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PRECISE ANALYSES BY GAMMA SPECTROMETRY
Raymond Gunnink and James B. Niday
Lawrence Livermore Laberatory, University of California

Livermore, California 94350

ABSTRACT

An important application of Ge(Li) gamma-ray spectrome:ry is its use in
nondestructive analysis. Highly precise results can be ootained by computer
reduction of the data even though the spectra may be very complicated. However,
this successful computer reduction requires a thorough understanding of the
principles involved in the detection and acquisition techniques.

This report discusses some of the more important parai.eters that are
involved in the making of accurate measurements. Included are discussions of
proper methods for delineation of the background under the peaks and for
precise characterization of the peak shapes, problems related to detector
calibrations, and methods for quantitative interpretation of peak intensities.

Examples of pamma-ray analysis of plutonium on a small computer system
are used to demonstrate that properly implemented techniques can give results

to within 1% for the various isotopic constituents.

*
Work performed under the auspices of the U.S. Energy Research & Development

Administration.
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INTRODUCTION

The Ge(Li) spectrometer system has become a widely used instrument
since its advent some ten vears ago. Application can be found wherever
scurces of gamma radiatien exist, As a result, a wide variety of uses
already exist and new ones are continually being found. ‘any of these only
require identification of the nuclides present, or possibly some seni-
quantitative information regarding the amounts present. Others, however,
require a high degree of precisien or accuracy.

Present day commercial instruments and techniques adequately cope with
the former situations; however, highly precise analyses (i.e., better than
1 or %) require considerable attention to detail and also generally use
computers to reduce and interpret the data. The ensuing discussion is based
on the premise that if one understands the mechanisms that produce the
observed spectrum, then one can probably write appropriate algorithms to
describe the phenomena and use these in computer reduction and interpretation
codes. ‘uch of what will be presented stems from the development of a
general purpose computer program which we call GA‘IAN;\L.l This code is
routinely used at LLL to analyze 6000 samples yearly. Automatic sample
ciangers such as shown in Fig. 1 are used for counting the samples and the
GAMANAL interpretation of the resulting spectra proceeds without man-machine
interaction.

We will first discuss some of the important principles involved in the
reduction and interpretation of Ge(Li) gamma-ray spectra, iandicating techniques

that have been developed to implement them. In the second part of the




presentation, we will illustrate some of these principles and techniques
using specific examples drawn from our experience in developing techniques

for icasuring the isotopic ratios of plutonium.

" DISCUSSION

Spectral analyses can generally be divided into two parts; first, the
reduction of the spectral features into understandable entities such as
photopeak cnergies and intensities and, secondly, the quantitative
interpretation of these items as disintegration rates, atoms or grams of
specific nuclides or materials.

Some of the spectral features we will now discuss are:

® The proper form of the background continuum under a peak or peak

multiplet.

@ The components of the observed peak shape.

® Methods for fitting peak multiplets.

® The calibration of detector systems.

® Schemes for interpretating the observed peaks.

bDelineation of Backgrounds

1f one were to consider a hyvpothetical detector svstem exhibiting no
instrumental noise or line dispersions, all of the full-energy pulses
. corresponding to a given gamma ray would appear in one channel rather than
as a broadened distribution (see Fig. 2). The background just before the

peak presumably consists of degraded full-energy events resulting from such

effects as "trapping" in the detector and low angle scattering by the source
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or materials surrounding it. [t would appear that these produce events that
would continue right up to the full peak energy; the result being a
discontinuity or step in the level of the "background". If this is =0, any
processes that disperse the original narrow gamma-ray line width will also
smooth the background discontinuity in the manner shown in Fig. 2.

We believe this model closely reprcsents the detection process and
recommend one of two methods for computing the background curve.

1. Initially interpolate a step function as shown in Fig. 3 with the

discontinuities occurring at the peak positions and with step

heights proportioned according to the approximate peak heights.

The region is subsequently smoothed with two or three cycles of
linear smoothing. (This is the method used in GAMANAL).

