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The procedure in use at our institute for the extraction of the desired element concent- 
rations in a sample from the peak data obtained by a spectrum analysis program, is 
described in detail. The method is based on the use of zinc as a single comparator and takes 
into consideration primary activation products as well as their daughter isotopes. After 
assigning isotopes to spectrum peaks on the basis of v-ray energies, the list of possible 
isotopes is reduced to a list of present isotopes with their concentrations using criteria based 
on half life, specificity and intensity of v-rays. For elements not observed, detection limits 
are estimated. The procedure has been used extensively during the last two years and has 
shown to produce reliable results. 

Introduction 

A few methods,  for ins tance that of ADAMS and DAMS, 1 have  been  published 
for the in terpre ta t ion  of data,  in terms of concent ra t ion ,  obtained with 7-spect rum 

analysis compute r  programs. Work car r ied  out at our own inst i tute on this subject  

has lead  to a paper,  2 descr ibing the pre l iminary  program for this purpose. Since 

then,  our method  has been  improved  in a number of ways and now it takes into 

account  also: 
gene t i ca l  relat ions be tween  isotopes, 

different  routes for product ion of the same isotope,  

different  isotopes produced from the same e l emen t .  

Moreover ,  de tec t ion  l imi t s  a te  e s t ima ted  for e l emen t s  for which no e v i d e n c e  

about their  p resence  is found in the spectrum. 

As wi th  every in terpre ta t ion  t echn ique ,  the accuracy of  the  results depends 
strongly on the re l iab i l i ty  of  the physical  data of the isotopes taken into account .  

Since l i te ra ture  values are somet imes  c o n f l i c t i n g  and in many cases i n a c c u r a t e ,  

we fel t  i t  necessary to use exper imen ta l ly  de te rmined  values for a l l  necessary 

quant i t ies  (see below),  wi th  the excep t ion  of the isotope ha l f - l ives .  The  de te rmined  

v a l u e s h a v e  been  published in the form of a ca ta log  of g a m m a - r a y  and isotope 
data.  

The  method  is based on the use of zinc as a single compara to r  which  wi l l  be 

discussed in the next  sect ion.  It is fol lowed by a de ta i l ed  descr ipt ion of the ac tual  
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interpretation technique. It forms the second part of our routine activation analysis 
program 5 and is preceded by the mathematical  analysis of the spectrum. It could 
also easily be coupled to other analysis programs. " 

Single comparator method 

4 
This technique has been introduced by GIRARDI, to overcome the problems 

associated with the use of many separate standards, or a compound standard of 

acceptable homogeneity and stability. It makes use of a sint~le element as standard 
for which we have selected zinc. In separate measurements a normalized ratio 
between cornparator activity and the activity induced in each element of interest 
is determined, which can be used later to calculate the concentration of the 
e lement  in the sample. 

Zinc can be obtained in good purity and can be easily handled in the form of 
discs or sticks. Moreover, two isotopes are produced upon irradiation with thermal 
neutrons: 69mZn (T = 13. 9h) and 65Zn (T = 244d), so that a good cornparator 

activity is available at any t ime after the irradiation. 

A disadvantage of the single comparator method is that the ratio of the activities 
induced in standard and sample depends on the neutron spectrum at the irradiation 
position. This problem can be overcome by using a dual or triple comparator 
technique, 6, 7 but as a result, the analysis procedure becomes more complicated; 

So far we are using the single comparator while all irradiations are carried out 

in the same position in the reactor core, in which the neutron spectrum is 
approximately constant in t ime. Moreover, calibration measurements are repeated 
regularly. 

The program can handle three modes of production of an isotope: 
(1) Direct production. 

The concentration of an element  in the sample can be calculated from: 

Cx Ds Px G s Px 
c x - ~ _ ,P s ( 1 )  

I D Ps G I x 1 
x x y x 

where: 

1 - exp ( -2T)  exp ('a tm/2  ) - exp ( -2 tm/2 )  
D - -  I 

,IT exp (2t) 2trn . 

