRJ2, J ii1ich BE12 4H3 2 X lOll 45.99 +0.151 
D20 59.03 +0.156 53 +0.15 
23MW 

BE20 6V3 8 X 1013 31.36 +0.129 
32.63 +0.105 32 +0.12 
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flux 
ratio 

f 

0.0328 

0.0328 

0.0320 

0.0344 

0.0298 

0.0207 

0.0208 

0.0225 

0.0245 

0.0201 

0.0151 

0.0180 

0.0201 

0.0153 

0.0173 

0.0260 
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The overall uncertainty in a. is much greater than in J, varying from not more 
than 0.03 for I a I = 0.1 to as much as 0.01 for very low values of I a I (about O.Oly 
5•7•15). This looks worse than it is, since the influence of the error in a on the 
effective cross-section, a.rr, is· slight, certainly for small values of I a 1. Therefore 
the best values of a. are rounded off to 0.01, thereby indicating that, by the same 
token, they should show no discontinuities from one position to the other in one 
irradiation facility. 

As was already stated by Ryves 17
) and confirmed for the reactor THETIS of 

the Institute for Nuclear Sciences at Gent, Belgium 5•9), for the TRIGA MARK 
II reactor of the Jo~ef Stefan Institute at Ljubljana, Yugoslavia 18), and for other 
positions of the reactor FRJ2 of the Research Centre KF A at Jiilich, Germany 
19), the epithermal neutron spectrum "softens" as the position is situated further 
from the core. This can also be concluded from Table 4. The larger the cadmium 
ratio, Reo (or the tower the flux ratio, f), the more positive is the value of a. 

The revolver magazine unit BE-4 of the reactor FRJ2 at Jiilich is a unique 
irradiation facility combining a rather high thermal neutron flux of about 
I 013 cm-2s-1 with a low epithermal flux: the flux ratio, J, is about 3 x 10--'~, 2ll). In 
such a well-thermalized flux the corrections for epithermal activation are slight 
and interferences from (n,p), (n,2n) or (n,n') reactions (first-order interferences, 
Chapters 3.4 and 8.2) hardly occur because the fast flux is relatively low as welL 

Due to the low flux ratio, J, we could not determine a. (about 0.3, 20)) by the 
above-mentioned method. It should be emphasized, however, that the value of a 
is of little importance when f is small. 

4.4. Fast neutron flux 

The fast neutron flux also differs from position to position and there is little 
agreement on its definition 21 ). However, for the irradiation positions of the 
light-water-moderated reactors HFR at Petten, Netherlands, and BR2 at Mol, 
Belgium, there is a simple empirical relation between the fast neutron flux and the 
flux ratio, .f Chapter 5 is devoted to this relation. 

The fast flux is of no importance for the many (n,y) reactions normally used. 
For lack of a suitable (n,y) reaction, only a few elements have to be determined 
via (n,p ), (n,2n) or (n,n') reactions involving the fast flux. The detection limits as 
well as the accuracy are much worse. 



Part 11 Chapter 4 55 

References 

L Erdtmann, G., and H. Petri, in I.M. Kolthoff, P.J. Elming, and V. Krivan, Eds., 
Treatise on Analytical Chemistry, part I Volume 14, Wiley-lnterscience, New York, 
1986, p.419. 

2. De Soete, D., R. Gijbels, and J. Hoste, Neutron Activation Analysis, Wiley-Interscience, 
London, 1972. 

3. Visser, J.F.J., A facility for irradiation of silicon disks, 29th Plenary Meeting of the 
European Working Group Irradiation Technology, Karlsruhe, FRG, 1986. 

4. Visser, J.F.J., Energieonderzoek Centrum Nederland, Petten, Netherlands, private 
communication, 1990. 

5. Moens, L., De k0-comparatormethode als nieuwe standaardisatietechniek in reactor· 
neutronenactiveringsanalyse, Thesis, University of Gent, Belgium, 1981. 

6. De Corte, F., A. Simonits, A. De Wispelaere, and J. Hoste, J. Radioanal. Nucl. Chem., 
113, 145 (1987). 

7. De Corte, F., K. Sordo-El Hammami, L. Moens, A. Simonits, A. De Wispelaere, and 
J. Hoste, J. Radioanal. Chem., 62, 209 (1981). 

8. Simonits, A., F. De Corte, A. De Wispelaere, and J. Hoste, J. Radioanal. Nucl. Chem., 
113, 187 (1987). 

9. De Corte, F., L. Moens, A. Simonits, A. De Wispelaere, and J. Hoste, J. Radioanal. 
Chem., 52, 295 (1979). 

10. Verheijke, M.L., Computer programs in PASCAL for Instrumental Neutron Activation 
Analysis, Philips Research Laboratories, Eindhoven, 1989. 

11. Moens, L., F. De Corte, A. Simonits, A. De Wispe1aere, and J. Hoste, J. Radioanal. 
Chem., 52, 379 (1979). 

12. Jovanovic, S., F. De Corte, A. Simonits, L. Moens, P. Vukotic, and J. Hoste, 
J. Radioanal. Nucl. Chem., 113, 177 (1987). 

13. De Corte, F., L. Moens, A. Simonits, K. Sordo-El Hammami, A. De Wispelaere, and 
J. Hoste, J. Radioanal. Chem., 72, 275 (1982). 

14. De Corte, F., and A. Simonits, J. Radioana/. Nucl. Chem., 133, 43 (1989). 
15. De Corte, F., L. Moens, K. Sordo-El Hammami, A. Simonits, and J. Hoste, 

J. Radioanal. Chem., 52, 305 (1979). 
16. De Corte, F., L. Moens, S. Jovanovi6, A. Simonits, and A. De Wispelaere, J. Radioanal. 

Nucl. Chem., 102, 37 (1986). 
17. Ryves, T.B., Metrologia, 5, 119 (1969). 
18. Jovanovic, S., P. Vukotic, B. Smodi~. R. Jacimovic, N. Miha1jevic, and P. Stegnar, 

J. Radioanal. Nucl. Chem., 129, 343 (1989). 
19. Simonits, A., G. Erdtrnann, H. Petri, and F. De Corte, 8th International Conference 

Modern Trends in Activation Analysis MTAA-8, (Sep. 16-20, 1991, Vienna, Austria), to 
be published in J. Radioanal. Nucl. Chem., 1993. 

20. Erdtmann, G., H. Petri, B. Kayl3er, and G. Kiippers, J. Trace and Microprobe 
Techniques, 6, 337 (1988). 

21. Kohler, W., Atomic Energy Review, 9, 441 (1971). 



56 The use of fast neutrons 



Part If Chapter 5 57 

5. THE USE OF FAST NEUTRONS 

The elements titanium and nickel belong to the elements which are interesting with regard to 

contaminations in silicon integrated circuit technology. Titanium and nickel have no suitable 

(n,y) reactions, but they may be determined with fast neutrons by means of (n,p) reactions. 

The feasibility of the single-comparator method is investigated for these reactions. 

As was already stated in Chapter 4.4, the activation by the fast neutrons of a 

nuclear reactor (energies above about 0.1 MeV) is negligible for the (n;y) 

reactions, though the fast flux is rather high near the core of the nuclear reactor. 

Sometimes, however, these fast neutrons can be applied with success for some 

(n,p) reactions, which are welcome in those special cases where no suitable (n,y) 

reactions are available, and one has to accept the rather poor detection limits. 

Quantitative analysis with these (n,p) reactions is difficult if no standard of the 

element under consideration is irradiated simultaneously. Since the cross-sections 

for (n,p) reactions are very small compared to those for (n,y) reactions, the 

number of elements which can thus be determined to a reasonably low detection 

limit is small. 

In this chapter it will be investigated whether it is possible to work without an 

additional fast neutron flux monitor for the (n,p) reactions involved. 

The underlying idea is - and we found empirical evidence for it - that the 

unknown fast neutron flux can be approximated by a linear function of both the 

known thermal and epithermal fluxes. This causes the activation formula for (n,p) 

reactions to look like that for (n,y) reactions, and consequently it can easily be 

embedded in the single-comparator method. This experimental finding is in a way 

comprehensible, because the relationship between the three fluxes c/Jrast, c/Jepi and 

cPth is a function of the efficiency of the moderation process. 

At the moment we have no theoretical basis for this relationship. However, 

since we are not interested in the details of the neutron spectrum, but rather in a 

practical application, we content ourselves with these empirical observations. 
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Table 5. The (n,p) reactions for titanium and nickel 

reaction isotopic cross- half-life y-ray y-ray 
abundance section energy abundance 

f) O'n,p. mb thalf, hours E, keV a 

47'fi(n,p )47Sc 0.073 16.3 80.40 159.38 0.6790 

48Ti(n,p )4&Sc 0.738 0.272 43.70 983.52 1.0000 
1037.52 0.9750 

sRNi(n,p )58Co 0.6827 113 1699.7 810.77 0.9945 

O'n,p = average cross-section for fast neutron spectrum (from Erdtmann 1)) 

l mb = I0-27 cm2 0.1 fm2 

Nuclear data of the examined ( n,p) reactions 

The only (n,y) reaction which might be possible for the determination of 

titanium, 50'fi(n,y)51Ti, is unsuitable for the present method due to the short half

life of 51Ti, which amounts to 5. 76 minutes. That is why we need to take recourse 

to the two (n,p) reactions which are mentioned in Table 5. It should be noted, 

however, that the determination of titanium by means of these (n,p) reactions can 

be disturbed by first-order interference from vanadium and calcium. This phe

nomenon will be treated in Chapter 8.2. 

A similar situation exists for the determination of nickel. The only (n,y) reaction 

which could be used, 64Ni(n,y)65Ni, also leads to a rather short-lived product 

isotope: the half-life of 65Ni is only 2.52 hours. Moreover, the isotopic abundance, 

8, of 64Ni is slight: 0.0091. The (n,p) reaction given in Table 5 has a reasonable 

sensitivity, because the cross-section is large compared with those of other 

reactions of this type. 

Theory 

The reactions with the fast or fission neutrons of a nuclear reactor are called 

threshold reactions, because the cross-sections are zero below the threshold 

energy, £hr 2). For information about these cross-sections as a function of the 

neutron energy the reader is referred to compilations by Garber and Kinsey 3) and 

by Manokhin et al. 4). 

The reaction rate per nucleus, r, cf. equation (3), is given by the relation 
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with 

where 

Un,p 

1"" 1>rast (En) O"n,p(En)dEn 
E,hr 

En = neutron energy (MeV), 
E,hr = threshold energy (MeV), 
4>f.u, (E.) = fast neutron flux per unit energy (cm-2s-1MeV-1), 

f/>rast = fast neutron flux, E.> 0.1 MeV (cm-2s-1), 
O'n,p(E,) = cross-section for (n,p) reaction (cm2) and 
u n,p = average cross-section for fast neutron spectrum ( cm2). 
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(42) 

(43) 

The proposed empirical relation for the fast neutron flux, which was described in 
the introduction of this chapter, is written as 

(44) 

where Cn,p and en,p are constants. Thus the reaction rate becomes 

(45) 

where 
f = flux ratio 4>epi/f/>,h, as defined. 

We call the value of en,p/Cn,p the fast neutrons activation coefficient and give it the 
symbol Qn.p 

This leads to 

en,p 
Qn,p =-cn,p 

(46) 
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Table 6. Investigated irradiation positions for (n,p) reactions 
(summary of Table 4) 

reactor irradiation 
moderator facility 

power 

BRI, Mol X26,X29 
graphite X27,X28,X30,X31 
!MW Y4 

BR2, Mol hydraulic conveyer 

H20 (3 positions) 
56 MW thimble (4 pos.) 

HFR, Petten HFPIF 1 (5 pos.) 

H20 HFPIF 2 (5 pos.) 
45MW PROF (3 pos.) 

SIP 

FRJ2, Jiilich BE12 
DzO 
23MW BE20 

BR!, BR2: Belgian Reactor 1, 2 
HFR: High Flux Reactor 
SIP: Silicon Irradiation Philips 

thermal cadmium flux epith. flux 
neutron flux ratio ratio distr. param. 
rPth. cm-2s-1 Reo I a 

l X 1011 68 0.013 +0.15 
3 X 1011 10-11 0.056-0.060 . +0.02 
6 X 1011 22 0.030 +0.06 

2 X 1014 11.6 0.049 +0.01 

2 X 1Ql4 10-11 0.052-0.067 +0.00-0.04 

2 X 1014 18-20 0.030-0.034 +0.02-0.03 
7 X 1013 27-32 0.020-0.025 +0.04-0.05 
6 X 1012 36-39 0.015-0.020 +0.03-0.08 
4 X 1013 38 0.015 +0.03 

2 X 1013 53 0.017 +0.15 

8 X 1013 32 0.026 +0.12 

HFPIF: High Flux Poolside Isotope Facility 
PROF: Poolside ROtating Facility 
FRJ2: Forschungsreaktor Jillich 2 (DIDO) 

(47) 

This equation is analogous to equation (14). It should be emphasized that Q •. p is 

not a function of a:. 

In order to present the experimental results graphically, we define the factor 
between the parentheses in equation ( 47) as the fast neutrons activation factor H, 

so that 

H= 1 +fQn,p (48) 

Looking at the equations above leads to the ascertainment that 
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cPrast _ H(f) 
- Cnp cPth , (49) 

Experimental 

The investigated irradiation positions of the four nuclear reactors BRI and BR2 
at Mol (Belgium), HFR at Petten (Netherlands) and FRJ2 at Jiilich (Federal 
Republic of Germany) are summarized in Table 6; the "best" values of the 
cadmium ratio for cobalt, Reo, the flux ratio, J, and the epithermal flux distribu
tion parameter, cc, are taken from Chapter 4.3. 

In most cases the titanium and nickel foils were irradiated simultaneously with 
the zirconium foils and the gold and cobalt monitors in the experiments for the 
determination of the neutron flux parameters. Otherwise only a cobalt flux 
monitor (in duplicate) was added. 

Every metal sample was in duplicate and the weights were a few milligrams. 
The irradiation times were one hour to a few hours for the high and low neutron 
flux positions, respectively. All measurements were carried out in duplicate by 
means of Ge(Li) detectors. After a waiting time of one or two days, the titanium 
samples were measured in order to determine the 47Sc activity from the 159 keV 
peak (half-life 3.35 days), and the 48Sc activity from the 984 and 1038 keV peaks 
(half-life 1.82 days). For the nickel samples the waiting time was about a week; 
the radioactivity of 58Co (half-life 70.8 days) was determined from the 811 keV 
y-ray peak. The sample-to-detector distance was mostly 5 or 10 cm (see Chapter 
6.2); only when the radioactivity was very low (reactor BRI), were the samples 
placed on the aluminium hood of the detector. 

Results and discussion 

The experimental results for the reactions under consideration are plotted in Figs. 
9, 10 and 11. The most striking fact in these figures is the break-up of the data 
into two groups, observed in the light-water-moderated reactors on the one hand, 
and in the graphite- and heavy-water-moderated reactors on the other: 

• Light-water-moderated reactors. Straight lines - the fast neutrons activation 
factor, H, as a function of the flux ratio, J, equation (48) - were fitted through 
the experimental points of the light-water-moderated reactors BR2 and HFR by 
means of the least-squares method. The values for Cn,p and Qn,p are summarized in 
Table 7. In Chapter 9 we will explain how these data are stored in the library of 
nuclear data. 

Some correlation appears to exist between the threshold energy of the incident 
neutron and the fast neutrons activation coefficient: a low or zero value of l?tbr is 
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Fig. 9. The fast neutrons activation factor, H, as a function of the 
epithermal flux/thermal flux ratio,/, for the reaction 4'Ti(n,p)47Sc 
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Fig. 10. The fast neutrons activation factor, H, as a function of the 
epithermal flux/thermal flux ratio, J, for the reaction 48Ti(n,p)48Sc 
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epithermal flux/thermal flux ratio, j, for the reaction 58Ni(n,p)58Co 

Table 7. Data of titanium and nickel for the reactors BR2 and HFR 

reaction Etb" MeV G'n.P• mb Cn,p Q •. p 

47'fi( n, p )47Sc 0 16.3 0.098 23.4 
4sTi(n,p )48Sc 3.3 0.272 0.117 11.9 
ssNi(n,p)ssco 0 113 0.076 24.9 

Ethr threshold energy of the incident neutron 
O'n,p = average cross-section for fast neutron spectrum (from Erdtrnann 1)) 

cn.r = proportionality constant, equation (47) 
Q •. p fast neutrons activation coefficient, equation (47) 
sH = standard deviation of fast neutrons activation factor, H 

SH 

0.14 
0.06 
0.14 
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accompanied by a higher value of Qn.p· Furthermore, as was stated above - in 
equation (49) - an estimation for the flux ratio c/>r .. t/c/>th can be made from the 
product c •. pH(j). For the light-water-moderated reactors this ratio increases from 
about 0.1 to about 0.25 when/increases from 0.01 to 0.07. 

From the figures and from Table 7 it may be inferred that for the light
water-moderated reactors BR2 and HFR the equation (47) has a workable accu
racy for trace analysis: the calculated relative standard deviation of fast neutrons 
activation factor, sH/H, is better than 15%. It should be remarked that the accu
racy of O'n.p does not influence the accuracy of the analysis, since in these cali
brations the product O'n,pCn.p is determined experimentally. 

• Graphite- and heavy-water-moderated reactors. The experimental data for the 
graphite-moderated reactor BRl and the heavy-water-moderated reactor FRJ2 
are situated far below the fitted lines. Evidently the proposed empirical relations 
as worked out in the equations (44) to (49) become contestable for these reactors, 
since they result in H < 1 and consequently in negative values for Qn.r· 

Conclusion 

From the foregoing we may conclude that for the two light-water-moderated 
high-flux reactors BR2 and HFR the determination of titanium and nickel can 
be incorporated· in the existing routine computer evaluation of multielement 
neutron activation analysis based on the single-comparator method, within the 
limits of accuracy. 

The reaction rates obtained in the heavy-water-moderated reactor FRJ2 are 
about a factor of 7 lower than calculated with the parameters of Table 7. This 
factor varies from 3 to 45 for the graphite-moderated reactor BRl, but this is of 
little importance, because the detection limits for titanium and nickel are anyhow 
too high in this low-flux reactor. 
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PART Ill 

6. GAMMA-RAY MEASUREMENT 

The y-ray spectrometry system and standardization of the measuring conditions are described. 
The efficiency calibration of the germanium detectors is explicated. Special attention is paid 
to the measurement of large circular disk and cylindrical samples, corresponding to silicon 
wafers and liquid samples, respectively. This is of importance for analyses in silicon integrated 
circuit technology. These measuring geometries are added to the standardized measuring 
geometries for simple poi.llt sources and small liquid samples both at various distances from 
the detectors for general purposes. 

6.1. Equipment and measuring method 

Nearly all measurements in the field of neutron activation analysis are currently 
performed by means of high-resolution y-ray spectrometers. This high resolution 
has become feasible with the availability of the lithium-drifted germanium 
detector, Ge(Li), and later on of the high-purity germanium detector, HPGe, 
e.g. 1- 3). For the y-energies used, from 60 keV to 3 MeV, these detectors have a 
resolution ranging from about 1 to 3 keV. Since both types of germanium detec
tors allow for operation only at low temperature, they are mounted in cryostats 
cooled with liquid nitrogen. In order to obtain a high detection efficiency for the 
y-quanta, the effective volume of the detector must he large. Nowadays detectors 
with an effective volume of 150 cm3 are quite common. 

With well-type detectors a higher efficiency is to he obtained 4•5), but they can
not be used for large samples such as silicon wafers. Therefore we will not dwell 
on the merits and demerits of these detectors 5.6). 

The pulses produced in the detector are amplified and sorted as to pulse height 
with the analog-to-digital (ADC) converter of a multichannel analyser. The pulses 
originate from the photoelectric effect, the Compton effect and pair production. 
Only the pulses from the photoelectric effect, or from the Compton effect imme
diately followed by photoelectric effect of the secondary y-quantum, or from the 
pair production followed by the photoelectric effect of both annihilation photons, 
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Fig. 12. Example of a y-spectrum of a neutron irradiated silicon sample with many different 
impurities in the ppb region 
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give rise to the so-called full energy peak. Since the height of the pulses is 
proportional to the energy of the y-quanta deposited in the active volume of the 
detector, the channels represent a nearly linear energy scale. Fig. 12 shows an 

example of a y-spectrum of an irradiated silicon sample with many different 
impurities. The horizontal axis contains the channel numbers (often 4096 
channels) and thus represents the energy axis. An energy range from about 
60 keV to about 2.8 MeV is mostly used. With 4096 channels and an energy 
resolution as mentioned above, the peaks have a full width at half maximum 
ranging from about 2 to 6 channels. The vertical axis with the channel contents 
(number of pulses per energy interval) represents the intensity integrated during 
the measuring time. Since each full energy peak is accompanied by Compton 
pulses of lower energies - namely in all those cases where the secondary 
y-quantum of the Compton effect escapes out of the detector - in a spectrum the 
continuum under the peaks increases from high to low energies. 

From the point of view of storage in a computer memory or on a disk a y-ray 
spectrum consists of e.g. 4096 consecutive channels with pulse contents of up to 
lOg, which requires 16 kbyte. Furthermore, such a "spectrum" contains a "head
line" of one kbyte with the sample name, the end time of the irradition, the start 
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Fig. 13. Example of a full energy peak efficiency curve of a Ge(Li) detector with an effective 
volume of 108 cm3. The sample is a silicon wafer with a diameter of 10 cm. 
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time and the duration of the measurement, the measuring conditions, the energy 
calibration data, the peak half-width parameters, the criteria for the peak search 
procedure, etc. 

Fig. 13 gives an idea of the detection efficiency. It represents the efficiency for 
the full energy peak as a function of the y-ray energy of a large germanium 
detector with a 1 0-cm silicon wafer on top of the aluminium hood (insert Fig. 13). 
It can be seen that in the region above about 200 keY this efficiency is nearly 
inversely proportional to the energy. In the lower energy region the efficiency 
decreases due to absorption of the y-rays in the detector canning. 

Though high pulse rates are not customary in trace or ultratrace neutron acti
vation analysis, a correction for pulse pile-up in the amplifier is a useful feature 
for those cases where radionuclides with a rather high activity are produced. Pulse 
pile-up corrections can be carried out either instrumentally or by means of soft
ware, as the pulse losses in the amplifier are related to the live time/real time ratio 
in the analog-to-digital converter 3•

7
•8). This is described in Chapter 7.2. 

Background radiation 

The background radiation of the y-ray spectra plays an important role, especially 
when analysing pure samples, in which the lowest possible detection limits should 
be reached. The two most conspicuous background peaks are the 511.0 keY 
fj+-annihilation peak and 1460.8 keY peak of natural <lijK; furthermore, several 
peaks from the omnipresent uranium and thorium and their daughters are 
observed. The most intensive y-rays from these series are presented in Table 8, 
together with those just mentioned. 

A number of these background peaks interferes with important y-rays of pro
duct radionuclides from the (n,y) reactions used. The most vivid examples of these 
reactions are also given in Table 8. Fortunately, in almost all cases other y-rays 
of the radionuclides involved can be used. For the interference of the background 
annihilation peak with that of 64Cu a correction procedure has been developed 
(see Chapters 6.3 and 7.3). 

In order to diminish the background radiation in the y-spectra, the detectors 
are usually shielded with lead. A thickness of 5 or 10 cm lead is often used, but 
is not fully efficacious. A shielding of l 0 cm instead of 5 cm improves the limits 
of detection by a factor of 1.5 to 2 9). It will be obvious that this improvement 
is only valid if the sample is very pure. Even when radionuclides with moderate 
activities are present, the improvement is nullified for all other radionuclides, 
since in that case the background spectrum is overshadowed by the Compton 
continuum. 
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Table 8. Most intensive y-ray energies in the background spectrum 

radionuclide y-ray energy reaction subject y-ray energy 
keV to interference keV 

p+ -annihilation 511.0 63Cu( n, y )64Cu *) 511.0 
.wK 1460.8 

Uranium series: 
226Ra 186.2 
214Pb 242.0 
214Pb 295.2 t7oEr( n, y )171 Er 295.9 
214Pb 351.9 
214Bi 609.3 102Ru(n,y)1o3Ru 610.3 
214Bi 1120.3 45Sc( n, Y )46Sc 1120.6 

tsiTa(n;y)'s2Ta 1121.3 
214Bi 1238.1 
2t4Bi 1377.7 
zt4Bi 1764.5 
zt4Bi 2204.2 

Thorium series: 
212Pb 238.6 

p-
76Qe(n,y)77Ge ...., 77 As 239.0 

22sAc 338.4 
zosTl 583.1 
mm 727.3 
228Ac 911.1 
22sAc 968.8 
2osTI 2614.5 

*) correction procedure: see Chapters 6.3 and 7.3 

Of course, the lead itself must be free from the natural radioactive materials 

mentioned. That is why "old" lead is preferred, whose isotope 210Pb (half-life 

22.3 years, with the daughter 210Bi, a p--emitter leading to bremsstrahlung) from 

the 238U series has decayed. An effective absorption of the K X-rays from the lead 

is obtained by lining the inside of the shield with 1 mm of cadmium. 

More sophisticated methods, for instance anticoincidence techniques for 

reducing the continuum spectrum 10- 12·2), were found to be too complicated for 

large samples and will not be considered here. 
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Measuring procedure 

The optimal procedure for making the best of an analysis is to measure a sample 

at certain time intervals, e.g. four times, namely as soon as possible (preferably 

after a few hours), one or two days, one week and one month after irradiation. 

The short-lived radionuclides dominate in the first spectra and since they have 

decayed in the last spectra, the longer-lived radionuclides, which in practice have 
a much lower specific activity lower radioactivity per unit mass of the radio

nuclide involved - can he detected better. Usually about one hour is chosen for 
the measuring time of the first spectrum, but for the next spectra this time needs 
to be longer, increasing to about one day for the last measurement. 

Communication with 
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Fig. 14. Scheme of the y-ray spectrometry system of the Philips Research Laboratories, 
Eindhoven 
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An additional but very important advantage of measuring several spectra of 

one sample is that not only the y-ray energies but also the half-lives can be used 

for the identification of the radionuclides. 

In the case of pure silicon wafers, one measurement is often, but not always, 

sufficient, and this is welcomed, because 

• when cleaning or etching techniques are used between the measurements for the 

purpose of investigating surface contaminations, in analytical terms the wafer 

in question is another sample in each measurement, and 

• a short response time is often a prerequisite for the application of an analysis 

technique in process control. 

In order to analyse very pure materials such as silicon, it is obviously desirable 

to reach as low detection limits as possible. This entails the use of long measuring 

times, e.g. ten hours or even more, as one of the optirnizing possibilities. The only 

way to make economical use of the entire analytical equipment is to have several 

germanium detectors operating simultaneously the computerized y-ray spec

trometry system, see Fig. 14. 

6.2. Standardization of the measuring conditions 

For the complete computerized evaluation of the y-ray spectra it is necessary to 

standardize the measuring conditions, i.e. use standard sample dimensions and 

standard sample-to-detector distances. This leads to an efficiency-energy curve for 

each measuring geometry on each detector. When the system was set up, the 

samples to be measured were small solid pieces, powders and aqueous solutions. 

This resulted in what we called the "standardized" and "related" measuring 

geometries. 

In the course of the years, however, the small silicon samples were replaced by 

silicon wafers, initially with a diameter of a few centimetres, but later on of 10, 

12.5 and 15 cm. These geometries, too, were standardized. 

In addition, as a result of the cleaning and etching treatments after irradiation, 

and the demand for analysis of very pure chemicals, liquid samples with greater 

volumes had to be measured as well. So 25-ml and 50-ml aqueous samples were 

included in the system. 
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Standardized measuring geometries 

In the first approach we standardized 9 "measuring geometries", that is 3 sample 

sizes at 3 sample-to-detector distances: 

• A "point" source (optimal geometry) and further "5-ml" and "15-ml" samples 

of aqueous solutions in liquid scintillation analyser vials. These glass vials have 

an outer diameter of 27.5 mm, a height of 60 mm and a wall thickness of about 

I mm. 

• The sample on the aluminium hood, thus as close as possible to the detector, 

and further at 5 cm and 10 cm from the top of the detector (for higher activ

ities). For this distance h (Fig. 15) we took the distance from the point source 

or the bottom of the vial to the top of the detector. 

h 

"'---+--t--- foil mylar 
'-----+--+---- ring 

--+-tt--- detector 

Fig. 15. Sample holder with an aqueous solution sample on a germanium detector 
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For these nine measuring geometries of each detector we determined the peak 
efficiency as a function of the y-ray energy by means of standard solutions of 
241 Am (59.5 keV), 57Co (122.1 and 136.5 keV), 51 Cr (320.0 keV), 137Cs (662.6 keV), 
65Zn (1115.6 keV) and 88Y (898.0 and 1836.1 keV). The method is described in 
detail elsewhere 13). As an example the calibration curves for a 108 cm3 detector 
are given in Fig. 16. 

The curves were fitted through the experimental points by means of a least
squares method. After some trials to obtain the best compromise between a good 
fit and the least number of parameters for each curve, we arrived at 

• a straight line (lne vs In E) for energies above E8, usually 200 keV, cf 3), with 
I 

(50) 

• a 3'd-degree polynomial of the logarithms of the efficiency and the energy in the 

low energy region, so that 

3 ' 

ln e(E) = L iler.m ( In E)m, (51) 
m=O 

in which 

e(E) peak efficiency for y-ray energy E, 

p, q constants, (q :::= -1) and 

O.,r,m constants, m = 0 ... 3. 

Just as in Chapter 2.2 for the neutron energy, it would be more elegant to use a dimensionless 
parameter E/Er.r instead of E. In the computer programs the MeV is consistently used as unit for 
the y-ray energies when calculating detection efficiencies. 

Many authors have dealt with the efficiency calibration of y-ray detectors (see e.g. 
Erdtmann and Petri 1) and Debertin and Helmer 3)). Gomer and Nikolow also 

used the same fitting procedure as mentioned above for the efficiency curves 14
). 

In the region from 50 keV to 3 MeV each efficiency curve is thus characterized 

by 7 parameters (Eg, p, q, O.,r,n, Oer,t. O.,r,2, a.,£,3), which leads to 63 parameters for each 

of the nine detectors. 
We are aware of the fact that the accuracy of the efficiency curves in the energy 

range below about 100 keV is poorer than at higher energies, but this is not 

important, because in neutron activation analysis almost all radionuclides have 

energies above about 100 keV. 
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Related measuring geometries 

In addition to these nine fixed measuring geometries, it was found necessary to 
be able to vary sample volumes and distances. Thus we standardized four 
measuring geometries which we called "related" measuring geometries, viz. 

• the three sample sizes ("point11
, "5 ml" and "15 ml") at a variable distance of 

h cm above the detector, h ~ 15 cm, (Fig. 15), and 
• a varying sample volume of v ml, placed on the detector hood, v ::s:; 20 ml. 

It must be emphasized that these related measuring geometries have less accurate 
efficiencies than those whose efficiencies are measured over the whole energy 
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Fig. 16. Peak efficiency curves for the nine standardized measuring geometries of a 
108 cm3 Ge(Li) detector (number 3) 
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region, since we assume here that the change in efficiency caused by varying h or 
vis the same for all energies (see also Fig. 16): 

Bpoint (E, h) = Bpoint (E, h = 5 cm) (/>point (h) (52) 

Bs ml (E, h) = B5 ml (E, h = 5 cm) cp5 ml (h) (53) 

e15 ml (E, h) = B15 ml (E, h = 5 cm) cp 15 ml (h) (54) 

(55) 

where 
h sample-to-detector distance, see Fig. 15 (cm), 
ho = minimum sample-to-detector distance, on aluminium hood (cm), 
v = sample volume in standard vial (ml) and 
cp = correction factor. 

The efficiencies for the variable distances and volume are related to those with 
h = 5 cm, equations (52) to (54), and v = 5 m!, equation (55), respectively. Thus, 
by definition, (/>point (h = 5 cm) = 1, q>s ml (h = 5 cm) = 1, (/>1s ml (h = 5 cm) = 1 and 
(/>h0(v = 5 ml) =I. 

The correction factors cp were determined experimentally for the energy of 
835 keV from 54¥n. The values of cp(h) do not differ much for the three measuring 
conditions; they vary from about 5 for h = 0.5 cm to 0.2 for h = 15 cm. The value 
of cp(v) decreases from about 1.2 for v = 2 ml to about 0.5 for v = 20 ml. We were 
able to fit them by the following polynomials, 

3 

ln{ (/>sample(h)} = I ~ample,m hm 
m=O 

2 

ln{cpho(v)} = Iaho,m vm 
m=O 

(56) 

(57) 

which results in another 3 x 4 + 3 = 15 parameters for each detector. The sub
script "sample" of the constants tlsample,m refers to "point", "5 ml" or "15 ml". 

It will be evident that the 9 "standardized" geometries must be used for accurate 
measurements and that the 4 "related" geometries heighten the flexibility of the 
system at the expense of systematic errors. In the latter case we found that the 
greatest efficiency deviations occur in the low-energy region: they amount to at 
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most -20% at lOO keV. In the region of 0.3 to 2 MeV, however, the errors are 
only a few per cent. 

In the computerized evaluation of the y-spectra, it is inevitable to introduce code numbers for the 
standardized and related measuring geometries. Thus we chose a three-digit code number for each 

measuring geometry, in which the first digit represents the detector number g (I to 9) and the second 
and third digits are used for the measuring geometry. The standardized measuring geometries have 
the numbers gO I to g09, see Fig. 16, and the related measuring geometries are denoted as: 

glO (point, h cm, equation (52), related to g04), 

gll (5 ml, h cm, equation (53), related to g05), 

gl2 (15 ml, h cm, equation (54), related to g06) and 

gl3 (v ml, on Al hood, equation (55), related to g02). 

Circular disk samples: silicon wafers 

Where the accuracy is concerned, the efficiencies for circular disk samples lying 

on the detector hood (Fig. 13) have the same status as those of the related mea
suring geometries described above. In other words, the efficiency curves for the 

disk samples are also derived from curves for standardized measuring geometries 

on the basis of geometrical factors alone, i.e. the relative changes in the efficiencies 

are the same for all energies 15). 

The efficiencies for the disk samples are determined from measured efficiencies 

for a point source at various distances from the centre axis of the detector. The 

method is based on the following theory. 