2. An explicit function can be used for a point by point calculation

of the background

k=m
B, =B « (B -8B . v, v ,
i n m n i i =h N
where
Hn = average background count in front of the peak
Bm = average background count in back of the peak
Bi = computed background at channel i
¥. = gross count in channel i.

This equation is more accurate than the first method described. Its
application to a very complicated 100-keV multipiet from a plutonium spectrum

can be seen in Fig. 1.
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Characterization of Peak Shapes

There are at least three distinct components in the observed line shape
of a gamma-ray photopeak. These are illustrated in Fig. 5. Additional

structure may result from improper usage or alignment of the electronic

components of the system. The major portion of the peak can be described by

a Gaussian equation, However, accurate data interpretation requires that the
"short-term"” tailing in particular not be ignored. The "long-term” tailing
may be important in the analysis of some complex multiplets. Otherwise it

can frequently be treated as part of the "background' as is done in GAMANAL.

We found that the following algorithm adequately fits the observed peak

1,2
shapes "'~
2 ) Coalx;-x )
a(x.-x_ )~ B(x.-x) E(x,-Xx alx,-x
! 0 io
y. = ¥ e 2% 4ae 1% 4pe ! d1-e -8
i 0
S —— — —— 3
short-term long-term
tail tait

where

¥; = net channel counts

Yo = peak height

a = - l, (o = peak width parameter)

2 tl
X = channel number of i™" point
x, = peak position :

- A,B,C,D,E are shape parameters describine the short- and long-term

tailings i
§ =1 forx, -x <0 { £
1 [} : %
= . > 0.
8 0 for X7 Xy 0
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Techniques have been foundl vhereby all of the peak shape parameters
(a,A,B,C,D, and E) can be determined from two widely separated peaks in a
spectrum. The resulting values will not change sigrificantly in subsequent
runs so that the determination of shape parameters simply becomes a part of
the initial calibration of a system.
The above algorithm fits legitimate gamma-ray peaks very well; however,
the S511-keV peak produced by positron annihilation and peaks due to x ravs
do not produce the predicted line shapes. The 511 radiation is Doppler hroadened
during the annihilation of the positronium. The x-ray linc shape is broadened
because of the very short lifetime of the x-ray transition. Figure 6
compares the intrinsic x-ray line shape with the instrumental Jdistribution
and shows how the two convolute. Only recentlv have we¢ succecded in finding ¢
an algorithm that adequately describes this convoluted distribution.3
The simultaneous fitting of several peaks in a mul*iplet is generally

accomplished by some iterative method. In GAMANAL we lincarize the equations

by using the first terms of a Tayvlor's expansion about the trial values and
then use a Newton-Raphson or Gauss iterative technique. Very complicated
unfoldings such as shown in Fig. 7 can be made using this approach.

fn some specific and routine applications, it is possible to anticipate
the isotopic contributions to a peak multiplet. TIf one has accurate
gamma-ray energies and branching intensities corresponding to each of the
components contributing to the grouping, then all of the peak positions
relative to one another, and also the relative pcak heights for each isotopic

component, can be predet~rmined. With this forcknowledee, the number of

PR

unknowns in the fitting process can be reduced to be equil to the number of

R

isotopic components. Furthermore, the equations arc then linear and one can

R
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avoid the iterative approach in fitting the set of equations. This approach
is used extensively in our analyses of plutonium samples, which will be

discussed in more detail later.

.betector Calibrations

If Ge(Li) detectors arce to be used for quantitative measurements, they
must be calibrated using appropriate sources. The counting cfficiency at any

particular gamma energy is dependent on a number of factors. ‘ost of these

arce associated with the interaction process within the detector, the source-

detector geometry, or with gamma-ray attenuations within the source or from

surrounding materials. If the samples to be analyzed all have the same

size, shape, set of radioactive components, and activity level, then it is
possible to carry out a specific calibration for this sample tape such that
gammit-peak intensities can subsequently be directly converted to the desired
units. This condition does not gencrally prevail in our case. As a
consequence, i1 more flexible approach wius developed. The one used in GAMANAL

separates the overall efficiency into two components as follows:

where
€ = intrinsic efficiency

G = a geometry factor (includes attenuation factors).

