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COMPUTERIZED QUANTITATIVE 
ANALYSIS BY GAMMA-RAY SPECTROMETRY. 

VOL. I. DESCRIPTION OF THE GAMANAL PROGRAM 

Abstract 

GAMANAL provides a complete quali­
tative and quantitative analysis of mix­
tures of radioactive species by computer 
interpretation of high-resolution gamma-
ray spectra. This volume describes the 
methods used for determining background, 
resolving and fitting complex peak 
groupings, determining the energies and 

The extensive use at Lawrence Liver-
more Laboratory of lithium-drifted ger­
manium gamma-ray detector systems for 
nondestructive analysis has necessitated 
the development of computer programs 
capable of accurate and complete reduc­
tion and interpretation of tbe spectral data. 
This need resulted not only from the large 
number of data channels typically used but 
also from the complexity of the spectra. 

1 2 We have made preliminary reports * on 
an earlier version of our current computer 
code, which gave us several years of val­
uable service in analysing samples con­
taining mixtures of fission and activation 
products. More recently, we have com­
pletely rewritten major portions of this 
program, thereby developing a second 
generation program that incorporates the 
experience gained. 

absolute intensities of the gamma rays, 
and determining the amounts of the 
source nuclides. The latter are iden­
tified with the aid of a preprocessed 
decay-scheme library, and all inter­
ferences are resolved by a least-squares 
solution of the matrix of equations for 
the gamma intensities. 

In this report we describe and partially 
document the approach we have adopted in 
analyzing spectra obtained by using Ge(Li) 
detectors. This approach must of course 
reflect the types and numbers of samples, 
the counting equipment, and tbe computer 
facilities available at the Laboratory. As 
a result of the use of computer-controlled 
automatic sample changers (see Fig. 1), 
the spectra are frequently submitted to 
the computer for analysis without any prior 
inspection by the experimenter. There­
fore we have written GAMANAL so that 
little or no man-machine interaction is 
required, even though the spectra may be 
very complex. 

We also require that tbe program be 
able to interpret a spectrum regardless of 
the nature of the source or its physical 
relationship to the detector. Because of 

Introduction 

- i -



Pig. 1. View of one of the automatic sam­
ple changers for Ge(Li) counting. 

the wide variety of sources encountered, 
the usual technique of using precalibrated 
counting positions is not feasible. For ex­
ample, some sources are quite "cold" and 
must be counted at close-in geometries 
(~ 1 cm), whereas others require large 
counting distances {— 100 cm). Some sam­
ples are point sources, whereas others 
are disk or solid sources composed of a 
variety of materials. 

Equations derived from simplified 
models were therefore formulated and 
tested to account for this range of geom­
etry and counting conditions and to correct 
for self-attenuation of gamma rays within 
the sample. In this way we were able to 
calibrate the counting systems so that the 
procedures for final analytical interpre­
tation of the resulting data could be the 
same for all systems. Furthermore, this 
calibration is semipermanent and requires 
only a good set of absolute gamma ray 
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Fig. 2. Diagram of the GAMANAL program. 
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standards, which are available commer­
cially or can be readily prepared. 

A complete spectral analysts can be 
separated into two parts, first, the input 
and reduction of the spectral data into en­
tities such as pbotopeak energies and in­
tensities, and second, the quantitative 
interpretation of these items as disinte­
gration rates , atoms, or grams of specific 
nuclides or materia ls . 

We have attempted to make the program 
flexible with respect to the input of data, 
control of the flow of the analysis, and 
output provided. Because it i s a "hands-
off" program, running primarily in the 
batch-production mode, this flexibility i s 
obtained by use of a number of control in­
structions and parameter cards. The 
assembling of the data and instructions i s 
handled by subroutine INTAKE, which has 
been split off from the main program for 
convenience only. Up to 17 different 
types of cards, each identified by a 
character (NCAKD) punched in column 1, 

have been described in detail in the 
3 

User's Guide. 
The basic card controlling the analysis 

of a specific spectrum has a 2 in the first 
column and must carry the detector and 
system labels and a unique six-character 
label (named NSPEC) for the spectrum. 
This Type 2 card usually supplies addi­
tional information, such as a name for the 
sample and data on i t s weight, timing, and 
geometry, as well a s a coded set of in­
structions for the handling and analysis of 
the pulse-height data and output of the r e ­
sults. 

