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A b s t r a c t 

A sophisticated program for Isotopic 
analysis of plutonlum gamma-ray spectra using 
small computers has been developed. It Is 
Implemented on a DEC LSI-11/2 configured In a 
portable unit without a mass storage device for 
use by IAEA inspectors in the field. Only the 
positions of the 148-keV 2 A 1 P u and 208-keV 2 3 7 U 
peaks are needed as input. Analysis Is com* 
pleted in 90 seconds by fitting Isotopic compo
nent response functions to peak multiplets. 
Results are shown and discussed. 

1. Introduction 

The quantitative determination of plutonlum 
In a sample using the non-destructive techniques 
of high-level neutron coincidence counting or 
calorlmetry also requires plutonium isotopic 
abundances, which can be done by high-resolution 
gamma-ray spectrometry measurements. Many com
puter programs for analysis of Pu spectral data 
require specific measurement conditions and/or 
computers that are not always available at the 
facilities where the measurements are made. We 
have developed a program to analyze plutonium 
spectra for relative isotopic abundances that 
operates on a small, portable computer without a 
mass stofgF device. Sophisticated spectral 
analysis techniques are applied to the data to 
obtain isotopic information with a high confi
dence level. Also, because analyses nay be 
performed by users unfamiliar with the tech
niques involved; the amount of user interaction 
1B minimized. 

UBers need enter only the positions of the 
148- and 208-keV peaks to initiate a complete 
analysis that determines isotopic ratios from 
gamma-ray peaks in either the 110- to 220-keV or 
the 110- to 400-keV region. A careful analysis 
and Interpretation of gamma-ray peakj requires a 
proper delineation of the peak Bhape, an accu
rate description of the background continuum 
under the peak(s), and a nethod for unfolding 
peak multiplets and removing Bmall interfer
ences. Because complicated Iterative peak-
fitting techniques are not suited for minimal 
user interaction, analysis is done with peak 
response function fitting.1 Peak profiles are 
generated for each peak grouping using well-
known gamma-ray energies and uBing peak shapes 
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W-7405-Eng-48 and supported by the U.S. State 
Department's POTAS program administered by the 
International Safeguards Project Office, 
Brookhaven, New York. 

determined from the 148.6- and 208.-keV gamma-
ray peaks. These response profiles are fitted 
to observed raultlplets by linear least-aquares 
to yield the areas of the peaks in the multi
plets. A complete analysis of the 110- to 400-
keV region requires 90 seconds. A self-
calibration technique to establish the energy 
dependence of the overall efficiency for gamma 
rays emitted by the sample 1B used to analyze 
nondescript plutonium samples of various forms* 

2. Data Analysis Methodology 

The general method for determining pluto
nium isotopic abundance ratios using high' 
resolution gamma-ray spectrometry is based on a 
principle commonly expressed by the following 
equation: 

vi x i B i 
CD 

where Nj/N, is the aeon ratio of isotopes i and 
J, I ie tne observed peak Intensity, B is the 
gamma-ray branching intensity, e the counting 
efficiency, and t the half life. The branching 
intensities and half lives are known, and the 
peak intensities are measured, ao the only 
remaining unknowns are the efficiencies. The 
influence of efficiency and attenuation, 
physical factors that are functions of energy, 
ie minimized by taking ratios of gamma-ray peak 
intensities for pairs of peaks that are nearly 
equal in energy. Small differences can be 
accurately determined using a curve established 
from other neighboring peaks that are due to 
gamma emissions of known relative intensities; 
this technique is commonly known as the 
intrinsic calibration method. 

Determination of peak intensities must be 
precise to give accurate final results. A care
ful analysis end Interpretation of gamma-ray 
peaks includes the proper delineation of the 
peak shape, an accurate description of the 
background continuum under the peak or peak 
grouping, and a method for unfolding peak 
multiplets and removing small interferences. 