Let the peak efficiency for a point source in the horizontal plane on the upper 

side of the hood of the detector at a distance p from the centre be e(E, p), where 

E is the y-ray energy. Then the efficiency of a circular disk of radius r, edisk (E, r), 

can be calculated from 

2 I' edisk (E, r) = -
2 

e(E, p)pdp 
r o 

(58) 

From the measurements we had concluded that e(E, p) can be approximated with 

sufficient accuracy by a fourth-degree polynomial 

4 

e(E, p) = :Z:>ecc,m (E)pm (59) 
m=O 

where the subscript "ecc" is the abbreviation of "eccentric". Insertion of equation 
(59) into equation (58) leads to 
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4 

~ llecc,m (E)rm 
sdisk (E, r) = 2 L m + 2 

m=O 

79 

(60) 

On the assumption that the relative changes in the efficiencies are the same for 

all energies, we have 
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Fig. 17. Relative efficiency e(E, r)/e(E, 0) on top of a 115 cm3 Ge(Li) detector for a point 
source with a y-ray energy E = 835 keV as a function of the distance p from the centre axis 

(broken line). The solid line is the relative efficiency for disk samples, edisk (E, r)/edisk (E, 0), 
see equation (61). 
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with 

4 

edisk (E, r) = edisk (E, 0) L tlciisk,m rm (61) 
m=O 

20ecc,m (E) 
adisk,m ::: adisk,m (E) = (m + 2 )0ecc,O (E) (62) 

Of course, Bdisk (E, 0) = n-:.o (E), and a.:ns~c.o = 1. 
The results of the experiments for one detector are given in Fig. 17 as an 

example (cf 16)). Since a germanium detector is not a true cylinder and the axes 
of the detector and the aluminium hood mostly do not coincide, we measured the 
spectra with the source placed along two perpendicular axes, the radius p being 
0 to 60 mm and the positions lying 5 mm apart. The results in Fig. 17 were ob
tained with the 835 keV y-ray of ~4Mn, which was also used for the other related 
measuring geometries. The broken line is a least-squares polynomial approxi
mation of the 4 x 13 =52 experimental points (equation (59)); the solid line is 
obtained by integration of this polynomial, simulating a disk-shaped sample, see 
equation (61). For practical use we defined an effective distance h.rr as given below. 

"The effective distance, herr. of a circular disk sample is the distance at which a 
point source should be placed above the upper detector surface so that its 
efficiency equals the average efficiency of the disk sample lying on the aluminium 
hood". 

Thus 

where 
d diameter of the sample (cm) and for 

see equation (52). 

(63) 

The effective distances defined above were determined for 5-cm, 7.5-cm and 
10-cm-diameter wafers for the nine detectors. Typical examples of these effective 
distances for the.ll5-cm3 detector are: 1.02, 1.59 and 2.14 cm, respectively, for the 
three diameters just mentioned 15). 

The 15-cm wafers have to be cut into four quarters which are stacked to obtain 
a better measuring geometry. The two outer corners (each about 2 cm2) of each 
90° sector are removed, because the lead shieldings of the detectors have an inner 
diameter of about 10 cm. 
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The code number for the circular-disk efficiencies is thus 
glO: point, heiT,d cm, equation (52), related to g04. 

Large cylindrical samples: aqueous solutions 

In the daily practice of analysis it was found that the sample volume of 15 ml 
was too small for the measurement of two types of samples (see Chapter 11.6), 
which are 

• cleaning and etching solutions after irradiation - of large silicon wafers, and 
•liquid chemicals, such as photoresists, spin-on glasses, nitric acid, etc., which 

are analysed by irradiating volumes of about 100 ml. 

Thus we decided to extend the related measuring geometries by two more sample 
volumes, namely 25 ml and 50 ml. As container we chose a 250-ml polystyrene 
cylinder with an inner diameter of 64 mm (outer diameter 66 mm); 50 ml fills this 
container to a height of 15.5 mm. The calibration procedure is identical to that 
in the previous paragraph and is described separately 11). For these large volume 
samples we have an analogous definition for the effective distance herr. 

"The effective distance, herr, of a 25 or 50-ml sample is the distance at which a 
5-ml sample in the standardized vial should be placed above the upper detector 
surface so that its efficiency equals that of the 25 or 50-ml sample placed on the 
aluminium hood". 

Hence 

(64) 

where 
V sample volume, 25 or 50 ml and for 
Bs m1 see equation (53). 
The subscript "L v~~ refers to the large-volume sample (25 or 50 ml) in the poly
styrene vial. 

The effective distances are between 0.8 and 1.8 cm 11}. For the 115 cm3 detector, 
for example, they are h~rr. 2s ml = 0. 93 cm and herr. so ml l. 38 cm. 

The code number for the "large-volume" efficiencies is 
gll: 5 ml, h.rr.v cm, equation (53), related to g05. 

An effective volume, Veff , can also be used 17) and results in 
g13: Vetr,v ml, on AI hood, equation (55), related to g02. 

Then the above-m~ntioned examples for the 115 cm3 detector lead to Veer, 2s m1 = 10.6 m! and 
Veff. 50 m!= 15.9 mL 
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6.3. Detection correction procedures 

The use of a lead absorber 

If a y-spectrum contains a strong bremsstrahlung continuum from a pure 
p--emitter, e.g. 32P in phosphorus-doped silicon, or when a few less important 
strong peaks of low energy are present, then a lead absorber of about 1 mm in 
thickness can be placed between the sample and the detector, thus considerably 
reducing the efficiencies for the lower energies. The advantage is that overflow, 
high dead-time losses and deterioration of the energy resolution are avoided. 

It should be emphasized that this procedure is used to remove intensive low
energy y-radiation. In consequence, the accuracy of the remaining low-energy peak 
pulse rates is poor. But this is of little importance, since these very much reduced 
intensities lead to high detection limits. For the remaining y-energies with higher 
energies the reduction in intensity is low, and therefore the accuracy of the 
absorption correction is adequate. 

Assuming that the y-rays pass perpendicularly through the lead absorber, the 
transmission is calculated by 

where 
T 
Olead 

f.l.lead 

(65) 

transmission factor, 
= lead absorber thickness (mm) and 
= attenuation coefficient in lead (mm-1). 

Using the recent attenuation coefficients of Hubbell 18), a good fit for the follow
ing least-squares approximation could be established as 

for the y-ray energy region of 88.0 keV to 3 MeV. For the low-energy region 
(16- 88.0 keV) 

ln{Jl.Jead(E)} =a lead low,O +a lead low,lln E (67) 

was obtained 19). The units for f.l.tead and E are mm-1 and keV, respectively. 
In order to show the effectiveness of the use of a lead absorber, we give the 

transmission factor for 100 keV and 1 mm lead: T(IOO,l) = 0.0019. Higher ener
gies, however, e.g. 1000 keV, can still be measured: T (1000,1) = 0.92. 
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The polynomial coefficients of the equations (66) and (67) amount to 

alead.O =- 3.4072, a lead,!=+ 966.00, alead,2 =- 60018 and alead,3 + 1586600, 

aleadlow,O = + 12.321 and alead!ow.l -2.58315. 

* 

It will be clear that in the activation formula, equation ( 18), the efficiency must 
be multiplied by T when a lead absorber is applied. However, as will be seen in 
the next paragraph, it is more consistent to use a new symbol for the ratio peak 
pulse rate/disintegration rate, in equation (18) denoted as ae. We will call it ,, so 
' aeT when a lead absorber is used. 

Correction for y-cascade summation 

In Chapter 2.3 it was already said that the quantity' defined above becomes more 
complicated when the radionuclides to be measured emit y-cascades. If we con
sider a typical cascade of two y-rays with energies E1 and £2, whose intermediate 
energy level is fed by p--decay (Fig. 18), then the quantities ( can be calculated 
as, cf 2M21), 

(68) 

(69) 

or 

(70) 

(71) 

where 
' peak pulse rate/disintegration rate = corrected peak efficiency, 
e = peak efficiency, 
T = lead transmission factor (equation (65)), if there is no lead then T = 1, 
a' = y-ray branching ratio, 
c = correction factor for internal conversion, 
a = abundance of considered y-ray (photons/disintegration), a = a' c, 
Yf = total efficiency 
and the subscripts 1 and 2 refer to the two y-rays, where a; ~a~. 
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The second term in equations (68) and (69) represents the correction for the 
y-cascade summation. It should be noted that in both correction terms a~ must 
be used, since a~ :::;; a; , see Fig. 18. 

It can be seen from these equations that in the case of y-cascades we need the 
total efficiency as a function of the energy in order to carry out the corrections 
for summing. As the simplest solution to this problem, we calculate the total 
efficiency from the peak efficiency with 

11(E) 

where 
P peak-to-total ratio. 

e(E) 

P(E) 
(72) 

It was found experimentally that this peak-to-total ratio is nearly independent 
of the measuring geometry, if- as it should be- the contribution of the so-called 
backscatter peak is excluded from the total efficiency. We characterized the 
peak-to-total ratio by two parameters (for each detector), hence 

P(E) = KoE~<t 

1 a' 2 

a' 2 

Fig. 18. Disintegration scheme of a radionuclide with one y-cascade 

(73) 
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where 
Ko, K1 = constants. 

It is found that P is roughly inversely proportional to the energy (K 1 ::::::: -1) above 
about 150 keV. In the low-energy region P approaches to unity. Thus, if equation 
(73) leads to a value greater than l, then P is set to I. Of course it is possible to 
use more accurate data for the total efficiency, fJ, but since the corrections for 
summation effects are mostly less than ten per cent, the error in 11 may be greater 
than that in the peak efficiency, e. 

The magnitude of this correction can be shown in a few examples. For the sake 
of simplicity we take the parameters a, Ct and Tin equation (70) as being unity, 
which leads to the greatest correction. Then the correction factor for the first 
y-ray, CJ/a1e1 T1, equals I - f/ 2• This correction factor is about 0.8 for a point source 
on a large detector, since the total efficiency, fJ, is nearly constant for energies 
above about 150 keV (both q, equation (50), and K~, equation (73), are about -1). 

If the efficiencies are much lower due to larger sample-to-detector distances, e.g. 

5 or I 0 cm, then the corrections become slight or even negligible: 1 - '12 ::::::: 0.97 

and ::::::: 0.99, respectively. 
Due to the expected slight effect and the complexity of the calculations, an 

extension to multiple cascades is not applied in this y-cascade summation cor
rection method. 

The positron annihilation peak in the background 

The determination of copper is based on the reaction 63Cu(n,y)64Cu (Table 1). The 
product radionuclide 64Cu decays by p- (37%), {J+ (18%) and electron capture. 

Ay-ray of 1346 keV with a low intensity (a= 0.005) is of little importance in trace 
analysis, so that one is obliged to use the {J+-annihilation radiation of 511 keV 
(a = 0.357). Since this peak is also present in the background spectrum, a cor
rection has to be applied. It is evident that such a correction is only possible if 
the intensity of this background peak remains constant. Fortunately this turns 
out to be the case, provided the place of the detector in the measuring room and 
the lead shielding remain unchanged. This leads to another characteristic param
eter for each detector. 

We measured the background spectra of the nine detectors over a long period 
of time (eight years) and only used the data obtained from long measuring times 
(weekends). The pulse rates of the 51 I keV peak in the spectra remained constant 
within one per cent (95% confidence limit). Per unit detector volume they amount 
to about 3 x l0-4 s-1cm-3. 
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Copper·sodium interference 

Another and more serious problem in determining copper is the interference of 
the already mentioned 511 keV peak of 64Cu by the same peak from high-energy 
y-ray-emitting radionuclides, mainly 24Na in practice. This radionuclide is usually 
present in many samples and emits a high-energy y-ray of 2754 keV. The pair 
production effect of this photon in the sample and its surroundings also causes 
annihilation radiation of 511 keV. Moreover, the half-lives of 64Cu and 24Na differ 
slightly, 12.7 and 15.0 hours, respectively. 

A way to overcome these difficulties in the analysis of copper is to determine 
the ratio of the pulse rates of the 511 and 1369 keV in a pure 24Na spectrum and 
to correct the annihilation peak in a sample by taking 

where 
Am.cu = pulse rate of the 511 keV peak due to 64Cu (s-1), 

A511 .tot = pulse rate of the 511 keV peak, corrected for background (s- 1), 

A 1369,Na = pulse rate of the 1369 keV peak from 24Na (s-1) and 

(74) 

({Jcu-Na = ratio of the 511 and 1369 keV peak pulse rates in a pure 24Na spectrum. 

It will be clear that this correction is insufficient if other radionuclides interfere 
seriously, e.g. 38Cl, 65Zn and 58Co with a 511 keV radiation and 124Sb and 77Ge with 
a 1368 keV y-ray. Most of them, however, have a much shorter or longer half-life. 

By calculating the standard deviation of the corrected peak pulse rate from the 
Poisson statistics, it eau be decided whether or not the remaining pulse rate 
Aslt.cu is significantly present. 

The ratio ({Jcu-Na is found to be dependent on the sample-to-detector distance, 
h, and, to a lesser degree, on the sample volume, v, inasmuch as the annihilation 
radiation from 24Na originates for the greater part from the pair production effect 
in the detector shielding and in the sample itself. 

From experiments with the standardized measuring conditions it was concluded 
that sufficient accuracy could be obtained by describing this ratio with four 
parameters for each detector as given below. 

(75) 

The magnitude of these parameters for a large detector ( > lOO cm3) in a cadmium 
or silver-lined lead shielding with an inner diameter of 100 mm has approximately 
the following values 

Uo;:,: 0.03, u1 ;:,: 0.002 ml-1, u2 ;:,: 0.04 cm-1 and u3 ;:,: - 0.002 cm-2• 
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Recently Gil'bert et al. 22) published the same correction equation (74), however, 
with only one value for (/Jcu-Na, hence evidently for only one measuring geometry. 

6.4. Recapitulation 

From the two previous paragraphs it can be concluded that, for the standardized 
and the related measuring geometries, each germanium detector is characterized 
by 85 parameters, namely 

• 9 x 7 = 63 parameters for the nine standardized measuring geometries, 
• 3 x 4 + 3 = 15 parameters for the four related measuring geometries, 
• 2 parameters for the peak-to-total ratio, 
• 1 parameter for the 511 keV background pulse rate, and 
• 4 parameters for the 64Cu- 24Na correction. 

Further necessary data for each detector are 

• a table with effective distances for circular disk samples to calculate the 
efficiencies of silicon wafers 15), and 

• a table with effective distances and/or effective volumes for large aqueous 
samples, viz. 25 and 50 ml 17). 

The most recent data are summarized in a separate paper 23). From experiments 
it can be concluded that with regard to the efficiency the detectors have a good 
long-term stability 23). 
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7. EVALUATION OF THE GAMMA-RAY SPECTRA 

This chapter deals with the computerized evaluation of the measured y-ray spectra. Although 
the development of the software has been focused on the use of instrumental neutron activation 

analysis in the field of silicon integrated circuit technology, the treatment of the spectral data 
is such that a much wider application is possible. 

7 .l. General 

In the computerized evaluation system which we have developed, they-ray spectra 
are treated batchwise without intermediate communication with the analyst. In 
one batch the spectra of a number of samples which have undergone the same 
irradiation procedure are combined, which is especially suited to series of more 
or less identical samples from one experiment. Though one to four spectrum 
measurements of one sample are generally sufficient (see Chapter 6. I), the 
program allows the simultaneous evaluation of five spectra of one sample. 

The total system comprises four consecutive stages. In the listing below we 
denote the basic operations of a stage by • and the additional but indispensable 
operations by o : 

First stage; each spectrum separately (Chapter 7.2) 
• determination of the significant peak energies and pulse rates, 
o correction of energies for amplification shift, · 
o correction of the pulse rates for pulse pile-up losses, 
o determination of the detection limit polynomial. 

Second stage; each spectrum separately (Chapter 7.3) 
o correction of the annihilation peak for background, 
o correction of copper for sodium interference, 
• provisional identification of radionuclides, related nuclear reactions and related 

target nuclides, 
o calculation of decay factors and detection efficiency data for the radionuclides. 
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Third stage; for each nuclear reaction (Chapter 7.4) 
o concatenation of the reduced spectrum data per sample, 
o correction for burn-up, 
• final decision on the presence of elements, with 
• calculation of the contents (weight fraction) and 
• calculation of detection limits (weight fraction), 
o presentation of first table with results. 

Fourth stage; for each nuclear reaction (Chapter 7.5) 
o correction of platinum for gold interference, 
o correction of particular elements for uranium fission, 
o examination of interfering peaks from present radionuclides, 
o conversion to atomic fraction (optional), 
• presentation of table with final results. 

The practical course of procedure consists of two main steps: 

• The first stage is carried out on a Nuclear Data ND6600 y-ray spectrometer 
system for which the software is written in FORTRAN-IV 1). 

• The reduced data of all spectra are sent to an IBM 3081 VM/CMS computer 
on which the second, third and fourth stages are executed. These calculations are 
performed by a computer program called NAAP (Neutron Activation Analysis 
Program), written in PASCAL 2). 

Both the simultaneous processing of up to five spectra of one sample and the last 
stage of evaluation (Chapter 7.5) are two reasons why the many intermediate 
results - mostly in the form of records - have to be stored in the computer 
memory until the entire operation for that sample is finished. 

There is also a shortened program which can be used for series of simple analyses of only a few 
elements (on request) and from only one measurement per sample, but in batch operation. This 
program, which is called NAAPI 1<1), runs on the Nuclear Data ND6600 system and has the same 
accuracy for the contents and the detection limits, but Jacks the features mentioned in Chapter 7.5 
(fourth stage). These two things one measurement per sample and no fourth stage - go far to 
simplify the evaluation. 

7 .2. First stage: peak search 

After the spectra have been measured and stored on a hard disk, this stage is 
processed by means of the ND6600 system. 
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Peak search 

The first operation in the evaluation of the assembled data is the search for all 
the significant peaks in each stored spectrum. Several years ago we started devel
oping of a computer program for peak search, and during the last decades many 
sophisticated programs have been published for this purpose. The deconvolution 
of partly overlapping peaks is problematic, and it is the most laborious part of 
the peak-search programs 3). Recently Helmer et al. reviewed the literature in this 
field 4•5), and Christensen and Heydorn 6) compared the quality of the determi
nation of overlapping peaks. The Nuclear Data peak-search algorithm 7) which 
we have used for some years, is found to be very good for the detection of 
doublets 6

). 

The outcome is a data reduction of each spectrum, because the 4096 channel 
contents are reduced to three parameters per peak. In spectra of very pure silicon 
wafers the number of peaks is about thirty, but the number may be more than 
one hundred when the sample contains many different impurities. The three data 
for each peak are 

• the energy, E (keV), 
• the average pulse rate (peak area/live time), A (s- 1), and 
• the relative standard deviation of the pulse rate, Speak (% ). 

The so-called live time is the time during which the analog-to-digital converter is 
capable of processing pulses from the amplifier. During processing of a pulse the 
time measurement is interrupted. Thus, the live time is the real measuring time 
and equals the clock time minus the integrated resolving or dead time. 

Energy correction for amplification shift 

As already stated in Chapter 6.1, the energy scale of they-spectra is almost linear, 
hence the energy axis can be calibrated as 

(76) 

where 
E = y-ray energy (keY) and 
j = channel number. 

With the energy scale as in Chapter 6.1, ae,1 ~ 0.6 ke V /channel; and further 
ae,o ~ 40 keV. The absolute value of ae.2 is about 10-7 keVfchanneF 5

). In some 
cases it is even less, so that the quadratic term ae.2P can be neglected. 

Nowadays the stability of the chain 
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detector --~> preamplifier --~> amplifier --~> analog-to-digital converter 

is found to be very good, but occasionally the amplification - in equation (76) 
expressed in the term aE,I - undergoes a change in the order of 0.1% (a few 
channels at the high-energy side). The energy calibration of such a spectrum 
whose peaks have already been evaluated, can easily be corrected by multiplying 
the energies of all peaks by Enght/Ewrong, where Enght and Ewrong, respectively, refer 
to the correct and the incorrect energy as found for a well-known, strong and free 
peak in the high-energy part of the spectrum. Either the energy .Enght can be given 
to the computer before processing a batch of spectra, or the analyst can look at 
the results and select the proper peak, or the program searches automatically for 
the very frequently occurring peaks of 24Na (1368.63 keV) or 40K (1460.83 keV, 
background peak). 

Even when the whole input file is prepared for evaluation, it is possible to 
correct all energies of a certain spectrum, if it is established that the energies are 
shifted about one to two keV and the correction as described above had not been 
carried out properly. By means of two well-known peaks in the lower and higher 
energy part, respectively, the calibration coefficients aE.o and ae,1 of equation (76) 
are revised retrospectively. The program is described elsewhere 2). 

Pulse-rate correction for pulse pile-up losses 

In a previous paragraph it was already stated that the analog-to-digital converter 
automatically corrects for its own "dead" time. However, pulses resulting from the 
simultaneous absorption of independent )1-photons are dealt with by the detector 
and the amplifier as one single pulse. This leads to "pulse pile-up" losses, also 
called "random coincidence" losses. In practical instrumental neutron activation 
analysis pulse pile-up losses may lead to serious errors of up to thirty per cent in 
the case of high pulse rates where high impurity concentrations are present. 
Though high pulse rates only occur incidentally in trace analysis of silicon, it is 
desirable to have a correction method for these losses at one's disposal. This was 
already briefly mentioned in Chapter 6.1. 

We chose a correction method based on work published by Wyttenbach 8). This 
author derived the following equation for the correction of the peak pulse rate 

where 
A 

A cor 

___.!!__ = l _ 2'ramp ( !clock l) 
Acor r ADC /live 

= measured peak pulse rate (s-1
), 

= peak pulse rate corrected for pulse pile-up (s-1), 

dead time of the amplifier system (s), 

(77) 
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rAoc average memory cycle conversion time of the analog-to-digital 
converter, ADC (s), 

tc1ock true measuring time (clock time, s) and 

ltive live time ( s ). 
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Wyttenbach states that for most practical work in instrumental neutron activation 
analysis rAoc is almost constant. However, when the spectra are processed by 

means of a computer, it is very simple to calculate rAoc for each spectrum, which 
leads to the more accurate correction given below. 

(78) 

where 
-r0 = fixed conversion time of the memory cycle (s), 
'tc = conversion time per channel (s), 
j = channel number, 
yj channel content (depends on the measuring time applied, pulses), 
Jg = centre of gravity of the spectrum (channel) and 
n = number of channels. 

We determined the dead time "Camp of the amplifier system and found a value of 
3.45 p.s for when the shaping time was set to the usual value of 2 p.s. 

In the computer program we give effect to the correction for pulse pile-up losses 

by defining a "corrected live time", tlive,cor. with which all the subsequent peak pulse 
rates are calculated. 

fuve,cor = tlive { 1 :'!:amp ( tclock _ l)} 
"'ADC !live 

(79) 

The following parameters of the Nuclear Data ND570 ADCs (conversion gain 

4k) are used for the calculation of 'tAoc: r0 = 5.3 p.s, re= 0.0125 p.s ( = 80 MHz). 
With a centre of gravity at channel 800 and lct<><k/tlive 1.10 - which represents 

a rather high pulse rate for an irradiated silicon sample - the correction for pulse 

pile-up losses is found to be fuve,cor/ttive = 0.955. 
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Determination of detection-limit polynomial 

In the peak-search method discussed in this paragraph the original spectra of 4096 
channels are not preserved after the peaks are located and their three typical data 
- energy, pulse rate and relative standard deviation have been stored for fur
ther evaluation. For a complete analysis, however, we also need detection limits 
for all elements for which no y-peaks of the corresponding radionuclides are ob
served in the spectra. Therefore we developed a method to save from each spec
trum a function representing the peak detection limit (in pulses/s) as a function 
of the y-ray energy. This function should consist of as few parameters as possible. 

In the method we describe below, the peak detection limit as a function of the 
energy is calculated from the remaining Compton continuum of the spectrum 
when all peaks are nshaved off". The shaving procedure in itself is very simple: 
since the peak-search program determines the left and right base-channel numbers 
of each peak (or doublet, triplet), instead of the peak(s), a linear "background" 
is interpolated between these two channels, see Fig. 19. The shaved spectra are 
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Fig. 19. Peak-shaving procedure for the determination of the detection limit 
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rather smoothly decreasing curves as a function of the channel number, and thus 
of the energy. Therefore it is not difficult to create a simple mathematical function 
for the detection limit. 

The derivation starts with the area of an assumed peak 
measuring time with its top in channel number j 

collected in a given 

ioght ) 

0 
_ 'Y' flpeak,j (yleft + Yright 

1- i...J Yk- 2 
(80) 

k = iJeft 

where 
0 = peak area (pulses), 
j = channel number, 
k = index for channel, 
rlpeak.j = base of the peak, top at channel j, from .hen to j,;ght (channels) and 
y = channel content (pulses). 

The standard deviation of the area of this peak, SoJ, is calculated from 

(81) 

In order to obtain the detection limit we calculate the value of this standard 
deviation for the case that the peak area approaches zero, so that yj ::::: .Yien ::::: Jngbt 

::::: jij, where jij is the average channel content in the neighbourhood of channel j. 
With the aim of taking a representative channel content, the average value of 16 
channels is used. This leads to 

(0 0) I - I/ 2 -
Soj -+ '\j 11peak,j Yj + 1 l11peak,j Yj (82) 

With rlpeak::::: 2wpeak we get 

(83) 

where 
Wpeak full width at half maximum of a peak (channels). 

The equation for the detection limit is based on the usual assumption that a just 
detectable peak has an area of three times this standard deviation, which gives 
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Fig. 20. Ay-ray spectrum of a silicon sample and the calculated polynomial for the detection 
limit (with a coefficient of variation of 5.3%) 
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(84) 

where 
Li = detectio·n limit, expressed as peak pulse rate (pulses/s), 
jij = average channel content of a region of 16 channels around channel j of 

the shaved spectrum (pulses) and 
tlive.cor = corrected live time (s), see equation (79). 

Since the channel content, jij, is proportional to the measuring time, tlive.coro it fol
lows from equation (84) that the detection limit, Lh is inversely proportional to the 

square root of the measuring time. 

The factor of three in equation (84) means that the coefficient of variation of 
such a just-detectable peak is found to be about 1/J (in Chapter 10.3 the criteria 
for the limits of detection will be discussed in more detail). 

In order to create a mathematical expression for the limit of detection, Li is 
calculated for every 16'b channel of a spectrum of 4096 channels by means of 
equation (84), which leads to 255 values. Due to the smoothing effect of taking 
the average content of 16 channels, jij, these values of Li vary continuously over 
the whole spectrum. As the energy scale of each spectrum is calibrated, the limit 
of detection as a function of the energy can be fitted by a least-squares polynomial 
approximation. 

During practical work the best results were achieved with a fifth-degree poly
nomial of the energy for the logarithm of the detection limit, that is 

5 

In L(E) = L aL,mEm 

m=O 

where 
L(E) = detection limit (s-1) for y-ray energy E (keV) and 
aL,m = constants, m = 0 ... 5. 

(85) 

The polynomial constants have approximately the values aL.o ~ -3 ... -6 for 
measuring times of about an hour to a few days; further I aL.1I ~10-3, 

I aL.zl ~10-6, ... I aL.s I ~10-15 (E in keV). The detection limits are about 0.01 to 
0.001 pulses/s, depending on the energy and the measuring time. 

In Fig. 20 an example of a y-spectrum of a silicon sample with the calculated 
fifth-degree polynomial for the detection limit is presented. 
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Table 9. Example of the corrections of the 511 keV peak pulse rates 
Sample: diamond (220 mg) 

waiting 

Irradiation time: 2 hours, thermal neutron flux: 2.1 x lOll cm-2g-l 
Measured on a 130 cm3 Ge(Li) detector 

Na: 7.0 ppm, Cu: 0.56 ppm 

measuring pulse rate of 511 ke V annihilation peak 
time, hours time, hours pulses per second, ± Is, % 

uncorrected corrected for corrected for 
lwait lrneas background background 

and 24Na 

2 1.3 1.81 ±2% 1.78 ±2% 1.41 ±3% 
19 2.4 0.68 ±2% 0.65 ±2% 0.49 ±3% 
91 6.7 0.045 ±6% 0.012 ±30% -

340 15.3 0.032 ±5% -

When the spectrum consists of only a few strong peaks, then pronounced 
Compton edges occur rather than a continuously decreasing continuum. Clearly, 
the fit of the polynomial in the neighbourhood of the strong edges leaves a little 
to be desired. In most practical cases, however, the detection limit scatters less 
than 10% (coefficient of variation) around the fitted polynomial (see Fig. 20). 

The FORTRAN-IV texts of the programs for the correction of amplification shift and pulse pile-up 
losses can be found in ref. lh) and that for the calculation of the detection limit parameters in 
ref. l/ ). 

7 .3. Second stage: provisional identification 

In the following three paragraphs we need a criterion for the decision whether a 
peak of a certain energy is present in a spectrum or not. It will be obvious that 
a maximum energy difference, I AE I , must be permitted, since a slight discrepancy 
from the true energy always occurs, especially in the case of weak peaks. We use 
a linear energy-dependent function for !lE 9

), because the half-width of the peaks 
increases with the energy and also because the most probable instability of the 
spectrometer is amplification shift (see Chapter 7.2); this leads to 
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where 
aaE,o = constant energy difference, 1.0 keV, 
ac.E.t = constant, 0.5 x 10-3 and 
E = energy of they-ray peak (keV, to two decimal places). 

The two numerical data given are based on practical experience. 

Correction of annihilation peak for background 

99 

(86) 

This correction is very simple: the background pulse rate of the 511 keV peak for 
each detector, which is stored in the file with detector parameters, is subtracted 
from the pulse rate of that peak in the spectrum. The 511 keV peak is rejected if 
the coefficient of variation of the corrected pulse rate is larger than 1/J. 

Correction of copper for sodium interference 

Since the magnitude of this correction depends on the measuring geometry, the 
theory has already been dealt with in Chapter 6.3. The correction is carried out 
after the above-mentioned background correction, and the 511 keV peak is still 
rejected if the coefficient of variation of the corrected pulse rate exceeds 1/J. 
Table 9 shows the result of these two corrections in a practical example. 

Provisional identification of radionuclides and related nuclear reactions 

This step in the evaluation of the spectra is still qualitative, because the possible 
presence of a radionuclide is decided provisionally by means of the y-ray energies 
alone. The program searches in the list of the observed peaks for the energies of 
each radionuclide. Some radionuclides emit only one (usable) y-ray, e.g. 51Cr, 
69mZn, 139Ce, 141Ce and 142Pr. Others have a complicated decay scheme with a mul
titude of y-rays, for instance 72Ga, 140La, and many others. For radionuclides of 
the last-named category the energies have been selected in view of their usefulness, 
such as sufficient abundance, no doublets or triplets, no interference with peaks 
of frequently present impurities, etc. In the "library" of the nuclear data described 
in Chapter 9, the number of energies of each radionuclide is restricted to ten. 

Two energies are selected for the quantitative calculations; they are called "main 
peaks". Whether main peaks belong to a y-cascade also plays a role in their 
selection. The criterion for deciding that a radionuclide is "probably present" is 
explained in the following scheme: 
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if 

at least one main peak is present 
or 
1" peak is present 
or 

Evaluation of the gamma-ray spectra 

(number of energies > 1) and 2nd peak is present 
or 

(number of energies> 3) and 3rd peak and another peak are present 
then 

the radionuclide is probably present 

where 

and = logical conjunction, 

or = logical disjunction, 

number of energies refers to the library data of the radionuclide (::::;;10), and 
t•t, 2nd and 3rd peak refer to the most abundant, second most abundant peak, etc. 

in the y-spectrum of the radionuclide; these "spectrum abundances" are propor
tional to ae (~ afE). 

In many cases the just defined 1st and 2•d peaks and the two main peaks, respec

tively, are the same, but this is not necessarily true. For instance, a strong peak 
of low energy may not be suitable for quantitative determination, leading to 

weaker peaks being chosen as main peaks. Twelve (n,y) reactions of which the 
product radionuclide emits a y-spectrum with many peaks, are stored twice in the 
library, which results in four main peaks for that reaction. 

If a radionuclide is probably present on the grounds of the above-mentioned 
decision, then the pulse rate and its standard deviation of each main peak are 
stored in a record with results of the spectrum and the nuclear reaction under 
consideration. 

The "probably present" criterion described here is not very rigorous, because 
there is no way back, as in the next - quantitative - stage, nuclear reactions can 
still be rejected on the basis of the half-life, but they cannot be added again. 

Calculation of decay factors and detection efficiency data 

Before entering the third stage of evaluation, the decay correction factors D and 

the two corrected peak efficiencies ' (if two main peaks exist, otherwise one) for 
all nuclear reactions of all spectra of the sample must be calculated. 
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7 .4. Third stage: element determination 

Concatenation of reduced spectrum data 

In the previous stage the operations were carried out for each spectrum, but now 
the program goes through all nuclear reactions and takes the data of all spectra 
of a sample together. It is reasonable to calculate the factor G for each nuclear 
reaction beforehand, because it is the same for the computation of both the con
tents and detection limits. This leads to 

in which 
r = equation-of-data factor, 
W.ample = sample weight (g) and 
U = concentration unit, 106 for ppm, 109 for ppb, etc. 

(87) 

Several years ago we introduced the dimensionless "equation-of-data" factor, r, 
in order to smooth out the uncertainties of notably the cross-section, un, and the 
y-ray abundance, a, with our own calibration measurements. This was already 
mentioned in Chapter 3.3. In Chapter 9 we will explain the function of r in the 
present-day library with nuclear parameters. 

For the analysis of surface contaminations the variable Wsample can be used for 
the surface area in cm2; in this case the analysis results are for instance expressed 
in ng/cm2 or pg/cm2, when U is set to 109 or 1012, respectively. 

Correction for burn-up 

Bum-up was already mentioned in connection with the activation formula (18), 

Chapter 2.3; the most pronounced case is the determination of gold, where the 
product nuclide 198Au has a very large thermal cross-section of even 25800 b, which 
means that the second reaction in the chain 197Au(n,y)198Au(n;y)199Au cannot be 
neglected when high neutron fl.uxes and long irradiation times are used. The 
amount of 198Au and hence the calculated amount of gold will be underestimated 
if no correction for this bum-up of 198Au is applied. Another such chain is 
181Ta(n,y)182Ta(n,y)183Ta, because 182Ta has a thermal cross-section of 8200 b. 
Equation (18) can easily be adapted with a correction for bum-up 10·u) by calcu
lating the saturation factor S from 
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A 
Sburn-up = A { 1 exp( Atirr)} (88) 

with 
A A+ <J>,ha;rr (s-1) and 
cr~rr effective cross-section of the first radionuclide (198Au, 182Ta, cm2). 

This correction is strictly needed only for the two reactions mentioned. The ratio 
Sburn-up/S amounts to 0.87 in the case of gold and 0.95 for tantalum if the thermal 
neutron flux </>th = 4 X 1013 cm-2s-l (j = 0} and the irradiation time t;rr = 96 hours, 
which are usual irradiation conditions for silicon wafers. 

Final decision on the presence of elements 

The final decision on the presence of the elements is based on a check of the 
half-life. For that purpose the disintegration rate, B, at the end of the irradiation 
is calculated for each main peak of every radionuclide by means of 

where 
Bk 
Ak 
Dk 

'k 
k 
llpp 

1'lspec 

= 

(89) 

disintegration rate at the end of irradiation (Bq), 
measured pulse rate of the y-ray peak, corrected for pulse pile-up (s-1), 

decay factor, 
peak pulse rate/disintegration rate, 
index for spectra, k = 1 ... 11pp, 

number of spectra in which the peak is present, 11pp ~ n,.pec, and 
number of spectra (n,.pec ~ 5). 

As a measure for the fit of the decay curve (Fig. 21) we have used a criterion based 
on the ratio z of the external and internal standard deviations, Se.tern and S.ntern, of 
the disintegration rates, Bk, of equation (89), and its own standard deviation, s" 
so that 

z 
Sz < Xcrit (90) 

with 

Sex tern (91) z=---
Sin tern 
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1 

1 
Sz = !======-J2 (flpp -1) 

100 
Sextern = -=-

B 

-2 
8peak,k 

100r-----------------------------. 
f disintegration rate, A/~, with Sintern _ 

0 disintegration rate at end of irradiation, B 

10 
end of irradiation 

fwait tmeas 

twait tmeas 

1 L_ ____ L_ ____ ~----~----J-----~ 
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_____ .,.,... time(days) 

Fig. 21. Fitting of the decay curve, see equations (89) to (96) 
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(92) 

(93) 

(94) 

(95) 

(96) 
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where 

B = weighted average of disintegration rates Bk (Bq), 

wk = weight factor of Bk, (%-2) and 

Sp.ak,k = relative standard deviation of the peak pulse rate (% ), 

coefficient of variation. 