Figure 2 shows a diagram outlining the 
computer program. The requirements 
and procedures for data input are detailed 

3 
in Volume i n of this report, but a few 
features will be discussed briefly in the 
next section. A complete source listing 

4 
of GAMANAL is to be found in Volume H. 
Several auxiliary programs to be mentioned 
later will be l isted and discussed in Vol- " 
ume XV.5 

This control card may be followed by 
other cards supplying information on the 
sample or its spectrum. However, the 
calibration parameter cards are identified 
by such items as detector or system, and 
for convenience are usually submitted as 
a group in front of the first sample control 
card. These parameters are stored with 
the aid of subroutine FSLOT and selected 
later as required by INTAKE. 

After a Type 2 card has been inter­
preted, the specified pulse-height data are 
acquired from any of a variety of sources— 
data cards, binary or BCD magnetic tapes, 
or permanent storage tapes previously 
written by GAMANAL. The tape routines 
are heavily oriented toward this installa­
tion and will not be described here, but 
some discussion of them may be found in 
the User's Guide. 

Once the pulse-height data are stored, 
the reading of any additional cards i s r e ­
sumed until another sample control card 
i s detected. However, this card is not 
interpreted until the analysis of the data 
already obtained has been completed and 
INTAKE has been reentered. The col­
lected Information i s summarized (see 

Data Handling 
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Appendix A) and usually stored on a per­
manent storage tape before the data-
reduction phase begins. 

If any essential information is missing, 
or if serious e r r o r s occur anywhere in 
the program, an exit is taken through sub­
routine EMERGX to skip the processing of 
the current sample rather than to risk 
aborting the remainder of the computer run. 
A call to the entry point PASS has the same 
effect, except that no memory dump is taken. 
After cleaning up some flags, this routine 
examines NCARD and NSPEC, determines 
the proper reentry point in INTAKE, and 
proceeds to the next sample. 

DETERMINATION OF BACKGROUND 

Subroutine BKGRD determines the 
background or Compton contin>"'m under 
the peaks in a spectrum prior to the de­
tailed examination of peak regions. The 
logic used i s quite subjective and is based 
largely upon experience. Because of the 
multitude of t es t s and choices involved, it 
i s difficult to follow the flow of data through 
this subroutine, and we will discuss only 
some of the more salient features. 

The general approach, rather than de­
lineating peak regions, i s to attempt to 
find all the nonpeak regions in a spectrum 
by applying various t e s t s to the s lopes b e ­
tween points or groups of points. These 
tes t s take into account the resolution of 
the detector and the gain used, as well as 
the counting s tat i s t ics . Regions which 
fail these tes t s are assumed to contain 
peaks, and the underlying background con­
tinuum for such regions is estimated by 

Subroutine GRAPH utilizes the Labora­
tory facilities for obtaining hard copy from 
computer-generated cathode ray tube (CRT) 
pictures. The various plotting options 

3 
available in GAMANAL include plotting 
the raw data only, plotting the results of 
the fitting of individual peak groupings, 
and plotting the complete spectrum with a 
tracing of the background used and of the 
peaks located and their energies (see 
Appendix B). The last type of plot has 
proved very usefu' and corresponds with 
the tabulation of a summary of the peaks 
(see Appendix A) at the completion of the 
data reduction phase. 

an interpolation method to be discussed 
later in this section. 

An important feature of this approach 
i s that we converge upon the final back­
ground curve in three stages. In the first 
we attempt to get a global view of the back­
ground of the entire spectrum, similar to 
the subjective view one gets from viewing 
a large graphic display. The details are 
overlooked, but the sign and magnitude of 
the slope are ascertained for all regions 
of the spectrum. Once this has been done, 
the succeeding stages can employ more 
rigorous criteria permitting correct de­
cisions at the microscopic level. 

The first stage i s accomplished by 
generating a crude background curve using 
the technique of Ralston and Wilcox. The 
original spectrum i s smoothed as shown 
in Fig. 3, and each new data point com­
pared with the original, which is always 
preserved. A new spectrum is generated 
by using the smoothed values instead of 

Data Reduction 
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Fig . 3 . Detail of the smoothing and trun­
cation processes in the first stage 
of the background determination. 
A new "spectrum" (curve c) i s 
formed by truncating the previous 
spectrum wherever it exceeds the 
smooth spectrum (curve b) by 
more than n standard deviations. 

the original data points whenever the latter 
exceed the former by more than a speci­
fied number of standard deviations. This 
modified spectrum is now smoothed in 
turn and the process repeated, but the 
s i z e of the allowable deviation is reduced. 
After several cycles of this process 
(seven are currently used) a fairly good 
general picture of the background con­
tinuum emerges, as illustrated in Fig. 4 . 