Peak Shape 

The basic equation for describing peak 
shapes, developed by Gunnink,3 is written as 
follows: 

y ^ e - ^ i - V + A y 0 e B ( x i ^ 0 > n - e C a ( W } 6 (2) 
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y i • net data counts 
y« - peak height 
a • peak width parameter 
x. • channel value of the 1-th point 
XQ - peak centroid position 
A,B,C - shape parameters describing the 

tailing function 
6 - 1 for Xj - X Q < 0 
6 - 0 for Xj - XQ > 0. 

Six parameters—yn.XQ.a.A.B, and C—characterize 
a particular gamma-ray peak (Bee Fig. 1). The 
parameters a,A,B, and C are needed to describe 
the peak shape, but normally are not of great 
Interest by themselves. It simplifies the peak-
fitting process If their values are predeter
mined from the given spectrum and then treated 
as fixed rather than free parameters. 

Fig. 1 A detail showing the mathematical 
components used to describe gamma-ray 
peak shape. 

The peak width is commonly specified by the 
full width at half maximum (FWHH - 2.355a). 
This is related to a by 

a - 1./20 2 

The width of a peak results primarily from the 
summing of instrumental noise (T ) and an 
energy dependent term (T 8) resulting from 
statistical fluctuations in the number of ion 
pairs formed in the detector. To a first 
approximation, the statistical term is linear 

2 

with energy, and the noise contribution is 
constant. Thus the observed total peak width ?t 

may be expressed as 

r 2 - r 2 + r 2 « K. + K_ ' E 
t n s 1 z 

FWHM can be expressed in terms of energy as 

l(FWHM)2 - 0.462] ' ( g a i n ) 2 - Kj + K2 " E. (3) 

The values . K, and IC, can be calculated by 
determining the FWHM of low~ and high-energy 
peaks in a spectrum. The value 0.462 is a 
Sheppard's correction for the error that results 
from treating all of the counts in a given 
channel as if they were concentrated at the 
channel center. 

The quantities A and B characterize the 
amplitude and slope of an exponentially rising 
term that describes the tailing occurring on the 
low-energy side of a gamma-ray peak. This term 
is multiplied by 

to reduce its contribution to zero at the peak 
centroid. The quantity C Is a rather insensitive 
parameter, and a value of 0.4 appears Buitable 
for all germanium detector systems. 

The slope parameter B is detector dependent 
only, whereas the amplitude parameter A is both 
detector and energy dependent. A simple 
algorithm, given by InA - Cj + C 2 " E, describes 
the approximate relationship between parameter A 
and the gamma-ray energy. As in the case for a, 
two or more peaks can be used to evaluate the 
constants C, and C« in this expression. There
fore, the peak shapes for a given spectrum, can 
be predetermined from two peaks and specified in 
terms of five parameters: K, and K^ (used to 
determine a), C, and C 2 (used to calculate A ) , 
and B. 

To determine these parameters, the 146*fi-
keV peak of 2 4 1 P u and the 208-keV peak of 2 3 7 U 
are used* Usually, these two peaks are the most 
intense peaks in the spectrum, especially for 
high burnup plutonium. Good statistical sig
nificance is required to accurately determine 
the energy dependence of the tail parameter A, 
and in most cases the spectra encountered are 
not statistically good. In addition, the 148*6-
keV peak also has Interferences on the low-
energy side, which increases the uncertainty in 
A at that energy. Because changes in A over an 
interval of 100 keV are IX or less, the analysis 
cede determines A and B from the 208-keV peak 
and treats A as a constant for the spectrum. 
The area of the tail is not included In the 
total area of the peak in this analysis. 

Peak Pitting 

The *48.6-keV and 208-keV peaks are also 
used as reference peaks for determining the gain 
and channel-zero energy of the spectrum. Using 
this information (assuming the conversion gain 
is linear), we can compute the exact positions 
of the peaks to be analyzed. If the value of XQ 
in Eq. 2 is also known (in addition to the other 
shape parameters), the only free parameter 
remaining is the peak height. The resulting 
equation becomes linear In form and can be 



solved by a linear least-squareB method rather 
than by an Iterative technique. 

Data points, Yj , in an overlapping peak 
multiplet are considered linear combinations of 
the appropriate contribution from each peak j so 
that 

Y i - £ y , oj f(j,parameters) . 