It will be evident that S.ntern depends entirely on the standard deviations (in this 
case Poisson statistics) of the separate observations, whereas Sextern also depends 

on the differences between the observations. Therefore the latter is a function of 

what might be called the external consistency of the observations, whereas the 
former depends on the internal consistency 12). For samples taken from an infinite 
normal population, z equals unity with standard deviation s., equation (92). If z 
differs from unity by an amount much greater than is to be expected on the basis 

of statistical fluctuations, it may be concluded that systematic errors are likely to 
be present. Here it means that the wrong half-life was used, and that in conse

quence the peaks belong to another radionuclide. For several years we have used 

Xcnt 25, which appears to be a reasonable value for the greater part of the 

practical work. 

Example: When europium is present in a sample, 152Eu (half-life 13.3 years) with a complicated 
y-spectrum is formed by means of the reaction 151Eu(n,y)152Eu. One of its y-rays has an energy of 
411.12 keV (abundance a= 0.023). The main peak of 198Au (half-life 2.695 days), however, has an 
energy of 411.80 keV. Thus, for the calculation of the gold content, the 411.8 keV peaks in these 
spectra will be rejected on the basis of the criterion just derived. 

The half-life check discussed above is carried out after rejection of those peaks 

for which the decay correction, 1/D, exceeds a certain value, e.g. 1()4. If a sample 

is measured only once, then it is clear that this rejection is the only criterion that 

remains. 

For radionuclides with a rather long half-life, say thalr > 500 hours, and if the 
number of spectra is more than two, the main peak pulse rate of the first two 

spectra had been rejected if a possible short-lived activity is superimposed. Thus, 

if this is the case, only the third, fourth and fifth spectra are used for calculating 

the value of Sz. 

Finally, if an average disintegration rate, B, exists and if the inequality (90) is 

true, then the considered radionuclide is assumed to be present. However, it is 
always possible that the other main peak of that radionuclide is too weak or there 

is interference by another radionuclide. 
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Calculation of the contents 

The calculation of the concentration C for each main peak is very straightforward 
now. 

]j 
C=

G 

The factor G had already been calculated behorehand, equation (87). 

(97) 

For the precision of the concentration, C, two times the worse (higher) value 
of Sextem or S;ntern - equations (93) and (94) - is chosen and rounded off up to 
multiples of 5%. 

Calculation of detection limits 

The limit of detection C1oo (for each main peak and in terms of concentration) is 
evaluated from the minimum value of ~od.k by 

and 

where 

~od.k 
Lk 
Dk 

'k 
k 
G 

~od,min 
Clod= G 

detection limit in terms of disintegration rate (Bq), 

(98) 

(99) 

detection limit in terms of peak pulse rate, equations (84) and (85) (s- 1), 

= decay factor, 
peak pulse rate/disintegration rate, 

= index for spectra and for 
see equation (87). 

These equations are analogous to equations (89) and (97), respectively. 
In general, the detection limit for short-lived radionuclides will be determined 

from the first spectrum of the sample and for longer-lived radionuclides from the 
last one. 

First table 

This third stage ends with the printing of a first table with results, which contains 
- besides the sample name and weight, irradiation data, waiting .times and 
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measuring conditions - the values of Bk, li, C, Sextern, Sintern, Btod,k and Clod for each 
main peak of every nuclear reaction. It should be emphasized that in this table 
the corrections of the next stage are not yet executed. This table is only consulted 
when a result is questionable. 

7.5. Fourth stage: finalizing the results 

Results of other nuclear reactions are needed for the operations pertaining to this 
stage. That is why the program goes through all reactions a second time. 

Correction of platinum for gold interference 

A special case, where burn-up and second-order interference (Chapter 3.4) are 
combined, is the reaction 198Pt(n,y)199Pt (31 min) !S 199Au (75 hours) for the deter
mination of platinum. If even a small concentration of gold is present in the 
sample, it will produce the same radionuclide, 197Au(n,y) 198Au(n,y) 199Au. The main 
cause for such a large proportion of this second-order activation is the high 
thermal cross-section of 198Au, a~ being 25800 b. A correction procedure is based 
on the following equations 13· 11 ) 

with 

where 
B~~9Au 

Bi:~~u 
Bl";Au 

A. 
A 

199 Au 199 Au 199 Au 
Bp\ = Btotal - B Au 

disintegration rate of 199 Au from platinum (Bq), 
disintegration rate of 199 Au from platinum and gold (Bq), 
disintegration rate of 199Au from gold (Bq), 
effective cross-section for 197Au(n,y)198Au (cm2), 

disintegration constant of 198Au (s-1), 

A. + </J,ha~rr (s-1), 
effective cross-section for 198Au(n,y) 199Au (cm2) and 
disintegration constant of 199Au (s-1). 

(100) 

The value of Q~ for the reaction 198Au(n,y) 199Au is low (about 1.2 14.15)), which 
results in a~rr ~ a~ . 
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Numerical evaluation of equation (101) can give rise to inaccuracies if the factor 

between braces becomes very small (cf 16)). This is caused by the fact that in 

expanding the exponential terms in infinite series, terms opposite in sign but 

almost equal in magnitude are produced. Therefore, if the form between braces 

is less than, say, 10-4, it is much simpler and safer to use 

(102) 

From the standard deviations of the peak pulse rates (and thus of Bi:t;t" and 

Bl9~Au at the right-hand side of equation (100)) the standard deviation of the 

corrected disintegration rate, B~~9A", can be calculated in order to decide whether 

or not platinum is significantly present. 

If the irradiation time is 72 hours and the thermal neutron flux is as high as 

2 x 10 14 cm-2s- 1 (with Reo = 18 and IX = 0.02), the correction of the platinum con

tent amounts to 150 ppb per ppb Au! In the analysis of silicon wafers, where the 

irradiation time e.g. is 96 hours and the thermal flux 3 x 1013 cm-2s-1 (Reo= 38 

and IX = 0.03), this correction factor is found to be 50. This leads to rather high 

detection limits for platinum, because the other (n,y) reactions for platinum are 

even worse. 

In itself this correction procedure is no problem, but what makes matters 

worse, is that the two main y-peaks of 199 Au overlap with several peaks of 

frequently occurring radionuclides. 

Correction for uranium fission 

When uranium is present in the sample, its isotope 235U undergoes fission. A 

number of fission products are the same as (n,y) reaction products and this causes 

interference. Correction of the concentration of element i for this type of inter

ference can be carried out with 11 •17- 19) 

(I 03) 

where 

Carp.; apparent concentration of the element i, 

Ccor.; corrected concentration of the element i, 

Cu concentration of uranium with the natural isotopic composition and 

fro,.; ratio of the induced specific activities by uranium fission and by the 

corresponding (n,y) reaction. 
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with 

effective neutron cross-section for fission of 235U (b or cm2) and 

cumulative isobaric 235U fission yield (fraction). 

The parameters for 235U are: 118·r = 580 b, Q8·r 0.47 and f)= 0.00720. 

(104) 

The most spectacular interfering fission reactions are 235U(n,t)95Zr and 
235U(n,t)97Zr, where lfis,Zr has values of 11 and 40, respectively (flux ratio 

f = 0.015 and o: 0.03). This means that 1 ppb of uranium causes an apparent 

zirconium concentration of 11 ppb from 95Zr and 40 ppb from 97Zr, if no cor

rection is applied. These strong interferences are due to the fact that the fission 

yields, Yz,, are high (0.065 and 0.061) and also because the cross-sections, 11err.zr. 

are smalL Though to a lesser extent, the determination of molybdenum can also 

be disturbed as /fis.Mo amounts to 2.0 for 99Mo and 4.0 for 101Mo under the same 

conditions. 

Uranium fission also interferes with the determination of lanthanum: 
p-

235U(n,f)l40Ba (12.75 days)~ 140La (40.25 hours). Due to the long half-life of 
140Ba, the interference increases during decay, which makes the calculation of the 

correction more complicated 20·21). For short waiting times, however, the interfer

ence is slight. In the program the problem is solved by calculating the lanthanum 

concentration only from those spectra whose decay correction l/D is less than 16 

when 140Ba is present in the sample. 140Ba can easily be identified in the spectra 

by means of its strongest y-peak of 537.3 keV. 
It should be borne in mind that for the fission correction procedure only the 

uranium content calculated from the 277.6 kcV y-peak of the reaction 
238U(n,y)239 U (23.5 m) !:. 239Np (2.355 days) can be used, since the other main 

y-peak of 239Np, 228.2 keV, undergoes interference from the 228.3 keV y-peak of 
235U(n,t) 132Te (3.26 days) 22). 

There are some thirty (n,y) reactions that can be interfered with by uranium 

fission. If uranium is not a major constituent, however, the correction is slight 

or even negligible, apart from the cases mentioned above. Interference due to 

thermal fission of thorium can be neglected, since 118.r = 39 ,ub. Though the fast 
neutron induced fission of thorium is greater, its interference is still about two to 

three orders of magnitude less than that due to uranium fission 23). 
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Interfering peaks 

Possible interfering radionuclides for each main peak of every product radio
nuclide of a nuClear reaction are stored in the library with nuclear data. When 
these interfering radionuclides are present and are able to interfere with the main 
peaks under consideration on the basis of both half-lives, their names are stored. 
It is not possible .to correct the calculated contents in question adequately, but the 
calculated detection limits are increased by a factor which depends on the amount 
of the interfering radionuclide. We found a good practical method by taking this 
factor inversely proportional to the internal standard deviation of a main peak 
of the disturbing radionuclide. In some cases this may lead to too high detection 
limits, but in any case they keep on the safe side. 

Table with final results 

The fourth stage ends with a table which the analyst uses to record his ultimate 
decisions concerning the analysis results. Besides the sample name and weight, 
irradiation data, waiting times and measuring conditions, the table contains the 
name, the half-life and the energies of the two main peaks for each radionuclide. 
The determined concentration, C, the precision (calculated from the external and 
internal standard deviations, Sextern and Sinrern. in terms of 2s), the detection limit, 
C~<x~> and the names of the interfering radionuclides (if decided to be present) are 
printed for each main peak. There are also the following indications: 

• whether Sintern or Sextern was used for the calculation of the precision, 
• whether uranium fission correction was applied or not, and 
• in which of the spectra that main peak was found. 

Part of this final table is given in Fig. 22. When desired and when the matrix 
consists of only one element, the concentrations and detection limits can also be 
calculated in atom-ppm, atom-ppb, etc. 

7.6. Required data files 

From the foregoing it may be clear that for running the Neutron Activation 
Analysis Program NAAP, Chapters 7.3 to 7.5, besides the reduced spectral data 
as produced during the first stage (Chapter 7.2) three series of data are required: 

• the irradiation data, being the thermal neutron flux, </J,h (see below), the 
cadmium ratio for cobalt, Reo, the epithermal flux distribution parameter, a: 
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(Table 4), and the irradiation time, tim and also the sample weight, W,.mple, and 

the concentration unit, U, 

• the library with nuclear data, which will be dealt with in Chapter 9, and 

• the detector efficiency parameters, see Chapter 6.4. 

7. 7. The thermal neutron flux monitor 

In Chapter 4.2 the use of a thermal neutron flux monitor was already discussed. 

We have chosen cobalt in the form of aluminium wires with 0.1 and 0.5% Co. 

This neutron flux monitor - a few milligrams of wire - is measured in the same 

way as a sample, but always twice. The two spectra are evaluated in a special 

program, called COFLUX, which runs on the Nuclear Data ND6600 y-ray 
spectrometer system 1'). Naturally, the calculation of the thermal neutron nux, 

c/J,h, is based on equation (18), using the nuclear data given in Table l. With the 

following equations we obtain four values for the thermal flux, because k = I and 

2 (spectra) and I= I and 2 (y-rays) 

and 

cPth,k,l 

where 

Wmon flux monitor weight (g), 

Cco = cobalt concentration of the flux monitor, 

r Co = equation-of-data factor, here 1.000, 

Sco = saturation factor, 

A = measured pulse rate of the y-ray peak (s- 1), 

D = decay factor, 

' = peak pulse rate/disintegration rate, 

k = index for spectra and 

= index for y-rays. 

(105) 

(106) 
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The program determines the thermal neutron flux, c/J,h, as the average value of the 
four data from equation (106), and also calculates the internal and external 
standard deviations. 

For running the program, the two spectra should be preceded by four data 
which belong neither to the fixed data of the program nor to the "headline" of the 
spectra (Chapter 6.1), namely the flux monitor weight, Wmon, its cobalt concen
tration, Cco, the irradiation time, tim and the cadmium ratio for cobalt, Reo. It is 
worth noting that the epithermal flux distribution parameter, ct., is not required 
in these calculations, because the effective cross-section of an (n,'V) reaction is 
independent of Qn(a) when the cadmium ratio for the same reaction is given, that 
is Uerr.co = Uo.coRco/(Rco 1), see equations ( 13) and ( 14). 

When two or more flux monitors are used simultaneously, for example at 
opposite sides of the samples in order to compensate for a flux gradient, then the 
obtained fluxes are averaged by the analyst. 
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8. CORRECTIONS FOR SOME RARE INTERFERENCES 

The corrections for first-order and second-order interfering reactions are discussed. For a pure 
silicon matrix only one interfering reaction is of importance, leading to an apparent sodium 
concentration of about 0.6 to 0.7 ng/g under the given experimental conditions. 

8.1. General 

In principle the corrections for first-order and second-order interferences, which 
have already been described in Chapter 3.4, could be incorporated in the entire 
computer evaluation of the spectra as discussed in Chapter 7. However, in the 
vast majority of the samples - silicon wafers, quartz glass, graphite, aqueous 
solutions - these interferences occur incidentally and it is thus questionable 
whether these scarcely needed corrections justify the greater complexity of the 
program. Therefore, if necessary we have carried out these corrections after the 
final calculations (Chapter 7.5), by computer programs that work on an inter
active basis. 

8.2. First-order interference 

By first-order interfering reactions we mean here reactions of elements, originally 
present in the sample, that lead to the same product radionuclide, e.g. 
27Al(n,a)24Na interferes with 23Na(n,y)24Na. This has already been dealt with in 
Chapter 3.4, where some other examples were also given. Since the specific activ
ities of the irradiated element from (n,a) and (n,p) reactions are usually much 
lower than those from the (n,y) reactions, this type of interference only occurs 
when the first element - the interfering element - is a main constituent. About 
sixty (n,p) and also about sixty (n,cx) reactions may cause this type of interference, 
but in almost all cases the effect is slight. 
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Table l 0. Calculated first-order interference correction factors 
Fast neutron flux/thermal neutron flux: t/JrasdtPth = 0.1 

Cadmium ratio for cobalt: ~o = 38 

element to be determined interfering element correction factor 

i reaction int reaction lro1int,i 

Na 23Na(n,y)24Na AI 27 Al(n,a)24Na 1.2 X J0-4 

Na 23Na(n,y)24Na Mg 24Mg(n,p)24Na 2.2 x 10-4 

Ti 4?Ti(n,p)47Sc V 50V(n,cc)47Sc 2.2 X J0-3 

Ti 48Ti(n,p)48Sc V 51V(n,a)48Sc 7.5 X ]0-2 

Fe ssFe(n,y)s9Fe Co 59Co(n,p)59Fe 3.6 X J0-2 

Cr 5°Cr(n,y)51Cr Fe 54Fe(n,cc)51Cr 6.0 X 10-6 

Mn 55Mn(n,y)56Mn Fe 56Fe(n,p)56Mn 7.2 X J0-6 

Zn 68Zn(n,y)69mZn Ga 69Qa(n,p )69mzn 2.0 X J0-3 

Ge 74Ge(n,y)15Ge As 75 As(n,p )15Ge 2.3 X I0-4 

The first-order interference correction factor, fro, is defined analogously to the 

fission interference correction factor, see equation (I 04), as the ratio of the specific 

activities of the interfering element and the element that undergoes interference. 

This means that the correct concentration of an element is calculated by sub

traction of fro times the concentration of the interfering element from the apparent 

concentration (cf equation {103)). 

Since the product radionuclide of both reactions is the same, the calculation 
of the interference is rather simple 1•2), hence 

T M, eint <l>rast (jint 
1 fo,int,i = 

Mint () i <f>th 0' eff, i 
(107) 

where 

fro first-order interference correction factor, 

</>rase fast neutron flux, En > 0.1 Me V ( cm-2s-1), 

<f>,h thermal neutron flux (cm-2s-1), 

(i average cross-section for fission spectrum for (n,p), (n,cc), ... reactions, 

(b or cm2), 

rr.rr effective neutron cross-section for (n,y) reaction, (b or cm2), 

int = interfering element and 

= element interfered with. 
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For the above-mentioned example - 27Al(n,a)24Na interferes with 23Na(n,y)24Na 

-we calculate Iro.AI,N• = 1.2 x 10-4 if the ratio c/Jr .. dcPtn is set to 0.1, see Table 10. 
This means that if this interference is not taken into account, aNa content of 120 

ppm is found in a sodium-free aluminium sample. 

Examples with first-order interfering correction factors above 10-6 are given in 

Table 10. For almost all other occurring reaction pairs these factors are below 

or far below 10-6• 

As can be seen, a case of considerable interference occurs in the determination 

of iron when cobalt is present. The reaction 59Co(n,p)59Fe interferes with 
58Fe(n,y)59Fe and this leads to Iro,Co,Fe 0.036, because the isotopic abundance, ei, 
of 58Fe is very low (0.0028). 

When an element is determined with a rather insensitive reaction, such as tita

nium by means of the (n,p) reactions mentioned in Chapter 5, then the first-order 

interferences can be annoying too. In this case vanadium is the culprit, in the form 

of 50V(n,a)47Sc and 51V(n,a)48Sc, see Table 10. It should be mentioned that calcium 

also interferes with titanium by the reaction ~a(n,y)47Ca (4.54 days)!!.: 47Sc, and 

vice versa. 

Silicon 

An important type of first-order interference in the analysis of silicon is caused 

by the reaction 28Si(n,ap)24Na H). The cross-section, ?i~n,, is very small for this 

reaction, Niese 3--6) giving a value of 2 nanobam, but the isotopic abundance is 

ample, eint = 0.9223. In pure silicon the factor lro,Si,Na still amounts to about I0-9
, 

and this is observable. Indeed, we always find an apparent sodium concentration 

between 0.6 and 0. 7 ppb when irradiating in the SIP facility of the HFR at Petten 

(Table 4). 

It will be evident that this apparent sodium concentration depends largely on 

the neutron spectrum. Recently Bohm et al. 8•9) published 1.9 ± 0.2 ppb for their 

silicon irradiations in the reactor FRM at Munich, FRG. 

Other fast neutron reactions with silicon are of much less importance. Indeed 
28Si(n,p)28Al and 30$i(n,a)27Mg interfere with the (n,y) reactions with which alu

minium and magnesium are determined, but since the half-lives are only 2.24 and 

9.46 min, respectively, these reactions fall outside the scope of the present method. 
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8.3. Second-order interference 

Second-order interference occurs when an (n,y) reaction (decay) product is subse
quently activated by means of an (n,y) reaction. When discussing this phenom
enon in Chapter 3.4, it was stated that the determination of platinum is disturbed 
by gold, with a reaction that belongs to the first type of second-order interference, 
that is, without decay of the first product nuclide. The magnitude of this inter
ference is such that a correction procedure is included in tbe computer evaluation, 
see Chapter 7.5. 

The second type of second-order interference with decay of the first product 
nuclide - can be observed when a main constituent and the trace element to be 
determined have adjacent atomic numbers. Examples of such reaction chains were 
presented in Fig. 8. 

In a silicon matrix the following chain of reactions of the latter type occurs: 
30Si(n,y)31Si ~31P(n,y)32P. Phosphorus, however, is not determined with instru
mental neutron activation analysis, because 32P is a pure p--emitter. 

The definition of the second-order interference correction factor, l,o, is analo
gous to that of the first-order interference. However, the calculation is more 
complicated 10- 12), since 

with 

X 

+ 

+ 

(109) 
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in which 
I.o second-order interference correction factor, 

F:nr-1 = branching decay fraction, 
Uerr = effective cross-section for (n;y) reaction, MX(n,y)M+1X, (cm2), 

A = disintegration constant (s- 1), 

A = A + <f>,hu~rr (s-1), 

u~rr = effective cross-section for (n,y) reaction of the product radionuclide, 
M+1X(n,y)M+2X, "bum-up", (cm2), 

int interfering element and 
= element interfered with. 

119 

Numerical evaluation of the function <D should be programmed very carefully for 

the same reasons as already diven in Chapter 7.5 for equation (101) 13). For short 

irradiation times, <D can be approximated by t?rr/6 and for very long irradiation 

times it approaches tirrfA.,.,. 
In principle there are about seventy second-order interfering reaction chains, 

but that does not pose a real problem; mostly one would only be aware of it when 
the first element of the chain is a main constituent and, in addition, the neutron 
flux is high and the irradiation time is long. 

However, a spectacular extreme example of this type of interference is the chain 
r 151 Eu(n,y)152mEu ..... 152Gd(n,y)153Gd, where lso,Eu,Gd reaches a value of about 3 when 

f/J,b = 4 x 1013 cm-2s-1 and tirr 96 hours. Or, put in another way, if a sample 
contains I ppb of europium, without correction it might be thought that 3 ppb 
of gadolinium has been determined as well. For an irradition in the highest flux 
we have at our disposal, 2 x 1014 cm-2s-1, I.o,Eu.Gd even equals 15 for the same 
irradiation time! The main origin for this large value of I.o.Eu,Gd is the very low 
isotopic abundance of 152Gd: 01 = 0.002. 

p+ 
The next worse cases concern the chains 151 Eu(n,y)152mEu ..... 152Sm(n,y)153Sm and 

p-
164Dy(n,y)1650y ..... 165Ho(n,y) 166Ho, for which I.o equals 0.039 and 0.033, respec-

tively (f/Jth = 2 x 1014 cm-2s-1 and tirr = 96 hours). Most other reaction chains of 
this type give rise to values of lso which are lower than l 0-4

• 

8.4. Computer programs 

For the calculation of these two types of interference we wrote computer pro
grams which work on an interactive basis 14): FOINAA (First-Order Interference 
in Neutron Activation Analysis) and SOINAA (Second-Order Interference in 
Neutron Activation Analysis). 
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The program for the first-order interference is based on equation (107) and uses 
cross-sections from Erdtmann 15), Calamand 16) and Gryntakis 17). The calculation 
is simple, but the inaccuracy of the desired flux ratio, tPrast/</lth, reduces the result 
to an approximation. The calculated correction factors are mostly used to verify 
whether first-order interference can in fact be neglected or not. 

The calculation of the second-order interference, equation (l 08), is more com
plicated, but also more accurate. For the execution of the program all irradiation 
conditions have to be known (thermal neutron flux, </l1h, cadmium ratio, Reo, or 
flux ratio, j, epithermal flux distribution parameter, ex, irradiation time, tj,,). 

8.5. Ultimate analysis results 

In spite of the extensiveness of the program with its corrections as described in 
Chapter 7 and of the corrections mentioned in the present chapter, the analyst 
will have to interpret the ultimate results with professional knowledge. In some 
cases a calculated concentration has to be rejected and replaced by a limit of 
detection, on the basis of - among other things - warnings for y-ray interfering 
peaks from other radionuclides (Chapter 7.5). When more than two {n,y) reac
tions can be used for the determination of an element, then it is possible to make 
a choice as to what results are most probably the best for the concentration and 
precision when there is a discrepancy. 

For instance, antimony is determined from two peaks (564 and 693 keV) of 
122Sb, half-life 2. 70 days, and from two peaks ( 603 and 1691 ke V) of 124Sb, half-life 
60.2 days. On the other hand, some elements, for example tellurium and .f_latinum, 
do have several {n;y) reactions, but only one satisfies - 130Te{n,y)131Te-+ 1311 and 
198Pt(n,y)199Pt!!.: 199Au, respectively - when low concentrations have to be deter
mined. 

When an element is not detected, it will be clear that, for the detection limit the 
lowest value of clod as calculated from equation (99) is decisive. 

8.6. Once again neutron reactions with silicon 

Ay-ray peak interference phenomenon originating from the silicon matrix has still 
to be discussed. It concerns the reaction 29Si(n,2p)28Mg, with a half-life of 28Mg 
of 20.9 hours. However, the radioactivity is low because the cross-section, o: •. 2P, 
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is very small. Niese and Birnstein report a value of about 1.5 nb 5); furthermore 
p-e is only 0.0467. Of the four most abundant y-rays of 28Mg--+ 28Al only one 

(400.6 keV) interferes with a main peak, namely of 75Se. But it is not a real 
problem, because this radionuclide has a long half-life of 120 days and selenium 
is determined via four main peaks (Table 11). 

Our observations concerning the magnitude of the cross-section of the reaction 
29Si(n,2p)28Mg are in agreement with the value given by Niese and Birnstein. 
Incidentally, the produced radioactivity includes that of the also thinkable 
reaction 30Si(n,3He)28Mg, which has, however, a higher threshold energy. 

* 

Another interesting item worth mentioning is the occurrence of the reaction 
30Si(n,y)31Si ~ 31P. This reaction was already considered in Chapter 8.3 in con
nection with second-order interference, but now the activation of 31P is left out 
of consideration, because this decay product is used obtain a homogeneous doping 
of phosphorus in silicon, often referred to as "NTD", from "neutron transmu
tation doping". 

The generated phosphorus concentration, CP,gen, can be calculated from the 
equation CP.gen = NAepu.rrt/>thlirr/M (at/cm3

; p = 2.33 g/cm3
, density of silicon). A 

dope of 1014 atjcm3 (2 ppb) is already reached with an integrated thermal neutron 
flux, cPtbl;rr, of about 5 x 1017 cm-2• 
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9. THE LIBRARY WITH NUCLEAR PARAMETERS 

All relevant nuclear data for the present neutron activation analysis system are stored in a 

library. A description of this library is given and its literature sources are discussed. 

In the previous chapters it was pointed out that a library with nuclear parameters 
of elements and the relevant nuclear reactions is required for the development of 

the measurements to final analysis results. Several years ago we started such a 

library, albeit with the inaccurate data of that time. From that time until the 
present, improvement of the data has been a matter of great importance. 

Choice of reactions 

The selection of the reactions - for the greater part of the (n,y) type - whose 

parameters are. stored in the library is obvious; they must be applicable to this 
system of neutron activation analysis for silicon integrated circuit technology, 

taking into account the practical limitations dictated by the mode of operation. 

First of all there is the half-life; owing to the distance to the nearest nuclear 

reactor, the shortest usable half-life is a quarter of an hour to half an hour. But 

on the other hand very long half-lives are useless because of the low specific 

activity produced. For instance, though the thermal cross-section, (Jo, of 
93Nb(n,y)94Nb has a reasonable value, the half-life of 2 x 1()4 years causes too low 

a specific activity. Also a low y-ray energy, E, or very low values for the cross

section, (JQ, the isotopic abundance, e. or the y-ray abundance, a, can lead to a 

useless or nearly useless reaction. Some further examples are: 

30Si(n,y)31Si 
31 P( n, y )32p 
46Ca( n, y )47Ca 
92Mo(n, y )93mMo 

t24Sn(n, y )Izssn 
I90Pt(n;y)19Ipt 

!96Hg(n,y)I97Hg 
209Bi(n,y)2toBi 

0=0.031 and (Jo=0.105 b, 

a= 0, pure p--emitter, 

e = o.oooo4, 
(Jo < 6 mb, 

() = 0.058 and (Jo = 4.2 mb, 
e = o.ooot3, 
B = 0.0015 and E = 77 keV, and 
a= 0, pure p--emitter. 
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In the case of mono-isotopic elements (8 = 1) the choice is restricted to one (n,y) 
reaction, but having a multitude of reactions is not always a blessing either; not 
one of the five reactions of platinum leads to low detection limits. 

In the Periodic System in Fig. 23 the numbers refer to the number of usable 
reactions per element stored in the library. In Table ll, reactions with some 
peculiarities are listed. The library contains 127 different reactions of 64 elements. 

Parameters 

The library is composed in order of increasing atomic number, the following data 
being present for each nuclear reaction 1

): 

• name of the product radionuclide, 
ecomments, 
• atomic number of the irradiated element, Z, 
• half-life of the product nuclide, thatr (years, days, hours, minutes or seconds), 
• atomic mass of the irradiated element, M (g mol- 1}, 

• isotopic abundance of the target isotope, e, 
• thermal neutron activation cross-section at 0.0253 eV, ao (barns), 
• infinite dilution resonance integral/thermal neutron cross-section, Q0, 

(Qn.p for (n,p) reactions), 
• effective resonance energy, Er (eV, set to zero for non-(n,y) reactions), 
• up to lO y-ray energies, E (keV, 2 decimal places), and their abundances, a, 
• assignment the energies referring to the two main peaks, 
• assignment the energy pairs forming cascades (up to 6), 
• correction factor for internal conversion for the first main peak, c~. 

only if the two main peaks form a cascade, 
• total cumulative fission yield for 235U, Y, 
• equation-of-data factor, r, and 
• up to 6 radionuclides which interfere with one of the main peaks. 

Depending on the numbers of y-ray energies and interfering radionuclides, the 
number of data per nuclear reaction varies from 12 to 51. The use of the 
above-mentioned data will be clear, if one calls to mind equations (18), (14), (15), 
(70), (71), (87), (89) and (104). 

The thermal neutron activation cross-section 

When an (n,y) reaction also leads to an isomeric state of the product radionuclide, 
such as 

59Co(n,y)60Co (5.27 years) and 59Co(n,y)60mCo (10.5 min), 
130Ba(n,y)l31Ba (11.8 days) and 130Ba(n,y)131mBa (14.5 min), 
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for instance, then the thermal neutron cross-sections, a0 and alf, are simply added, 

if the half-life of the isomeric state is short and if the isomeric transition to the 

ground state of the product radionuclide is I 00%, such as in the just-mentioned 

cases 60mCo ~ 60Co and mmBa ~ 131Ba. 

Occasionally, however, the isomeric transition is smaller. For instance, of the 

reactions 84Sr(n,y)85Sr (64.8 days) and 84Sr(n,y)8SmSr (68 min) it is known that the 

isomeric transition is only 87%: B5mSr IT:.z.s? 85Sr, and 13% of ssmsr decays directly 

to 85Rb. Thus here the cross-section which is used in the library amounts to 

ao + 0.87a!f'. 
When, just the reverse, the half-life of the isomeric state is much longer than 

that of the ground state, then only the cross-section of the former is of interest. 

In the analysis of silver the cross-section of 109Ag(n,y) 11 0mAg (250 days) is the only 

thing that counts; the reaction 109Ag(n,y)110Ag (25 s) need not be considered. 

H He 
. . 

Li Be B c N 0 F Ne 
. - - - - 0 0 

Na Mg AI Si p s Cl Ar 

1 0 0 1 0 0 1 1 

K Ca Se Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr 

1 2 I 2 0 1 1 1 I 2 l 2 2 4 1 3 3 0 

Rb Sr y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe 
2 2 2 4 I 3 . 4 0 2 2 4 3 5 2 5 2 0 

Cs Ba RE Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn 

2 5 l 3 2 1 2 3 2 5 I 3 l 2 0 - - -
Fr Ra Actinides 

- . l 

Rare La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

Earths 2 3 1 4 - l 5 2 1 l I 2 l 4 2 
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nides - 1 . 1 . . . - . - . - - . 

Fig. 23. Pe1iodic System showing the elements contained in the library, with the number of 
usable nuclear reactions for each element under the given experimental conditions 
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Table 11. Special reactions of the nuclear library 

(n,y) reactions which are twice in the library ( four main peaks) 

71 Ga(n,y)72Ga J09Ag(n,y)liOmAg ISI£u(n,y)ls2Eu 
76Ge(n,y)77Ge 1 ISJn(n,y )116mJn JsJEu(n,y)ls4Eu 
74Se( n ;y )15Se nosa(n,y) 111 Ba t7oEr(n,y)t'tEr 

stBr(n,y)szsr 139La(n,y)140La tsJTa(n,y)IS2Ta 

mother-daughter chains: only the daughter in the library 

tospd(n,y)t09Pd _., t09mAg tt2Sn(n,y)t13Sn _., Jt3mJn 232Th(n,y)233Th _., 233Pa 

t10Pd(n,y)111Pd _., tllmAg JsoNd(n,y)IslNd _., Jslpm zJsU(n,y)239U...,. 239Np 

mother-daughter chains: both mother and daughter in the library 

46Ca(n,y)47Ca--. 47Sc JooMo(n,y)WIMo ..... toiTc 130Te(n,y)131Te ..... 1311 
76Ge(n,y)77Ge--> 77As 104Ru(n,y) 105Ru-+ 105Rh 148Nd(n,y)l49Nd ...,. 149Pm 

'4Zr(n,y)9szr _., 9sNb ll4Cd(n,y)ll5Cd _., IJSmJn 176Yb(n,y)177Yb--. 177Lu 
96Zr(n,y)97Zr _., 97Nb 124Sn(n,y)12ssn-+ msb I98Pt(n,y)l99Pt _., 199Au 

mother-daughter chains: transient equilibrium 

79Br(n,y)80mBr (4.42 hours)-+ 00Br (17.6 min) E'treq = 1.071 
96Zr(n,y)97Zr (16.74 hours)--. 97Nb (72.1 min) E'treq = 1.077 

114Cd(n,y)IISCd (53.5 hours)--. 115mJn (4.49 hours) E'treq = 1.092 

non-1/vn (n,y) reactions 

J51£u(n,y)ls2m£u Westcott's g=0.89 
151£u(n,y)IS2£u g-factor g =0.90 
176Lu(n,y)t77Lu at 20°C g = 1.69 

non-(n,y) reactions 

47Ti(n,p )47Sc 89Y(n,2n)R8Y zoJTl( n,2n )202Tl 
48Ti( n,p )48Sc 93Nb(n,2n)92mNb 204Pb(n,2n)203Pb 

58Ni(n,p)58Co t27J(n,2n)l26J 204Pb( n,n')204mPb 
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Table 12. Nuclear data for the reaction 75As(n,y)16As 
in the course of the years 

127 

year thermal neutron y-ray abundance equation-of-data 
cross-section of 559.1 keV factor 

ao, barns a r 

1976 4.4 0.46 1 
1977 4.4 0.447 1 
1978 4.3 0.447 0.97 
1979 4.3 0.447 0.928 
1979 4.3 0.420 0.988 
1983 4.3 0.420 0.987 
1984 3.86 0.450 0.997 

From 1979 the equation-of-data factor r has been based on k0-values from the literature. 

The equation-of-data factor 

Since we prefer to store the most reliable literature data in the library, but also 
want to be able to use results of dependable experiments, we need a factor to 

account for discrepancies. We called this factor the "equation-of-data" factor, r; 
it was already mentioned in Chapters 3.3 and 7.4 and used in equation (87). If 

the values of ao, a, (} and M were accurately known, then r could be unity, but 
especially several years ago in some cases, uo and a in particular were afflicted with 
hidden errors. This is illustrated in Table 12, where these data for the reaction 
75As(n,y)76As since 1976 are shown(()= 1). 