The second stage begins with a detailed 
comparison of the s lopes between adjacent 
points or groups of points in this approx­
imate background array and the corres ­
ponding slopes in the original data. A 
new background array i s built up from 
points not showing statistically-significant 
differences. 

We now will describe a second and 
somewhat unique feature of this subroutine, 
i. e . , the method of interpolation between 
background regions. Instead of the simple 
straight-line or polynomial curve usually 
used to describe the shape of the back­
ground una 1 a peak, we have chosen a 
smoothed step taken at the center of the 
peak, as shown in Fig. 5. We feel that 
this choice has a good basis in principle 
and in practice. 

If we consider a hypothetical detector 
sys tem exhibiting no instrumental noise 
or statistical effects, all the full-energy 
pulses corresponding to a given gamma 
ray could be made to appear in one chan­
nel rather than as a broadened distribution. 
The background just before the peak (i. e . , 
the additional counts that one observes 
between the Compton edge and the low-
energy side of a peak) presumably consists 
of degraded full-energy events resulting 
from such causes as detector edge effect 
or small-angle scattering by material be­
tween the sample and the detector. If such 
processes continue to contribute pulses up 
to the full energy of the peak, then, in our 
hypothetical case, a sharp step would be 
observed at the peak location. In actuality, 
the same line-broadening processes that 
spread the peak will affect these pulses, 
which we have chosen to consider part of 
the Compton background. The effect of 
this dispersion en the step i s approximated 
by the two or three cyc les of linear smooth­
ing carried out later on the entire back­
ground array. 

There i s , moreover, an important 
practical reason for the interpolation by a 
smoothed-step function. In the case of a 
peak multiplet such as that in Fig. 6, back­
ground information can be obtained only 
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Fig. 4. The results of the first stage processes for a typical spectrum. 

from the extreme ends of this peak region. 
Obviously, the simple straight-line inter­
polation shown as jurve (a) will give in­
correct results. An earl ier version of 
GAMANAL, which used the straight line 
and apportioned the total area on the basis 
of the relative heights of the peaks without 
taking the peak shapes into account, gave 
unsatisfactory results in many cases. 

In our present approach a step function 
is generated as shown in curve (b) and 
the subsequent smoothing produces the 
desired result (curve (c)). Note that this 
interpolation takes into account both the 
relative heights of the peaks and the 
previously-determined general slope of 
the background. Not only are the areas 
now determiced more consistently, but 
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background 

background' 
J 

Fig. 5. Diagram of the effect of energy 
dispersion on the background un­
der a peak. The same processes 
that broaden the intrinsic line 
shape will disperse the proposed 
sharp step in the background. 

the subsequent fit to standardized peak 
shapes is much more satisfactory. 

Among the many precautions that must 
he taken in BKGRD are those against using 
"dropped" or overflowed channel counts. 
Fart of the logic of this subroutine i s that 
the background cannot exceed the data 
points to a statistically-significant degree 
(or else, presumably, the true background 
was missed). If this occurs in making an 
interpolation, checks for overflows are 
made before the intervening low points 
are accepted as background. If they are 
accepted, new interpolations are made, 
which will have the effect of breaking up 
any peak grouping involved. 

Channel 

Fig. 6. Comparison of the straight-line 
interpolation (curve a) with the 
stepwise interpolation method 
(curve b and c) now used in 
GAMANAL. The final background 
(curve c) i s produced by smooth­
ing curve b. 

For the third stage of the background 
determination, the entire second stage 
process is repeated with tightened criteria 
because better information is now avail­
able on the slope of the background. 

Figure 7 demonstrates the results of 
this approach on a section of spectral data. 

The peak regions of the spectrum can 
now be located by subtracting the back­
ground data from the original spectrum. 
Some upward adjustment of the background 
may occur later during the peak-shape 
analysis of these regions (see subroutine 
FIT). 