However, not all of the peak heights in a group 
need to be free parameters, because peaks 
belonging to P. given isotopic component can be 
related by their known branching intensities. 
Consequently, a response envelope for isotopic 
components can be computed, thereby reducing the 
number of unknowns- This also provides for 
removal of interferences where peaks severely 
overlap. 

Background 

Before determining the net area of a peak, 
the background beneath the peak or peak grouping 
must be removed. This is usually done by inter
polating th-2 background, using a straight line 
or a polynomial function. However, such a 
procedure is, in principle, incorrect and may 
lead to erroneous results. Thus, the following 
explicit function is used to calculate back
ground values beneath the peak grouping: 

- K + «•„ V 
j-i k-m 
UY.)/(Hf k), 
j-fl k-n 

(4) 

where 
Bj • computed background at channel i 

Y. • spectrum count of channel j 

b • average background level of low-energy 
side of the peak 

b - average background level of high-energy 
side of the peak. 

This function produces smoothed background steps 
that occur at each peak position. It works 
equally well for single peaks and complex peak 
groupings. The dashed line In Fig. 1 Illus
trates the smoothed step background beneath the 
peak. 

3. Plutonium Gamma-Ray Spectrum Analysis 

The choice of gamma-ray peaks for analysis 
to determine the desired lsotopic ratios Is 
limited to the energy ranges of the spectra 
normally taken by IAEA inspectors. The energy 
ranges usually measured are from .110 to 220 keV 
or from 110 to 400 keV. In the 110- to 220-keV 
energy interval, there are Beven energy regions 
containing a peak(s) that are analyzed by the 
data analysis code. Two additional regions are 
analyzed, if the spectrum energy range reaches 
400 keV. The energies and intensities of the 
gamma rays analyzed ln these regions are listed 
in Table 1. Host of the energy and intensity 
information used in the program is Uken from a 
report published by Gunnlnk. In certain 
instances, changes have been made to reflect 
results obtained by others 5' and ourselves. 

TABLE 1. Energy regions analyzed by the 
data analysis program 

Isotope 

239 p 

239p 

M , A 239„ 

Pu 

Pu 

239 
239i 
239 
241 
241p 
2*1. 

"°Pu 
sum peak 

241 p u 

239 p u 

240 P u 

239 p u 

241„.._237, 
241 
241V 

*Pu-
Am 

U 

235,, 

239 'Pu 

241 p u_237u 
241. 

Energy (keV) 

Region 1 
122. 926 
123 62 
124 51 
125 21 
125 292 
129 294*+ 

Region 2 
141 567 
144 211 
146 077 
146 557 
148 567* 
150 .11 

Region 3 
152 68* 
154 .2 

Region 4 
159 .955 
160 .19 
160 .308 
161 .482 
164 .597 
164 .597*+ 
165 .93 

Region 5 
185 .72* 

Region 6 
203 .537*+ 

Region 7 
208 .0*+ 
208 .0 

237 u 

Region 8 

H Pu" 237 u 332.385 
> 332.385 

2J9 p„ 332.853 

^S" 2 3 / D 335.43 

ti^ 335.43 
• > • 336.104 

?> 341.517 
/ J 9 P u 345.011*+ 

»»Pn 
Region 9 

»»Pn 367.050 
i i ^ 368.456 

't\*-2MV 368.603 
i k Am 368.603 

£!*-2J/„ 370.933 
2 i , IAm 370.933 
M > 375.042*+ 
'"Am 376.59 
239 p„ 380.166 239 p„ 

382.74 

Intensity 

1.00 
1.97 
6.13 
7.11 
4.08 
6.26 

3.20 
2.83 
1.19 
4.61 
1.87 
7.40 

9.32 it 10 ,-6 

6.74 
6.20 
4.02 
1.20 
4.53 
6.67 
2.32 

x 10 

x 10 
x 10 1-6 

x 10" 

0.561 

*Peaks used as region reference peak. 
+Feaks used as determination o 
detection efficiency. 