This scheme require: only one efficiency curve, whizh can be used for all

samples without regard far their shape, size, or activity level. A rather

elaborate model has been developed to compute the geonetry term. A% :
In addition to calculating the simple geometry effect, it also corrects

for sample size and volume and for attenuation by the sample matrix or by
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other absorbers that may be present. Although the nodel has empirical
components in it, it can be funea to give very precise results as

demonstrated by the following set of data:

Gbserved | Count fletector-to- ti fference from
peak count time (min) source dist, (¢n) avg. value 17

i 318864 20 0,225 N1l

2 254690 20 0,510 013

3 172517 20 1.180 -0, 5

3 124862 20 1.825 REE

K] 23278 20 2.350 -0,22

O 391068 Ji 3.750 fi.35

7 807R0 10 kian 003

3 389035 40 6,280 0,30

R/ 51500 S | TUMIEKH AL

ta 32850 ] 20,750 -0, 20

! 3
-em” detector.

a - AT, . -
lata are for T Cs {oel-kel'; counted on a 3x

A Jescription of the model and of many of the algorithms is piver in

. i
a previous report.

Spectral Interpretation

A popular method of interpreting a spectrun is to hand pick one or more
gamma-ray peaks for each nuclide represented an! to compute auclide abundances
assuming that no interference =xists. Although this s very oractical for
some situations, it gemerally means that much useful data is discarded and

furthermore, unanticipated interference may causc errors.

At 2t
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A more generally applicable approach is to assume that the observed

intensity of each peak is a linea. addition of intensities from one or more

components, i.c.,

)=l
i

: where ;
¥ - . . th . . :

Yi = the intensity of the i peik in gammas/min B

. - R e Jth ;th

% 7 the branching intensity of the i~ component at the i peak
+ energy
: L . .th

Ai = the disintegration rate of the j component {a number that
§ i to be determined).

The calculational method is to write the equations in matrix form as
illustrated in Fig. 8, to fiud thwse sets of equations that are interdependent
and then to solve them by the nethod of least squares. This approach

becomes almost imperative for complex spectra, suci as mixed-fission-product

; and some activation-analysis spectra, because of the large aumber of
wresolved peak interferences. A typical interference resolved in this

manner is illustrated in Fig. 9, which shows an 1173-%eV peak that is

\J
generally attributed to o

152, ;
Te-1 are also present and must be properly corsider:d for an accurate

Co. However, small contributions of 56Co and

printout that provides a breakdown of contributions for each identified peak.

]
i analysis. This illustration is representative of the detailed computer
:
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Specific Examples_ from the Safeguards Progran

One area where many of the above principies have been applied iu
considerable detail is in the gamma analysis of plutonium materials. The
conventional methods herc have been to perform chemical analyses using mass
spectrometry and alpha pulse-height amalysis. These procedures are rather
lengthy, require expensive equipment and are destructive: hence they are not
amenable to automation. We are finding that appropriately implemented
techniques using gamma-ray spectrometry can proviJde accurate plutonium
isotopic-ratio me:lsurements.'3 However, in conc¢rast to the conventional
approach, the gamma analyses must frequentiy be tailored to the type of
sample that is to be assayed. One way of roughly cataloging plutonium-

bearing materials is as follows:

Plutonium materials

( 1
Solutions Solids
Lf T 1
Recently Aged Homogeneous Heterogeneous
processed
r—'L"“’1 f""L"'l
Dilute Cone, Dilure Conc.

Other factors are:
e Controlled vs uncontrolled geometry,
e Contamination of other activities (e.g., fission products).