DELINEATION OF PHOTOPEAKS 

Determination of Standard Peak Shape 
Before discussing how each peak r e ­

gion is analyzed, we will describe the 
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Fig. 7. The application of the stepwise interpolation method to a typical spectrum. 

o u 

Fig . 8 . A detail showing the components 
used to describe a peak shape. 

counts) is described as the sum of a Gaus­
sian and a tailing term. This is shown 
schematically in Fig. 8, and can be writ­
ten a s 

a(x.-x T B(x.-x ) 
I O - I O y. = y o - e + A y Q - e 

r c-ff(x.-x„)2"i 
(1) 

where 
y. = net data counts 
y - peak height 

2<T 
{a = peak width parameter) 

x. = channel value of jtb point 

mathematical function and procedures used x o " p e p o s l l o n 

to characterize peak shapes . 
The shape analysis function used i s 

taken in part from that described by 
7 

.'Zanders and Holm. The peak shape (net 

A, B, and C are parameters used in de­
scribing the tailing function 

6 1 for <xt - x Q ) < 0 
6 = 0 for (x. - x ) > 0 i o 
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We see that six parameters (y , x , a. 
A, B, and C) characterize a peak com­
pletely. 

The data points [(Y(i)] in an overlapping 
peak multiplet are considered to be linear 
combinations of the contributions from 
each peak j so that 

n 
Y(i> = ] [ y j L . (2) 

j = i 

In analyzing a multiplet, we allow only y , 
the peak height, and x , the peak position, 
to differ for the individual peaks, since the 
other parameters {a, A, B, C) do not 
change rapidly with energy. Furthermore, 
since y and x are the only quantities of 
interest for analytical purposes, we gen­
erally use predetermined values of the 
other four parameters , which are then 
held constant for any given fitting opera­
tion. In general, the vaiues of these four 
parameters are dependent on the detector, 
the electronic system, the gamma-ray 
energy, and the amplifier gain. 

A separate computer program could 
have been written to determine and study 
these parameters. Instead, we have cho­
sen to include subroutine SHAPE in our 
working program. Its function is to char­
acterize the parameters or, A, B, and C 
for the 2 to 15 peaks specified on Type 3 

3 
cards. Each peak used for shape analysis 
is first located by PKSCH and then sent to 
subroutine FIT for the actual fitting. The 
independent answers are assembled by 
SHAPE for characterization of the various 
shape parameters. 

We will now discuss each of these para­
meters in greater detail. 

The peak width i s normally the most 
sensitive parameter in a peak-fitting oper­

ation and is commonly specified by the full 
width at half maximum (FWHM = 2 .355a ) . 
This is related to a by 

a •• - l / ( 2 a 2 ) . (3) 

The width of a photopeak results primarily 
from the summing of the instrumental 
noise (AE ) and an energy-dependent term 
(AE ) resulting from statistical fluctuations 
in the number of ion pairs formed in the 
detector. For a more detailed discussion 
of these quantities, see Ref. 8. 

To a first approximation, the statisti­
cal term is a linear function of energy and 
the noise contribution is constant. Thus, 
we may express the observed total peak 
width (AE t) as follows: 

A E 2 = A E 2 + A E 2 = k1 + k 2 E . (4) 

Although k, involves the Fano factor, we 
treat it as a quantity which, along with k., 
must be determined for each detector s y s ­
tem. The values of k, and k„ are deter­
mined by the method of linear least squares 
when more than two peaks are used. 

The quantities observed and measured, 
such as peak widths, are in terms of chan­
nels rather than energies . To accommo­
date different amplifier gains, it is 
desirable to separate the gain dependence 
from the equations that describe the shape 
parameters. For the width parameters, 
we write 

A E 2 = (ACH2 - C g ) • (GAIN)2 (5) 

where gain i s expressed in keV/channel 
and C is a Sheppard's correction for the 
error resulting from treating all counts 
in a given channel as though concentrated 
at the channel center. It can be shown 
that the value of C is approximately 0.46 
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when expressed in terms of the full width 
at half maximum (FWHM). 

The above equation now becomes 

[(FWHM)2 - 0 . 4 6 ] - (GAIN)2 

k l + V E . (6) 

That such an equation indeed expresses 
the relationship between peak widths and 
energy was verified, as Fig. 9 shows. 

The parameters A, B, and C in Eq. (1) 
describe the tailing term (see also Fig. 8). 
The quantities A and B are the amplitude 
and slope descriptions of an exponentially-
rising term that i s multiplied by 

[. a C ( x r x o ) 

to reduce its contribution to the peak back 
to zero at the peak position. The quantity 
C is a rather insensitive term, quite eas­
ily influenced by poor statistics, and is 
therefore difficult to measure. A value of 
0.4 appears to hold quite well for all our 
detector systems. 