During the years, the factor r has also been used for three more purposes: 

• Transient equilibrium. For a few (n,y) reactions a correction for transient equi

librium is necessary. This is the case in mother-daughter chains when the daughter 
is measured and when the half-life of the latter cannot be neglected with respect 

to that of the mother. The transient equilibrium correction factor F..req is given by 

A.' thalf 

A.' - A = thalf thalf 
(llO) 

where the prime refers to the daughter. Three examples are presented in Table 11. 

In the library, the factor Ftreq is brought into r and the half-life of the mother 
nuclide must also be used for the daughter nuclide. From equation (110) it can 
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be seen that F;""" = 1 when thalr ~ t~alr • (When the half-life of the daughter nuclide 
is longer, then one has to wait for equilibrium and its own half-life has to be 
used.} 
•Non-1/vn (n,y) reactions. Another use of the factor r is to store a simplified 
correction factor for the so-called non-1/vn (n,y) reactions, i.e. for the reactions 
for which the cross-section in the thermal region, u(vn), is not inversely propor
tional to the neutron velocity, Vn. According to the nwestcott convention" 2•3) the 
effective cross-section for a Maxwellian distribution of the thermal neutrons 
equals guo, where Westcott's factor, g, differs from unity for the above-mentioned 
reactions (for 1/vn (n,y) reactions the Hegdahl convention holds, and consequently 
g = 1). However, Westcott's g-factor depends on the neutron temperature, and 
this is not taken into account here, since we only use factor g at 20°C. This in
accuracy will be discussed further in Chapter 10.2. 
• Non-(n,y) reactions. For these reactions experimental calibration factors exist, 
albeit with poor accuracy, since the flux ratio, 4Jr ... /<Pth• is not the same for the 
various irradiation facilities. Only in the case of the (n,p) reactions with titanium 
and nickel is the accuracy much better, as has been described in Chapter 5. For 
these three reactions the factor r is set equal to the parameter Cn,p (Table 7). 

Literature sources 

Almost all nuclear data which we use originate from literature. The literature 
references we mention in this chapter are restricted to the latest and, to the best 
of our knowledge, the most reliable ones. 

As was already mentioned in the previous paragraph, the most precarious 
parameters for the quantitative analysis are the cross-section, o-0, and the y-ray 
abundance, a, because their accuracy is still unacceptable in the case of a few 
nuclides 4). 

As described earlier in Chapter 3.3, an elegant solution to overcome the 
problem of the individual inaccuracies in these parameters in particular was 
proposed by Simonits, De Corte and Hoste in 1975 5), who introduced a 
ko-value for each y-energy of the product radionuclide. Its salient feature is that 
all linear nuclear factors in the activation formula (18) - related to a comparator 
- are combined to one parameter ko as 

(111) 

The factor ko can be determined with sufficient accuracy for each relevant y-ray 

energy of most (n,y) reactions 6-
10

). In the tables published by De Corte et al. the 
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comparator is gold with the reaction 197Au(n,y) 198Au, in which case the value of 
()A.ao,AuaAu/MAu equals 0.4786 barns.mol/g (4.786 x 10-26 m2moljkg) for the y-ray 
of 411.8 keV. 

For the accurate determination of the to-values the irradiated elements and the 
comparator are measured with a precisely calibrated germanium detector. The 
sample-to-detector distance must be rather large (e.g. 15 cm) in order to avoid 
y-cascade summing. Since to is defined for pure thermal activation, the measured 
radioactivities have to be corrected for epithermal activation. This is only possible 
if the irradiation position parameters !/Jth, f and et as well as the nuclear data Qo 

and Er are accurately known. 
Nowadays this work is referred to as the "to-method". Though it is an excellent 

method for calibration, for us it is not possible to use the to-values ohne 

weiteres, because we need the y-ray abundances, a, separately for the y-cascade 
summation correction, see equations (70) and (71). Since we did want to apply 
these reliable data to our analysis method, we solved this practical problem by 
using the already mentioned factor r as shown below. 

or: 

If olibrary (j 0, library a,, library M Au 
ko,Au,/ = __ f),.--:. _ __;_,.--:. __ 

1
_,.-'---

Au ao,Au aAulY.l!ibrary 

ko,Au,/ () Au ao,Au aAuM!ibrary If = ____ __;_ ___ ___;;_ 
()library (j 0, library a,, library M Au 

(112) 

(113) 

where the subscript "library" refers to the data in the present library and 
l ( = 1, 2) to the main peaks. 

For the (n,y) reactions with two main peaks - the greater part - the equa
tion-of-data factor is set to the weighted average of r; and fi, and usually it is 
very close to unity. 

At present, about 15% of the values of the equation-of-data factor r are out
side the range 0.98 < r < 1.02, as far as the cross-section, a0, the y-ray abundance, 
a, the isotopic abundance, (), and the atomic mass, M, are concerned. (Thus 
leaving out of consideration the three special uses of this factor, as mentioned in 
the previous paragraph, for which in the nature of things r ¥: 1.) 

By storing also the to-values in the library, it is always possible to verify 
whether new literature data of ao, a, () and M are consistent with the latest 
to-values, and conversely. For the purpose of checking this consistency a special 
computer program, named CHECKkO, is used 11

). 
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As to the other two parameters which determine the effective cross-section, Q0 

and £,, the first is taken from the tables published by De Carte et al. 8
•
12

) as well, 
and the second from data of Jovanovic et al. 13

). 

It will be clear that also these parameters were not very well known when set
ting up this library. A spectacular example of the evolution of these data is the 
value of Q0 for the reaction 96Zr(n,y)97Zr in the course of the years: from 1976 to 
1984 we used in succession 20, 100, 250, 270, 282 and finally 248.2! 

For decay schemes, half-lives, tha1r, y-ray energies, E, with abundances, a, and 
correction factors for internal conversion, c~, and y-cascades, the Nuclear Data 
Sheets 14

) are an important source; we also used the tables of Reus and Westmeier 
15). Furthermore, De Carte published a table with relevant y-cascades 6). 

The atomic mass, M, and the isotopic abundance, e, usually cause no problems 
concerning the accuracy 16), though De Bievre et al. 17) pointed to inaccuracies of 
the low values of e in particular. The cumulative isobaric fission yields for 235U, 
Y, are taken from Seelmann-Eggebert et al. 18) and Yoshihara et al. 19). 

The data for O'n,p are from Erdtmann's tables 20). From the same author we have 
also taken the cross-sections for the other non-(n,y) reactions (Table 11). 

Unknown e.ff"ective resonance energies 

There are still a few target nuclides for which no value for the effective resonance 
energy is yet available. A possible solution for this practical problem is to take a 
value for E, - let us call it Er.c - for which Q0(ct) is practically constant. With 
cobalt as comparator it can be derived from equations (14) to (17) that 

_ _ { u {2 -ln(E:..co/Ecd)} } 
Er.c ~ Er,Co exp Q 

O,Co 
(114) 

Equation (114) holds, if Q0 is not too small, say larger than 2Qo.co (~ 4). With the 
data for cobalt from Table 1, the exponential function is about ~. which leads 
to Er.c = 64 eV 21

). 

The target nuclides for which the effective resonance energies are still unknown, 
46Ca, 138Ce, 152Gd, 1840s and 191 lr, however, all happen to have rather low values 

of Q0, which means that equation (114) cannot be used for them. 
Vrakking recently observed a relation between the effective resonance energy, 

E" and the infinite dilution resonance integral, !0 
22), that is 

(115) 

where 
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Er.o = constant = 1150 eV and 
b constant = - 0.68 (!o in barns). 

The data scatter around equation ( 115) with a factor of 0.5 to 2; for the above
mentioned nuclides it ieads to the following tentative values for E., 

46Ca: 1300 eV, 138Ce: 300 eV, 152Gd: 6.5 eV, 1840s: 7.8 eV and 191 lr: 4.5 eV. 

It should be emphasized that the accuracy requirements of Er for these nuclides 
are rather low, since Qo is small and hence the correction for epithermal activation 
likewise. 

* 

About every year the library is updated, though in the last few years no spectac
ular changes have occurred. At the moment recommended ko-values are available 
for almost all usable (n;y) reactions. 
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PART IV 

10. ANALYTICAL CHARACTERISTICS 

The accuracy of the instrumental neutron activation analysis system is discussed. Tables with 
the attainable detection limits in silicon wafers, large aqueous samples and nideal" samples are 

presented. Detection limits in terms of surface concentrations on silicon wafers are discussed 

as well. 

10.1. General 

Denkt aleer gij doende zijt, en doende denkt dan nog. 
Guido Gezelle, 

Rijmreken, Nageldeuntjes, Spakerlingen, etc., 1881(?} 

Much has been written about errors in chemical analysis, including the trace 
element area. The accuracy of neutron activation analysis in particular has also 
been described by several authors, e.g. 1-4). 

In experimental science one makes a practical distinction between three types 
of errors 5•6): 

• Random errors cause the individual results on both sides of the average value 
to falL Random errors have a statistical character and affect the precision or 
reproducibility of an experiment. When the random errors are slight, it is said that 
the results are precise. By repeating the experiments the average value will 
approach the true value. 
• Systematic errors cause the results to be in error in the same sense (too high or 
too low). Systematic errors affect the accuracy, i.e. the proximity to the true value. 
These errors cannot be eliminated or diminished by carrying out more exper
iments. 
• Gross errors are readily described, but not always easily recognized; in neutron 
activation analysis, for instance, malfunctioning of the spectrometer, interchang
ing of samples, and wrongly copying the sample weight, the measuring geometry 
code number, the irradiation time or the thermal neutron flux. In the last two 
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cases each content or detection limit of the whole series of samples of the irradi
ation concerned is afflicted with a gross error! 

Gross errors are partly random and partly systematic. They are sometimes 
difficult to trace in retrospect, especially where only singular samples are avail
able. It will be evident that in the computerized evaluation of the analyses the 
incidence of these errors is minimized, and attentiveness and common sense of the 
analyst may reduce the incidence still further. 

It should be emphasized that not only the systematic errors, but also the random 
errors are included in the total- accuracy. As for the gross errors, we take it for 
granted that their number is limited to a negligible minimum. 

Notably in the present chapter the use of the term "contamination" may be some
what confitsing. "Contaminations" in the analysis method lead to systematic errors 
as described in Chapter 10.2. "Contaminations" of silicon wafers lead to problems 
in the integrated circuit fabrication and therefore they are the reason for trace ele
ment analysis. Neutron activation analysis is especially suited for searching for the 
latter, because it is a "contamination-free" method. 

Generally, in trace and ultratrace analysis the results exhibit a scatter which is 
due to contaminations, element loss, signal-to-noise ratio and/or inhomogeneities. 
Ortner et al. pointed out that this scatter of values in "round robin'' results is 
inversely proportional to the concentration level 7). The statement of Tolg is in 
line with this 8): "The greatest problem in trace analysis is the fact that analytical 
data become more unreliable the lower the concentrations are which have to be 
determined." 

Horwitz et al. 9.1°) even quantified the interlaboratory variability in trace ele
ment analysis. These authors studied analysis results of 17 elements in various 
samples, representing a variety of analytes, matrices and measurement techniques, 
and over a concentration range of 10% down to 10 ppb. They found that the 
coefficients of variation (expressed in per cent) of the concentrations are distrib
uted about a curve, approximated by 2 1- 051osc. In this formula the concentration 
C is expressed as a decimal fraction and the base of the logarithm is 10. Thus, 
starting with a coefficient of variation (relative standard deviation) of 2% for 
C = l, this value amounts to 16% for 1 ppm (I0-6), 45% for 1 ppb (I0-9), and 
exceeds even 100% for 1 ppt (10-' 2), see Fig. 24. These data suggest that analyses 
with concentrations below about 10-u are meaningless. 

In Chapter 10.3 we will see that in the most ideal case in neutron activation 
analysis the limit of detection of about thirty elements lies below 1 pg; with a 
sample mass of l g this means concentrations below 1 ppt or 10-12• For silicon 
wafers these data are only slightly worse. Since neutron activation analysis is a 
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contamination-free method, and consequently in the first instance the systematic 
errors are independent of the concentration, so that it is possible to shift Horwitz' 
barrier for those elements downwards, sometimes a couple of decades. 

Since the aim of the work described here is to carry out survey analyses at the 
trace and ultratrace level in samples whose homogeneity at this level is often 

questionable, the problem of attaining the ultimate accuracy loses its relevance 
and has to be dealt with pragmatically. It will be evident that the large number 

of samples and the limited analysis time also require a compromise as regards the 

accuracy. In the arguments for choosing the single-comparator method - see 

Chapter 3.3 - some of the above-mentioned typical aspects of the analysis task 
already came up for discussion. It was then stated that an accuracy of 25% can 
be permitted in order to trace down the order of magnitude of the trace element 

levels in silicon wafers and related materials. This allowed inaccuracy refers to 

all concentration levels. 
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Fig. 24. Horwitz' general curve relating interlaboratory coefficients of variation with 
concentration 9) 
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10.2. Accuracy 

Homogeneity of the samples 

In the interpretation of analysis results it is often assumed that the trace elements 
are distributed homogeneously through the sample. Of course, when contam
inations of silicon wafers are investigated, this is not always found to be true. 

A simple calculation may elucidate the influence of inhomogeneity. Let us 
assume that a silicon wafer with a diameter of 10 cm and a weight of 10 g con
tains 10 ng of an impurity element. If this element is distributed homogeneously 
through the sample, we would in fact find 1 ppb, as we have the proper detection 
efficiencies at our disposal. But consideration of the extreme case, where the whole 
amount of 10 ng is situated at the edge of the wafer, results in an apparent aver
age concentration of 0.55 ppb due to the lower detection efficiency for the edge, 
as can easily be calculated from the efficiency ratios, see also Fig. 17. The other 
extreme case - 10 ng as a dot in the centre of the wafer - leads to the incorrect 
conclusion that the wafer contains 2.4 ppb of the impurity! 

An example is shown in Fig. 25, which represents an autoradiograph of a 
silicon wafer. It can be seen that the impurities are distributed inhomogeneously 
through the sample. By means of neutron activation analysis (irradiation time: 
4 days, thermal neutron flux: 3 x 1013 cm-2s-1) about one microgram of stainless 
steel constituents was determined in this wafer, and made visible by autoradio
graphy. 

From the foregoing, it may be evident that demand for high accuracy or even 
high precision is pointless if the homogeneity of the impurity distribution is not 
guaranteed or investigated. 

Random errors: precision 

From the previous paragraph it is clear that inhomogeneity of the samples is an 
important source of mostly random errors. However, when an inhomoge
neously contaminated silicon wafer is measured several times using the same 
measuring geometry, then the precision between these measurements leaves this 
inhomogeneity unnoticed. It should be noted that contaminations on silicon 
wafers occur more frequently at the edges than in the centre; this means that the 
errors due to inhomogeneous distribution of the impurities are also partly 
systematic. 

Other sources of random errors are the flux gradient and the flux monitor 
position in the sample container. A flux gradient of several per cent per cm often 
occurs in the high-flux irradiation facilities in particular 1•2•11 ). A possible method 
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of solving the problem of the inhomogeneous flux distribution is to place the flux 

monitors around, or above and under the samples in the capsule. In the SIP 

facility of the HFR at Petten (Table 4) for large silicon wafers, the aluminium 

canister rotates slowly during irradiation, thus homogenizing the neutron flux in 

the samples (see Chapters 4.1 and 11.4). 

In the low-flux irradiation facilities of the BR I reactor at Mol (Table 4) the 

flux gradient is much smaller. Bruninx reported that the thermal neutron flux is 

homogeneous to within 2% in a 5-cm container for the irradiation positions X27, 

X28, X30 and X31 12). 

The precision is also affected by the measuring geometry, since the samples are 

measured on different detectors and with different geometries. And last, but not 

least, the precision is influenced by the Poisson statistics of the radioactive decay. 

In fact, the determination of the precision is a problem when no real duplicates 

are available. This indicates that, in the case of unique samples, and repeated 

Fig. 25. Autoradiograph of a silicon wafer (10 cm diameter) with inhomogeneously 
distributed contaminations from stainless steel constituents (Fe, Cr, Ni, Co, Mo, W) 
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measurements, the precision obtained by the computer program (see Chapter 7.4) 
is determined by the measuring geometry and the Poisson statistics alone. When 
silicon wafers are cleaned and etched between measurements in order to examine 

the surface for contaminations, then each measurement is unique and conse
quently the Poisson statistics of the peak pulse rates are the only factor with 
which the precision is calculated. 

An adventitious advantage of the otherwise annoying first-order interference 
reaction 28Si(n,ap)24Na - see Chapters 3.4 and 8.2 - is that it takes place 

throughout the whole silicon wafer and that consequently the precision of this 
24Na concentration is a measure of the precision of the analysis method. After 
removal of the sodium surface contamination, we find a very constant apparent 

sodium concentration (0.6 - 0. 7 ng/g in the SIP facility), with a precision of 
better than 5% (Is) within a series of samples. Since the error due to the Poisson 
statistics in the measurement of 24Na is much smaller than 5%, it can be neglected 
compared to the other random errors, assuming a homogeneous distribution of 
the elements to be determined. The error due to the Poisson statistics is calculated 
in the spectrum evaluation. Thus, from the results of a single sample alone, the 
precision can be estimated as consisting of a constant contribution of the order 
of 5% and a variable contribution due to the Poisson statistics as calculated from 
the spectrum. 

When the precision degrades to about 30% (Is) the determined content 
approaches the limit of detection according to the definition as given in Chapters 
7.2 and 1 0.3. In these cases the precision - or rather the imprecision - of the 
measured peak pulse rates, A, is a dominant factor value for the accuracy of the 
concentration, C, see equations (89) and (97). 

Systematic errors in general 

Neutron activation analysis can compete with other analytical techniques on the 
basis of its strong, preferably unique, characteristic features. Some of these fea
tures make neutron activation analysis an ultratrace element technique of good 
accuracy. For instance, both the activation and the detection efficiency are inde
pendent of the chemical form and almost independent of the matrix composition. 

The systematic errors discussed here are general in character. On the whole they 
can be assessed, overcome or corrected for by appropriate methods. The next 
paragraph is devoted in particular to the systematic errors affecting the single

comparator method. 

• Contaminations. It has already been mentioned that neutron activation analysis 
is much less sensitive to contaminations than almost all other trace analysis 
methods because of the absence of a blank value. Nevertheless, sampling and 
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sample handling before irradiation need to be carried out with the utmost care. 
This will be discussed in Chapter 11. 
• Gamma-ray interferences. A problem which should receive careful attention is 
posed by the y-ray interferences; in other words, if a main y-peak has about the 
same energy as a y-peak or a random sumpeak of another radionuclide present. 
Of course, the main peaks have been selected in such a way that they are "free" 
peaks as far as possible, but this is not always feasible. The half-life check as 
mentioned in Chapter 7.4 is a very important tool here. A separate computer 
program named SUMESCAP 13) has been written in order to search for interfer
ing y-peaks, cascade sumpeaks, random sumpeaks, and pair production single and 
double escape peaks of (n,y) reaction product radionuclides. This program can 
be used to trace down possible interfering peaks when results are in doubt. 
• Neutron flux perturbation. As was already stated in Chapter 3.2, neutron flux 
perturbation can be left out of account when the neutron cross-sections of the 
major components have values of less than a few barns. Only when elements with 
large thermal neutron cross-sections - for example boron, gold or cadmium -
are among the main constituents, then the neutron flux can no longer be consid
ered as being homogeneous in the sample and a neutron self-shielding correction 
must be calculated. In B-doped silicon, however, the boron concentration is so 
low that no correction is necessary. Also self-moderation, which leads to a higher 
thermal flux, may occur, for instance in large aqueous samples. By placing the 
flux monitors (in small quartz glass capsules) in the irradiation containers this 
problem is largely solved. 
• Gamma-ray self-absorption. Self-absorption of the y-rays in the sample can be 
neglected in nearly all cases; only when the main components have a high atomic 
number and the energy of they-ray measured is below about 0.2 MeV, should a 
correction be applied 14). For aqueous samples (eluates, extracts, etching or 
cleaning solutions) belonging to the standardized measuring geometries, the self
absorption factor of the y-rays is already included in the efficiency calibration 
curve. 
• Pulse pile-up or dead-time losses. A correction method for pulse pile-up losses 
has been described extensively in Chapter 7.2. This correction is small or negli
gible in almost all samples in the field of silicon integrated circuit technology. 
• Recoil. In layerwise analysis by etching (Chapter 11.6) the recoil of the product 
radionuclide of an (n,y) reaction does not lead to errors, because the recoil is less 
than 2 nm 15- 17). But in the case of fast neutron reactions, such as (n,p), (n,n') and 
(n,a) reactions, much higher recoil energies occur, which lead to radionuclide 
displacements of hundreds of nanometers. Indeed, this phenomenon has been 
observed when silicon wafers showed a surface contamination of stainless steel 
components. When cleaning or etching the surface, all impurity elements were 



142 Analytical characteristics 

removed entirely, except nickel. Obviously, the 58Co atoms had been recoiled into 
the silicon matrix (Ni is determined by means of the reaction 58Ni(n,p)58Co, see 
Chapter 5). 
• Isotopic abundance. When applying the activation formula in routine analysis, 

one assumes that the natural isotopic abundances, 0, are not disturbed. This is 

practically always the case; however, when ion implantation techniques have been 

applied somewhere in the processing of the samples, one should be on the alert. 

We will illustrate this with the help of two practical examples. 

Example 1. A few years ago we ascertained a surface contamination of anti

mony on a set of silicon wafers which had been implanted with boron or argon. 

The implantations had been carried out with a machine which had been previ

ously used for different ions. This was obviously the reason why we found a 

surface contamination of about 80 pg/cm2 or 4 x 1011 at/cm2 of 121Sb and about 

6 pg/cm2 or 0.3 x 10n atjcm2 of 123Sb. Thus the ratio 121Sb/123Sb was found to be 

about 13 instead of the natural ratio 1.34. Recently we determined a ratio of 60 

in a "buffered oxide etchant" (NH4F-HF) with which the oxide layers of 
antimony-doped wafers had been removed, see also Table 26. The antimony 

concentration in the bath was about 0.1 Jtg/ml. In the analysis of the antimony 

dopant of Sb+-implanted silicon, Haas also encountered the same problem 18). 

Unfortunately, such a disturbance cannot be traced for multi-isotopic elements 

with only one suitable (n,y) reaction. These elements are Si, K, Ca, Cr, Fe, Ga, 

Ag, Sm, Dy, Er and W. From the next example it will be clear that knowledge 

of the history of the samples is essential when analysing these elements. 
Example 2. The content of implanted elements is calculated from the ion cur

rent and in order to check this method neutron activation analysis can be used. 
After successful determinations of implanted phosphorus and arsenic in silicon 
by means of the reactions 31 P(n,y)32P (p--emitter) and 75As(n,y)76As, respectively, 
we received a sample which had been implanted with iron. After the straightfor

ward analyses mentioned, the iron-implanted sample was analysed more or less 
as a routine sample. However, both phosphorus and arsenic happen to be 
mono-isotopic elements, and iron does not. The samples had been implanted with 
56Fe and since the reaction 58Fe(n,7)59Fe is used in neutron activation analysis, no 

implanted iron was found. 

Systematic errors with re.~pect to the single-comparator method 

In the light of the activation formula, equation (18), we will discuss the errors in 

the different parameters, starting with the less problematic ones. 
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• The error in the sample weight, W, in the atomic mass, M, and in the isotopic 
abundance, (;}, is usually very slight, much less than 1%. Nevertheless, the last can 
be artificially disturbed, as described in the previous paragraph. 
• Time factors. The next series of parameters, which are denoted as time factors, 
are the saturation factor, S, and the decay factor, D. They are determined by the 
half-life, tna1r, the irradiation time, l;rn the waiting time, lwait• and the measuring 
time, tmeas· In general the errors in S and D will not exceed 2%; it is only in the 
case of short-lived radionuclides and long waiting times that the error in the decay 
factor may be greater. 
• Thermal neutron flux. The main error in the thermal neutron flux, </>th, will be 
present in large samples, and caused by the inhomogeneous flux distribution in 
the irradiation position, which was already mentioned in the previous paragraph. 
However, a systematic error in the average thermal flux is compensated, due, for 
the greater part to the fact that it is measured by means of an (n,y) reaction as 
well. So for small samples or rotating large samples, the error in the thermal 
neutron flux is about 2 to 4%, and can be considered as a random error a,s well. 
The influence of the error in the epithermal neutron flux, <f>ep;, is more complicated 
and will be treated later, together with the effective cross-section. 
• Detection efficiency. The error in the detection efficiency, e, is small - I to 3% 

when standardized measuring geometries are used. The related measuring geo
metries, however, are afflicted with larger errors for the low energies. In Chapter 
6.2 an error of 15% was mentioned for 100 keV; for lower energies it can amount 
to as much as 25%. In this energy region also the self-absorption of the y-rays 
and the error in the y-cascade corrections - influenced in turn by the error in the 
correction factor for internal conversion for the first main peak, c1 - play an 
important role likewise. In conclusion, the error in the detection efficiency ranges 
from 1 to about 30%, where the last-named number refers to the low energy 
region only. 
• Peak pulse rate. The systematic error in the measured peak pulse rates, A, is low, 
say, I%. In peak pulse rates the random errors dominate, as was already 
described in the preceding paragraph. 
• Now we come to the errors in the thermal neutron cross-section, ao, and the 
y-ray abundance, a. In Chapter 9 it has been seen that, for that very reason, these 
parameters were obtained from ko-values, using the equation-of-data factor, r. 
So the errors in a0 and a are not separately known. The accuracy of the 
ko-method is extensively discussed by De Corte et al. 19- 24) and Erdtmann et al. 
25). An error of 0.5 to 2% is mentioned for the ko-values. 

Unfortunately in the case of a few (n,y) reactions, the cross-section in the 
thermal region, a(v.), is not exactly inversely proportional to the neutron velocity, 
Vn. Consequently, application of the Hegdahl convention (equation (7)) leads to 
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an inaccuracy. This means that these reactions are more or less unsuitable for the 

single-comparator method; the worst of them are 151 Eu(n,y)152mEu, 151 Eu(n,y) 152Eu 

and 176Lu(n,y)171Lu 19·20). With the simple correction as shown in Table 11 in 

Chapter 9, the error is about 10% for these three reactions. 

Very recently, De Corte et al. 26
) proposed to introduce a modified Westcott 

formalism 27·28) for these "non-lfvn (n,y) reactions" in order to improve the accu
racy. This method is more complicated, since the neutron temperature of the 
irradiation facility has to be known for calculation of the Westcott's g-factors of 
the considered reactions. 

• Effective cross-section. In the activation formula ( 18) the contribution of the 
epithermal activation is included in the effective cross-section, a.rr, equation (14). 

The accuracy of this contribution is influenced, on the one hand, by the errors in 

the epithermal neutron flux, 4>ep;, or the flux ratio, f, with the epitherma/ flux 

distribution parameter, a, and, on the other, by the errors in the resonance 

integral/thermal neutron cross-section, Qo, and the effective resonance energy, Er. 
The error in Q0 is 2 to 6% 24

•
25

). The ultimate error in l1err depends on the magni

tude of Q0• When /Q0(a) ~1, then the error in Qo dominates, see equation (14). 
Extreme cases are 96Zr(n,y)97Zr with Q0 = 248.2 and 238U(n,y)239U -+ 239Np with 

Qo = 103.4, see Table 1. With a flux ratio f = 0.05 the value of fQo(a) amounts to 

about 12 and 5, respectively, for these reactions. The error in l1err is then deter

mined by that in/Qo(a) and can be as high as lO%. 

• Primary first-order interference. For a few (n,y) reactions the occurrence of 

primary first-order interfering reactions of the type (n,n') and, to a much lesser 

extent, (n,2n), is a problem, see also Chapter 3.4. The most important interfer

ences, in which the positive systematic error comes to about a factor of two 

depending on the flux ratio c:/>r .. dc:/>th, are 19·20): 

86Sr(n,y)s7mSr by s7Sr(n,n')87mSr, 
1I6Sn(n,y)117mSn by 117Sn(n,n')ll7mSn, 

* 

IlOCd(n,y)lllmCd by lllCd(n,n')ll1mCd, 

134Ba(n,y)ll>mBa by mBa(n,n')IJ>mBa. 

De Corte et al. 19) claim a total accuracy of better than 4% for most elements 

with the entire ~-method - provided small random errors due to Poisson 
statistics which was confirmed by actual analyses of various (standard) 

reference materials. Recently Carmo Freitas and Martinho also reported analysis 

results for 18 elements in four reference materials 29). These authors also used the 

~-method and found good agreement for most elements, although in some cases 

considerable discrepancies were observed. 
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An important part of the nuclear parameters which are used in the single
comparator method described here has been taken over from the data tables of 

the ko-method, and could suggest the idea that as a consequence the same accu
racy can be generally obtained. However, it will be evident that, for this practical 
neutron activation analysis system, using - as it must - many different irradia

tion facilities, detectors and sample geometries such ultimate accuracy cannot be 
attained. But, on the other hand, the claimed accuracy of about 25% is certainly 

realizable for most elements in most samples. In a later paragraph we will give 

our final conclusion on this subject. 

Quality assurance 

The self-evident approach to quality assurance of an analysis technique is the 

analysis of certified reference materials. Unfortunately, as was confirmed by the 
National Institute of Standards and Technology at Gaithersburg, NIST, and also 
by the Central Bureau for Nuclear Measurements at Geel, CBNM, for analytical 

quality assurance of very pure semiconductor silicon, no material which is certified 

by authorized organizations has been commercially available up to the present 
30•31 ) for the following reasons: 

• it is very difficult, or even impossible, to make a homogeneous reference mate
rial of a silicon matrix with many impurities in relevant concentrations on the 
ultratrace level which can be determined and certified, and 

• there is no independent accurate multielement analysis method in this region 
of very low concentrations. 

A way out for this problem is dealt with below. 

When we consider the systematic errors as consisting of two components, so 
that the measured concentration is related to the true concentration by Cmeasured = 

Cl{)+ a1Ctrueo where the constant Cl{) is caused by the blank, then it follows that the 
absence or minimization of a blank in neutron activation analysis means that, 
even at very low concentrations, the relative systematic error is independent of the 

concentration: (Cmeasured- Ctrue)/Ctrue = a1- I. 
This is why it is not useless - as in other ultratrace analysis techniques - to 

check the neutron activation analysis system by means of a certified reference 

material with much higher element concentrations than occur in the samples to 
be analysed, viz. NIST Standard Reference Material 1577, Bovine liver 32•33). The 

results are given in Table 13. The agreement is good; the error in the copper 
content is to a great extent due to the considerable correction for the high sodium 
concentration (Chapter 6.3). 
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Table 13. Neutron activation analysis results of SRM 1577 Bovine liver 
Contents in ftgjg (dry weight) 

element this work * NIST ** 
32) 33) 

K 9800 ± 500 9700 ± 600 
Na 2550 ± 200 2430 ± 130 
Fe 255 ± 25 270 ± 20 
Cu 220 ± 80 193 ± 10 
Zn 132 ± 13 130 ± 10 
Rb 17.9±1.5 18.3 ± 1.0 
Mn 10.3 ± 0.5 10.3 ± 1.0 
Se 1.05 ± 0.15 1.1 ± 0.1 
Cd <5 0.27 ± 0.04 
Hg < 0.3 0.016 ± .002 

*** 
Cl 2870 ± 400 (2600) 
Ca < 4000 (123) 
Mo 4.7 ± 2.0 (3.2) 
Co 0.26 ± 0.04 0.245**** 
As < 1.5 (0.055) 
Ag 0.042 ± 0.006 (0.06) 
Th < 0.015 (0.05) 
u < 0.4 (0.0008) 

Irradiations were carried out in X28-BRI and PROF-HFR, see Table 4. 
Duplicate samples; four measurements with different detectors; precision 2s. 

The estimated uncertainties include sample variations, method differences and error 
of measurement, but represent at least the 95% confidence limits for the concen· 
trations. 

*** Values between parentheses are not certified by NIST. 
**** Not certified by NIST, but obtained by a number of recommended laboratories 34). 
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This agreement does not change the fact that the number of analysed elements 

is rather small, that the accuracy of the other elements has not been proved, and 

that the decisive check can only be made with a certified reference material 

matching the samples with respect to matrix composition, dimensions and the 

elements to be determined. However, it is worth mentioning that the accuracy, in 

particular of the cross-sections, a0, and the y-ray abundances, a, is reliable, since 

the products of these data are checked with recommended ko-values (Chapters 3.3 

and 9). The values for the ratio resonance integral/thermal neutron cross-section, 

Qo, are also reliable, as was described in the previous paragraph. 

In the group of the rare earth elements some accuracy problems can be 

expected, such as for Sm and Tm, since these elements can be determined only 

via low-energy y-rays. Further there are Eu and Lu with the so-called non-1/v. 

(n,y) reactions - Lu is also subject to interferences from Yb - and Dy with a 

short-lived product radionuclide. 

Finally, of course Table 13 does not give information about possible errors due 

to the geometry of silicon wafers. 

Presentation of analysis results 

All in all, a manageable, reliable and easily readable presentation of the accuracy 

of the analytical results for the 11Client" is a difficult job. Having contemplated all 

the considerations touched on in this chapter, we divided the chemical elements 

into three categories of maximal systematic errors, -10%- +10% (44 elements), 

-30%- +30% (14 elements), and -50%- +100% (6 elements). The last category 

contains the "problematic" elements, namely those which can only be determined 

by means of (n,2n) or (n,n') reactions, or via a radionuclide with a low y-ray 

energy, or those which have very inaccurate nuclear data. 

An example of the analysis results of an arbitrarily chosen sample is given in 

Fig. 26. The elements of the last two categories are marked with * and **, 

respectively. The calculated precision, rounded up to multiples of 5%, is printed 

under the concentrations. 

The presented bulk or surface concentrations are always calculated as being 

homogeneously distributed in the sample, unless otherwise stated. 
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1 0.3. Detection limits 

Alles ist in allem enthalten. 
Giinter Tolg 8) 

Calculation of the detection limits is based on the minimum detectable peaks in 
the y~spectra. Since these peaks are superposed on a continuum, due to the 
Compton effect of all y-rays detected, the detection limit for a y-ray - L, in pulses 
per second and as a function of the energy - has to be calculated for each spectrum 
individually. The calculation of the detection limit, C1o<h from the peak area, L, is 
given in equations (98) and (99). 

The detection limit, at this stage the area of a peak which would just be "visible11 

on statistical grounds, can be calculated from the measured Compton back
ground. Different approaches have been published 1•2), and the equations given 
by Currie 35) and Rogers 36) are widely used. However, what is considered as being 
a just visible peak depends on the confidence criterion applied 37

). This implies 
that, in general, the values of detection limits are inherently inaccurate. Therefore 
it is not meaningful to argue about values varying by a factor of two 7

). 

That is why we do not distinguish between "limit of detection" and "limit of 
determination", as is often done, but use only the former. As has been said, the 
net area of a peak with a relative standard deviation of about 1/J is, from a 
practical point of view, found to be a reasonable value for it. This consideration 
leads to equation (84), already dealt with in Chapter 7.2. From this equation it 
can be seen that a good energy resolution (Wpeak small) and a low background and 
Compton continuum (Y small) are favourable for the detection limit, L. It must 
be emphasized once again that L is inversely proportional to the square root of 
the measuring time, since the channel contents y are proportional to the measur
ing time. 