® Grade of material (weapons vs reactor grade).
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Dissolved Sauples

Some of the sample types arc, of course, much easier to analsy than

others. Of these, the simplest forn is the recontly processed plutonium
237

. . 211 - .
solution from which the s and An have heen renoved. With the intense

cy e - N .
M-heV peak from An largely reroved, severai abundant low-energy gamma

ravs, as shawn in Figs. [0a and 10b, can be used to provide accurate as

1 23

238 0 . P
Pu. The Pu content can be Jetermined fron

30 Al
for Bu, © " Pu, and ~
higher energy radiations at 103 and 148 keV. The princinles that must be
considered in makhing these measurements were discussed earlier and are also
presented in an earlier rcpnrt.l A prototype svsten for maiing this type
of meavurenent on seapong-grade plutonium has been fielid testzad at the
Savanna: River Plunt (SRP) and has been operating suatisfactorily for two

o . - D s . . -
years now. e system consists of a l-cn”, high-resolution, Ge(li) detector

and associated electronics and a 12 ¥M0-vard, i12-bit ninicomputer equipped

with mass sterage.  All data reduction is dJdone in FORTRAN. A summary of

results obtaincd at SRP on 9] <aaples is as follows:

Ava. deviation

Abundince from mass spec. (%)
0.01 154
239 93,00 0.004
210 G.0 0.8
21 0.6 2.ab

a ;
“lab measurements made by a-pulse analvsis.

bﬂuch of this disagreement was in che form of a biuas resulting from a

drift in efficiency.
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Another common solution sample is one in which the

s . . 241
equilibriun with its

Pu parent and appreciable amounts o

37 :
U has grown into

f '41Am are also

present. The low energy spectrun of such a sample is shown in Fig. 11,

The gamma rays below 59 kel are now obscured and the 100-KeV region has

become very complex. llowever, all of the isotopes of interest are represcnted

in this low energy region and with the aid of a somewhat more sophisticated

computer program, analyses have been made with sufficient accuracy to replace

certain mass spectrometric measurements.

The following table shows two sets of results which compare gamma

spectrometry with mass spectrometry:

SRP avg. deviation

LLL results (10 sanmples)
std. dev. (%)

{sotope’ for 105 samples (%)
ZSSPU _

3 -0.005

240p, «0.4

J4lp, +0.5

J41Am -l.6

a,. .
Weapons-grade plutonium.

Solid Samples

3.1

Until now we have been considering the rather specific case of

measuring isotopic raties of plutonium solutions.

The optimum approach for

solution samples is to select a convenient set of gamma rays that provide

informition on the isotopes of interest and then to calibrate the

- w  —at m——— %

PP

LA ¥
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spectrometer system for a fixed counting geometry. There is considerable
advantage in finding an approach that is much more flexible and adaptable to
different measurement conditions such as varying sample quantity or size,
non-uniform packaging, sample inhomogeneity, variable counting geometry, and
unknown attenuations by the sample matrix or other absorbing materials.

One way of minimizing the influences of these experimental problems is
to compute the isotopic ratios by using the peak intensities observed in a
set of neighboring pzaks that are produced by the various isotopes in the
sample. Since the energies are nearly equal, the efficiency and attenuation
differences will be quite small, and the ratio of isotopic abundances is

then, to a first approximation, directly related to the peak intensities as

follows:
ap - Loty Lty
El'Yl c:-Yz
L & T %
=t . 2. 2. A
2 5 Tz
where

A/B = isotopic ratio
1. and [, = observed peak intensities of the two gamma rays coming fiom
isotope A and B, respectively
g, and €, = gamma-ray counting efficiencies
Y1 and YZ = the gamma yield o branching intensities of the respective

gamma rays

t, and t, = the respective half-lives of isotopes A and B.
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Although it may not be possible to obtain accurate absolute values for £, and

Yl individually, it is possible to obtain accurate ratios over a small
energy range. The accuracy of the calculated isotopic ratio is then largely
limited by the precision with which the peak intensities are measured.