0.4 0.8 1.2 1.6 
Energy — MeV 

2 . 0 

Fig. 9. niiistration of the variation of peak 
width with energy. 

In uur study of the other two tailing 
constants, we found that the slope para­
meter B is dependent only on the detector 
system, whereas the amplitude A is both 
detector and energy dependent. The para­
meters B and C should be determined 
where the tailing is most pronounced ; 
therefore, for their measurement we use 
only the highest-energy peak of those spec­
ified for shape analysis. The values of B 
and C ure thereafter held fixed for lower-
energy peaks while the other parameters 
are being characterized. 

We found a rather simple approximate 
relationship between the exponential slope 
parameter A and gamma-ray energy. It 
is given by 

In A = Cj + C 2 • E (7) 

Figure 10 presents the fit of this relation­
ship to some typical data. The best val­
ues of C, and C, are determined by the 
method of least squares in SHAPE. 

Subroutine SHAPE is called by default 
if the shape parameters for the particular 
detector and system are missing from the 
input deck. It may also be called by spec-

3 
ific request on the Type 2 card to deter­
mine some or all of the six parameters 
used. These are, respectively, the two 
constants each found in Eqs. (4) and (7), 
and the values of B and C of Eq. (1). 

Although it is desirable to use single 
peaks for shape analyses, this is net ex-
sential. However, if a peak grouping is 
to be used, the individual peaks in it must 
all be sufficiently resolved to be detected 
in PKSCH by the derivative method. 

Some typical printed output from a call 
for a shape analysis is shown in Appendix 
C along with a summary of results for a 
set of such peaks. 

-10-
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Fig. 10. Elustration of the variation of 
exponential tailing amplitude with 
energy. 

Search for Peaks 
Subroutine PKSCH locates the peak r e ­

gions in a spectrum and supplies them in­
dividually to subroutine FIT for detailed 
analysis. A peak region is defined as an 
area of the spectrum in which all the data 
points are significantly higher than the 
previously-determined background. When 
the bounds of such a region have been de­
termined, the more obvious peaks in it 
are located by a point-by-point examination 
of the first and second derivatives, using 
statistically-weighted tes t s . 

The size of the peak grouping is cur­
rently restricted to 160 data points and 10 
initial peaks. (FIT can accommodate an 

analysis of 12 peaks.) If a peak region ex­
ceeds either of these limits, PKSCH will 
split the peak grouping apart at the point 
where the net counts are lowest in value. 
This is done by drawing in a parabolic in­
crement to the background; the parabola 
passes through this point as well as the 
end points where the net counts equal zero. 

Intermediate results such as the net 
counts and weighting factors for each chan­
nel and the approximate heights and posi­
tions of the obvious peaks are now available 
for use in subroutine FIT. When the pro­
gram returns from FIT, the final results 
are stored in the appropriate arrays and 
error calculations are made before a 
search for the next peak grouping is 
started. The calculation of combined er ­
rors i s discussed in the section immedi­
ately following. 

Fitting the Peaks with Standard Shapes 
Subroutine FIT performs a detailed a-

nalysis of each peak region submitted to 
it by PKSCH, using as data the net counts 
in each channel, their weighting factors, 
and estimates of the parameters that de­
scribe the peak positions, heights, and 
shapes. Some of these shape parameters 
may be held fixed at the input estimates 
and the best least-squares value will be 
obtained for all free parameters. 

Since Eqs. (1) and (2) are not of a linear 
form, the least-squares answers must be 
obtained by some iterative method. A 
Taylor's expansion about trial values i s 
used to linearize the equations. The 
Newton-Raphson (Gauss) iterative tech­
nique is then used to find the best least -
squares values of the free parameters. 
When only the first terms of the expansion 
are retained, the equation is 
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N 

y<i)-£ f(p°.p°, . . . P ° ) 

3=1 j = l^ i 

N 

3=1 

where 

Y(i) - the count in channel i 

p, = current best estimate of the 
kth shape parameter 

4p^ = the change in the current 
best est imate of the kth 
shape parameter required to 
obtain a better fit to the data. 

Under certain conditions, an additional 
term may be added which allows for a 
parabolic increment to the background. 
These conditions are described later in 
this section. 