Silicon wafers 

Limits of detection in the practical case of a pure silicon wafer can be obtained 
from Table 14. It can be seen that for some elements they are relatively high, due 
to fast decay (Mn, Dy) or due to small cross-sections because (n,p) or (n,2n) 
reactions have to be used (Ti, Y, Nb, I, Tl, Pb). 

Bottger et al. published limits of detection in silicon which are in good agree
ment with the present results 38). They obtained these data for smaller samples (no 
wafers), but with a somewhat higher neutron flux, and by carrying out the mea
surements in an underground laboratory (low background). The detection limits 
in silicon, recently published by Bohm et al. 39) for about the same irradiation 
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Table 14. Neutron activation analysis results of a very pure silicon wafer 
Diameter: 10 cm, weight 10 g 

Na 
Si 
K 
Ca 
Se 
Ti 

Cr 
Mn 
Fe 

Co 
Ni 

Cu 
Zn 
Ga 

Ge 
As 

bold 

< 

Cu 
As 

Irradiation time: 72 hours, thermal neutron fiux: 4.9 x 1013 cm-2s-1 

Cadmium ratio for cobalt: 38 
Measured twice on a lead-shlelded 130 cm3 Ge(Li) detector: 

< * 500 

< 150 
< 10000 
< 0.03 
< 3000 
< 2 
< 15000 
< 300 
< 0.5 
< 150 

560 
< 15 

1) waiting time: 2 days, measuring time: 16 hours 
2) waiting time: 10 days, measuring time: 66 hours 

--+Unit: pg/g (1:1012) +-

Se < 2 Te < 4 
Br 2.4 I < 8000 
Rb < 10 Cs < 0.5 
Sr < 150 Ba < 60 
y < 200000 La < 0.15 
Zr < 150 Ce < 0.9 
Nb < 15000 Pr < 6 
Mo < 6 Nd < 10 
Ru < 1.5 Sm < 0.03 
Pd < 60 Eu < 0.07 
Ag < 3 Gd < 6 
Cd < 15 Tb < 0.1 
In < 4 Dy < 300000 

Tm 
Yb 
Lu 
Hf 
Ta 
w 
Re 
Os 
Ir 
Pt 
Au 
Hg 
Tl 

< 
< 
< 
< 
< 

< 
< 
< 
< 

< 
< 

3 
0.2 

0.04 
0.3 
0.5 
25 

0.3 
0.7 

0.004 
4 

1.6 

0.6 
3000 

< 1.5 Sn < 200 Ho < 3 Pb < 300000 
< 1000 Sb 180 Er < 40 Th 

33 u 

corrected for 28Si(n,o:p)24Na, apparent Na content is about 600 pg/g 
element determined 
limit of detection 

< 
< 

Detection limits for the determined elements, same conditions 

10 

1 

Br 
Sb 

0.3 
0.2 

Conversion of 1 pg/g into at/cm3 in silicon: 
see Appendix 2 

0.2 

I 

0.4 
0.003 
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Na 
Si 
Cl 
Ar 
K 
Ca 
Se 
Ti 
Cr 
Mn 
Fe 
Co 
Ni 
Cu 
Zn 
Ga 

Table 15. Detection limits for neutron activation analysis under 
ideal conditions, calculated from a measured background spectrum 

Large aqueous sample: 50 m/ 
Irradiation time: 7.5 hours, thermal neutron flux: 4 x 10 11 cm-1s-·1 

Cadmium ratio for cobalt: 22 

0.006 
50000 

-
2 

0.3 
400 

0.008 
700 
0.6 

0.02 
60 

0.2 
80 

0.006 
0.4 

0.005 

Waiting time: 15 hours, measuring time: 24 hours 
Detector: l08 cm3 Ge(Li) lead-shielded 

-+ Unit: ngfml <-

Ge 2 Sb 0.004 
As 0.003 Te 0.8 
Se 0.6 I -

Br 0.007 Cs 0.15 
Rb 2 Ba 8 
Sr 3 La 0.002 
y 60 Ce 0.2 
Zr 3 Pr 0.04 
Nb 30000 Nd 0.6 
Mo 0.1 Sm 0.0004 
Ru 0.4 Eu 0.0002 
Pd 8 Gd 0.1 
Ag 0.5 Tb 0.04 
Cd 0.2 Dy 0.1 
In 1.5 Ho 0.03 
Sn 60 Er 0.02 

Tm 
Yb 
Lu 
Hf 
Ta 
w 
Re 
Os 
Ir 
Pt 
Au 
Hg 
Tl 
Pb 
Th 
u 

0.2 
0.01 

0.006 
0.06 
0.1 

0.005 
0.003 

0.06 
0.001 
0.15 

0.0002 
0.3 

0.05 
0.015 
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conditions are somewhat higher (on the average a factor of four) than the data 

in Table 14, probably due to the smaller sample mass used by these authors. 

Surface contamination 

By cleaning or etching silicon wafers (see Chapter 11.6), it can be ascertained 

retrospectively whether there is surface contamination. Provisionally assumed 
homogeneous bulk concentrations can easily be recalculated into surface concen

trations by assuming that the impurities are located on both sides of the wafers. 

For wafers with a diameter of 10 cm and a weight of 9.5 g, this gives 

I pg/g = 60 fg/cm2, or = 7 x 108 at/cm2 for Cr down to = 2 x 108 atfcm2 for Au. 
Examples for surface concentration detection limits are then (cf Table 14): 



152 

Cr: 2 x 109 atjcm2, 

Sb: 5 x 107 atjcm2, 

Fe: 2 x JOH atjcm2, 

La: 4 x I 07 atjcm2, 

Analytical characteristics 

Co: 3 x 108 atjcm2, As: 5 x 108 atjcm2, 

W: 8 x 107 atjcm2, Au: 5 x 105 atjcm2• 

Similar results were published by Rath et al., who give data for 22 elements in 
halved 1 0-cm wafers with an analysis turn-around time of two weeks 40

). 

It is also ascertainable whether the impurities are located on only one side of 
the wafer. It will be evident then that the just-mentioned data have to be multi
plied by two. 

Large aqueous samples 

Table 15 lists detection limits which can be obtained in aqueous samples, of which 
volumes of up to I 00 ml can be irradiated in the facility Y 4 of BR 1, see Table 4 
and Chapter 11.4. Though the neutron flux is smaller and the possible irradiation 
time is shorter, the detection limits are still reasonable because large samples can 
be analysed. The data for the ideal situation of Table 15 are somewhat worse for 
the shorter-lived radionuclides when the samples contain considerable amounts 
of sodium (24Na, 15.0 hours) or bromine (82Br, 35.3 hours). 

Rausch et al. 41 ) recently published detection limits for high-purity organic 
solvents which were about an order of magnitude lower than those in Table 15. 
They obtained these data by preconcentration of the solvents from lOO ml to 
2 - 3 ml. The thermal neutron flux used by these authors was about the same as 
in Table 15. Bohm et al. 39) obtain detection limits in pure water which are about 
two orders of magnitude lower than those in Table 15, because the integrated 
neutron flux used by these authors is about a factor of I 00 larger. 

The ideal case 

The lowest detection limits (Table 16) are obtained if one has no interferences 
from matrix elements or concomitants and in addition a combination of ideal 
conditions, such as 

a. a high neutron flux, 
b. a long irradiation time, 
c. a short waiting time, 
d. a large detector (high efficiency), 
e. a low background, 
f an optimal sample geometry (point source on the detector) and 
g. a long measuring time. 

This situation has been closely reached by analysing very pure graphite, since the 
produced radioactivity from carbon is fully negligible. It should be noted that a 
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* 

** 

Na 
Si 
Cl 
Ar 
K 
Ca 
Se 

Ti 
Cr 
Mn 
Fe 
Co 
Ni 
Cu 
Zn 
Ga 

Table 16. Detection limits for neutron activation analysis under 
ideal conditions, calculated from a measured background spectrum 

Irradiation time: 48 hours, thermal neutron flux: 2 x 1014 cm-2s-l 
Cadmium ratio for cobalt: 11 

* 
** 

** 

Waiting time: 10 hours, measuring time: 64 hours 
Point source on a lead-shielded 108 cm:l Ge(Li) detector 

--+ Unit: pg (10-12 g) +-

0.07 Ge 20 Sb 0.015 Tm 
700000 As 0.02 Te 3 Yb 

10000 Se 2 I * 1500 Lu 
20 Br 0.03 Cs 0.4 Hf 

4 Rb 6 Ba 20 Ta 
2000 Sr ** 30 La 0.015 w 
0.03 y ** 1000 Ce 1 Re 
200 Zr 15 Pr 0.4 Os 

2 Nb 10000 Nd 4 Ir 
0.3 Mo 0.3 Sm 0.002 Pt 
300 Ru 1.5 Eu 0.002 Au 
0.6 Pd 20 Gd 0.6 Hg 
150 Ag 1.5 Tb 0.1 Tl 

2 Cd 0.5 Dy ** l.5 Pb 
4 In * 3 Ho 0.2 Th 

0.05 Sn 150 Er 0.3 u 

2 

0.04 

0.02 

0.2 

0.4 

0.03 

0.009 

0.5 

0.004 

I 
0.001 

0.7 

2000 

20000 
0.15 
0.04 

low !lux irradiation (for radionuclides with half-life < l hour): 
2 hours in 3 x 1011 cm-2s-1, waiting time I hour, measuring time 3 hours 
limit of detection is lower for a shorter waiting time 

!53 

short waiting time (c) does nothing to improve the results of the long-lived 
radionuclides because of the short-lived actitity present in the y-spectrum. A long 

measuring time (g) is likewise unprofitable for the short-lived radionuclides, 
because the integrated Compton continuum from the long-lived activity increases 

proportionally with the measuring time, whereas the peaks of the short-lived 

remain constant. 

The detection limits obtained in silicon wafers (Table 14) are a little higher than 

those in Table 16, because the usable neutron flux (a) is lower and the sample 

geometry is not optimal for the whole wafer (j), though the sample geometry is 

partly compensated by a larger sample mass. The waiting time (c), necessary for 
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the decay of 31Si, influences only the detection limits of some elements with 
short-lived product radionuclides. 

* 

Due to the great differences in cross-section, isotopic abundance, half-life and 
y-ray abundance, the limits of detection vary from element to element over many 
orders of magnitude. A number of elements, notably all those preceding Na in the 
Periodic System (Z < 11), and also Mg, AI, P, S, V, Kr, Xe, Rh and Bi cannot 
be determined at all with this neutron activation analysis system for the reasons 
summed up in Chapter 2.3 (see also Fig. 23). 

Sometimes a disturbance of the natural isotopic abundance can be used to good 
effect: Schmalz et al. 42

) analysed a mixture of implanted 58Fe and 56Fe with an 
implantation-dose ratio of 0.01. This improved the detection limit by a factor of 
three, since the natural isotopic abundance of 58Fe is 0.0028. 

10.4. An example in conclusion 

The following example shows that in silicon integrated circuit technology in par
ticular, valuable information can be obtained from measurements without striving 
for utter accuracy, however, with low detection limits. 

A certain process step in integrated circuit fabrication is suspected to have 
caused a surface contamination with gold. The question is twofold: how serious 
is this contamination and can it be removed by a certain cleaning method? Three 
samples are examined by neutron activation analysis and - assuming a priori that 
we are dealing with a homogeneous surface contamination - the amounts found 
are 2.3, 0.83 and 0.57 pg/cm2 (precision 2s = 5%), respectively. After the cleaning 
treatment no Au can be determined on either sample, the detection limit being 
0.3 fgjcm2 (~ 106 at/cm2). By means of a blank sample it is verified that indeed the 
gold has been introduced during the process step. The obvious conclusions are: 

• a gold surface contamination is present, 
• the contamination is of the order of 1 pg/cm2 (3 x 109 at/cm2

), 

• precision and accuracy are more than sufficient for this "unreproducible" 
contamination and, last but not least, 

• the cleaning treatment is effective. 



Part IV Chapter 10 \55 

References 

1. Erdtmann, G., and H. Petri, in I.M. Kolthoff, P.J. Elming, and V. Krivan, Eds., 

Treatise on Ana~vtical Chemistry, part I Volume 14, Wiley-Interscience, New York, 
1986, p.419. 

2. De Soete, D., R. Gijbels, and J. Hoste, Neutron Activation Analysis, Wiley-Interscience, 

London, 1972. 

3. Heydorn, K., Fresenius J. Anal. Chem., 337, 498 (1990). 

4. Heydorn, K., Aspects of Precision and Accuracy in Neutron Activation Analysis, 

Thesis, Technical University of Denmark, 1979, Ris0 National Laboratory, Roskilde, 

Denmark, 1980. 

5. Miller, J.C., and J.N. Miller, Statistics for Analytical Chemistry, Ellis Horwood, 

Chichester, 1984. 

6. Taylor, J.K., Statistical Techniques for Data Analysis, Lewis Publishers, Inc., Chlesea, 

Michigan, 1990. 

7. Ortner, H.M., P. Wilhartitz, M. Grasserbauer, A. Virag, and G. Friedbacher, Ultra

purity in Metallurgy- Facts and Fiction, Kontakte ( Darmstadt), p.3 (1987/3). 

8. Tolg, G., Analytical Chemistry and the Quality of Life, Kontakte ( Darmstadt), p.20 

(1989/2). 

9. Horwitz, W., Anal. Chem., 54, 67A (1982). 

10. Boyer, K.W., W. Horwitz, and R. Albert, Anal. Chem., 57, 454 (1985). 

11. Geisler, M., and H. Schelhorn, lsotopenpraxis, 18, 54 (1982). 

12. Bruninx, E., Anal. Chim. Acta, 60, 207 (1972). 

13. Verheijke, M.L., Computer programs in PASCAL for Instrumental Neutron Activation 

Ana(vsis, Philips Research Laboratories, Eindhoven, Netherlands, 1989. 

14. Bode, P., M. de Bruin, and P.J.M. Korthoven, J. Radioanal. Chem., 64, 153 (1981). 

15. Perezhogin, G.A., Zhurnal Analiticheskoj Khimii, 37, 1430 (1982). 

16. Revel, G., Analusis, 12, 506 (1984). 

17. Haas, E.W., R. Hofmann, and F. Richter, J. Radioanal. Chem., 69, 219 (1982). 

18. Haas, E.W., Radiochem. Radioanal. Letters, 41, 119 (1979). 
19. De Corte, F., A. Simonits, A. De Wispelaere, and J. Hoste, J. Radioanal. Nucl. Clzem., 

113, I45 (I987). 
20. De Corte, F., The ko-standardization method, A move to the optimization of neutron 

activation analysis, Agrege Thesis, University of Gent, Belgium, 1987. 

21. De Corte, F., L. Moens, S. Jovanovic, A. Simonits, and A. De Wispelaere, J. Radioanal. 

Nucl. Chem., 102, 37 (1986). 

22. De Corte, F., J. Trace and Microprobe Techniques, 5, I 15 (1987). 
23. De Corte, F., and J. Hoste, lsotopenpraxis, 25, 269 (1989). 
24. De Corte, F., A. Simonits, and A. De Wispelaere. J. Radioanal. Nuc/. Chem., 133, 131 

(I 989). 

25. Erdtmann, G., H. Petri, B. KayBer, and G. Kiippers, J. Trace and Microprobe 

Techniques, 6, 337 (1988). 



156 Analytical characteristics 

26. De Corte, F., A. Simonits, F. Bellemans, M.C. Freitas, S. Jovanovil:, B. SmodiM, 
G. Erdtmann, H. Petri, and A. De Wispelaere, 8th International Conference Modern 
Trends in Activation Analysis MTAA-8, (Sep. 16-20, 1991, Vienna, Austria), to be 

published in J. Radioanal. Nucl. Chem., 1993. 
27. Westcott, C.H., J. Nucl. Energy, 2, 59 (1955). 
28. Westcott, C.H., Effective cross-section values for well-moderated thermal neutron 

spectra, Atomic Energy of Canada Ltd, Chalk River, Ontario, Canada, Report 
CRRP-960, 1 Nov. 1960, reprinted 1962. 

29. Carmo Freitas, M., and E. Martinho, Talanta, 36, 527 (1989). 
30. Lindstrom, R.M., Analytical Chemistry in Semiconductor Manufacturing: Techniques, 

Role of Nuclear Methods and Need for Quality Control, IAEA-TECDOC-512, Inter
national Atomic Energy Agency, Vienna, 1989, p.35, and private communication, 1990. 

31. De Bievre, P., Central Bureau for Nuclear Measurements, Commission of the European 
Communities-JRC, Gee!, Belgium, private communication, 1990. 

32. Jansen, R.M.W., Accuracy in Neutron Activation Analysis, Nat.Lab. Tech. Note 
201/88, Ph.ilips Research Laboratories, Eindhoven, Netherlands, 1988. 

33. LaFleur, P.D., J. Radioanal. Chem., 19, 227 (1974). 
34. De Goeij, J.J.M., Interfaculty Reactor Institute, Delft University of Technology, Delft, 

Netherlands, private communication, 1991. 
35. Currie, L.A., Anal. Chem., 40, 586 (1968). 
36. Rogers, V.C., Anal. Chem., 42, 807 (1970). 
37. Cline, J.E., Nucl. lnstrum. Meth. Phys. Res., A286, 421 (1990). 
38. Bottger, M.L., S. Niese, D. Bimstein, and W. Helbig, J. Radioanal, Nucl. Chem., 130, 

417 (1989). 
39. Bohm, G., J.l. Kim, and J. Kemmer, Nucl.lnstrum. Meth. Phys. Res., A305, 420 (1991). 
40. Rath, H.J., P. Stallhofer, D. Huber, P. Eichinger, and I. Ruge, Mat. Res. Soc. Symp. 

Proc., 36, l3 (1985). 
41. Rausch, H., I.L. Sziklai, V.M. Nazarov, P. Bodon, I. ErdeJyvari, and B. Toth, J. 

Radioanal. Nucl. Chem., 148, 217 (1991). 
42. Schmalz, K., F.-G. Kirscht, S. Niese, H. Richter, M. Kittler, W. Seifert, 

I. Babanskaya, H. Klose, K. Tittelbach-Helmrich, and J. Schoneich, Phys. Stat. Sol. 
(A), 100, 69 (1987). 



Part IV Chapter 11 !57 

11. SAMPLE HANDLING 

Practical aspects of the sample handling in the entire analysis procedure are described. Special 

attention is given to the irradiation of large silicon wafers in a home-built facility of the nuclear 

reactor HFR of the n Energieonderzoek Centrum Nederland" at Petten (Netherlands). 

11.1. General 

In this chapter we deal with sampling and the successive steps of sample handling 
in neutron activation analysis in the strict sense, (a, b, c and e), as mentioned in 
Chapter I, viz. preparation of the samples for irradiation (provisional weighing, 
packing), irradiation, unpacking, weighing and preparation for measurement. 
Separate chapters, namely 6 and 7, were dedicated to the y-ray spectrometry 
(step j) and the evaluation of the spectra (step g) because of their extensiveness 
and theoretical aspects. 

Also the cleaning and etching procedures, which are performed after irradiation 
in order to localize the impurities on the surface and in the surface layer of silicon 
wafers, are described in this chapter. 

Since the turn-around times of the samples are usually a few weeks, it is of great 
importance that the irradiations and measurements are strictly organized in order. 
to be able to measure the samples at the right times. 

11.2. Sampling 

Adequate sampling is the first requisite for a meaningful analysis. In general, 
representativeness of the samples with respect to the considered properties and 
knowledge of their homogeneity and history - for instance, implantation tech
niques disturb the natural isotopic abundances - play an important role. What 
is more, in the field of ultratrace analysis, one should be very careful to avoid 
contamination of the samples even by very small amounts of impurities in any step 
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a 

Sample handling 

=~~~==~=~~j~====s~ 
b 

Fig. 27. Drawing of a sealed quartz glass irradiation container with 10 cm 0 silicon wafers 
between the two spring washers (a) and of a quartz glass spring washer (b) 
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Fig. 28. A quartz glass irradiation container with 15 cm 0 silicon wafers between two spring 
washers. The container is first sealed at A and finally closed at B 
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of the sampling procedure. Element loss is also possible, especially at the surface 
of the samples. 

Therefore, selection and handling of samples in the client's laboratory or clean 

room and transport to the radiochemical laboratory is always discussed in 
advance. If possible, a double series of samples is taken or prepared, so that the 
analysis procedure itself can be carried out again if something goes wrong, such 
as damage to the irradiation container during transport to or from the nuclear 
reactor. 

11.3. Packing the samples for irradiation 

Before irradiation in the high-flux facilities the samples have to be packed in a 
hermetically sealed standard capsule or special home-made container to safeguard 
them against contamination from water of the reactor basin. These containers 
must be made of materials that produce relatively little radioactivity, namely in 
view of ease of handling - a low radiation level - and contamination risk to the 
samples. Polyethylene is very suitable for low-flux irradiation, but does not 
withstand long high-flux irradiation. Quartz glass is mostly used in these cases 
1·2) . The packing of the samples in the containers is carried out under carefully 

controlled conditions to prevent contaminations. 

Silicon wafers 

The packing procedure for silicon wafers starts with the cleaning of all quartz 
glass parts of the containers along the lines of a standard procedure 3). The main 

steps in this procedure are cleaning of the parts in the vapour of nitric acid (pro 

analysi) for about four hours, followed by rinsing with ultrapure water (see Table 
23) and drying. Then the container parts are heat-sealed in polyethylene bags and 

taken to a dust-free box, where the packing procedure is continued. 
Fig. 27a is a drawing of a quartz glass container in which up to thirty silicon 

wafers can be irradiated simultaneously. For wafers with a diameter of 10 cm the 

outer part of the container has a wall thickness of about 2 mm and a diameter 
of about 115 mm. The initial height is 250 mm. At the bottom of the container 

a quartz glass spring washer (Fig. 27b) is placed to prevent breaking of the wafers 
during transport, in addition to a flux monitor (0.1 % Co in aluminium wire, 
0.5 mm 0 x 5 mm, sealed in quartz glass, not shown in the figure). The wafers, 

each about 0.5 mm in thickness, are placed on the spring washer. Pure "dummy" 
wafers (virgin wafers, as delivered by the supplier) are used beneath the first , and 
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Fig. 29. The quartz glass container and the stopper are fixed at a few places before final 

closing. The stacked silicon wafers are visible. The provisional cover, with the vacuum tube 

and filter, is on top. 

Fig. 30. A container with silicon wafers (middle) and the two parts of the aluminium 
canister of the SIP (Silicon Irradiation Philips) facility. These parts hold the container and 
they are fixed by means of aluminium springs. 
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on top of the last sample to prevent possible contamination by quartz glass. In 

order to avoid cross-contamination, pure dummy wafers are also applied between 

wafers of different contamination levels as well. A second spring washer and 

another flux monitor arc placed on top of the upper dummy wafer. All handling 

of wafers is carried out with quartz glass vacuum tweezers. 

The hollow stopper of the container (height 50 mm) is telescoped into the outer 

part until it rests on the upper spring washer. The open end of the container is 

provisionally closed with a quartz glass cover (with vacuum connection tube, see 

below) and adhesive tape, see Fig. 29. The outer part and the stopper are fixed 

at a few places, using a quartz glass burner with a hydrogen-oxygen flame. The 

container is then hermetically closed while rotating horizontally in a lathe. For 

this sealing operation the container has to be connected to a vacuum system (via 

a filter). During sealing, the bottom is cooled to keep the temperature of the 

silicon wafers low. Finally the redundant upper part of the container and stopper 

are removed by sawing; the container height is now about 70 mm. 

For irradiating 15-cm-diameter wafers, the construction of the quartz glass 

container underwent some modifications (Fig. 28), mainly to simplify the 

hermetical sealing. To prevent breakage during irradiation and transport, the 

bottom and the cover were made thicker (about I 0 mm). For closing the con

tainer, it is connected to a vacuum system, sealed all round at A (Fig. 28) and 

finally closed at B. 

11.4. Irradiation 

The capsules with small samples (up to about 2 cm in diameter) are put in the 

standardized nylon containers of the pneumatic or hydraulic "rabbit pipes" or 

other irradiation facilities. In the position Y 4 of the reactor BR I (Table 4), 

aqueous samples of about 100 m! can be irradiated in polyethylene bottles. 

The flux monitors (0.1 to 0.5% Co in aluminium wire, sealed in quartz glass, 

and at least in duplicate) are always placed as close as possible to the samples. 

The irradiation times vary from several minutes to several days, depending on the 

expected radioactivities and the required detection limits. The beginning and end 

of irradiation must always be recorded as accurately as possible in order to obtain 

the correct irradiation and waiting times (tirr and !wait, equations (19) and (20)). 
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Silicon wafers 

For irradiation at the SIP facility (Chapter 4.1) the hermetically sealed container 

with silicon wafers is placed in an aluminium canister, Fig. 30, 4) . This must be 

carried out by remote control, because the canister still has a high radioactivity 

from previous irradiations. To obtain sufficient shielding, it is kept under several 

metres of water in the reactor basin. 

The inside of the two parts of the canister are provided with resilient aluminium 

fins which keep these parts and the quartz glass container fixed, see Fig. 30. For 

the purpose of obtaining a homogeneous neutron flux in the samples the canister 

with the sample container rotates slowly (about 40 to 50 revolutions per minute) 
in the support during irradiation (Fig. 31 ). 

11.5. Unpacking and preparation of the samples for measurement 

Unloading the canisters after irradiation may give rise to safety problems due to 

the radiation level. As aluminium and quartz glass are frequently used materials 

for canisters and sample containers, respectively 1•2), high activities of 28Al (2.25 

min), 24Na (15.0 hours) and 31Si (2.62 hours) from 27Al(n;y)28Al , 27Al(n,o:)24Na and 

Fig. 31 . The aluminium canister in the support of the SIP facility 
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30Si(n,y)31Si, respectively, are present. Therefore "hot cells" are required for 
unloading procedures after high-flux irradiations, and long waiting or "cooling
down" times are unavoidable. Of course, when this happens, the determination 
of elements via short-lived radionuclides becomes a problem. The use of high
purity (pyrolytic) graphite for capsules may be a possible solution 5), naturally 
only if the samples themselves need no long cooling-down time. 

If the radiochemical laboratory is not situated in the immediate neighbourhood 
of the reactor, then the transport time is an additional factor. This may limit the 
possibility of analysing elements that only produce short-lived radionuclides. In 
the case of silicon, which itself is affected by radioactivity from 31 Si with a half-life 
of 2.62 hours, a waiting time of about one day is necessary in any case, so that 
the unloading and transport times are not limiting factors. 

If short-lived radionuclides have to be measured, it is usually necessary to resort 
to lower fluxes (about 1012 cm-2s-1) and the use of pure polyethylene or graphite 
capsules which allow of simpler and faster unloading procedures. 

Apart from a considerable radioactivity from the container material, the sam
ples themselves may contain unexpected highly radioactive constituents, for which 
reason radiation doses are always checked before transporting and handling the 
sample container (the highly activated aluminium canisters remain in the reactor 
basin or in lead-shielded boxes). Furthermore, the outer walls of the sample 
containers must be considered as probably contaminated with adhering radio
active material (e.g. from handling tools). This is not only troublesome for safety 
reasons, but also as regards possible contamination of the samples during the 
opening of these containers. For that reason the containers are cleaned before 
being opened. In fact, adhering contaminations on silicon wafers can be simply 
removed or at least reduced by rinsing with water, but this is not possible in the 
case of powdered samples. 

After having been weighed, silicon wafers are usually repacked in polyethylene 
bags for measurement; other types of samples are mostly measured in glass or 
plastic vials. 

11.6. Cleaning and etching procedures for silicon 

As already stated, layers deposited on wafers in the manufacturing of integrated 
circuits epitaxially grown and polycrystalline silicon layers, silicon oxide layers, 
silicon nitride layers - can be removed by etching, after irradiation, and are 
consequently free from contamination. In that way impurities can be localized in 
these layers by measuring the samples before and after etching and, if desired, by 
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measuring the etching solutions as well. Before these etching procedures, however, 
a "cleaning" treatment is usually applied in order to localize the impurities which 
are on the surface. If only one side of a wafer has to be cleaned or etched, the 
other side can be temporarily covered with paraffin. The two most commonly 
used recipes for these treatments for silicon are: 

• Cleaning treatment 
A few minutes in boiling HCl (30%) HN03 (65%), 3: 1. 
No silicon is removed. 

• Etching treatment 
2-3 min at room temperature in HF (50%) HN03 (65%), 1: 10. 
The etching velocity is 2 - 3 ,um/min at each side of the wafer. 

The etching treatment is always either immediately followed by a cleaning treat
ment or ended by adding HCI (l : 10 : 2) to the bath. This is done to prevent 
"back-plating" of noble metals. 

Both the cleaning and the etching solutions are enriched with about I ppm of 
carriers of the most important impurities, such as Na, K, Ti, Cr, Mn, Fe, Co, 
Ni, Cu, Zn, As, Br, Mo, W, Au. After the cleaning and/or etching treatments the 
wafers are always rinsed with water and sealed in polyethylene bags for· mea
surement. 

Silicon oxide and silicon nitride layers are removed from the wafers by 
hydrofluoric acid (50% HF). Thick nitride layers are more rapidly removed by 
means of boiling phosphoric acid (85% H3P04). In these solutions carriers are 
also applied. 

A rough type of lateral localization can be performed by simply dividing the 
wafers into pieces, e.g. quarters or even smaller parts. 
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12. EXAMPLES OF ANALYSIS RESULTS 

A broad selection of analysis results is presented to demonstrate the possibilities of neutron 
activation analysis in the field of silicon integrated circuit technology. Main emphasis lies on 
both bulk and surface analysis of silicon wafers. In addition, trace analysis results of pure 

chemicals and other auxiliary materials (e.g. quartz glass, silicon carbide and graphite) are 

also given. 

12.1. General 

Nowadays the substrate silicon wafers for fabrication of integrated circuits are 
very pure (for neutron activation analysis results see Table 14 in Chapter 10). 
However, during the large number of process steps, contaminations are easily 
picked up by the wafers and their top structures, often adversely affecting the 
properties of the product of a process step. In consequence, there is a high 
probability of a significant decrease in the final device yield 1.2). A stringent 
control of contamination is therefore required throughout the entire manufac
turing process. 

Generally one distinguishes two types of surface contamination, particulate and 
atomic contamination. The former, caused by discrete particles which are ob
served under a microscope and monitored by particle-defect scanners, lies for the 
most part outside the scope of the present study. It is in the field of the atomic 
contaminations, in particular, that neutron activation analysis can be of great 
value. Stainless steel parts, susceptors, heaters, furnace pipes, etc. are sources of 
atomic contamination. It will be evident that the experiments in the search for 
contaminations include the analysis of contaminated silicon wafers as well as of 
the contaminating materials. 

Concentrations of impurities in silicon are considered to be critical even at 
levels in the order of 102 pg/g or 1012 atjcm3• If these impurities were introduced 
from the surface of a wafer, then this would correspond to an original surface 
concentration of about lO pg/cm2 or 1011 atfcm2 or 10-4 monolayer (homogeneous 
distribution assumed). 
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A selection of typical examples of neutron activation analyses for integrated 
circuit manufacture is presented in this chapter. In a way, the flow scheme of the 
process can be a convenient guide to demonstrate where chemical analysis, and 
neutron activation analysis in particular, is helpful. 

Since the flow scheme of a real process is too complicated and too long for this 
purpose, we present a scheme of an imaginary generalized CMOS-like *)process, 
proposed by Theunissen 3), see Appendix 1. We called it QUASICMOS; it covers 
a variety of fabrication processes. 

When we consider the QUASICMOS scheme in Appendix !, it stands to reason 
that neutron activation analysis may play an important role during the manufac
turing process itself as well as in the development of the equipment. 

Operations which are prone to impurity introduction - and which must be 
carefully checked - are polishing, lithography, ion implantation, oxidation, oxide 
or nitride deposition, epitaxial growth, annealing, cleaning and etching. But the 
purity of process gases 4), dopant materials 5), sputter targets, photoresists, etching 
and cleaning chemicals, as well as of auxiliary materials 6•

7
), is also of great 

importance. Of the listed items, photoresists can be regarded as the "dirtiest" 
substances among the materials under consideration. 

The analytical problems which we have considered can be divided into three 
categories of analysis: 

• bulk analysis of silicon wafers for inherent trace elements, including reclaimed 
wafers ("input" analysis) and wafers for extrinsic gettering studies, 

• analysis of wafer surfaces for contaminations caused by operations in research 
and development of the equipment or during process steps in fabrication, and 

• bulk analysis of chemicals (solutions for etching or cleaning, spin-on glasses, 
photoresists, etc.), auxiliary materials (graphite susceptors, quartz glass for 
containers, furnace tubes, etc.), and plastics for encapsulation in connection 
with soft errors 8- 11). 

In the results presented in this chapter we restrict ourselves for the most part to the 
elements relevant to the problem in hand. This is done in order to improve the 
readability of the tables. It should be emphasized, however, that an overall analysis 
is always carried out. In other words, either the contents, with their precision, or the 
detection limits, are always reported for all determinable elements, as demonstrated 
in Fig. 26 in Chapter 10. The reader can get an impression of the - total accuracy 
by combining the precision and the systematic error for each element from these 
tables. 