Mx 0s ~'s )'s Ys 7x Ax 

'~x = M 0 ~ ;t x z v  x Ix Z v  x P x  
S X X 
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x, y, s - s u b s c r i p t s ,  denot ing e l e m e n t ,  sample ,  and standard, 

C - concen t ra t ion ,  

p - measured  peak  intensi ty ,  
k - measured  ac t iv i ty  of a ce r t a in  g a m m a  ray, 

I - f rac t ional  intensity of the g a m m a  ray, 

e - counting~ e f f i c iency  for the g a m m a  ray, 

:, - abundance of the g a m m a  ray, 

b - weight ,  

D - decay t e rm,  cor rec t ing  for decay during count ing,  

i r radia t ion  and wai t ing ,  

T - i r radia t ion t i m e ,  

t - wai t ing  t i m e  af ter  i r radiat ion,  

t m - durat ion of measu remen t ,  
0 - abundance  of  parent  isotope,  

~. - decay constant ,  

8 - e f f e c t i v e  cross sect ion,  

M - a tomic  weight  of s table parent isotope. 

(2) Indirect  product ion (as a result of r ad ioac t ive  decay) .  

The concen t r a t ion  is now c a l c u l a t e d  from: 

'#x Px G 2 d - 2 D p 
C . . . . .  ----L-s. - ~ s = x .  ,/* S 

x I p G 2 " D - D  I x 2  
x s y p p d x 

(2) 

where  p, d - subscripts, denot ing primary and secundary reac t ion  product.  

(3) Production by both direct  and indi rec t  react ions.  

tf  '~1 represents the ,/*-value for d i rec t  product ion,  and '/~2 for indi rec t  product ion,  

the concen t r a t ion  can  be c a l c u l a t e d  from: 

Px 1 
c = ~ (3) 
x 1 1 

I + _ _  

x S1 '/'1 82 'P2 

where  S 1 and S 2 have  the values def ined for product ion m o d e  1 and 2 respec t ive ly .  

It should be  noted that  an isotope can  be  produced in these ways from different  

e l e m e n t s ,  as for ins tance in the  case  of fission products.  

The  S 1- and S2 -va lues  both con ta in  the factor  Ps/D s, the  compara to r  ac t iv i ty  

co r rec t ed  for e f f i c i ency  and for decay during i r radia t ion,  measu remen t  and 
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weighting period. As already mentioned above, when zinc is used as comparator 
element, twc isotopes are available for the determination of the comparator 
activity: 65Zn (main y-ray at 1115.5 keV, T -- 244d), and 69mzn(y-ray at438.8 
keV, T = 13. 9h). It caneasly be derived from Eq. 1, that the zinc activities for 
these two peaks are related through: 

P438.8 P1115.5 I438.8 

D69.mzn D65Zn '/J69mzn 

Therefore, if both peaks are available, the program calculates the weighted 
average of the corrected activities of both peaks, weighing the activities with the 
reciprocal variance ot the peak intensity, according to: 

P 
S 

.7_-- E 

D 
s 

3 P1115.5 W69 P438.8 'P69mzn 

Ap21115.5 D65Zn dp2438.8 D69mzn I438.8 

3 W69 
- t -  

~P21115. -5 AP 2438.8 

An extra weighting factor W69 is introduced to reduce the influence of the 
unknown uncertainty in the half life of the short-lived 69mzn. The value of this 
weighting factor as function of the waiting time is given in Table 1 (W65 is always 
equal to 3), 

The associated error in Ps/Ds is calculated from: 

2 3 
e r r o r  = 

3 W69 
+ 

zlp2 Ap2 
II15.5 438.8 

As the ,P-values depend on the neutron spectrum, it is necessary to determine 
them experimentally for the irradiation facilities used. The method requires also 
accurate energy and intensity data of the gamma rays. As literature information 
turned out to be insufficiently reliable, we have determined these quantities at 
the same time. 3 
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Table 1 