The partial derivatives with respect to 
the free parameters are calculated using 
the current best est imates for these quan­
t i t ies . The values of these derivatives are 
then used as coefficients in Eq. (8) for the 
next least-squares analysis in the iteration 
process . The est imates are updated fol­
lowing each iteration and the process con­
tinued until each of the free parameters 
changes by l e s s than a prescribed amount. 
This amount i s usually se t at one-half the 
value of the error indicated for that param­
eter by the diagonal matrix elements. 

We have encountered several situations 
that cause the matrix to be ill-conditioned, 
the answers to diverge, or that otherwise 
produce meaningless or poor results . We 
have included counteractive steps in the 
program for each. For example, when 

the initial estimates for the input param­
eters were poor, use of the excessive 
increments indicated by the answers tended 
to cause divergent conditions. These large 
swings were "damped" successfully by 
making only a fraction of the indicated 
change in any one iteration. Action was 
a l so taken to prevent crossing-over (or 
even too close an approach) of two neigh­
boring peaks. In the determination of 
parameters other than peak heights and 
positions (i. e . , FIT called from SHAPE), 
we found it desirable to free only one of 
these parameters at a time, starting with 
the most sensitive one and progressing to 
the least sensitive. Even so, a satisfac­
tory analysis i s generally completed in 
just a few iterations, although up to 15 are 
permitted. 

If a peak height becomes negative during 
the iteration process , it is eliminated from 
further consideration. At the conclusion 
of this process, several tests are made, 
including an examination of the residuals 
(expressed in units of the standard devia­
tion of the net counts). Possible extra 
peaks are indicated if a value in this ar­
ray and also the sum of i ts two neighbors 
each exceed 4 standard deviations or the 
number given by OPRATR(6). 3 A peak is 
inserted at that position with the largest 
such residual (except when it i s too close 
to an existing peak centroid), and the 
least-squares analysis i s repeated. This 
process continues until the criteria for 
residuals are satisfied or until the max­
imum allowable number of peaks is reached. 
(This number i s 12 in the normal opera­
ting program, although we have an ex­
panded version which handles up to 20 
peaks). Figure II shows the results of 
each cycle of the analysis of a multiplet. 
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10 20 30 40 SO 60 70 80 90 100 

(a) First cycle 
(b ) Second cycle with additional peak 

at point of largest residual 
( c ) Third cycle with additional peak 

at point of largest residual 
(d) Fourth cycle with additional peak 

at point of largosr residual 
(e) Fifth cycle with additional peak 

at point of largest residual 

10 20 30 40 50 60 70 80 90 100 

Channel 
Flff. 11. Analysis of a peak multlplet by least-squares fitting using a predetermined line shape. Fig. 11(a) Illustrates the 

first cycle using the four peaks detected by the derivative method. The successive addition of further peaks at 
the point of largest residual Is shown In Figs, b, c, d, and e. 



Further illustrations of the final fitting 
cycle are given in Appendix B. 

Under certain conditions, a parabolic 
increment to the background will be in­
corporated into the fitting analysis. This 
is allowed because there are some spec­
tral regions for which subroutine BKGRD 
cannot always make a good assessment of 
the background. For example, if a peak 
multiplet is quite large, it is difficult to 
know or predict the precise location of the 
background curve. Therefore, if the total 
number of peaks found in a peak grouping 
exceeds the number specified by OPRATR 

3 
(3) (usually three), one additional para­
meter will be freed. This allows for a 
parabola background passing through the 
end points, whose net counts are always 
zero. 

Distinct and rather sharp "humps" 
frequently result from backscatter or 90° 
scatter of low-energy photons and are 
misconstrued by BKGRD to be a tightly-
overlapping group of peak3. Such a hump 
will generally have only one inflection 
point and therefore PKSCH will find only 
one initial peak. However, this hump can 
be distinguished from a true single photo-
peak after the first fitting operation by 
comparing the area of the fitted peak to 
the net area under the data points. We use 
the rule that if the sum of the areas of the 
initial fitted peaks does not exceed 50% of 
the total area of the multiplet, a parabola 
background is immediately freed regard­
less of the number of peaks. 

If this additional parameter is included 
in the fitting, it is required that the cal­
culation result in a positive increment to 
the background, i. e . , the sign of the freed 
parameter must be negative. If not, a 
change in background is dropped from fur­

ther consideration. It is further required 
that no resultant background value be sta­
tistically greater than the corresponding 
data point. If it is, the background is 
reinterpolated between the data point of 
maximum overlap and the two end points. 
The program returns to PKSCH to restart 
the entire process of locating and fitting 
peaks for each of the two peak regions 
which result. 