*) CMOS complementary metal oxide semiconductor; "complementary" means having n-chan-
nels as well as p-channels. 
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Table 17. Silieon wafer, diameter: 15 cm, weight: 24 g 
Irradiation time: 94 hours, thermal neutron flux: 4.4 x 1013 cm-2s-1 

-+ Unit: ppt, pg/g (1:1012) ..._ 

a. Rinsed with water, waiting time: 3 days, measuring time: 17 hours 

Na * 650 Se < 15 Te < 20 Tm < 4 
K < 300 Br 73 Cs < 2 Yb < 0.4 
Ca < 15000 Rb < 30 Ba < 200 Lu < 0.2 
Se < 0.1 Sr < 50000 La < 0.15 Hf < 1.5 
Ti < 3000 Zr < 700 Ce < 7 Ta < 1.5 
Cr < 15 Mo < 7 Pr < 10 w < 0.9 
Fe < 700 Ru < 7 Nd < 40 Re < 0.15 
Co < 15 Pd < 300 Sm < 0.03 Os < 1.5 
Ni < 400 Ag < 10 Eu < 0.3 Ir < 0.03 
Cu 51 Cd < 15 Gd < 40 Pt < 30 
Zn < 400 In < 30 Tb < 0.8 Au 0.046 
Ga < 4 Sn < 1500 Ho < 4 Hg < 5 
Ge < 2000 Sb. < 2 Er < 500 Th < 1.5 
As 1400 u < 1.5 
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b. Etched, 3 min HF-HN03 l :10, waiting time: 5 days, measuring time: 65 hours 

Na * 620 Se < 3 Te < 3 Tm < 1.5 
K < 2000 Br < 0.3 Cs < 0.7 Yb < 0.06 
Ca < 2000 Rb < 4 Ba < 30 Lu < 0.06 
Se < 0.015 Sr < 1500 La < 0.05 Hf < 0.15 
Ti < 600 Zr < 70 Ce < 1.5 Ta < 0.2 
Cr < 1.5 Mo < 3 Pr < 15 w < 0.7 
Fe < 90 Ru < 0.7 Nd < 5 Re < 0.04 
Co 0.70 Pd < 40 Sm < 0.02 Os < 0.3 
Ni < 40 Ag < 1.5 Eu < 0.06 Ir < 0.003 
Cu < 600 Cd < 4 Gd < 8 Pt < 3 
Zn < 6 In < 5 Tb < 0.09 Au < 0.003 
Ga < 9 Sn < 150 Ho < 3 Hg < 0.6 
Ge. < 900 Sb 0.70 Er Th < 0.15 
As 3.6 u < 0.4 

* including 28Si(n,ap)l4Na, apparent Na content is about 600 ppt (pg/g) 
bold determined 
< not detected, limit of detection 
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* 
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ment 
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Na 
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Ca 
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Ti 

Cr 
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Fe 
Co 
Ni 
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Zn 
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As 

Se 
Br 
Rb 
Sr 
Zr 

Mo 
Ru 
Pd 
Ag 
Cd 

Table 18. Impurity contents of three silicon wafers 
Diameter: 12.5 cm, surface (both sides): 245 cm2, weight: 15 g 

p-type, B-doped, (Ill), 3 - 5 Qcm 
Irradiation time: 72 hours, thermal neutron flux: 3.9 x 10 13 cm-2s··l 

-> Unit: ppt, pg/g (1:1012) ........ 

rinsed cleaned both sides 
with with boiling etched for 2 minutes 
water HC1-HN03 HF-HN03-HCI 

3 : 1 I : 10 : 2 
* 2 days /16 hours * 3 days I 16 hours * 4 days I 65 hours 

840- 720- 890 740-720-690 690-660 650 

~ 200 ~ 100 < 100 
200 <80 250 < 200 < 500 

< 10000 < 4000 < 3000 
< 0.2 < 0.1 < 0.03 
< 2000 < 1000 < 700 

< 20 < 7 < 3 
< 6000 -
< 1500 1300- < 800- < 800 < 200 

<20-13-7.8 4.1-11-9.5 1.4 3.1 8.1 
< 600 < 300 < 80 

200- 300- 390 170-300-360 < 300 
390-180-170 160-180-180 < 10 

< 1.5 < 2 < 4 
< 1500 < 1000 < 800 
14-8.9-8.6 9.8-8.0-7.3 8.3-7.4-6.6 

< 20 < 9 < 4 
11-7.5-11 5.2- 6.4- 4.3 < 0.3 
< 60 < 30 < 8 
< 15000 < 10000 < 5000 
< 1000 < 600 < 150 

< 10 < 4 < 3 
< 9 < 5 < 1.5 
< 300 < 150 < 50 
< 20 < 10 < 4 
< 10 < 6 < 4 

waiting time I measuring time 

# 
bold 

including 28Si(n,cxp)24Na, apparent Na content is about 600 ppt (pg/g) 
determined 

< not detected, limit of detection 



Part IV Chapter 12 171 

Table 18 (continued). Impurity contents of three silicon wafers 

ele- rinsed 
ment with 

water 

* 2 days I !6 hours 

In < 50 
Sn < 1500 
Sb 220-43-53 
Te < 30 
Cs < 4 

Ba < 300 
La 0.26- < .2- < .2 
Ce < 15 
Pr < 7 
Nd < 50 

Sm 0.71-0.78-0.63 
Eu < 0.1 
Gd < 30 
Tb < I 
Ho < 3 

Er < 40 
Tm < 50 
Yb < 0.4 
Lu < 0.2 
Hf < 1.5 

Ta < 3 
w 8.2- 0.47- 0.92 
Re < 0.2 
Os < 3 
Ir < 0.03 

Pt < 10 
Au .021-.017-.018 
Hg < 6 
Th < 1.5 
u < I 

* 
bold 

waiting time I measuring time 
determined 

< not detected, limit of detection 

cleaned both sides 
with boiling etched for 2 minutes 
HC1-HN01 HF-HN01-HC1 

3 : I 1 : 10: 2 
* 3 days I 16 hours * 4 days I 65 hours 

< 20 < 7 
< 800 < 300 
33-7.3-7.7 0.80- 0. 73 - 0.64 
< 15 < 4 
< 2 < 0.5 

< 150 < 40 
< 0.1 < 0.06 
< 4 < 2 
< 7 < 8 
< 30 < 8 

.076-0.15-.076 < 0.015 
< 0.3 < 0.08 
< 20 < 30 
< 0.5 < 0.15 
< 3 < 3 

< !50 -

< 15 < 5 
< 0.2 < 0.08 
< 0.09 < 0.04 
< 0.8 < 0.2 

< 1.5 < 0.5 
< 0.5 < 0.5 
< 0.08 < 0.05 
< 0.9 < 0.4 
< 0.015 < 0.005 

< 4 < 2 
.012-.010- < .006 < 0.003 

< 3 < 0.8 
< 0.6 < 0.2 
< 0.6 < 0.4 
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12.2. Bulk analysis of silicon wafers 

In virgin wafers of very high purity the limits of detection are good; for about 
40 out of the 55 elements mentioned in the tables they are below 10 pg/g 

1011 atjcm3) and for about 20 elements even below 1 pg/g (~ 1010 at/cm3). In 
the practical execution of bulk analyses, surface contaminations also occur and 
have to be removed by cleaning or etching procedures. In terms of surface con
centrations, the just-mentioned detection limits are below 1010 at/cm2 for about 
40 elements and below 109 atjcm2 for about 20 elements. 

Pure wafers 

The results for a very pure wafer with a diameter of 15 cm are given m 
Table 17. Part a of the table shows the results when the wafer is only rinsed with 
water after irradiation; apparently a rather large contamination of As is present. 
After etching it has been removed almost entirely (Table 17b), thus it is found to 
be a surface-layer contamination of 7.5 x 1011 at/cm2• In addition, smaller surface 
contaminations of bromine and gold (4 x 1010 and 107 atfcm2, respectively). were 
determined. It will be evident that in the upper table (a) the detection limits are 
worse than in the lower table due to the presence of 76As, and -to a lesser degree 
- also to the shorter measuring time. It is only for the elements with short-lived 
radionuclides that the limits of detection are better in the as-rinsed results. 

Another series of bulk analysis results on two sets of silicon wafers (p-type, 
B-doped) with diameters of 12.5 and 15 cm is worth mentioning, because the bulk 
was very pure, but here, too, there were surface contaminations. In the series 
under consideration "stainless steel components" were found on the surface of the 
wafers: 1 to 103 pgjcm2 (or 1010 1013 atfcm2) Cr, Fe, Co, Ni, Mo and W. The 
presence of these metals on the surface could be established by etching after 
irradiation, as was already discussed in Chapter 11.6. Such high surface concen
trations are anomalous, for which the most plausible explanation may be injudi
cious handling, which is difficult to trace retrospectively. Experimental details and 
the complete tables with analysis results are given elsewhere 12). 

Extrinsic gettering 

Extrinsic gettering is a process by which contaminations in a silicon wafer are 
attracted to intentionally induced damage sites or dissolved in regions highly 
doped with phosphorus and thus kept away from sensitive areas. The damage 
may be caused e.g. by mechanical abrasion, ion implantation, or laser heating. 
A few years ago we used neutron activation analysis in studying the process of 
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copper gettering m a silicon wafer in which differently doped and imperfect 
regions were present. For that purpose the wafers were implanted from the rear 
(depth I 11m) with "3Cu (10 14 at jcm2). The results showed a proclivity of the Cu 
atoms to concentration in the n•(p+) and the n+ regions. The effectivity of the 
gettering process was found to be increased by thermal growth of the defects 
present in boron-implanted layers. The study is extensively described in a separate 
paper by Theunissen et al. 13). 

Reproducibility of wafers 

In Table 18 we give an example of the analysis results on three wafers taken at 
random from a commercial lot. As is shown in the as-etched results (last column), 
of these wafers, too, the bulk is very pure; we only could determine some Co, 
As and Sb (due to the use of different detectors with different efficiencies it 
sometimes happens that a detection limit is higher in one wafer than a content 
determined in another, for example see Co in Table 18). 

Further Na, K, Cu and Zn surface contaminations were determined as being 
about 2 x 1011 atjcm2• The surface contaminations Br, Sb, Sm, W and Au are 
smaller, e.g. Au as less than 107 atjcm2• 

It is always difficult to conclude from analyses of unique samples whether it is 
the method that is not reproducible, or that the samples vary from one to another 
in a lot. The reproducibility is treated in Chapter I 0.2, where we stated that the 
precision of the method is about 5% (Is), except for the element concentrations 
which are very close to the limit of detection and where the Poisson statistics 
provide the main contribution to the total precision, or rather imprecision. Hence 

significant differences in results would indicate differences between wafers. How
ever, in many lots, and also in this case, the impurity contents of different wafers 
are practically the same. 

12.3. Analysis of wafer surfaces 

In the following four paragraphs the surface contaminations turned out to be 
situated on one side of the wafers. Thus all surface concentrations were calculated 
by dividing the amount of element found by the area of one wafer side. 

Contamination by a molecular beam epitaxy system 

Silicon molecular beam epitaxy (MBE) has become a very well-established tech
nique for depositing epitaxial silicon, silicon-germanium, silicides and insulator 
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layers at very low temperatures. Van Gorkum et al. 14) described the method 

extensively and neutron activation analysis was used to detect possible metallic 

contaminations in the processed wafers. The experiments were carried out during 

the first 2 12 years of operation of the apparatus, see Fig. 32. At the start, very 

high levels of Cr ( 150 ng/cm2) and Ta ( 130 ngjcm2) were found on the rear surface 

of the wafers. Both the amount and the location were confirmed by Rutherford 

backscattering spectrometry. It is worth noting that these amounts correspond to 

about one monolayer. The source of chromium was assumed to be hot stainless 

steel. Tantalum cannot have been caused by direct evaporation from the heater, 

as the quartz glass diffusor is present in between. It must have originated from 

other hot parts, such as the heat shields of the heater situated at the rear of the 

sample, or even the collimator of the electron gun. The levels of these contam

inations dropped considerably during those 2 12 years of operation (Fig. 32). A 

much smaller Au contamination dropped from about 120 to 2 pg/cm2 The 

decrease in contamination level may be caused by the possibility that many hot 

parts in the apparatus have been gradually covered by deposited silicon. A con

tamination with Mo, however, not shown in the figure, remained constant; the 

surface concentration was about 100- 500 pgjcm2 (:::: 1012 at jcm2). 

surface 
concentration 
at/cm2 

* = limit of detection D Au 
--- -----··· ·· ---- ----····- ---- -------- ---- ------- ------------------· • er 

•ra 
····-------··· · · · ·- -- ----····--------------- -· ------ -·-- ---------- - -- ---··- -- -- --- --- --- j 

-----------·------------------------------------------------ -- ---- -- ----- - - -- -- -- - ·- --- i 

109 ~--,------.------,------.------,------,------,-__/ 

Jan '88 Jan '89 Jun '89 Dec '89 Mar '90 Apr '90 May '90 

Fig. 32. Surface concentrations of impurities on wafers, treated in an MBE system 
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Table 19a. A typical standard polishing procedure 

• attaching wafers to quartz glass support by means of paraffin 

• grinding to 30 J.!m more than the desired thickness, 
silicon carbide (grain size 6 J.!m) in water on perlitic cast iron 

• removing redundant paraffin from the edges 

• tribochemical polishing, 30 J.!m, 
Syton (Monsanto): NaOH + 30% colloidal silica, 125 J.!m 

• removing wafers from support by means of chloro-ethene 

Table 19b. A typical standard cleaning procedure 

• 20 min H202 (30%) NH40H (25%), 1: 2, 4YC 

• 20 min rinsing in SQ water(= Hsuper quality", see Table 23) 

• 20 sec HP (1 %) dip 

• 20 min rinsing in SQ water 

• 20 min H202 (30%) NH40H (25%), 1 : 2, 45°C 

• 20 min rinsing in SQ water 

• 20 sec soft polishing procedure 

• 10 min rinsing in SQ water 

• 20 min HN03 (65%), 90°C 

• 30 min rinsing in SQ water 

• spin-drying 

Contamination by a polishing procedure 

Polishing may introduce large amounts of impurities on the surface of the wafers. 

Naturally, a cleaning procedure is always applied after polishing. Tables l9a and 

19b are examples of routine polishing and cleaning procedures, respectively. By 

means of neutron activation analysis followed by cleaning and etching treatments 

after irradiation (Chapter 11.6) we investigated the contaminating effect of these 

procedures. From the analysis results in Table 20 it can be concluded that 

• the polishing procedure given in Table 19a does indeed introduce a surface 

contamination, viz. Na and Fe (::::: 10 ngjcm2), K, Cu, and Zn (::::: l ngfcm2), Br 

(:::::: 100 pgjcm2), Cr (::::: 30 pgfcm2), and further Mo, Sb, La, Ce, W and Au 

( < 10 pgfcm2), and that 
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Table 20. Contamination by a polishing procedure 
Wafer diameter: 10 cm, weight: ::::: 9 g, in duplicate 

Irradiation time: 72 hours, thermal neutron flux: 3.2 x 1013 cm-2s-- 1 

-+ Unit: pg/cm2 +-

sample rinsed cleaned both sides 
with with etched for 
water boiling 2 minutes 

HCI-HN03 HF-HN03 
3 : 1 I : 10 

* 3 days /16 hrs * 4 days I 16 hrs * 5 days I 64 hrs 

blank 97-77 88-74 
polished 16000-6400 8300-4300 
polished+ cleaned 87-72 77-70 

blank <80 < 200 
polished 1100- <400 <900 
polished+ cleaned <60 <300 

blank <4 <2 
polished 34-20 5.2-9.1 
polished +cleaned 2.1- < 1 <1 

blank <400 <200 
polished 8900-4400 1100-2300 
polished+ cleaned < 150-180 <lOO 

blank 80-56 75-50 
polished 2800-1200 1900-1000 
polished+ cleaned 14-33 <80 32 

blank <20 <10 
polished 1400-700 950-740 
polished+ cleaned 22-46 13-53 

waiting time I measuring time 
including 28Si(n,ctp)24Na, apparent Na amount is about 70 pg/cm2 

first wafer not analysed 
determined 

***-72 
*** -65 
*** -66 

<600 
<700 
<500 

<0.7 
<0.7 
<0.5 

< 150 
<80 
<50 

<80 
<70 
<60 

<5 
<5 
<4 

< not detected, limit of detection 
polished: procedure see Table 19a 

cleaned: procedure see Table 19b 
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Table 20 (continued). Contamination by a polishing procedure 
~ Unit: pg/cm2 ~ 

ele- sample rinsed cleaned both sides 
ment with with etched for 

water boiling 2 minutes 
HCI-HN03 HF-HN03 

3 : 1 I : 10 

* 3 days I 16 hrs * 4 days I 16 hrs 

Br blank 12-92 11-91 ***-0.25 
polished 370-50 150-49 <0.15 
polished+ cleaned 1.4-2.4 1.3-2.3 <0.1 

Mo blank < 1 < 1 <0.7 
polished 6.7-7.0 <3 <0.7 
polished+ cleaned <0.8 < 1 <0.5 

Sb blank 0.37-0.36 0.24-0.17 ***-0.19 
polished 4.4-3.3 1.4-1.8 ***-0.070 
polished+ cleaned 0.62-0.60 0.28-0.41 ***-0.097 

La blank <0.04 <0.05 <0.02 
polished 5.5-3.2 3.6-2.6 <0.03 
polished+ cleaned <0.02 <0.03 <0.02 

Ce blank < 1.5 <1 <0.5 
polished <20-7.0 4.6-3.3 <0.4 
polished+ cleaned <0.9 <0.7 <0.3 

w blank 5.2-0.86 1.0 <0.5 <0.2 
polished 2.8 3.5 <I <0.3 
polished+ cleaned < 0.15-1.8 <0.3 0.75 <0.2 

Au blank 0.1)14-0.012 0.0086- 0.010 <0.0009 
polished 1.4 0.31 0.071 - 0.077 <0.001 
polished+ cleaned 0.025 - 0.024 0.017 0.019 <0.0008 

* waiting time I measuring time 

*** first wafer not analysed 
bold determined 
< not detected, limit of detection 
polished: procedure see Table I9a 
cleaned: procedure see Table 19b 

177 
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Table 21. Contamination by implanters (10 cycles) 
Wafer diameter: 10 cm, weight: 9.5 g, in duplicate 

Irradiation time: 72 hours, thermal neutron flux: 3.6 x 1013 cm-2s-1 

-+ Unit: pg/cm2 ...... 

treatment rinsed cleaned both sides 
with with etched for 
water boiling 2 minutes 

HC1-HN03 HF-HNO) 
3 : 1 1 : 10 

* 2 days /16~s I 15 hrs * 4 days I 64 hrs 

blank 5.7-17 < 1.5 <0.6 
implanter 1 72-49 8.9-7.6 2.0- <0.9 
implanter 2 84-94 7.1 7.3 <1 1.3 

blank < 150 <lOO <60 
implanter l 320-200 < 100 <80 
implanter 2 330 390 < 150 < 100 

blank < 80 <60 <20 
implanter l 61-80 66-60 < 30 
implanter 2 67 < 150 49 <70 <40 

blank 2.4-2.3 2.1-1.8 1.6 1.6 
implanter I 9.2-7.6 3.8-2.8 1.5-1.5 
implanter 2 20-21 5.3-5.7 1.6-1.6 

blank 20-34 <0.2 < 0.15 
implanter l 88-240 1.5-3.2 < 0.1 
implanter 2 46-230 1.2-1.2 <0.2 

* waiting time j measming time 
bold determined < not detected, limit of detection 

• the cleaning procedure (Table l9b) is satisfactory, although a few per cent of 

the Zn contamination remains in the surface layer. 

Contamination by implantation machine.s 

A few years ago we examined contamination from handling during an implanta

tion process 15
). The impurities - of the order of 1 ng/cm2 - were caused by the 

gliding of the wafers over stainless steel plates. Indeed, for the greater part the 

contaminations were prevented by using Ah03-coated aluminium instead of 

stainless steel. The results of another experiment with two implanters are pre

sented in Table 21. In order to enhance the effect to be measured, we gave the 
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wafers I 0 handling cycles in the implanters, but without actual implantation. It can 

be seen that stainless steel surface contaminations in the order of I 0 pgjcm2 per 

cycle were introduced by the transport system, and also that the second implanter 

causes a larger arsenic contamination than the first one. However, all impurities 

can be removed by a proper cleaning or etching method. 

Contamillation by sputter etch machines 

Sputter etch machines are used to remove the natural oxide entirely from the 

wafers before the metallizing process is applied. In this method the wafers are 

bombarded with argon. 

Fig. 33 gives the main results of wafers which had been treated in a sputter etch 

machine for 5 or 15 minutes, respectively. The detected impurities were mainly 

Mo and Ti, the amounts being considerably increased with the sputter time. 

Furthermore, by means of measurements after separately etching the front and 

the rear sides, and also by means of autoradiography, it could be concluded that 

molybdenum was situated homogeneously on the front side. Titanium, however, 

was found at the rear of the samples, thus it came from the substrate holder. 

- Mo (front side) 
CJ Ti (rear side) 

5 min 

15 min 

1013~--------------------------------------------------__J 
wafer group 1 wafer group 2 

Fig. 33. Surface contaminations of wafers by a sputter etch opera tion 
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Table 22. Contaminations by power-MOS furnaces 
Wafer diameter: 10 cm, weight: 9.5 g, B-doped, p-type 

Irradiation time: 72 hours, thermal neutron flux: 3.3 x 1013 cm-2s- 1 

-> Unit: ng/wafer ._ 

fur- process layer Na 
nace nm 

1 Gate oxide 79 3 
2 Field oxide 845 4 
9 Gate oxide 80 ~1 

10 Implant screen oxide 55 < 1 
11 Platinum anneal none < I 
12 Polydox furnace n.d. ~t 

13 TCA gate oxide 75 < I 
14 Field oxide 845 ~ 1 

15 POCh phosphorus dope 90 13 
16 LPCVD silicon nitride n.d. < 1 

TCA 1,1,1-trichloroethane, I% HCI equivalent 
LPCVD low pressure chemical vapour deposition 

Contamination by power-M OS furnaces 

Ni 

8 
7 

< 5 
< 5 
< 5 
< 5 
< 5 

24 
< 5 
< 5 

Cu Ag Ba 

< 3 12 < 3 
< 3 ~1 < 3 
< 5 3 < 3 
< 3 ~2 < 3 
< 3 < I < 3 
< 3 < I 13 

94 ~1 < 3 
120 < 1 < 3 
160 < 1 < 3 
< 3 ~1 < 3 

n.d . no deposition 
bold determined 
< limit of detection 

The purpose of these analyses was to determine the contamination caused by each 

of ten furnaces of a power-MOS (metal oxide semiconductor) production line. In 

each furnace wafers were processed, two of which were subsequently offered for 

analysis. The results are summarized in Table 22. Five elements were found to 

be above their limits of detection . It should be emphasized that the level of con

tamination is not high: in the table the unit is ng per wafer. The amounts of a few 

ngjwafer are rounded off to whole numbers in view of the qualitative nature of 

the experiments. 

Other examples of contaminations 

Routine cleaning procedures are widely used in device manufacturing processes. 

Such cleaning procedures should be checked, since there is always the possibility 

that, although most surface impurities originally present are in fact removed by 

the procedure, the wafers are freshly contaminated by other impurities. 
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Table 23. Neutron activation analysis of "super-quality" (SQ) water 
Sample: 50 m! 

Irradiation time: 6 hours, thermal neutron flux: 4.0 x 1011 cm-ls-1 

Waiting and measuring times: 
0.8 days/4.5 hours - 1.9 days/2.7 hours 12 days/16 hours - 16 days/64 hours 

_,. Unit: ngjml ...... 

Na < 0.02 Ge < 4 Sb < 0.015 Tm < 0.4 
Si < 150000 As < 0.01 Te < 3 Yb < 0.04 
Cl Se < 0.7 I < 50000 Lu < 0.02 
Ar 260±15 Br 0.13±0.03 Cs < 0.15 Hf < 0.09 
K < 0.7 Rb < 4 Ba < 30 Ta < 0.15 
Ca < 1500 Sr < 5 La < 0.007 w < 0.015 
Se < 0.009 y < 150 Ce < 0.6 Re < 0.007 
Ti < 900 Zr < 8 Pr < 0.1 Os < 0.15 
Cr < 0.9 Nb < 70000 Nd < 2 Ir < 0.0015 
Mn < 0.05 Mo < 0.3 Sm < 0.001 Pt < 0.9 
Fe < 80 Ru < 0.6 Eu < 0.0004 Au < 0.0006 
Co < 0.15 Pd < 30 Gd < 0.3 Hg < l 
Ni < 300 Ag < 0.5 Tb < 0.05 Tl < 15000 

Cu < 0.015 Cd < 0.6 Dy < 0.3 Pb -
Zn < 1.5 In < 2 Ho < 0.09 Th < 0.08 
Ga < 0.015 Sn < 70 Er < 0.05 u < 0.05 

bold determined ± 2s < not detected, limit of detection 

Investigations into contaminations by two routine cleaning procedures are 

described in a separate paper 12). The first procedure is based on a two-step 

cleaning in a spraying machine of the vertical off-axis type and with ammonia

hydrogenperoxide chemistry, followed by hydrochloric acid-hydrogenperoxide 

chemistry. The second one consists of cleaning in a line with immersion sinks and 

a large spin-drier of the vertical off-axis type; the mixtures of chemicals contain 

- among others - ammonia-hydrogenperoxide, but no hydrochloric acid-hydro

genperoxide. The maximum content of the specified impurities in the chemicals 

used is 0.1 ppm, and point-of-use filtrations are always applied. 

The neutron activation analysis results showed that neither of these investigated 

cleaning methods contaminates: the impurity level of the wafers remained very 

low 12). 
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Table 24. Neutron activation analysis of used cleaning baths 
Sample: 50 ml (a, b: duplicates) 

Irradiation time: 7 hours, thermal neutron flux: 4 x 10 11 cm-2s- 1 

Measured four or five times, waiting times: I 18 days 

....... Unit: ng/ml <-

NH40H-H20rHzO HC:l-HzOz-HzO HF 
I : 1 : 5 1 : 1 : 5 1% 

a b a b a b 

1.5 1.2 1.4 2.0 0.96 0.83 
< l < 0.7 < 10 < 9 0.67 < 1 
< 1.5 0.88 < 2 < 3 < 0.6 < 0.6 
< 0.05 < 0.05 < 0.6 < 0.5 0.52 0.58 
< 150 < 40 < 150 < 150 < 50 < 50 
< 0.3 < 0.08 < 0.3 < 0.3 < 0.1 < 0.1 

0.11 0.13 1.9 1.6 0.77 0.15 
< 4 < 1.5 < 7 < 8 < 1.5 < 1.5 

0.14 0.015 < 0.3 < 0.2 0.42 1.1 

1.4 2.9 530 490 1.2 0.38 
< 0.015 0.021 < 0.2 < 0.2 0.018 < 0.02 

3.2 1.9 2.3 2.7 < 0.07 < 0.07 
0.085 0.13 < 0.3 < 0.3 0.022 < 0.02 

.00074 .0026 < .015 < .008 < .0008 < .0007 

SQ 
water 

Tab. 23 

< 0.02 
< 0.7 
< 0.9 
< 0.05 
< 80 
< 0.15 
< 0.015 
< 1.5 
< 0.01 

0.13 
< 0.015 
< 0.15 
< 0.015 

< .0006 

bold determined < not detected, limit of detection 

Another example concerns a nickel contamination during epitaxial growth by 

chemical vapour deposition (C:VD) on wafers (7 ng/cm2 ~ 7 x 1013 at/cm2). This 

contamination was assumed to originate from the graphite susceptor since it was 

situated on the rear side of the wafers; and indeed, after using a newly cleaned 

susceptor in the same reactor nickel could no longer be detected 15). 

In some cases, too, the oxide layers are subject to serious contaminations by 

sodium and potassium. These elements often orinigate from the photoresists used 

in photolithic processes 15
). 
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12.4. Analysis of chemicals and auxiliary materials 

In Chapter 10.3 (Table 15) we have already mentioned the possibility of analysing 
large liquid samples. Some examples are presented in the next four paragraphs. 

Super-quality water 

Table 23 shows a complete analysis of so-called super-quality (SQ) water. The 
specification demands are very high, usually better than 0. 1 ppb for each element, 
and a resistivity of 18 MOcm. In the SQ water we could only find argon (from 
the air) and some bromine. 

Cleaning baths 

The used cleaning baths investigated contained impurities in the ppb (ng/ml) re
gion, see Table 24. It is striking that the same tantalum content is found in both 
the NH40H-H202"H20 and HCI-H20rH20 baths, probably originating from 
H 20 2• The high bromine concentration may come from the hydrochloric acid; 
probably it also contained some copper. Manganese and arsenic in the HF bath 
are most likely to come from the treated wafers. 

Etching baths 

A quality check on two etching baths is presented in Table 25 (a selection of 15 
elements). It will be clear that the composition of the baths changes during the 

fabrication process according to load as well as time. In HF-HNOJ"H20 the load 
of the wafers causes an enhancement of W especially and also of Cr, Cu, Zn, 
Mo and Au, whereas in the NH4F-HF (buffered oxide etchant) bath only the Cr, 
W and Au concentrations increase. The Br concentration drops in both baths, 
probably due to evaporation. 

Other analysis results for buffered oxide etchants (NH4F-HF) fresh from the 
bottle, pumped to the point of use and used - are shown in Table 26. The high 
sodium concentrations are caused by adding a drop of so-called surfactant (with 
6.6 mg Na per ml!) to the baths. Therefore, this additive was not applied any 
more. Notable are the enhancement of the arsenic and antimony (l 21 Sb) contents 
which, of course, are from doped wafers. Sometimes lanthanum and cerium are 
found in the starting materials; this is also visible in this table. 

Photoresists 

Photoresists are organic solutions for which the same y-ray detection efficiencies 
hold as for aqueous solutions. 
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ele-
ment 

Na 
K 
Cr 
Mn 
Fe 
Cu 
Zn 
As 
Br 
Mo 
Sb 
La 
Ce 
w 
Au 

Examples of analysis results 

Table 25. Neutron activation analysis of etching baths 
Sample: 50 ml 

Irradiation time: 8 hours, thennal neutron flux: 3.8 x 1011 cm-2s-1 

Measured four times, waiting times: 1 9 days 

-+ Unit: ng/ml +--

HF-HNO,-H20 NH4F-HF 
1 : 9 : 10 20: 1 

fresh after etching fresh after etching 
25 wafers 25 wafers 

280 310 16 17 
41 60 34 32 
21 27 0.79 1.5 

< 0.9 1.6 18 15 
< 60 < 70 < 60 < 80 

1.8 8.0 1.0 1.3 
< 4 13 6.0 5.2 

0.25 0.23 7.6 7.4 
21 1.3 11 3.0 

< 0.7 11 < 1.5 < 1.5 
0.058 0.012 0.13 0.21 

< 0.06 < 0.05 0.29 0.28 
< 0.3 < 0.4 5.3 6.0 

0.96 180 0.40 2.2 
0.0025 0.012 < 0.002 0.010 

bold determined < not detected, limit of detection 

Table 27 shows the results of the quality inspection of photoresists over one
and-a-half years, a selection of 16 elements. As stated, in the world of silicon 

technology photoresist is the dirtiest material. From the analysis results it can 
been seen that, at a first sight, most impurity concentrations vary unsystematically 

and to a great extent from sample to sample. Hierarchical cluster analysis ac
cording to Ward's "minimum variance method'' was applied to the normalized 

data of this table 16•17). In the first instance this method splits the samples into two 
clusters, that is suppliers A + C and supplier B. The differences between these two 

clusters are mainly caused by differences in the Na, Br, Mo and W contents. 

Further analysis leads to separation of sample number 4 from the "A + C" cluster 
(higher Cr and Fe contents) and to separation of sample number 14 from the "B" 
cluster (higher Fe and Zn contents). In a furter step, samples 1 to 3 are removed 



Part IV Chapter 12 185 

Table 26. Neutron activation analysis of buffered oxide etchants 
Sample: 50 ml 

Irradiation time: 7 hours. thermal neutron flux: 4 x 10 11 cm-2s- 1 

Measured four times, waiting times: l 10 days 

-+ Unit: ng/ml <-

sample Na K Cr Mn Fe 

E201 #7:1 b 11 13 1.7 12 <40 
E201 7: I p 1600 <30 1.5 12 <50 
E201 7:1 u 1600 < 300 1.9 11 <60 

E220 20:1 b 15 32 <0.5 15 <40 
E220 20:1 p 13 28 <0.8 l3 <70 
E220 20:1 u 17 37 < 0.6 16 <50 

E207 20:1 b 16 31 <0.7 16 <60 
E207 20:1 p 1600 <50 0.63 14 <50 
E207 20:1 u 1400 <50 <0.7 18 <60 

AF95 7:1 b 4.5 < 1.5 2.1 1.7 <50 
AF87 20:1 b 2.0 4.1 2.3 3.3 <50 

sample Zn As Br Sb La 

E201 7:1 b 6.9 9.4 26 0.10 <0.6 
E201 7: I p 8.1 9.0 35 0.13 <0.06 
E201 7:1 u 6.6 130 27 *110 < 0.15 

E220 20:1 b 6.5 7.1 15 <0.3 0.27 
E220 20:1 p 7.6 6.3 25 0.23 0.23 
E220 20:1 u 7.0 8.5 16 0.19 0.28 

E207 20:1 h <4 21 31 0.20 0.40 
E207 20:1 p 5.5 21 32 0.30 0.36 
E207 20:1 u 6.4 20 28 0.25 0.35 

AF95 7:1 b 2.4 2.1 1.7 <0.07 0.015 
AF87 20:1 b 3.8 3.5 2.1 0.13 <.009 

b = bottle (fresh) p pumped 15 min 
< not detected, limit of detection # NH4F·HF 

Co 

<0.3 
<0.3 
0.32 

<0.09 
<0.5 

2.1 

0.31 
0.40 

<0.15 

0.14 
<0.1 

Ce 

<0.3 
<0.3 
<0.9 

5.2 
4.5 
5.0 

6.0 
6.4 
6.7 

<0.3 
<0.4 

Ni Cu 

< 150 1.6 
< 150 7.8 
<200 7.0 

< 150 1.4 
<300 3.4 
< 150 6.3 

<200 0.90 
<200 28 
<200 17 

< 150 1.1 
< 150 0.69 

w Au 

<0.07 <.0015 
<0.3 <.0015 

1.2 0.0089 

0.051 <.0015 
<0.07 <.003 

0.11 <.002 

<0.08 <.002 
0.28 0.0015 
0.48 0.0028 

0.082 0.0013 
0.038 <.0015 

u = used 2 weeks 

* 121Sb/123Sb ::::: 60 
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Table 27. Neutron activation analysis of photoresist 
Sample: 50 ml 

Irradiation time: 7 hours, thermal neutron flux: 4 x 1011 cm-2s- 1 

Measured four times, waiting times: 1 16 days 

--+ Unit: ng/ml <--

nr supplier date Na K Cr Mn Fe Co Ni Cu 

1 A May '89 470 <20 23 <0.5 300 1.2 <40 45 
2 A May '89 490 <15 20 0.46 170 LO <40 35 
3 A Dec '89 270 < 150 29 0.40 190 1.5 <200 54 
4 A Dec '89 270 <60 330 2.1 1900 1.2 <200 16 
5 A Jan '90 * 260 14 130 2.4 1100 1.1 < 300 16 

6 A Jan '90 270 11 170 2.0 260 1.1 <400 I 1 
7 A Feb '90 260 < 15 23 < 0.7 < 100 0.040 <400 5.5 

8 A Feb '90 250 82 71 <0.6 <70 <0.5 < 300 13 

9 B Mar '90 87 <50 12 0.34 <50 < 0.15 < 150 n 
10 B Mar '90 80 <30 12 11 390 1.2 < 150 4.5 

11 B Mar '90 130 <50 17 0.52 63 0.36 <200 8.0 

12 A Mar '90 270 12 110 1.2 310 1.4 <200 12 

13 A Mar '90 350 <10 25 1.8 240 0.92 <200 31 
14 B Mar '90 68 <10 130 14 600 7.1 <200 11 

15 B Apr '90 120 5.4 51 0.28 110 1.8 < 150 4.4 

16 A Apr '90 210 <30 24 1.5 410 0.85 <200 31 

17 B May '90 71 3.5 130 7.1 430 1.4 <200 5.1 
18 B May '90 250 4.8 47 1.1 lOO 0.24 <200 5.0 
19 B May '90 69 <30 57 0.52 74 0.13 < 150 3.1 

20 A June'90 200 < 15 llO 1.1 700 <1 <300 9.5 
21 A June'90 230 < 15 110 1.3 720 <I <200 16 

22 B June'90 67 <9 54 0.18 <50 <0.1 < 150 2.1 

23 B July '90 79 < 15 65 0.34 <80 0.30 < 300 2.5 
24 B Aug '90 67 < 15 130 <0.4 130 0.21 < 150 1.4 

25 c Sep '90 440 110 71 5.2 360 1.2 <200 15 

26 B Sep '90 73 6.8 140 0.42 130 < 1.5 <300 2.2 

* see also Fig. 26 < not detected, limit of detection 
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Table 27 (continued). Neutron activation analysis of photoresist 
Sample: 50 ml 

Irradiation time: 7 hours, thermal neutron flux: 4 x 10 11 cm-2s-1 

Measured four times, waiting times: 1 - 16 days 

-+ Unit: ng/ml ....... 

nr supplier date Zn As Br Mo Sb w Au 

1 A May '89 <6 1.2 160 lOO 0.98 1.5 .0054 
") A May '89 6.0 0.60 120 90 0.63 1.2 .0049 ""-

3 A Dec '89 7.9 <0.3 140 90 1.0 1.5 <.005 
4 A Dec '89 24 3.0 140 200 1.1 5.2 <.007 
5 A Jan '90 * 34 12 100 210 1.6 5.0 <.007 
6 A Jan '90 21 1.6 120 240 0.10 5.0 <.008 
7 A Feb '90 18 < 0.15 92 92 0.57 2.7 <.006 
8 A Feb '90 30 13 83 180 1.8 4.5 <.003 
9 B Mar '90 12 <0.06 22 13 2.7 0.17 <.002 

10 B Mar '90 14 <0.05 21 26 2.0 0.37 <.002 
11 B Mar '90 52 <0.06 23 16 3.1 0.17 <.003 
12 A Mar '90 36 7.9 110 140 l.3 3.4 .0034 

13 A Mar '90 47 11 80 170 1.4 3.5 .0028 
14 B Mar '90 380 0.10 16 44 1.4 0.76 <.002 
15 B Apr '90 7.0 0.070 22 25 2.5 0.32 .0036 
16 A Apr '90 61 12 69 160 1.3 3.3 .0083 
17 B May '90 12 <0.08 90 53 0.75 0.74 <.003 
18 B May '90 14 <0.09 22 260 2.3 0.29 <.003 
19 B May '90 11 <0.1 69 45 0.80 0.57 <.004 
20 A June'90 34 9.0 78 170 0.69 3.3 <.003 
21 A June'90 24 8.5 80 180 0.53 3.0 <.002 
22 B June'90 17 <0.05 16 40 0.72 0.57 <.002 
23 B July '90 38 <0.08 31 45 0.90 0.61 <.003 
24 B Aug '90 7.1 0.16 20 40 0.53 0.48 .0011 
25 c Sep '90 16 2.2 38 62 0.40 2.8 <.003 
26 B Sep '90 16 0.031 19 41 0.54 0.52< .0009 
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Hg 

1.5 
1.2 

1.2 

17 

5.7 

6.5 
7.2 
7.1 

<0.3 
<0.3 
<0.3 

6.0 
4.0 

<0.3 
<0.3 

4.0 
< l 
<3 
<I 
<3 

<0.3 
<0.7 
<0.5 
<0.3 
<0.3 
< 0.8 

* see also Fig. 26 < not detected, limit of detection 
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Table 28. Neutron activation analysis of Al-Si(l% )-Cu( 1%) sputter targets 
Two extreme examples from a series 

Se 
Cr 
Fe 
Co 
Ni < 

Zn 
As 
Se < 
Br < 

Rb < 

Sr < 

Se 
Cr 
Fe 
Co 
Ni < 
Zn < 
As < 
Se < 

Br < 

Rb < 

Sr < 

Irradiation time: 24 hours, thermal neutron flux: 1.15 x 1014 cm-2s-l 

Samples ~ 4 g, after irradiation etched in HN03-HF + carriers 
Measured four times, waiting times: 9 - 29 days 

--+ Unit: ppb, ng/g (1:109) +-

Example I 

53 Zr < 2000 Ba < 60 Hf 
110 Mo 15 La < 1.5 Ta < 

740 Ru < 0.9 Ce < 4 w < 

13 Pd < 100 Nd < 15 Re < 
40 Ag 170 Sm < 0.08 Os < 

180 Cd < 70 Eu < 0.04 Ir 
2300 In 7.0 Gd < 2 Pt < 

3 Sn < 150 Tb < 0.1 Au 
15 Sb 74 Ho < 50 Hg < 
5 Te < 8 Yb < 0.15 Th < 

800 Cs < 0.2 Lu < 0.07 u < 

Example 2 

49 Zr < 50 Ba < 40 Hf 
55 Mo < 15 La < 3 Ta 
49 Ru < 0.5 Ce 0.37 w < 
19 Pd < 1500 Nd < 9 Re < 
30 Ag 86 Sm < 0.2 Os < 

150 Cd < 80 Eu < 0.03 Ir 
9 In < 0.8 Gd < 4 Pt < 

0.9 Sn < 400 Tb < 0.1 Au < 

5 Sb 5.0 Ho < 50 Hg < 

4 Te < 5 Yb < 0.3 Th < 

150 Cs < 0.15 Lu < 0.3 u < 

1.2 
0.15 
200 

3 
0.15 

0.0067 
70 
43 

0.4 
0.2 

l 

4.5 
2.5 

2000 
4 

0.3 
0.019 

150 
0.04 

I 

0.06 
5 

bold determined < not detected, limit of detection 
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from the "A + C" group, mainly due to a higher Cu and lower Zn, As and W 
concentrations. 