A search for peak groupings that can potentially provide information
on isotopic ratios indicates that eight or nine such spectral regions do
exist as shown in Fig. 12. Some of these regions are quite complex while
others are simply doublets. The number of isotopic components and the
accuracy with which ratio measurements can be made varies.

After assessing the potential of each of the groupings using a computer
program we wrote5 to simulate various conditions for each grouping, the
100-keV multiplet was selected for additionai study. Although this region
is very complex, as Fig. 13 shows, it cannot be ignored because it contains
a wealth of information not otherwise available. In order to manage ths
complexity, it is important to precharacterize the region as much as
possible. The relative gamma-ray energies and branching intensities were
very carefully measured. Errors of l- or l-el in the energy of a peak,
relative to other peaks in the multiplet, clearly affect the quality of fit
and may alsu significantly affect the results obtained for minor constituents.

The fitring procedure here is not that of individually fitting the 1J
or more peaks in the multiplet, but rather to generate response functions
or envelopes; ane for each component (i.e., isotope) represanted in the
grouping. This reduces the number of unknowns in the least-square fitting

5z
from 14 to 6, That is, the unknowns now are the relative amounts of “JSPu,

239P 240 ZJIPU 241

u, Pu, Am, and a-induced x-ray fluorescence. The response

function corresponding to each isotope is computed from energies and

(NPT

A A A b R 50
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branching intensities, which are provided as input. Also note how the
238, . . :
Pu signal appears to be nearly buried.

We have made some preliminary neasurcrments aimed at verifyving the
analytical precision predicted by the simulator code. We repeatedly
analyzed the same sample to study the reproducibility of the analysis awd

the stability of the detector system. Some of the results of these

experiments are summarized in the following table:

Precision (13) Precision (13)
Isotope Abundance (%) (ten 10-h spectra) {Fourteen 2-h spectra)
258py 0.01 0.6% 2.0%
:Sgpu 93.7 0.013% 0.02R%
2405y 5.8 n.2% 0.45%
lpy 0.4 0065 017y
ZJIAm 0.10 0.0% 0.44%

These results compare very well with those obtained from the study using
the simuluator code.5

We are presently comparing the analytical results from direct gamma
measurements with those obtained by more conventional techniques. Thus far,
they have generally agreec within the combined limits of error for these
techniques and actually have been close to those shown in the last column of
the table abova,

As expected with any developing technique, rmany unsolved problens
remitin, but there are also many potential areus of application. In the past

much of the data reduction involved hand calculations, or, at best,

4
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man-machine interaction with a computer. However, significant progress has
now been made in the development of good methodology for completely automatic
analysis, Since there has been a simultaneous increase in the power and
sophistication of minicomputer systems, we feel that gamma-ray spectrometry
applications will become much more automated and, thus, more amenable to

routine and on-line usage.

i
i
|
!
!
i
‘




Fig. 1.

17~

Changers used at LLL to automatically change and position radioactive

samples for counting.
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Intrinsic
“ lineshape =

Oispersed
line shape

Counts

Channel

The idealized background shape under a gamma-ray peak

step.

is a smoothed
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METHOD OF BACKGROUND INTERPOLATION

Y T U A\l T L T Y

COUNTS

CHANNEL

Fig. 3. An illustration of how a smoothed step function can be used to

describe the background continuum,
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The backpround continuum for this complex multiplet was calculated

using the explicit function given in the text.
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Fig. 5. Threc componcnts can be used to chariucterize the instrumental peal

shape of a 103-keV gamma ray.
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Component nuclides
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Fig. 8. An illustration of a matrix containing data and coefficients for a

set of equations that describe the observed peak intensities. Three

interference sets are illurstrated.
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Contribution
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Fig. Y. This 1173-keV peak cannot be resolved by peak-shape fitting, but its
components can be quantitatively resolved in the final matrix

calculation.
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Channel number
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Fig. 12. This Ge(Li) spectrum of PuO, shows eight peak groupings that can

be used to yield isotopic information.
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