For routine analyses, the quantities of 
interest in the peak-fitting operation are 
just the peak heights (or areas) and the 
peak positions. Ideally, it would be de­
sirable to fix all other parameters at their 
estimated vslues, but we have found that 
the peak-resolution parameter (cr) should 
be given a certain amount of freedom. 
Since it is a sensitive parameter, small 
spectrum-to-spectrum variations can pro­
duce poor fits on statistically good peaks 
if o is held constant. To overcome this 
problem, provision has been made for 
specifying the maximum variation of the 
peak width (usually about 5 to 10%) to be 
tolerated in any particular analysis. An 
exception is made for a peak occurring at 
approximately 511 keV. Since this peak 
may be considerably broadened if it is due 
to positron annihilation, the restraint on 
its width is removed. An example of this 
is shown in Appendix B. 

A similar problem is encountered with 
x rays. The natural (Lorentzian) line 
shape of gamma rays is generally very 
narrow because of the relatively long life­
time of nuclear states. Consequently, this 
line shape does not noticeably contribute 
to the observed line shapes of gamma rays 
in the presence of much larger detector 
and instrumental effects. However, the 
short lifetimes of x-ray transitions 
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produce considerably broader natural line 
widths and result in a noticeably different 
peak width and shape. Since we have not 
attempted to account for these perturba­
tions in this program, an acceptable fit 
is usually arrived at only after admitting 
spurious peaks into the profile of an x-ray 
peak (see Appendix B). The total inten­
sity of the x ray can be obtained easily by 
summing the individual intensities re­
ported. 

The errors assigned to the peak areas 
and positions are determined from the 
diagonal matrix elements and from a 
pseudo chi-square test. That is. 

ERROR (j) = y DM(j) * QFIT(j) (9) 

where 
DM(j) = diagonal matrix e< .-ment 

of parameter j . 

Q F I T ( J ) . ig <10> 

i=l 
where 

R. - the weighted residual 

y.. = the contribution of peak 
1 j to channel i 

y°. = the peak height of pe^k j . 

An additional contribution to the re­
ported error arises from the fact that the 
areas of peaks are calculated in two ways 
and the average is used in calculating 
gamma intensities. The first method is 
by integration of the areas of the fitted 
peak-shape profiles. The second involves 
proportioning the total net count of the 
peak multiplet according to the relative 
peak heights determined by FIT. These 

two answers, reported in the summary 
printout as "calc counts" and "prop, counts" 
respectively, should agree closely. Any 
discrepancies that exist between them are 
folded into the calculation of intensity er­
ror by PKSCH. Also, the uncertainties 
in the determination of the correct back­
ground at the extremities of the peak 
grouping are important, and because of 
the interpolation, they increase in effect " 
with the size of the peak grouping. These 
factors have been included in the calcula­
tion of total intensity errors on a some­
what subjective basis. 

One additional function performed by 
FIT is the determination of the starting 
and ending positions for each peak. These 
positions are used in a unique way in sub­
routines IDENTIFY and LDMATX to estab­
lish the energy "window" associated with 
the peak, but they do not physically define 
precise points at which peaks start or end. 
If the peaks in a peak multiplet are par­
tially separated, there is seldom any 
problem in fitting them, and the answers 
have been found to be accurate. However, 
if the peak centroids happen to be very 
close together, as illustrated by the two 
peaks to the right in Fig. 11(e), far greater 
demands are placed upon the statistics of 
the data points and the accuracy of the 
parameters that describe the peak shape. 
Thus, even for statistically good peaks 
the error in the intensity analysis of the 
individual peaks may become quite large. 
Although such close-lying peaks are re­
ported individually in the intermediate 
summary table, their intensities may be 
added back together by LDMATX. The 
reason for this, as will become clearer in 
our discussion of subroutines LDMATX 
and EVAL, is that additional information 

-15-



regarding the makeup of the observed peak 
intensities is usually available in the final 
stages of the calculation. The contributions 
of individual nuclides to the peaks of a 
dose - ly ing multiple! are determined at 
that t ime. The peaks that should be r e -
combined in this way are appropriately 
flagged by FIT. They are identified in 
the printout by the blank spaces that ap­
pear in the peak START and END columns 
in the intermediate summary table (see 
Appendix A). 