The practical effect of these analysis results was, that some photoresists have 
not been used because they did not meet the specifications (mainly because of the 
high Na and Fe contents). 

Sputter targets 

Sputter targets consist of aluminium e.g. with 1% Si and 1% Cu, the material 
with which the wafers are metallized. The silicon is added for better adherence 
of the aluminium to the surface and the copper addition causes better conduc
tivity. 

Examples of analysis of two sputter targets which showed quite different results 
are given in Table 28. Notable are the considerable differences for the elements 
Fe, As, In, Sb, Ta and Au. 

The specifications are such that the total impurity content must be below 
1 ppm. It can be seen (Example 1) that this is not always the case. Due to the high 
64Cu and ~4Na activities the latter from 27Al(n,a:)24Na the first measurement 
could only be carried out about ten days after irradiation, as no chemical sepa
rations were applied. As stated, this causes high detection limits or even no 
determination at all for a number of elements. 

Quartz glass 

Quartz glass is an important auxiliary material in silicon integrated circuit tech
nology. Therefore, a set of neutron activation analysis results is presented. We 
selected samples of "unused" and ''used" quartz glass from furnaces taken out of 
the same lot. The results (duplicates) are shown in Table 29. It is found that many 
trace elements can be detected, most of them, however, below the ppm or f.Lg/g 
range. Five elements draw special attention, viz. Mn, Zn, La, Ta and W. After the 
one-and-a-half years of use, the Mn concentration had decreased by a factor of 
3, and the Zn, La and Ta concentrations had decreased by a factor of 2 (bold 
numbers). The W content, however, dropped by a factor of about 25! (bold italic 
numbers). Out-diffusion, aided by more volatile oxides, is the probable cause of 
this phenomenon in the case of tungsten. 

Silicon carbide 

Silicon carbide is used for furnace tubes, "paddles" and "boats", because it shows 
less deformation at high temperatures (1200°C) than quartz glass. Fabrication of 
parts is realized by sintering a technical grade of SiC powder and shaping by 
sawing and grinding, followed by a cleaning treatment in chlorine at 2000°C. The 
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Table 29. Neutron activation analysis of quartz glass, 
unused and used in a field oxidation furnace (gas: H20-02-HCl) 

Irradiation time: 24 hours, thermal neutron flux: 2 x J01 4 cm-2s-t 
Samples :::: 2 g, after irradiation etched in HCI-HNO,-HF +carriers 

Measured four times, waiting times: 3 - 7 - 15 - 28 days 
-> Unit: ppb, ng/g (1:109) +-

element unused used for l Y2 years 
a b a b 

Na 1100 1200 1800 2000 
K 1300 1600 970 1400 
Se 0.16 0.19 0.15 0.16 
Cr 10 11 11 45 
Mn 62* 21* 

Fe 300 400 350 300 
Co 0.023 < 0.04 < 0.05 < 0.06 
Ni 36 86 16 37 
Zn 130 150 77 80 
Ga 1.2 < 1 0.91 * 
As 0.58 0.30 0.61 0.62 
Rb 4.9 7.5 4.1 7.3 
Zr 2200 2700 2700 3000 
Sb 0.76 1.3 0.85 1.0 
Cs 0.50 0.56 0.47 0.59 

La 60 60 31 39 
Ce 130 90 62 lOO 
Pr 12 14 < 7 8.1 
Nd 50 98 62 73 
Sm 35 45 20 30 

Eu 2.0 2.2 1.6 2.0 
Tb 23 27 19 23 
Dy 150* 120* 
Yb 32 31 25 30 
Lu 12 8.2 10 20 

Hf 90 120 110 130 
Ta 2.1 2.3 0.98 1.2 
w 120. 170 3.2 8.8 
Th 100 120 90 53 
u 160 160 100 120 

detection limits of elements not determined 
Se 5 Br 1 Ru 20 Ag 0.3 Cd 7 In 0.05 
Mo 10 Er 30 Re 0.3 Os 15 Ir .002 Au I 

other elements: above I 00 

bold italic and bold: see text 
a, b: duplicates 

* irradiation: 2 hours with 3 x lOll cm-2s-l 
* waiting times: 2 hours I day (no duplicate) 
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element 

Na 
Ca 
Se 
Cr 
Mn 
Fe 
Co 
Ni 
Cu 
Zn 
Ga 
As 
Zr 
Mo 
Ag 
Sn 
Sb 
Cs 
Ba 
La 
Ce 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Yb 
Lu 
Hf 
Ta 
w 
Au 
Th 
u 

Cl 
Cd 
Os 

Table 30. Neutron activation analysis of silicon carbide 
a. Irradiation time: 2 hours, thermal neutron flux: 2.3 x 10 11 cm-2s- 1 

Measured four times, waiting times: 0.1 0.2 I 8 days 
b. Irradiation time: 24 hours, thermal neutron flux: 2.8 x 1013 cm-•s- 1 

Measured three times, waiting times: 6 11 31 days 
Samples ~ 5 g, etched in HCI-HN03 + carriers after irradiation 

-> Unit: ppm, f.lg/g (l: 106) .--

old new 
a bl b2 a bl 

0.056 0.81 
< 150 < 100 43 

0.057 0.048 0.042 0.030 0.026 
8.3 7.1 5.7 1.7 1.9 
8.3 5.8 

690 620 520 140 160 
2.0 2.0 1.5 0.19 0.19 
250 230 170 23 17 
6.3 3.7 

< 15 0.36 0.22 
0.032 0.036 

0.31 0.22 0.23 0.12 0.11 
11 3.1 3.8 13 13 

3.2 3.9 2.4 0.21 0.11 
0.011 0.012 0.011 

5.0 4.8 3.0 < 3 0.42 
0.072 0.062 0.062 0.12 0.12 

< 0.002 < .0015 0.0014 
10 7.2 1.6 

0.40 0.43 0.30 < 0.15 0.16 
0.82 0.49 0.36 0.29 0.23 

< 0.4 < 0.3 0.098 
0.15 0.12 0.050 0.039 O.o38 

0.0028 0.0023 0.0024 0.0034 0.0030 
< 1.5 < 5 0.86 
0.079 0.057 0.0054 0.0079 

0.40 0.051 
0.083 0.071 < 0.009 

0.30 < 0.4 
0.050 0.038 0.034 0.019 0.027 

0.12 0.086 0.054 0.0070 0.013 
0.30 0.31 0.24 0.31 0.31 

0.016 0.022 0.013 < 0.006 0.0015 
0.62 0.85 0.52 0.088 < 0.1 

I 
.00043 .00033 .00027 .00083 0.0022 

0.65 0.67 0.49 < 0.1 0.094 
0.86 1.5 0.90 0.058 0.083 

detection limits of elements not determined 
6 Se .004 Br 0.01 Rb 0.06 Sr 5 Ru 

0.3 In 0.1 Te 0.3 Pr 0.1 Tm 0.01 Re 
0.06 lr J0-5 Pt 1 Hg 

other elements: above 10 

a: low-flux irradiation, bl, b2: high-flux irradiation 
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b2 

27 
0.026 

1.5 

130 
0.18 

17 

< 6 

0.12 
11 

0.089 
0.012 

0.60 
0.13 

0.0021 

l.2 
0.13 
0.20 
0.10 

0.030 
0.0024 

0.90 
0.0075 

< 0.01 

0.025 
0.011 

0.28 
0.0020 
< 0.1 

0.0015 
0.092 
0.090 

0.03 
0.01 

0.2 
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Table 31. Neutron activation analysis of graphite 
a. Irradiation time: 2 hours, thermal neutron flux: 3.0 x 1011 cm-2s-1 

Measured four times, waiting times: 0.05 - 0.1 - 1.5 5 days 
b. Irradiation time: 24 hours, thermal neutron flux: 6.1 x 1013 cm-2s·· 1 

Measured four times, waiting times: 5 - 8 - 16 29 days 
Samples: 20 and 5 g, rinsed in water after irradiation 

..... Unit: ppb, ng/ g ( 1: lQ9) +-

element not cleaned cleaned by supplier 
a b a b 

Na 51 41 25 37 
Cl 4400 200000 
Se < l 0.23 0.98 0.82 
Cr 8.5 0.96 
Mn 0.50 1.4 
Fe 430 2200 
Co 3.9 0.38 
Ni 2800 23 

As 1.3 28 33 
Se < 1.5 5.9 
Br < 0.5 6.6 5.4 
Zr 93 520 
Mo 3600 < 300 
Sn 13 42 
Sb 1.0 l.l 1.2 
Ba 13 63 

La 6.5 4.4 95 97 
Ce 6.7 85 100 
Pr < 4 5.8 
Nd 2.4 26 
Eu 0.036 0.030 0.072 < 0.1 
Tb 0.19 0.86 
Dy 1.4 3.1 
Lu 0.36 1.8 

Hf 19 l3 13 
Ta 3.7 1.5 
w 330 390 2.4 !.I 
Re 16 16 < 0.7 <1.5 
Ir 0.0063 0.0024 
Au 0.40 < 0.03 
Th 25 28 
u < 3 0.68 6.0 7.3 

detection limits of elements not determined 
Cu 10 Zn 30 Ga I Rb 0.8 Sr 40 Ru I 
Ag 0.2 Cd 30 In 0.1 Te 3 Cs 0.03 Sm 0.3 
Gd 30 Ho I Tm I Yb 0.1 Os 2 Pt 30 
Hg '- other elements: above 100 

a: low-flux irradiation, b: high-flux irradiation 
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Table 32. Neutron activation analysis of graphite 
Irradiation time: 48 hours, thermal neutron flux: l.33 x l014 cm-2s-1 

Samples: 0.9 g, no treatment after irradiation 
Measured three times, waiting times: 5 - 12 - 26 days 

..... Unit: ppb, ng/g (1:109
) +-

element untreated 7 hours in Ch at llOO"C 
a b a b 

Se 0.027 0.27 0.020 0.016 
Cr 12 11 5.5 4.3 
Fe 380 300 < 10 < 10 
Co 3.1 2.9 < 0.015 < 0.015 
Ni 520 400 180 140 

Zn 20 20 22 25 
As 22 20 24 19 
Se 1.1 1.0 1.1 1.0 
Br 1.3 1.3 0.65 0.51 
Zr 6.4 < 20 9.8 5.6 

Mo 29 35 34 26 
Ag 2.4 1.6 0.39 0.60 
Sb 54 50 58 45 
Ba 9.6 8.7 10 7.1 
La 0.58 0.65 0.40 0.35 

Ce 1.2 1.2 0.72 0.45 
Nd 1.5 1.5 1.5 1.4 
Eu 0.013 < 0.009 < 0.008 < 0.007 
Tb 0.071 0.033 0.029 0.014 
Hf 0.50 0.37 0.37 0.40 

Ta 0.13 0.13 0.13 0.12 
w 54 61 69 52 
Re 0.60 0.83 0.70 0.50 
Ir 0.0041 0.0041 0.0041 0.0036 
Au 0.20 0.19 0.025 < 0.1 

Hg 0.34 0.24 0.27 0.24 
Th 6.7 4.8 4.7 4.9 
u 0.23 0.25 0.24 0.18 

detection limits of elements not determined 
Na 100 Ga 2 Rb 0.4 Ru 0.1 Cd 3 In 0.8 
Sn 15 Te 1 Cs 0.01 Pr 2 Sm 2 Gd 10 
Ho 0.4 Tm0.08 Yb 0.07 Lu 0.03 Os 0.15 Pt 20 

other elements: above I 00 

a, b: duplicates 
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pores in this material are filled with silicon. The silicon can be converted into SiC 
by a gas-phase carburization process. This silicon carbide is not nearly so pure 
as silicon or even quartz glass, but the impurities diffuse only very slowly out of 
the material. In practice, silicon carbide parts are cleaned via chlorine treatment 
about every week. 

Table 30 shows the analysis results of "old" and "new" silicon carbide samples; 
according to information on the part of the supplier, the new material should be 
much better. Indeed, this is the case for 21 elements; however, the concentrations 
of Na, Sb and Au are higher in the new material. It should be noted that several 
impurity concentrations are in the ppm or J1,g/g range. 

The elements Na, Mn, Cu, Ga, Dy and Er are only determined in the low-flux 
irradiation with short waiting times, since the product radionuclides are rather 
short-lived. On the other hand, low concentrations of elements, determined via 
long-lived radionuclides, are only found with the high-flux irradiation. 

Graphite 

Graphite is used as susceptor and heater material in the epitaxial growth of 
silicon. These susceptors are often coated with silicon or silicon carbide in order 
to diminish out-diffusion of impurities from the graphite. 

The analysis results of two graphite samples are given in Table 31. For both 
samples a low as well as a high-flux irradiation was carried out. The sample in 
the right column had been cleaned by the supplier, and from the increase in the 
Cl concentration it can be concluded that the cleaning had been performed by 
means of a treatment in chlorine. Though it is true that the concentrations of Cr, 
Co, Ni, Mo, Hf, Ta, W, Re, Ir and Au are lower in the cleaned sample, the con
centrations of Cl, Se, Mn, Fe, As, Se, Br, Zr, Sn, Ba, U and rare earths are much 
higher. 

A cleaning treatment carried out by the user on a set of samples from another 
supplier - 7 hours in chlorine at ll oooc - is much more effective: eleven elements 
show a lower concentration, see Table 32. However, the contents of Ni, Sb, W, 
and to a lesser degree, Zn, As and Mo remain rather high. 
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13. CONCLUSION 

The literature on the use of neutron activation analysis and other trace analysis techniques for 

silicon integrated circuit technology is briefly summarized. In conclusion, the prospects of 

neutron activation analysis in this area are presented. 

From the results presented in the previous chapter it will be clear that neutron 
activation analysis potential in research and development in the field of silicon 

integrated circuit technology is great. It can also serve as an important 
supplement to and a check for other chemical analysis methods, which are faster 

and can thus be used more directly in the manufacturing process. The strength 
of neutron activation analysis lies in its low detection limits for many elements, 
the accuracy which is even attainable in the analysis of unique samples, and ·also 
in its multielement and instrumental character. It is also thanks to its contamina

tion-free character that the low detection limits and accuracy are actually reached 

in practice. 
To exploit these features, however, it has been necessary to mould the method 

into a flexible and manageable system with: 

• various irradiation facilities, including at least one for whole wafers all with 
well-known neutron-flux parameters, 

• a y-ray spectrometry equipment with several detectors all calibrated for 
various sample geometries, and 

• a computerized evaluation of the measured spectra - with calculation of 
element concentrations and detection limits. 

Comparison with other techniques 

During the development of the neutron activation analysis system described in the 

present thesis, the developments of other chemical analysis methods have not been 
at a standstill either 1). ln enumerating these techniques in the field of trace and 
u/tratrace analysis of silicon wafers one can distinguish three areas of application, 
to wit, bulk analysis, surface contamination analysis and distribution analysis. 
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In the following brief literature survey over the last decade, the most important 
trends as to the application of neutron activation analysis and other trace and 
ultratrace analysis methods to silicon integrated circuit technology are summed 
up. 

• Bulk analysis. Neutron activation analysis has been used here by a number of 
authors 2··

27
). Techniques, either competing or giving additional information, are 

atomic absorption spectrometry (AAS), inductively coupled plasma optical emis
sion spectrometry (ICP-OES) 28) and spark source, laser source or glow discharge 
mass spectrometry (SSMS, LSMS, GDMS) 29). However, AAS is a typical 
monoelement or, at best, a sequential multielement method, the others suffer from 
less favourable detection limits and insufficient information depth 30•31). A new 
promising technique is inductively coupled plasma mass spectrometry (ICP-MS) 
with which, in spite of the dilution factor of about 103 (because solutions are 
analysed), in principle, limits of detection in the parts per billion (ng/g) range can 
be obtained 32•33). 

The main limiting factor of the "solution methods" such as AAS, ICP-OES and 
ICP-MS as applied to the analysis of solid samples is the blank. As the trace 
concentrations drop, the blank not only determines the detection limits, but. also 
becomes a predominating factor affecting accuracy. Neutron activation analysis 
is not affected by these problems. 

The direct mass spectrometric methods using solid samples provide good limits 
of detection. However, they need matrix-containing standards, and the extremely 
low sample consumption can result in serious errors due to inhomogeneities in the 
case of bulk analysis 34

). 

The advantage of having silicon as a matrix in ICP-OES and ICP-MS analyses 
lies in the fact that silicon can be removed from the solution by volatilization in 
the form of SiF4, allowing for higher initial concentrations resulting in a smaller 
dilution factor. Even more recent is the use of laser ablation for the atomization 
of solids in this technique, LA-ICP-MS. By this method solids can be analysed 
directly, however, up to now without a gain in detection limits 35•36). 

• Surface contamination analysis. The sources and effects of surface contam
ination have recently been excellently reviewed by Burkman et al. 37). Of course, 
due to its very low detection limits and multielement character neutron activation 
analysis is an attractive technique in this field 5•12· 13•27•38- 41 ). Competing detection 
limits (109 at/cm2) for impurities in Si02 films on silicon have been obtained with 
a vapour phase decomposition method (VPD, hydrofl.uoric acid vapour) followed 
by atomic absorption spectrometry 42-44). Moreover, the method gives comple
mentary information because it can be applied to a number of light elements 
which cannot be determined with neutron activation analysis. 
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Another technique for silicon surface contamination analysis is a recent devel

opment in energy-dispersive X-ray fluorescence analysis, viz. total reflection X-ray 

fluorescence spectrometry (TXRF). This technique is reviewed by Prange 45), and 

detection limits of about 1011 at/cm2 have been obtained on silicon surfaces 46.47
). 

Up to now, this method is restricted in practice to elements with atomic number 

Z;;:: 11, just like neutron activation analysis. Localization of the contaminants 

on silicon wafers on a macro-scale is possible, since the analysed area is about 

one square centimetre. A still more recent development of this technique is 

glancing-incidence X-ray fluorescence spectrometry (GIXF), where the angular 

dependence can be used to obtain information on impurity depth in very thin 

semiconductor layers 4HA9). 

• Distribution analysis. The major goal of distribution analysis is to characterize 

the distribution or localization of the dopant elements 5·91 c· 13•5cH6) or impurities 
57 - 61). This concerns the lateral distribution (surface imaging) as well as depth 

concentration profiles. Since the latter are only extended in the micrometre range, 

the name nsurface analysis" is often used. The application of neutron activation 

analysis in this field is limited, the main advantages being its accuracy and con

tamination-free character. The major disadvantages are the tedious selective sur

face-etching procedures 62
), since in principle neutron activation analysis is a bulk 

analysis method, and the impossibility of determining boron 12), not to mention 

the cumbersome ex-track method, which uses the reaction 10B(n,cx)7Li with thermal 

neutrons. 

The most frequently used techniques for distribution analysis are secondary ion 

mass spectrometry (SIMS) 63
), transmission electron microscopy (TEM) 64

), com

bined with wavelength or energy-dispersive X-ray spectrometry (WDS or EDS, 

respectively), and Rutherford backscattering spectrometry (RBS), also called 

high-energy ion scattering (HEIS) 51 - 56•65•66). Extreme surface sensitivity (one 

atomic layer possible) can be achieved with low-energy ion scattering (LEIS) 67). 

Due to its extraordinary low absolute sensitivity (roughly one million atoms), 

particle-induced X-ray analysis (PIXE), using an ion microprobe, reaches limits 

of detection of about 1 ppm with a lateral resolution of I pm for elements with 
z ;;:: 11 68,69). 

Metal impurities can be "gettered" from the bulk (see Chapter 12.2) e.g. by 

diffusion into regions of enhanced metal solubility or by precipitation at delib

erately introduced crystal defects. Neutron activation analysis has also been 

applied to determine the change in the distribution of these impurities 70·71 ). 
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Future 

There is no doubt that neutron activation analysis has nowadays become a 
mature technique. A real improvement in this technique would be a further con
siderable lowering of the detection limits - of course with preservation of the 
multielement character and the accuracy. 

Lower detection limits could be obtained, on the one hand. by means of a 
higher thermal neutron flux for activation and, on the other, with higher y-ray 
efficiencies for detection. 

It should be emphasized, however, that no substantially higher neutron fluxes 
are available than those described in the present thesis: 2 x 1014 cm-2s-1 for 
samples of about one cubic centimetre and 4 x 1013 cm-2s-1 for large silicon 
wafers. 

But an improvement in the detection efficiency can be achieved by using larger 
germanium detectors, combined with the highest possible energy resolution. It 
should be noted that the benefit of a larger active volume is twofold: the 
enhancement of the efficiency is not only caused by more primary photoelectric
effect interactions, but also by the increase in the number of Compton interactions 

immediately followed by photoelectric effect of the secondary y-quantum (larger 
peak-to-total ratio). Bode and Lindstrom 72) describe results obtained when 
analysing real samples, using a very large germanium detector. The volume of this 
detector is even 400 cm3 and still the energy resolution is 1.82 keV at 1333 keV 
( 60Co). This leads to a lowering of the limits of detection by about a factor of 
three, when using the lowest possible background (heavy lead shielding). How
ever, the improvement is only strictly true for pure samples. In all other cases the 
Compton continuum of the most abundant impurities is the cause of a less pro
nounced improvement in practice. 

For some (n,y) reactions the thermal neutron cross-section is not inversely 
proportional to the neutron velocity and this leads to inaccuracy when applying 
the H0gdahl convention - see Chapter 10.2. The accuracy for these reactions can 
be improved by using a modified Westcott formalism 73

•
74

), instead of the H0gdahl 
convention. Last year this was proposed by De Corte et al. 75). However, this 
method is more complicated. The improvement is substantial for only three 
reactions and for a dozen reactions it is only a few per cent. 

A considerable improvement in the flexibility of the system would be the 
availability of germanium detectors with standardized dimensions, so that the 
same efficiency parameters could be used for all detectors of the equipment. 

More convenience for the analyst can be acquired with more sophisticated 
computer systems. 
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Tn conlusion, in the years to come, neutron activation analysis will be an 
indispensable analytical technique as was established here for the case of silicon 
integrated circuit technology, be it applied directly or as a method of reference. 



202 Conclusion 

References 

1. Werner, H.W., and M. Grasserbauer, in M. Grasserbauer, and H.W. Werner, Eds., 

Analysis of Microelectronic Materials and Devices, John Wiley & Sons Limited, 

Chichester, England, 1991, p.xv. 

2. James. W.D., and C.E. Thompson, J. Radioanal. Chem., 72, 79 (1982). 

3. Niese, S., J. Radioanal. Chem., 28. 171 (1975). 

4. Theunissen, M.J.J., and G.S. Gruintjes, Neutron Activation Analysis of Metals in 

Silicon Slices, 1 lth European Solid State Device Research Conf ESSDERC81, 6th Symp. 

on Solid State Device Technol. SSSDT81, Abstract S8.1, Toulouse, 1981, p.257. 

5. Bouldin, D., J. Radioanal. Chem., 72, 35 (1982). 

6. Dyer, F.F., J.F. Emery, K.J. Northcutt, and R.M. Scott, J. Radioanal. Chem., 72, 53 

(1982). 
7. Niese, S., Kernenergie, 25, 476 (1982). 

8. Weber, E.R., Appl. Phys., A30, I (1983). 

9. Haas, E.W., M. Beuerle, and R. Hofmann, J. Radioanal. Nucl. Chem., 82, 7 (1984). 

10. Revel G., in B.R. Pamplin, Ed., Progress in Crystal Growth and Characterization, 

Volume 8, Pergamon Press, Oxford, 1984, p.l67. 

11. Zolotov, Yu. A., and M. Grasserbauer, Pure & Appl. Chem., 57, 1133 (1985). 

12. Grasserbauer, M., G. Stingeder, H.W. Potzl, and E. Guerrero, Fresenius Z. Anal. 

Chem., 323, 421 (1986). 

13. Haas, E.W., and R. Hofmann, Solid-State Electron., 30, 329 (1987). 

14. Hossain, T.Z., Trans. Amer. Nucl. Soc., 55, 225 (1988). 

15. Firsov, V.I., and M.N. Shchulepnikov, Zhurnal Analiticheskoj Khimii, 43, 773 (1988). 
16. Bottger, M.L., S. Niese, D. Birnstein, and W. Helbig, J. Radioanal. Nucl. Chem., 130, 

417 (1989). 

17. Jininek, V., M. Janfl, and D. Tlu~ho~, Jadernd Energie, 35, 193 (1989). 

18. Revel, G., N. Deschamps, C. Dardenne, J.L. Pastol, B. Hania, and H. Nguyen Dinh, 

J. Radioanal. Nucl. Chem., 85, 137 (1984). 

19. Kobayashl, K., Bunseki Kagaku, 35, 731 (1986). 
20. Kiseleva, T.T., B.S. Rabinovich, V.I. Firsov, and M.N. Shchu1epnikov, Zhurnal Anali

ticheskoj Khimii, 42, 256 (1987). 

21. Rouchaud, J.C., L. Debove, M. Fedoroff, J. Amouroux, F. Slootman, and D. Morvan, 

Analusis, 15, 275 (1987). 

22. Takeuchl, T., Y. Nakano, T. Fukuda, I. Hirai, A. Osawa, and N. Toyokura, Annu. Rep. 

Res. Reactor Inst. Kyoto Univ., 21, 69 (1988). 

23. Bohm, G., Spurenanalytik beim HerstellungsprozeB von Silicium-Detektoren mit Hilfe 

der Neutronenaktivierungsanalyse, Thesis, Technical University of Munich, FRG, 1990. 

24. Bohm, G., J.I. Kim, and J. Kemmer, Nucl. Instrum. Meth. Phys. Res., A305, 420 (1991). 

25. Takeuchi, T., Y. Nakano, T. Fukuda, I. Hirai, A. Osawa, and N. Toyokura, 8th Inter· 
national Conference Modern Trends in Activation Analysis MTAA-8, (Sep. 16-20, 1991, 

Vienna, Austria), to be published in J. Radioanal. Nucl. Chem., 1993. 



Chapter 13 203 

26. Huber, A., G. Bohm, and S. Pahlke, 8th International Conference Modern Trends in 
Activation Analysis MTAA-8, (Sep. 16-20, 1991, Vienna, Austria), to be published in 
J. Radioanal. Nucl. Chem., 1993. 

27. Park, K.S., N.B. Kim, H.J. Woo, D.K. Kim, J.K. Kim, and H.W. Choi, J. Radioanal. 
Nucl. Chem., 151, 373 (1991). 

28. Corr, S.P., in M. Grasserbauer, and H.W. Werner, Eds., Analysis of Microelectronic 
Materials and Devices, John WHey & Sons Limited, Chichester, England, 1991, p.61. 

29. Clegg, J.B., in M. Grasserbauer, and H.W. Werner, Eds., Analysis of Microelectronic 
Materials and Devices, John Wiley & Sons Limited, Chichester, England, 1991. p.41. 

30. Knippenberg, W.F., Plzilips Tech. Rev., 34, 298 (1974). 
31. Verlinden, J., R. Gijbels, and F. Adams, J. Anal. At. Spectrom., l, 411 (1986). 
32. Gray, A.L., in A.R. Date, and A.L. Gray, Eds., Applications of Inductively Coupled 

Plasma Mass Spectrometry, Blackie, Glasgow and London, 1989, p.l. 
33. Fardy, J.J., Future of Neutron Activation Analysis - Instrumental and Radiochemical, 

Proc. Fifth Australian Conf. on Nuclear Techniques of Analysis, AINSE, (Lucas Heights, 
1987), Australian Institute of Nuclear Science and Engineering, 1987, p.l4. 

34. Krivan, V., 8th International Conference Modern Trends in Activation Analysis 
MTAA-8, (Sep. 16-20, 1991, Vienna, Austria), to be published in J. Radioanal. Nucl. 

Chem., 1993. 
35. Gray, A.L., Ana~vst, HO, 551 (1985). 
36. Arrowsmith, P., Anal. Chem., 59, 1437 (1987). 
37. Burkman, D.C., C.A. Peterson, L.A. Zazzera, and R.J. Kopp, Microcontamination, 

6(11 ), 57 (1988). 
38. Haas, E.W., H. Glawischnig, G. Lichti, and A. Bleier, J. Electron. Mat., 7, 525 (1978). 
39. Schmidt, P.F., and C.W. Pearce, J. Electrochem. Soc., 128, 630 (1981). 
40. Keenan, J.A., B.E. Gnade, and J.B. White, J. Electrochem. Soc., 132, 2232 (1985). 
41. Riley Jr., J.E., Trans. Amer. Nucl. Soc., 55, 225 (1988). 
42. Shimazaki, A., H. Hiratsuka, Y. Matsushita, and S. Yoshii, Chemical Analysis of 

Ultratrace Impurities in Si02 Films, Extended Abstr. 16th Internal. Conf Solid State 

Devices and Materials, Kobe, 1984, p.28l. 
43. Maeda, A.S., and M. Ogino, Metal contamination on silicon surfaces and nucleation 

of oxidation induced stacking faults, Extended Abstr., Spring Meeting of The Electro

chemical Society, Volume 86-1, Boston, Massachusetts, 1986, p.372. 
44. Rommers, P.J., and J.G.M. Paulissen-Timmermans, Philips Research Laboratories, 

Eindhoven, Netherlands, private communication, 1990. 
45. Prange, A., Spectrochim. Acta, 44B, 437 (1989). 
46. Penka, V., and W. Hub, Spectrochim. Acta, 44B, 483 (1989). 
47. Klockenkamper, R., GIT Fachz. Lab., 33, 441 (1989). 
48. De Boer, D.K.G., Phys. Rev. B, 44, 498 (1991). 
49. De Boer, D.K.G., and W.W. van den Hoogenhof, Advances in X-Ray Analysis, 34, 35 

(1991). 
50. Grasserbauer, M., Yu. A. Zolotov, and G.H. Morrison, Pure & Appl. Chem., 57, 1153 

(1985). 



204 Conclusion 

51. Werner, H.W., and R.P.H. Garten, Rep. Prog. Phys., 47, 221 (1984). 
52. Grasserbauer, M., Fresenius Z. Anal. Chem., 322, 105 (1985). 
53. Grasserbauer, M., Anal. Proceedings, 22, 287 (1985). 
54. Werner, H.W., in R.A. Levy, Ed., Microelectronic Materials and Processes, Kluwer 

Academic Publishers, Dordrecht/Boston/London, 1989, p.845. 
55. Werner, H.W., and A. Torrisi, Fresenius J. Anal. Chem., 337, 594 (1990). 
56. Grasserbauer, M., and G. Stingeder, Fresenius J. Anal. Chem., 337, 701 (1990). 