5. 60 X 1 0 - 6 

5. 33 X 10" 6 

7. 91 X 10~ 6 

2 98 X lO" 7 

1. 49 X l O - 0 

5 06 X 1 0 - 6 

2 39 X vr6 

4 96 X 10~ 6 

1 13 X IO"!; 
6 62 X 10~ 7 

5 59 X 10" 6 

8 65 X i o - 7 

9 .03 X 1 0 " i 1 ,05 X 10~ 8 

2 .17 X 10" 6 

2 .71 X 10" 8 

5 .23 X 10"' 
1 .57 X lor-f 
1 .38 X 10" b 

3 .05 X I O " ! 
10 ° 2 .59 X 
I O " ! 
10 ° 

f r e la t ive 

3 



The data analysis program analyzes each 
region separately. First, the background 
distribution is removed from the peak grouping, 
and then the position of the reference peak in 
each region is determined by fitting the top of 
that peak. The peaks used as reference peaks in 
each region are denoted by asterisks in Table 1. 
The positions of the remaining peaks in the 
region are located relative to the reference 
peak using the gain and channel zero energy of 
the spectrum. With this position Information 
and the other peak shape parameters, one can 
generate a response profile for each peak or 
combination of peaks. A set of linear equations 
with the peak heights as the unknowns is solved 
by a simple matrix inversion procedure. Before 
performing the least-squares fit, the equations 
are appropriately weighted. This is done by 
dividing each channel count equation by the 
square root of the gross channel count. The 
diagonal matrix elements of the inverted matrix 
are used to assign errors to the peak heights 
obtained from the fit. 

The peak areas are calculated from the peak 
heights using the integral of a gaussian and the 
appropriate full width half maximum values, 
which are calculated from the predetermined peak 
shape parameters using Eq. 3. The errors on the 
peak areas are determined from the square root 
of the sum of the square of the peak height and 
the square of the error in the determination of 
the background for the region. After the 
analysis of each region, the results - peak 
energies» areas and errors are printed out. 

The next step in the data analysis is to 
determine lsotopic ratios from the peak areas. 
As shown in Eq. 1, thiB requires corrections for 
the influence of counting efficiency and gamma-
ray attenuation (caused by the sample matrix or 
other absorbing materials) on the gamma-ray peak 
areas. Because ratios of peak areas are 
Involved, it is not necessary to determine the 
corrections absolutely, but only the relative 
relationship between the corrections, which Is 
then applied to the peak area ratio. To mini
mize these corrections and consequently make 
them less sensitive to errors in their deter
mination, the ratios of the peak areas are taken 
of pairs of gamma rays that are as close as 
possible in energy. If the energies are close, 
attenuation and efficiency differences are 
small, thus making the corrections small. 

An intrinsic calibration technique is used 
to determine these corrections from peak, areas 
measured in each spectrum. Peak areas from 
2 3*Pu, and 2 * 1 P u - 2 3 7 U gamma-rays (denoted by + 
in Table 1) are corrected for gamma-ray branch
ing intensities and fitted to the functional 
form 

Indj/Bj) - a Q + a i 6 x + Z l a ^ U n E ^ l (5) 

where I± is the intensity of gamma-ray i, B t is 
the corresponding branching intensity, and E^ 1B 
the gamma-ray energy in HeV. The coefficient aj 
normalizes the 2 3 9 P u data points tQ-the 2 4 1 P u -
" ' U data points (6,-0 for 2 4 1 P u - 2 3 7 U points). 
If the 330- and 370-keV regions are included in 
the spectrum, a cubic function is fit to the 
data (the sum of j is to 3). The 2 4 l P u 148.6-
keV peak area is not used in the determination 
of the relative efficiency curve, because it 

would require correction of the 2 4 * P u - 2 3 U 165-
and 20B-keV peaks for the 2 i Am contribution, 
which is unknown at this point in the analysis. 