W69 as a function of waiting t ime 

Waiting t ime,  hrs W69 

O-  40 

40 - 80 
80 - 120 

>120  

Qualitative and quantitative interpretation 

For the interpretation process, the following quantities of each isotope have to 

be available: 
the name of the isotope, 
the decay constant (in s - l ) ,  
the intensity threshold value (see below), 
the number of y-rays emitted by the isotope, 
the :,-ray (energy and intensity) to be used for the estimation of the detection 

l imit ,  

for each mode of production: 
the atomic number of the parent element,  
the primary isotope in the case of indirect production, 

the ,)- va lue, 

for each y-ray: 

the energy 
the fractional intensity. 

These isotope data, with the exception of the ,/-ray energies and intensities, are 
stored in the order of increasing atomic number and of increasing atomic weight 
(for each Z). 

The y-ray data are stored separately in the order of increasing energy. In our 
activation analysis system, this information is presently available for 194 isotopes 

with 1518 y-rays. 
The interpretation process begins with the estimation of a detection l imit  for 

each element.  This detection l imit  is based on one y-ray, separately specified for 
this purpose for each isotope (see above). The list of determined peak energies is 

first scanned to check the presence of a peak with equal (within 1.2 keV) energy 
in the spectrum, in which case the detection limit will be calculated on the 
corresponding peak intensity. 
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If such a peak is not observed, the program makes use of some information 

about the spectrum, retained after the spectrum analysis part of the program, to 
estimate the minimum detectable peak, namely: 

a calibration curve of peak position as a function of,,-ray energy, 

the same for peak width versus position, 
background estimates of 64 chosen half-overlapping regions of the spectrum, 

obtained by averaging the five lowest channel contents within the region. 

The theoretical position of the peak is calculated from the position/energy 
calibration curve. The peak intensity will now be based on the background 

estimates. The program assumes a not observed peak to have a maximum height 
of five times the square root of the appropriate background estimate, with a 
minimum of 50 counts, and calculates the corresponding peak intensity using the 
width/position relationship, and the efficiency curve for the applied measuring 

geometry. The element concentration corresponding to this peak intensity is 
calculated from the appropriate Eqs (l),  (2) or (3). 

If too many half lives of the isotope have passed since the irradiation 0.t< 9), 
or the calculated value exceeds 100 percent, the value is set equal to 100 per cent. 
If a detection l imit ,  based on another isotope produced by the same element 

was already calculated, the new value replaces this value only if it is lower. 

In the next stage a preliminary interpretation of the observed peaks is carried 
out, in which an isotope is assigned to a peak if the cataloged energy of one of 
its :'-rays differs less than 2. 1 .2 keV from the spectrum value. Although such a 

relatively large energy window is not necessary with respect to the accuracy of the 
energy calculation,  it enables the program to account for small contributions of 
unresolved, underlying peaks. 

For each assignment, the involved isotope and the fractional intensity of the 

specific gamma ray* are saved in the so-called interpretation list. When this has 
been carried out for all peaks, the other gamma ray data are no longer necessary. 

The program begins now with the el iminat ion of isotope assignments from this 

interpretation list. The first criterion to discriminate between relevant and 
irrelevant assignments, is the sum of the fractional intensities of the gamma rays 

of an isotope, present in the spectrum. For each isotope we have assessed a 
threshold value, being the sum of the fractional intensities of those prominent peaks 
which under all circumstances should be observed if the isotope is present. If the 
measured sum stays below this threshold value, all entries of the isotope in the 

f 

if~terpretation list are deleted. 