57. Kotas, P., I. Obrusnik, J. Kvitek, and V. Huatowicz, J. Radioanal. Chem., 30, 475 
(1976). 

58. Rausch, H., J. Radioanal. Chem., 33, 201 (1976). 
59. Rausch, H., J. Radioanal. Chem., 44, 119 (1978). 
60. Niese, S., J. Radioanal. Chem., 58, 195 (1980). 
61. Huang, R.-M., and R.-S. Huang, J. Electrochem. Soc., 133, 2605 (1986). 
62. Gol'dshtein, M.M., Eh.N. Gil'bert, and I.G. Yudelevich, Zhurnal Analiticheskoj 

Khimii, 38, 1056 (1983). 

63. Janssen, K.T.F., and P.R. Boudewijn, in M. Grasserbauer, and H.W. Werner, Eds., 
Analysis of Microelectronic Materials and Devices, John Wiley & Sons Limited, 
Chichester, England, 1991, p.407. 

64. Reader, A.H., in M. Grasserbauer, and H.W. Werner, Eds., Analysis of Microelectronic 

Materials and Devices, John Wiley & Sons Limited, Chichester, England, 1991, p.287. 
65. Chu, W.K., J.W. Mayer, M.-A. Nicolet, Backscattering Spectrometry, Academic Press, 

New York- San Francisco- London, 1978. 
66. B0rgesen, P., in M. Grasserbauer, and H.W. Werner, Eds., Analysis of Microelectronic 

Materials and Devices, John Wiley & Sons Limited, Chichester, England, 1991, p.513. 
67. Brongersma, H.H., and H.J. van Daal, in M. Grasserbauer, and H.W. Werner, Eds., 

Analysis of Microelectronic Materials and Devices, John Wiley & Sons Limited, 
Chichester, England, 1991, p.389. 

68. Bird, J.R., and J.S. Williams, Ion Beams for Materials Analysis, Academic Press 
Australia, Marrickville, 1989. 

69. Vis, R.D., The Proton Microprobe: Applications in the Biomedical Field, CRC Press, 
Inc., Boca Raton, 1985. 

70. Katz, L.E., P.F. Schmidt, and C.W. Pierce, J. Electrochem. Soc., 128,620 (1981). 
71. Schmalz, K., F.-G. Kirscht, S. Niese, H. Richter, M. Kittler, W. Seifert, 

I. Babanskaya, H. Klose, K. Tittelbach-Helmrich, and J. SchOneich, Phys. Stat. Sol. 

(A), 100, 69 (1987). 
72. Bode, P., and R.M. Lindstrom, 8th International Conference Modem Trends in 

Activation Analysis MTAA-8, (Sep. 16-20, 1991, Vienna, Austria), to be published in 
J. Radioanal. Nucl. Chem., 1993. 

73. Westcott, C.H., J. Nucl. Energy, 2, 59 (1955). 
74. Westcott, C.H., Effective cross-section values for well-moderated thermal neutron 

spectra, Atomic Energy of Canada Ltd, Chalk River, Ontario, Canada, Report 

CRRP-960, 1 Nov. 1960, reprinted 1962. 



Chapter 13 205 

75. De Corte, F., A. Simonits, F. Bellemans, M.C. Freitas, S. Jovanovic, B. Smodi~, 

G. Erdtmann, H. Petri, and A. De Wispelaere, 8th International Conference Modern 
Trends in Activation Analysis MTAA-8, (Sep. 16-20, 1991, Vienna, Austria), to be pub
lished in J. Radioanal. Nucl. Chem., 1993. 



206 

I 

2 

3 

4 

5 

6 

Appendices 

Appendix I. Flow scheme of QUASICMOS 

process step 

I 

silicon substrates 

fabrication 
and 

preparation 

I 
cleaning 

I 
oxidation 

I 

lithography 

I 
cleaning 

I 

ion implantation 

I 

items subject to neutron activation analysis 

--> silanes, poly-silicon 
-> single crystals: 

grinding, polishing, edge rounding 
-+ wafers: sawing, grinding, polishing 
....,. identification characters 
-> wet cleaning (see 2) 
-> particle measurement 
--+ packaging of wafers 

...,. wet cleaning: 
purity of chemicals 
metal accumulation in cleaning baths 

--+ furnace materials, tubes (Si02, SiC), 
boats (carbon coated with SiC) 

..... gases 

-> automatic equipment for loading and unloading 
of wafers, spinning of photoresist 

....,. primer, photoresist, developer 
-> automatic aligners (metal parts, vacuum chucks) 
--+ transport equipment 

as 2 

....,. implantation machines: 
automatic equipment for loading, transport, 
positioning and unloading 
metals sputtered from diaphragms onto wafers 
cross-contaminations of wafers 
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Appendix L QUASICMOS (continued) 

process step items subject to neutron activation analysis 

I 
7 oxide removal ->as 2 

and cleaning 

I 
8 annealing ->as 3 

I 
9 epitaxial growth -> silanes 

-+ reactor materials 

I 
10 cleaning _,. as 2 

I 
11 oxidation --+ as 3 

I 
12 -+ purity of chemicals 

SH oxy )-nitride-deposition -> automatic equipment 
-> reactor materials 

I 
13 lithography ->as 4 

I 
14 plasma etching -> automatic equipment 

-> metals sputtered onto wafers 

I 
15 cleaning -+as 2 

I 
16 LOCOS oxidation ...... as 3 (LOCOS = local oxidation of silicon) 

I 
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Appendix 1. QUASICMOS (continued) 

process step items subject to neutron activation analysis 

J 
17 lithography -->as 4 

18 deep ion implantation <> -->as 6 
(n-well, p-well) 

19 cleaning -->as 2 

20 oxidation (gate) <> --> as 3 

21 ion implantation <> ->as 6 and 18 
(thresholds) 

22 lithography -->as 4 

23 etching in --> as 2 
buffered oxide etchant 

24 cleaning ..... as 2 

25 oxidation ..... as 3 

26 poly-silicon deposition ..... as 12 

<> very critical process step as to purity 
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36 

Appendix l. QUASICMOS (continued) 

process step 

I 
dope poly-silicon 

lithography 

plasma etching 
poly-silicon 

cleaning 

lithography 

low-doped drain 

implantation 

cleaning 

lithography 

source/drain implantation 
n-channel 

arsenic drive 

I 

items subject to neutron activation analysis 

-> implantation, as 6, or 

phosphorus glass deposition, as 3 

->as 4 

-> as 14 

.....,. as 2 

-+ as 4 

-+ as 6 

-+ as 2 

->as 4 

->as 6 

-+ as 3 

209 
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Appendices 

Appendix I. QUASICMOS (continued) 

process step 

I 
oxidation 

lithography 

source/drain implantation 
p-channel 

Si02 deposition 
(TEOS) 

getter deposition 
POCI) or 

poly-silicon 

getter annealing 

phosphorus etching 

cleaning 

salicidation 

strap formation 

I 

items subject to neutron activation analysis 

-+as 3 

-+as 4 

-+as 6 

-+ purity of TEOS 
(tetraethoxysilane or tetraethylorthosilicate) 

-+ reactor materials 

-+ purity of chemicals 
-+ furnace materials 

-+ furnace materials 

-+as 2 

-+as 2 

-+ purity of sputter targets 
-+ furnace materials 
-+ automatic equipment 
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Appendix 1. QUASICMOS (continued) 

process step 

I 
-+ about 20 steps <-

formation of contact holes, 
metallization layers 

and via holes; 
planarization, etc. 

I 
deposition of 

passivation layers 

I 
encapsulation 

items subject to neutron activation analysis 

• these processes are less critical 
(low alloy temperature, 420°C) 

-+ purity of sputter targets 
-+ purity of SiOz 
-+ automatic equipment 

-+ as 12 

_,. a-particles count rate of 
plastics, ceramics, metals 

211 
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Appendix 2. Conversion of I pg/g into at/cm3 in silicon 

Na 6.\ X 1010 Ge 1.93 X 1010 Sb 1.15 X 1010 Tm 8.3 X 109 

Si 5.0 X JOIO As 1.87 X 1010 Te 1.10 X }010 Yb 8.1 X 109 

Cl 4.0 X 1010 Se 1.78 X JQIO I 1.11 X 1010 Lu 8.0 X 109 

Ar 3.5 X 1010 Br 1.76 X 1010 Cs l.Q6 X 1010 Hf 7.9 X J09 

K 3.6 X J010 Rb 1.64 X }010 Ba 1.02 X 1010 Ta 7.8 X 109 

Ca 3.5 X 1010 Sr 1.60 X 1010 La 1.01 X 1010 w 7.6 X 109 
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Summary 

Neutron activation analysis is a method for the simultaneous determination of a 

large number of elements at the trace and ultratrace levels. It is also an accurate 

technique, among other things primarily due to the fact that the method is almost 

independent of the matrix and the concentration, and further because it is not 

prone to contamination. The two main operations in neutron activation analysis 

are irradiation or activation with neutrons and measurement of the charac

teristic y-radiation of the radionuclides produced by (n,y) reactions. 

Since the demands on the purity of materials are very high in the research and 

development of semiconductors used in the fabrication of integrated circuits and 

therefore very low concentrations have to be determined, it is obvious that 

neutron activation analysis can provide a useful contribution in this field. 

A very important advantage in the analysis of the starting material silicon is the 

fact that, after irradiation with thermal neutrons, the amount of the produced 

radioactive 31 Si from the matrix is relatively small, and that this radionuclide is 

an almost pure p~-emitter with a rather short half-life. Consequently, after decay 

of the greater part of the radioactive 31 Si the y-spectra of the (n,y) reaction pro

ducts from the trace elements can be directly measured, that is, without radio

chemical separations. 

In general, neutron activation analysis is a method which has a considerable 

turn-around time, involves special facilities, is subject to safety regulations and 

is thus handicapped as a method for device and process development. In spite of 
that, several years ago we set ourselves the task of making neutron activation 

analysis serviceable for silicon integrated circuit· research, development and 

manufacture, with a high priority to the multielement character with the lowest 

possible limits of detection, and to method manageability. In order to make this 

possible, seven items have been considered, to wit, (a) the further development 

of a calibration method, (b) the construction of irradiation facilities for large 

silicon wafers, (c) the mapping of the neutron flux parameters of the irradiation 

facilities, (d) the standardization of the measuring conditions, including the 

determination of the relevant detection efficiencies for y-radiation, (e) the setting 

up of a library of nuclear parameters, (f) the computerized evaluation of the 

concatenated y-spectra and (g) the organization of the entire method in such a 

way that a manageable system is obtained. 

The present thesis details the studies, which led to the present-day state of the 

ar:t in the analysis method, in four parts, after an introduction (Chapter 1). 
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The first part is a treatment of the theory on the quantitative aspects of the 
activation, the y-ray spectrometry (Chapter 2) and the calibration, ending with a 
qualitative description of interfering reactions (Chapter 3). 

The second part deals with the neutron irradiation. A number of different 
irradiation facilities is required if a flexible application of the analysis method is 
to be achieved. One facility has been specially developed for the irradiation of 
large silicon wafers. The required neutron flux parameters of fifteen irradiation 
facilities at four nuclear reactors in Belgium, Germany and the Netherlands have 
been determined. These data are: the ratio epithermal neutron flux/thermal 
neutron flux and the epithermal flux distribution parameter (Chapter 4). 

The thermal neutron flux is not constant, since it varies almost proportionally 
with the reactor power. Consequently, it should be determined during each irra
diation. This flux determination is carried out by means of an (n,y) reaction on 
one element, the so-called flux monitor or comparator. The method is thus called 
the "single-comparator" method. 

This part is concluded with the description of a technique for extending the 
single-comparator method to include (n,p) reactions for those elements for which 
no suitable (n,y) reactions can be used. The required parameters for this extension 
have likewise been measured (Chapter 5). 

The third part covers the y-ray spectrometry system and the evaluation of the 
spectra. First, the standardization of the different measuring geometries is treated 
(Chapter 6). On ·the one hand, there are the different sample shapes - point 
sources, disks (silicon wafers) and cylinders (liquids) and different sample sizes, 
and, on the other, the various sample-to-detector distances. To make an efficient 
use of the measuring system possible, and since the measuring times must be long 
(often more than ten hours) in order to obtain very low detection limits, several 
detectors have to be used simultaneously, allowing parallel measurements to be 
carried out. All detectors have different dimensions, so that each detector has its 
own set of efficiency parameters (almost one hundred). 

The evaluation of the spectra into quantitative analysis results is then described, 
including the computer programs which have been developed for that purpose 
(Chapter 7). In the evaluation method it is important that the identification of the 
radionuclides is based not only on the y-ray energies, but also on the half-life. It 
is often necessary to measure a sample both shortly after and long after the irra
diation, in order to obtain the optimal limits of detection for both the short- and 
long-lived radionuclides. Thus, the samples must be measured several times, 
generally producing four to five y-ray spectra, distributed over a month. Only 
when the impurity level is very low - and this is often the case in silicon wafers 

one measurement is usually sufficient to approach the lowest detection limits. 
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A separate chapter is devoted to correction calculations of less commonly 
occurring primary interfering reactions for which separate computer programs 
have been written (Chapter 8). 

At the end of this part there is a brief explanation as to which nuclear data are 
required for the spectrum evaluation, and how they are acquired and arranged in 
a file (Chapter 9). This so-called library contains data for 127 reactions of 64 
elements. The number of data for each reaction varies from 12 to 51, depending 
on the numbers of y-rays and the possibly interfering radionuclides. 

The fourth part starts with a discussion of the accuracy of the method and the 
attainable detection limits (Chapter 10). Since the limits of detection depend not 
only on the irradiation and measuring conditions, but also on the concentrations 
of the elements present, they have to be calculated for each element in each 
sample individually. The fact is that in ultratrace analysis knowledge of the 
detection limits of the non-detected elements is almost as important as the con
centrations of the elements determined. 

Next, the most important aspects of the practical execution of the neutron 
activation analysis method are briefly described (Chapter 11). Emphasis is put on 
the contamination-free packing of the samples - particularly the silicon wafers 
- in quartz glass containers in which the irradiation is carried out. 

Typical results of everyday practice in the field of research on silicon, the 
development of the equipment and the control of the manufacturing process in 
integrated circuits are then presented (Chapter 12). A generalized and simplified 
flow sheet of such a process elucidates the connection of trace element analysis 
with integrated circuit technology. A selection is made of analyses of basic 
substances (silicon wafers, chemicals) and auxiliary materials. Detailed attention 
is paid to solving contamination problems caused by the equipment and the 
operations during the processing of the silicon wafers. 

In conclusion, a brief survey is given of the most important trace analysis 
results obtained in the field of silicon technology by means of neutron activation 
analysis in the last decades. Competing analysis techniques are involved in this 
discussion (Chapter 13). The thesis ends with some thoughts about the future 
potential of neutron activation analysis with regard to silicon integrated circuit 
technology. 
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Samenvatting 

Neutronenactiveringsanalyse is een geschikte analysemethode voor het tegelijker
tijd bepalen van een groot aantal chemische elementen tot in zeer kleine hoe
veelheden. Voor enkele elementen zijn die hoeveelheden uiterst klein, zoals b.v. 
in het geval van goud. Hiervan kan men nog een femtogram, dit is 1/1 ooo ooo ooo 000 000 

deel van een gram, identificeren en nauwkeurig bepalen. Aan massa is dat zeer 
gering, maar het zijn nog altijd van de orde van 10 000 000 atomen. 

Onder neutronenactivering verstaat men de bestraling van een stof met neu
tronen, waarbij atoomkernen een neutron absorberen. De belangrijkste reactie 
die hierbij optreedt, is de z.g. (n,y) reactie. In dat geval ontstaat een nuclide dat 
een isotoop is van hetzelfde element. Indien het gevormde nuclide radioactief is 
- men spreekt dan van een radionuclide - kan men de door dit radionuclide 
uitgezonden straling meten. Veelal wordt bij dit verval y-straling uitgezonden; dit 
kan zowel snel als langzaam gebeuren: de halveringtijd van het radionuclide kan 
minder dan een seconde, maar ook vele jaren zijn. De uitgezonden y-straling is 
steeds karakteristiek voor het betrokken radionuclide. 

Neutronenactiveringsana/yse is de analysemethode, waarbij men ten eerste uit 
het energiespectrum van de uitgezonden y-straling de elementen in het bestraalde 
preparaat identificeert, en ten tweede uit de intensiteit van de straling berekent, 
hoeveel er van deze elementen aanwezig is. In het proefschrift wordt uiteengezet, 
waardoor neutronenactiveringsanalyse nu juist specifiek geschikt is voor het be
palen van die uiterst kleine hoeveelheden en zeer !age concentraties. 

Aan de zuiverheid van de materialen die gebruikt worden bij de fabricage van 
gei:ntegreerde circuits op basis van silicium worden zeer hoge eisen gesteld. Oat 
heeft tot gevolg dat hij het onderzoek, de ontwikkeling en de fabricage analyse
methoden nodig zijn, waarmee zeer lage concentraties van de elementen bepaald 
kunnen worden. Gezien het bovenstaande ligt het voor de hand dat neutronen
activeringsanalyse hierbij een nuttige bijdrage kan leveren. Belangrijke voordelen 
bij de analyse van de grondstof silicium zijn, dat na bestraling met neutronen de 
hoeveelheid van het geproduceerde radioactieve 31 Si niet bijzonder groot is, dit 
radionuclide nauwelijks y-straling uitzendt en bovendien met een vrij korte hal
veringstijd vervalt. Een vergelijkbare situatie doet zich voor bij grafiet, kwartsglas, 
en bij waterige en organische oplossingen. Een en ander heeft tot gevolg, dat voor 
de bepaling van sporenelementen de y-straling ervan niet overschaduwd wordt 
door die van de relatief veel grotere hoeveelheid materiaal van het preparaat zelf. 

Voor de bestraling met neutronen is een kernreactor nodig en na de bestraling 
zijn de monsters radioactief. Alvorens alle y-straling uitzendende radionucliden 
te kunnen meten moet men vaak bepaalde radionucliden laten vervallen. Mede 
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daardoor is de responsietijd tamelijk lang, hetgeen een belemmering is voor een 
algemene en routinematige toepassing. Hoewel de mogelijkheden van de methode 
groot zijn, was er indertijd geen procedure voorhanden, om optimaal gebruik te 
kunnen maken van de specifieke voordelen van de neutronenactiveringsanalyse: 
het multi-elementkarakter, de uitstekende grenzen van aantoonbaarheid en de 
nauwkeurigheid. 

Het proefschrift richt zich op de ontwikkeling van een gemakkelijk hanteerbare 
en flexibele methode. Een zevental zaken bleek in dit verband van belang, te 
weten: (a) de ontwikkeling van een calibratiemethode, (b) de constructie van 
bestralingsfaciliteiten voor siliciumplakken, (c) het vastleggen van de voor de 
analyse benodigde grootheden van de gebruikte bestralingsfaciliteiten, (d) de 
standaardisatie van de meetcondities en het bepalen van de bijbehorende 
efficienties van de detectoren voor y-straling, (e) het samenstellen van een gege
vensbestand van de benodigde nucleaire parameters, (f) het uitwerken van de 
y-spectra met behulp van een computer, en (g) een zodanige organisatie van de 
analysemethode, dat een gemakkelijk hanteerbaar en flexibel systeem verkregen 
wordt. 

De onderzoekingen die tot de huidige uitvoering van de analysemethode hebben 
geleid, worden na een inleiding (hoofdstuk 1) behandeld in vier delen. 

Het eersre deel (hoofdstukken 2 en 3) omvat de theorie betreffende de kwanti
tatieve kant van de activering en de y-spectrometrie. Dit deel eindigt met een 
kwalitatieve beschrijving van storende reacties. 

Teneinde de gehele methode zo flexibel mogelijk te kunnen toepassen, is het 
noodzakelijk over een aantal verschillende bestralingsfaciliteiten te beschikken. 
Een bepaalde faciliteit is speciaal ontwikkeld voor het bestralen van grote 
siliciumplakken. Dit alles wordt behandeld in het tweede deel (hoofdstukken 4 en 
5). De waarden van de benodigde grootheden, van in totaal vijftien faciliteiten in 
vier kernreactoren in Belgie, Duitsland en Nederland, zijn bepaald. Deze groot
heden zijn: de verhouding epithermische neutronenflux/thermische neutronenfiux 
en de distributieparameter voor de epithermische flux. De thermische neutronen
flux is geen constante, aangezien deze flux evenredig met het reactorvermogen 
varieert, en dus bij elke bestraling bepaald moet warden met behulp van een 
"ftuxmonitor", ook wel monostandaard genoemd. Aan het slot van dit deel wordt 
beschreven, op welke wijze de methode uitgebreid kan worden met z.g. (n,p) 
reacties voor elementen, waarvoor geen geschikte (n,y) reacties toegepast kunnen 
worden. 

In het derde deel (hoofdstukken 6 t/m 9) wordt ingegaan op de techniek van 
de y-spectrometrie en daarbij wordt uiteengezet dat standaardisatie van de 
verschillende meetgeometrieen van de preparaten noodzakelijk is. Dit behelst 
enerzijds de verschillende vormen puntbronnen, schijven (siliciumplakken) en 
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cilinders (fiesjes met vloeistoffen) - en verschillende grootten, en anderzijds de 
verschillende afstanden tot de detectoren. Ook de detectoren zijn alle verschillend 
van grootte en vorm, zodat elke detector zijn eigen stel efficientieparameters heeft, 
bijna honderd per detector. Om een efficient gebruik van het meetsysteem moge
lijk te maken, en doordat voor het verkrijgen van !age grenzen van aantoon
baarheid de meettijden lang moeten zijn (vaak minimaal tien uur) is de 
mogelijkheid om parallelle metingen te kunnen verrichten, en dus de aanwezigheid 
van meerdere detectoren, essentieel. 

Hierop aansluitend wordt de evaluatie van spectra tot kwantitatieve analyse
resultaten behandeld. Hiervoor is computerprogrammatuur ontwikkeld. De 
identificatie van de radionucliden berust niet alleen op de y-energieen, maar er 
wordt ook gebruik gemaakt van de halveringstijd. Uiteraard is daarvoor nodig, 
dat de preparaten meerdere malen (tot vier a vijf maal toe verdeeld over ongeveer 
een maand) gemeten worden. Nu is het meten van het y-spectrum kort en lang 
na de bestraling toch vaak a! nodig teneinde optimale grenzen van aantoon
baarheid te verkrijgen voor respectievelijk de radionucliden met korte en lange 
halveringstijd. Slechts wanneer het gehalte aan verontreinigingen zeer Jaag is -
en dat is bij siliciumplakken vaak het geval - is gewoonlijk een meting voldoende 
om de laagste grenzen van aantoonbaarheid te bereiken. 

Voor correctieberekeningen van z.g. primaire storende reacties, die niet vaak 
voorkomen, zijn speciale computerprogramma's geschreven; hieraan is een apart 
hoofdstuk gewijd. 

Ten slotte wordt in deel drie kort uiteengezet, welke nucleaire gegevens nodig 
zijn voor de evaluatie van de y-spectra, en verder hoe deze verkregen en in een 
gegevensbestand - "bibliotheek" - geordend zijn. Deze omvat de gegevens voor 
127 reacties van 64 elementen; het aantal data per reactie varieert van 12 tot 51, 
afhankelijk van het aantal y-energieen en de mogelijk storende radionucliden. 

In het vierde deel (hoofdstukken 10 t/m 12) wordt aandacht besteed aan de 
nauwkeurigheid van de methode en aan de te bereiken grenzen van aantoon
baarheid. Aangezien de grenzen van aantoonbaarheid niet alleen afhankelijk zijn 
van de bestralings- en meetcondities, maar ook van de concentraties van de aan
wezige elementen, moeten zij voor elk monster afzonderlijk berekend worden. 
Overigens is in de ultrasporenanalyse in feite de kennis van de grenzen van aan
toonbaarheid van de niet aangetoonde elementen vaak even belangrijk als die van 
de gemeten concentraties van de wel aangetoonde elementen. 

In het kort warden de belangrijkste aspecten van de praktische uitvoering van 
de neutronenactiveringsanalyse behandeld. Daarna volgen typische analyse
resultaten uit de praktijk van alle dag betreffende het onderzoek aan silicium, de 
ontwikkeling van de apparatuur en de controle van het fabricageproces van 
gei"ntegreerde schakelingen. Een en ander vindt plaats aan de hand van een zeer 
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veralgemeend en vereenvoudigd stroomdiagram van het fabricageproces. Er is een 
keuze gemaakt uit analyses van grondstoffen (siliciumplakken, chemicalien) en 
hulpmaterialen (grafiet, siliciumcarbide en kwartsglas). Verder is er uitgebreid 
aandacht geschonken aan contaminatieproblemen. Dat zijn problemen die het 
gevolg zijn van het besmetten van materialen met sporenhoeveelheden van 
vreemde elementen uit de hulpstoffen en de apparatuur, die bij het fabricage
proces worden gebruikt. Het voorkomen van deze contaminatieproblemen, die 
een negatief effect hebben op de kwaliteit van de ge'integreerde schakelingen, is 
het hoofddoel van de ontwikkelde analysetechniek. 

In het laatste hoofdstuk (13) wordt een kort literatuuroverzicht gegeven van 
de belangrijkste resultaten die met behulp van neutronenactiveringsanalyse in de 
laatste decennia op het gebied van de siliciumtechnologie zijn behaald. Concur
rerende analysetechnieken worden in deze beschouwing betrokken. 

Het proefschrift eindigt met een korte toekomstvisie over het belang van 
neutronenactiveringsanalyse met betrekking tot de siliciumtechnologie van gein
tegreerde schakelingen. 
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Nawoord 

Het werk dat in dit proefschrift wordt beschreven heb ik uitgevoerd in de laatste 
vijftien jaar van mijn loopbaan op het Philips Natuurkundig Laboratorium. De 
wetenschappelijke sfeer die op dit laboratorium heerst is voor mij altijd van grote 
waarde geweest. Graag wil ik allen bedanken met wie ik a! die jaren heb samen
gewerkt en die daardoor mede hebben bijgedragen aan de totstandkoming van 
dit proefschrift. 

Mijn medewerkers, Harry Jaspers en Jac Hanssen, hebben emge duizenden 
neutronenactiveringsanalyses uitgevoerd en op deze manier meegewerkt aan de 
opbouw van mijn methode en de toetsing ervan in de praktijk. Ik heb veel waar
dering voor hun inventiviteit en praktische ervaring. Ook van de op- en aan
merkingen van Piet Bruijs, Leo Ebben en ir. Jasper Verplanke van het Centraal 
Analytisch Laboratorium Licht, die eveneens mijn analysemethode hebben toe
gepast, heb ik graag gebruik gemaakt. 

Ik dank ing. Peter Bruisten, Piet Huberts, ing. Peter Wijnen en ing. Rene Jansen 
voor hun assistentie bij de experimenten voor de calibratie van de methode en de 
opbouw van de meetapparatuur. Ook wijlen Leo Steuten heeft hieraan zijn 
bijdrage geleverd. 

Van de onderzoekers van de Philips Research voor wie de analyses werden 
uitgevoerd, wil ik speciaal noemen: ir. Mat Theunissen en dr. ir. Dolf de Kock. 
Ik heb kunnen profiteren van hun kennis op het gebied van de silicium
technologie. Zij hebben door een kritische houding ten opzichte van de analyse
resultaten eveneens een bijdrage geleverd aan de vervolmaking van de methode. 

Dr. Frans De Corte en ing. Tony De Wispelaere van het Instituut voor 
Nucleaire Wetenschappen van de Rijksuniversiteit te Gent waren altijd bereid 

mij met goede raad bij te staan. Het in een vroeg stadium toesturen van de door 
hen bepaalde nucleaire parameters heb ik bijzonder op prijs gesteld. 

De bestralingen werden uitgevoerd bij het Energie Centrum Nederland te 
Petten, het Studiecentrum voor Kernenergie te Mol en de Kernforschungsanlage 
te Jiilich. lk wil a! degenen die daarbij betrokken waren, van harte bedanken voor 
hun bereidwillige samenwerking, in het bijzonder ing. Jan Visser van het Energie 
Centrum Nederland, die een bestralingsfaciliteit voor grote siliciumplakken heeft 
geconstrueerd. 

De directie van het Philips Natuurkundig Laboratorium ben ik zeer erkentelijk, 

omdat zij mij de faciliteiten heeft geboden - ook na mijn pensionering - deze 
dissertatie te kunnen schrijven. Dr. Wil Knippenberg, die vele jaren mijn groeps
leider is geweest, heeft me bij het werk bijzonder gestimuleerd. Hij heeft veel 
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opbouwende kritiek geleverd bij het tot stand komen van het manuscript. De 
huidige groepsleider van de Analytische Groep, dr. Thijs Viegers, is mij bij de 
afwerking eveneens tot steun geweest. Met Joop Vrakking, mijn opvolger op de 
Radiochemische Afdeling, heb ik vele discussies gevoerd die geleid hebben tot een 
wezenlijke steun bij de totstandkoming van mijn proefschrift. 

Mijn beide promotoren bedank ik voor hun spontane bereidheid om als 
zodanig op te treden. Prof. Jeroen de Goeij heeft zich tot in de finesses in mijn 
werk verdiept en mij bij het schrijven van het proefschrift begeleid. Prof. Martin 
de Voigt heeft in een latere fase speciaal de kernfysische aspecten van mijn ana
lysemethode nader bestudeerd. Dr. ir. Eduard Hoogenboom van het Interfacultair 
Reactor Instituut van de Technische Universiteit te Delft dank ik voor zijn des
kundig commentaar op het gebied van de neutronenfysica. 

Alfred Smith-Hardy M.A. heeft mijn Engelse tekst met zorg gecorrigeerd. 
Mieke Spaan heeft mij geholpen bij het verzorgen van de lay-out. 

Ten slotte, maar niet in de laatste plaats, dank ik jou, Janneke, voor de ruimte 
die je me hebt gegeven om mijn stuk werk te kunnen voltooien. 
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bezocht. Daarna heb ik te Goes in 1948 het MULO-B diploma behaald. Van 1948 
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1952 tot I 954 vervulling van de militaire dienstplicht. 

In augustus 1954 ben ik in dienst getreden bij het Natuurkundig Laboratorium 
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aan de structuuromzettingen die zich voordoen bij de harding van staal. In die 
periode heb ik de Hogere Technische Opleidingen Metaa1kunde en Voortgezette 
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afdeling Radiochemie. Ik heb een stage van ongeveer een jaar doorgebracht op 
het Studiecentrum voor Kernenergie te Mol (B), en zowel aldaar, als ook op het 
Atomic Energy Research Establishment te Harwell (GB), post-graduate cursussen 
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Experimenteel werk werd verricht aan verscheidene methoden van toepassing 
van radioactiviteit bij het onderzoek in de Philips Research en theoretisch werk 
aan o.a. efficientieberekeningen voor stralingsmeting met behulp van gamma
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Bij het onderzoek, de ontwikkeling en de fabricage van gelntegreerde schakelingen 

is neutronenactiveringsanalyse een onmisbare analysemethode voor concentraties 

en absolute hoeveelheden van elementen in het ultrasporengebied. 

Dit proefschrift. 

2 

De door Heydorn geponeerde SI-eenheid voor neutronenflux, namelijk 

nmol is niet consistent met de reeds gedefiriieerde SI-eenheid voor 

desintegratiesnelheid, de becquerel. 

1 nmol m-2s-1 = 6.022 x I 010 neutronen cm-2s-1• 1 Bq = I desintegratie s-1• 

Heydorn, K., Aspects of Precision and Accuracy in Neutron Activation Analysis, Thesis, 

Technical University of Denmark, 1979, Ris0 National Laboratory, Roskilde, Denmark, 

1980. 

3 

De door Ehmann en Vance gepubliceerde bewering dat de "basisvergelijking" voor 

het berekenen van de gehalten bij de traditionele neutronenactiveringsanalyse 

(meting van de straling van het geproduceerde radionuclide) ook geldig is in het 

geval van "prompte-gamma" neutronenactiveringsanalyse is niet correct. 

Ehmann, W.D., and D.E. Vance, CRC Crit. Rev. in Anal. Chem., 20, 405 (1989). 

4 

De door Lin Xilei et al. gebruikte waarden van de distributieparameter voor de 

epithermische flux, o:, zijn zeer onwaarschijnlijk. 

Lin Xilei, D. Van Renterghem, R. Cornelis, and L. Mees, Anal. Chim. Acta, 211,231 (1988). 

Lin Xilei, D. Van Renterghem, F. De Corte, and R. Cornelis, J. Radioanal. Nucl. Chem., 

133, 153 (1989}. 

5 

De invoering van gestandaardiseerde afmetingen van het kristal, het detectorhuis 

en de afstand van het venster tot het kristal bij germanium detectoren zou voor 

de neutronenactiveringsanalyse leiden tot meer flexibiliteit en tot kostenbesparing. 

Dit proefschrift. 

6 

De eisen aan de nauwkeurigheid van ultrasporenanalyse worden ten onrechte 

vaak hoog gesteld. 
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7 
Het is een gemis, dat in de programmeertaal PASCAL de conditionele 
aritmetische expressie niet mogelijk is. 

Jensen, K., and N. Wirth, Pascal User Manual and Report, 2"d edition, Springer-Verlag, 
New York · Heidelberg - Berlin, 1978. 

8 
In de moderne handboeken voor statistiek wordt bij de methode der kleinste 
kwadraten voor het bepalen van het lineaire verband van twee variabelen nog 
steeds impliciet verondersteld dat de experimentele fouten uitsluitend in een 
variabele voorkomen, terwijl in vele gevallen beide variabelen met experimentele 
fouten behept zijn en de theorie voor een correcte berekening reeds lang bekend 
is. 

Adcock, R.J., Analyst, 5, 53 (1878); Williamson, J.H., Can. J. Phys., 46, 1845 (1968). 
Massart, D.L, B.G.M. Vandeginste, S.N. Deming, Y. Michotte, and L. Kaufman, 
Chemometrics: a textbook, Elsevier, Amsterdam- Oxford- New York· Tokyo, 1988. 

9 
Het hanteren van een risiconorm bestaande uit een enkel getal - voor 
stralingsbescherming van de bevolking !evert in het algemeen een onnodige be
lemmering op voor op zichzelf zeer nuttige en heilzame toepassingen van straling 
zonder dat het garanties biedt voor een beter beschermingsniveau. De door de 
overheid voorgestelde norm is bovendien zodanig laag ten opzichte van de totale 
individuele stralingsbelasting die voor het overgrote deel niet bei:nvloedbaar of 
beheersbaar is, dat het beleid nauwelijks uitvoerbaar en zeker niet controleerbaar 
IS. 

Huyskens, C.J., NVS-Nieuws, 16(2), 14 (1991), Nederlandse Vereniging voor Stralings
hygiene. 

10 
De artistieke muzikale verbetering ten gevolge van een verhoging van de 
frequentie van de "normale" a-eengestreept van 440 naar 442 Hz wordt sterk 
betwijfeld en weegt niet op tegen de praktische nadelen. 

11 
Zelfs in wetenschappelijke publicaties warden diakritische tekens vaak zonder 
meer weggelaten. Dit moet gezien warden als een even ernstige nonchalance als 
het tolereren van spelfouten. 

12 
Bij een vertaling van literair werk verdient het aanbeveling de naam van de 
vertaler op de omslag en op het titelblad te vermelden. 