From this functional relationship, one can 
calculate the necessary corrections to the peak 
area ratios. The methodology used to calculate 
isotopic ratios from peak areas is best illus
trated by an example. Consider the 2P3/ 2 08:& e V 

peak pair which belongs to Z 3 9 P u , 2 4 1 P u - 2 3 7 U , 
and 2 4 1Am. If A 2 0 3 and A 2 0 8 represent the net 
areas of the two peaks, the following equations 
can be written to describe their observed values 

A203 . E203 B203 X z 

and 
A208 . ,208^208^ + E208 B208 X ;. 

239„ where components 2, 4, and 5 represent Z J*Pu, 
Pu, and Am, respectively, and X equals the 

amount of each lsotopic component. A single 
linear equation is obtained by ratioing one 
equation to the other, which is rewritten in the 
following form 

.203 208 208 v .203 206.208,. 
203 A E B4 \ i_I_B5 h , ,,, 

,208 203 _ .208 203 „ l 0 ; 

A E X- A E X-

The ratio E 2 0 8 / E 2 0 3 is calculated from the 
relative efficiency curve given by Eq. 5. The 
unknowns are the ratios X4/X2 and Xj/Xo, s M c h 
represent disintegration ratios for * T W Pu 
and z 4 lAm/ Pu, respectively. Equations simi
lar to Eq. 6 are developed for the 125/129, 148 
/129, 152/148, 160/165, 332/345, and 368/375-keV 
peak pairs. 

At this point in the analysis, certain 
Interferences that were removed by ratioing 
branching intensities as described earlier are 
corrected for efficiency differences. This is 
done by recomblning these peak areas and includ
ing the interferences as part of the equations 
described above. After the complete set of 
linear equations has been formed and weighted, 
It is solved by the method of least squares. A 
simple matrix inversion procedure yields the 
disintegration ratios and their attendant 
errors. The weighting of each equation involves 
the peak area errors and the relative detection 
efficiency for the energy region represented by 
the equation* 

The disintegration ratios must be corrected 
for lsotopic half lives and mass differences to 
obtain lsotopic weight ratios. The isotopic 
weight ratios and their absolute total errors 
are printed out. The printout also Includes tfce 
age of the sample Blnce separation from ,}Am. 
This age is calculated on the basis of the Am 
/ Pu ratio, using the standard parent-daughter 
relationship. 

The weight .percent value of each plutonium 
isotope and the ^ A m abundance versus the total 
plutonium are alao printed out. Calculation of 
these values requires information on the" Pu 
abundance. Because the Pu gamma rays are not 
measurable, it la necessary to either input this 
Information, if known, or to calculate it using 
an lsotopic correlation. The data analysis 



program has..been wr i t t en to allow the user to 
en te r the Pu weight percent value along with 
I t s r e l a t i v e e r r o r , ¥)tien known. If the user 
en te rs 2ero for the Pu weight percent , then 
the analys is c a l c u l a t e s the Pu abundance 

that includes the 2 * Pu based on a c o r r e l a t i o n 
abundance, I . e . , 

[242] - K[240][241! / [239] 2 (7) 

where 12421, [240], 1241], and [239] are the 
corresponding lsotopic abundances. A value of 
52 for K has been obtained by fitting the cor
relation to a set of plutonium isotopic data 
that were decay corrected to the time of reactor 
discharge. This correlation is linear and in 
general is quite independent of the reactor 
type. Uncertainties associated with 2 Pu deter
minations using this correlation are usually 
less than 10Z for a wide range of materials, 
provided that the cooling time (time since 
reactor discharge) is known. 

The * *Pu abundance in Eq. 7 must be 
corrected for decay since removal from the 
reactor. The data analysis program only 
corrects for decay since the last separation, 
because additional deccy caused by cooling or 
other americium separations ia usually unknown. 
Each year of cooling time not corrected for 
results in a bias of - 52 In the 2 Pu abun
dance. Experience indicates that the above 
correlation is the best one available at the 
present time for IAEA safeguards use. 

4. Results 

An extensive test and evaluation of the 
data analysis program has been conducted by the 
IAEA. Measurements were made on plutonium 
samples, rods, and bulk materials under field 
conditions. The most recent from these tests 
have been published In IAEA report STR-145. 