'*The background activity in the counting room is treated as it it originates from 

a single isotope with infinite half life. Since this activity is geometry independent, 
it is necessary to correct the cataloged intensities of the background ;,-rays, with 
the relative efficiency curve for the applied measuring geometry. There is no 
intensity threshold for this "background isotope". 
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A second cr i ter ion is found in the t ime  elapsed since the irradiat ion.  If, for a 
directly produced isotope, more  than approximately  13 half  lives (/.t = 9) have 
passed, the isotope is also dele ted from this list. For indirect ly  produced isotopes 

a different cr i ter ion taking into considerat ion both the half  l ife of the primary and 
of the secondary react ion product is used: 
if 

t w > 13Tpr im"  + 1 3Tsecond  . ,  

the isotope is deleted.  
If an isotope passes both cr i ter ia ,  the $1- ,  or S2-values are ca lcu la ted .  

At this point pre l iminary  results are printed to serve as a reference.  For each 
peak the measured energy,  intensi ty ,  and intensity error es t imate  are printed, as 
wel l  as the assigned isotopes and corresponding e l e m e n t  concentra t ions ,  ca lcu la ted  
on the assumption that the ent i re  peak is due tO that isotope alone.  

It wi l l  be c lear  that the various concen t ra t ion  data found on the basis of every 

single g a m m a  ray, wil l  in general  not correspond. Therefore,  in the next  stage, 
a more sophist icated t rea tment  of the data is necessary. In this process the program 
makes use of so-ca l led  standard g a m m a  rays. Such a gam m a  ray is selected if the 

energy is character is t ic  for an isotope, while  its intensity is re la t ively high. They 

are not necessarily the most in tensive  ones. Some isotopes have more than one 
standard g a m m a  ray, others have no g a m m a  rays which are sufficiently unique.  

The procedure is repeated a number  of t imes and is referred to as the interpreta t ion 
loop. It works as follows: al l  peaks to which only one isotope is assigned are 
considered.  If there are standard g a m m a  rays among these single assignments,  the 
corresponding ratio of observed peak intensity and corresponding ca ta loged gam m a  
ray intensity is ca lcu la ted .  If more than one standard peak is ava i lab le  for a cer ta in  
isotope, the weighted average of these ratios is ca lcu la ted .  As weight ing factors, 
the reciprocal  var iances of the peak intensi t ies  are used: 

n 1 Pj 

-Y 2 j = l  crj I. 
l 2 1 

R =  AR = 
n 1 n 1 

2 2 2 \ . 2  
j = 1 '~j " = j 

where R - average ratio of peak intensity to ca ta loged ,v-ray intensi ty,  
aj - e r r o r  es t imate  of the peak intensi ty ,  

pj - peak intensi ty (= Aj /e.j), 
Ij - ca ta loged fract ional  intensi ty of the :,-ray, 
n - number  of standard : '-rays ava i l ab le .  
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The now determined ratio applies naturally also to other :'-rays of the isotope. 

This makes it possible to calculate  its contribution of the various ?-rays of the 
isotope to the various peaks in the spectrum, There are three possibilities: 

(1) The contribution of the isotope is negligible (less than one per cent). The 

isotope assignment to this peak is deleted from the interpretation list. 
(2) The contribution is within limits of error equal to or greater than the peak 

intensity. Then other isotope assignments to this peak, if any, can be deleted. 
(3) The contribution is between 1 and 100 per cent. No action is taken by the 

program. 
When isotope assignments could be deleted in one of the ways mentioned under 

1 and 2, the sum of the fractional intensities of the gamma rays of some of the 
remaining isotopes may have decreased below the threshold value. This leads to 

the deletion of that isotope. As a result of the various simplifications in the 
interpretation list, the number of peaks with only one isotope assignment and 
which correspond to a standard gamma ray, may have increased. In that case more 

isotopes can be determined or an isotope can be determined on the basis of more 

peaks. 

Therefore, the loop should be repeated and this continues until the results of 
two subsequent passes through the loop are identical.  When this happens, a l imit  

is reached for the number of isotopes which can be determined without any 
manipulat ion of the original peak data (interpretation class 1). Substitution of R 
for px/Ix in the appropriate Eqs (1), (2) or (3) yields the concentrations of tile 

corresponding elements. Furthermore, the A R-values are given as error estimates 

for the given concentrations. The sum of the fractional intensities (normalized to 
100~0), and the number of y-rays of the isotope found in the spectrum compared to 
the total number of cataloged ?-rays are given as a check of the interpretation. 

The now determined isotopes are el iminated from the interpretation list by 

subtraction of choir calculated contributions from the intensities of all i:~eaks to 

which they are assigned according to: 

Pk = Pt R I k 

A, 2 2 2 
Pk = APk + I AR 2 

k 

If the remaining peak intensity is le~s than 10 per cent of the original value, the 
peak will no longer be used in the interpretation process. 

The search for standard peaks in single assignments is now carried out again 
according to the procedure described above. The contributions of the determined 
isotopes are again subtracted and the entire process is repeated until no more 
standard peaks can be isolated. This yields a list of isotopes and corresponding 
element  concentrations for interpretation class 2. 
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Table 2 

Analysis of USGS geological standard G-2 

Concentration ppm 

Element IRI FLANA GAN 8 FILBY 9 GORDON 10 
(4 an. ) 

Ba 

Ce 

Co 
Cr 

Cs 

Eu 
Fe 
Hf 
K 
La 

Na 
Rb 

Sc 
Sr 

Ta 
Tb 
Th 

U 
Yb 

Zn 
Zr 

(I. 73 * 0.14) �9 103 
(I. 90 "~ O. 05) 102 

4.43 + 0.13 

8.7 + 1.0 

1.43 + 0.09 

1.15 + 0.03 

(I. 76"~ O. 03) �9 104 

8 .5  + 0.5 
(3.93-:  o. 15) �9 lO 4 

(9.9 ~ 0.2) 101 
(2.9o~:- o.o5)  lO 4 

( 1 . 5 9 ,  o. o 9 ) .  lO 2 

3.28 + 0,10 
(4.3 § 0.5) �9 102 

- -  - 1  
( 8 . 3  . 0 . 4 )  �9 10 
(4.2 + 0.8) �9 10 "1 
( 2 . 4 2 ~  0.05) 10 ! 

2.09+ 0.24 t 
(5.6 "L- 2.5) �9 10 -1 

(8 .5  -2 o. 5) l o  1 

(3.1 -~ 0.6) 102 

I. 95 ' 103 

I. 66 - 102 

4.9 

9.0 

1.5 

1.5 

I. 93 �9 104 

7.5 

3.7 �9 104 

1.12 �9 102 

3.1 �9 104 

2 34 �9 102 

3.9 

4.6 . 102 

9.1 �9 I0 -I 

5.2 �9 I0 -I 

2.52 �9 I01 
1.99 
1.0 
7.5 �9 101 

3.2 �9 10 2 

I. 54 �9 103 

i. 30 �9 102 

5.0 

7.2 

1.5 

1.5 

1.65 �9 104 

8.6 

3.0 �9 104 

1.40. 102 

4.0 

4.2 �9 102 

6 �9 I0  
2, 65 �9 101 
1.93 
1.3 
8.4 �9 I01 

2.62 �9 102 

I. 80 �9 103 

i. 44 �9 102 

4.3 

4.6 

14 

i. 37 

I. 72 . 104 

7.8 

4.0 �9 104 

8.1 �9 101 

2 . 9 5 .  104 

1.29 �9 102 

3 .5  

1 .0  
5.2 �9 10 -1 

2.59 �9 101 

8 �9 10 -1 

2.50 �9 102 

The results for interpretation class 3 are obtained in the same way as described 
for class 1. However, also singly assigned non-standard ?,-rays are taken into 
account. This is also true for the 4 tta pass, proceeding in the same manner as 
described for interpretation class 2, i . e .  after subtraction of class 3 isotopes. 