The results obtained in these measurements 
were generally in good agreement Hifh the 
"expected" values. Results for the 2 3 8 P u and 
/•4Upu vere not as good as for the other 
plutonium isotopes. This is primarily due to 
the poor counting statistics of the two gamma-
ray peaks, 152.7 and JfeO-3 keV, used to deter
mine the " 8 P u and Pu isotopic abundances. 
Th«_ interferences encountered in the determina
tion of the 160.3-keV peak Ajso reduce the 
precision and accuracy of the Pu results. 

Earlier evaluations of the data analysis 
program revealed that measurement procedures and 
the consequent spectral quality are an Important 
part of the measurement results. Attention must 
be given to count rate and amplifier performance 
to avoid pulse plleup and summing which produce 
spectral distortions. These distortions In the 
spectral data lead to biases in the results. 

Figure 2 shows plutonium ^BOtopic abundance 
results for 2 3 9 P u , 2 4 0 P u and 2 4 1 P u o p i n e d on 
snail (2 g) plutonlua standards with £ H U P u abun
dances ranging from 62 to 17Z • The ordinate 
values for each plot are the isotopic abundance 
obtained with the data analysis program (desig
nated by GAMMA) divided by the known Isotopic 
abundance value. 

The spectral data were taken with a Sllena 
CICERO multichannel analyzer (MCA) and a small 
HPGe LEPS detector with 525 eV resolution at 122 

keV. The energy range of all spectra was from 
110 keV to 400 keV, so the data analysis includ
ed the 330 and 370-keV regions. All spectra 
were collected with analyzer deadtimes less than 
202 to reduce possible high count rate effects. 
Counting times were sufficient to obtain at 
least 22 statistical precision in the 3 9 P u 
203.5-keV peak. The intent of these measure
ments was to determine any variation in the 
results caused by the peak araea analysis 
algorithm and the correction for detection 
efficiency. 

1.2 

i.i -

1.0 

as 0.9 -

0.8 
1.2 

%239 = %239 = %239 = 
93.54 79.34 81.65 

• 1 * ' 
— — 

1.1 -

1.0 

0.9 

0.8 
1.2 

%240 = 
6.15 

%240 = 
.15.37 

i 

i.i -

1.0 

h£ 0.9 

0.8 

%241 = 
0.25 

%241 = 
3.87 

-*-*-

%240 = 
16.63 

+A+ 

%241 
1.31 

Fig. 2 Plutonium isotopic abundance results 
obtained with the data-analysis program 
(GAMMA) divided by the known values. 

The resultB obtained for the Isotopic abundances 
Indicated in Fig. 2 are in good agreement with 
the known values. They show no obserwhle 
biases in the data analysis except the Pu 
results for the "weapons-grade" material. In 
this case there was a gamma-ray Interference in 
the 340-keV region from Pa which is a decay 
product of Z 3'Np. This interference la not 
removed in the analysis and caused the observed 

$ 



bias* If the energy spectrum had been analyzed 
only from 110- to 220-keV, this bias would not 
have been observed. 

5. Conclusions 

The plutonium gamma-ray spectrum analysis 
capability of this program is sophisticated, but 
it is small enough to operate on portable com
puters . The program has been implemented on a 
portable Digital Equipment Corporation LSI-11/2 
without a mass storage device that is interfaced 
to a Silena MCA and used by the IAEA in the 
field. The program can be "adapted to other 
computers and portable MCAs (e.g. the Nuclear 
Data 6, Canberra 10, and Davidson 2056). The 
program has also been implemented on the Silena 
CICERO MCA. The program also runs on a standard 
LSI-.1 computer system where the spectral data 
are stored In disk files. 

The program is simple to use with minimal 
user interaction required. The quick, in-field 
analysis capability aids in judging the quality 
of the spectra and determining the course of the 
measurements to be made. Results obtained with 
the data analysis program show a similar degree 
of accuracy as those obtained with the current 
IAEA headquarter-based spectrum analysis program 
and in less time. 
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