The only available information which may yield further progress in the 

interpretation at this stage, is contained in the estimated detection limits. The 
R-value corresponding to the detection l imit  can be calculated for each isotope 

left on the interpretation list, and compared with the (p/I)-values for the peaks 
to which it is assigned. If the estimated contribution of the isotope to such a peak 

is less than 0.1%, the isotope assignment to the peak is deleted. This may lead to 
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".['able 3 

Analysis of IAEA s imula ted  a i r f i l te r  Ai r -3  

Element  

Fe 

Zn 

Mn 
Cr 

IRI 

(5 an. ) 

(1 .72 * O. 07) �9 102 

(6.38 -! O. 22) �9 101 

4 .28  , 0 ,14  
I .  70 0 ,08  

As 1 .61  , 0 .04 
Cd 2 .71  O. 07 

NI 5.0 t 0 , 6  
Cu 2 .78  + 0 ,09  

Hg (6 .1  ~ 1 . 7 )  �9 10 -2* 

Se (6 .8  - 0 .7)  �9 10 -1 

Ba (1.18 _ O. 08) 10 "1 

*Manual ly  

Concent ra t ion ,  , , g / f i h e r  

True va lue  11 

1 . 9 4 .  102 

7.4 101 

4 .2  
1 .85  

2 . 0 4  

3.06 

5 .3  
3 .04  

2 . 4  10 "1 

8 , 5  10 "1 

1 . 3 8 "  101 

Mean and standard dev ia t ion  
of results of in te rcom F, 11 

( 1 . 9 1 L  0.41)  �9 102 
(7 .07  + 0.97)  �9 101 

4 . 6 3 '  1 .29  
2 .13- t  0 .54  

1 . 7 5  ~ 0 ,49 

3 .21 + O. 77 

6 .67 1 .41  
3 .19  : 0 .81 

(2.6 _* 1 .2)  " 10 "1 
(7,7 ~ 1 .6)  �9 10 "1 

( ] .  30 ~- O. 26) �9 10 ]. 

correc ted  for in te r fe rence  from 75Se. 

the de te rmina t ion  of other  e l emen t s ,  using the main  in terpre ta t ion  loop ( in te rpre ta -  
tion class 5).** 

When reviewing the various pr inciples  appl ied one realises that up fl i t  now no 

use was m a d e  of the internal  check  of concent ra t ions  of different  isotopes produced 

from the same e l e m e n t .  
In pr inc ip le  it is possible to apply such a check  at various stages of the 

in te rpre ta t ion  process, t towever ,  it involves ac t iv i ty  ratios which  are t i m e - d e p e n d e n t  

because  of the different half  l ives  of the isotopes, which may be insufficiently 

accu ra t e  after  a substantial  wai t ing  t ime .  Therefore ,  it was dec ided  not to use 

these interre la t ions  as part of the in terpre ta t ion  loop. Instead the check  is clone 

af ter  the c o m p l e t i o n  of the in terpre ta t ion  procedure.  If more  than one isotope due 

**A typ ica l  e x a m p l e  where the  described routine yie lds  a solution is in analysing 

the 51Or peak (320.1 keY),  which may be mixed  with the 319.2 keY peak of 
i 0  105 5Rh, produced from the decay of Ru. The de tec t ion  l im i t  of the Ru can be 

deduced  from one of the other  Ru-isotopes and shows in many cases that the 

105Rh-contr ibut ion to the  320.1 keV peak is neg l ig ib le .  
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to the e lement  is observed, the weighted average of the corresponding concentrations 

is calculated,  At the same t ime isotopes which can be produced from more than 

one e lement  (for instance certain fission products), are corrected for the 

contribution of one of the elements.  In such a way freedom is given to the analist 

to replace the final e lement  concentration by the single value for one of the 

isotopes if there are reasons (long waiting t ime,  experimental  and other errors) to 

suspect the other value(s). 

Application 

The procedure described in this paper is used on routine basis in the instrumental 

neutron act ivat ion analysis of mainly geological  and environmental  samples. The 

applicabili ty to these types of materials is demonstrated with the results obtained 

from the analysis of USGS geological  standard G-2 (Table 2) and of IAEA 
intercomparison airfil ter Air-3 (Table 3). 
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