DETERMINATION OF PHOTOPEAK ENERGIES 
The quantities determined by FIT and 

stored by PKSCH characterize the peaks 
as they are observed in the pulse height 
spectrum. It i s the purpose of subroutines 
FINDE, CALGPM and CALCMU to inter­
pret these measurements as gamma-ray 
energies and intensities and related quan­
tit ies . 

To calculate prec i se energies from the 
observed peak positions, we require as 
input two or more energy-scaling markers 
and a description of the nonlinearity of the 
electronic system. The nonlinearity can 
be characterized by the use of a precision 
pulse generator or a source (or sources) 
emitting a convenient set of gamma rays 
of known energy. A description of the 
nonlinearity is achieved by a supplemen­
tary program called LINEARITY, which 
makes a least-pquares fit of a set of peak 
positions and energies to a polynomial 
equation of the form 

where 
P. = pulser voltages or gamma-

ray energies 

CL. = channel positions of peaks 

a. = coefficients of the polynomial 

The first two terms of the polynomial 
specify the zero energy intercept and the 
gain, respectively, whereas the higher 
order terms describe the nonlinearity. 
Figure 12 shows the nonlinearity of one of 
our systems along with a polynomial fit of 
the data. 

1-8 —i—i ~ ' I • - I 1 1 -1 . •J-T-1 '• b _ 

1 '•' 
8 0.6 

- J — 

-1.2 

. 
i 1 i 

i 
1 . 

i 
L . i . . . I s — < \ 1 . . I -

( ) 1000 2000 3000 
Channel 

4000 

N 
P i = I 

j = l 
a j ( C D ? " " (11) 

Fig. 12. Description of the nonlinearity of 
a typical sys tem. The solid curve 
i s a fit of a seventh-order poly­
nomial to the data. 

Although a fifth- or sixth-order poly­
nomial equation generally provides an ad­
equate description of the nonlinearity, this 
was not true for those of our older systems 
that contained a pronounced nonlinearity 
below channel 400. This perturbation 
could be accommodated by applying a l in­
ear correction term to the lower channel 
data before fitting a polynomial and later 
restoring this correction during the run­
ning of a problem in GAMANAL. For ex­
ample, in Fig. 12 a straight line, whose 
y intercept was 1.4 and x intercept was 
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360, was subtracted from all pulser data 
below channel 360 before the least-squares 
fit was made. If such a linear correction 
is used in the LINEARITY program, the 
intercepts must also be submitted on the 

3 
Type 4 card along with the polynomial 
coefficients, a-, of Eq. (11). 

For some detector systems, we have 
found a subtle variation of the nonlinearity 
with gain, in tfccoe c a s e s , measurements 
are made for all the most frequently used 
gains . The sets of coefficients placed in 
the Type 4 card library are identified by 
gain as well as by sys tem and detector, 

A linear relationship i s assumed to ex­
i s t between the pulser or gamma-ray en­
erg i e s described in Eq. (11) and the peak 
energies in any other spectrum taken on 
the same system. That i s , 

E f e = A + B • P f c (12) 

Where 

F. = gamma-ray energy of kth 
peak in the spectrum ~ 

A and B = constants (to be determined) 
used in describing the zero 
energy intercept and slope 
for the current analysis. 

Information on the exact energies corres­
ponding to two locations is sufficient to 
determine the parameters A and B, but 
the best line is determined by least squares 
if a larger number i s available (up tc 15 
may be submitted ). If internal peaks are 
specified, only approximate channel posi­
tions are required on the Type 3 card, 
s ince the precise channel locations have 
already been determined in PKSCH. An 
option to use an external calibration is 
available but requires exact channel val­
ues . A summary of the fitting of the en­
ergy standards appears on the intermediate 
printout as shown in Appendix A. Once 

the values of A and B have been deter­
mined, the energies of all the peaks can 
be calculated. 

Energies corresponding to boundary 
conditions of the analysis, such as the en­
erg i e s of the lowest and highest channels 
to be used, are also calculated at this 
time. 

DETERMINATION OF PHOTON EMISSION 
RATES OF THE SOURCE 

The second function performed by 
FINDE (in conjunction with subroutines 
CAL.GPM and CALCMti) i s the conversion 
of the observed peak areas into gamma-
ray intensities, expressed a s photons/min 
emitted by the sample. This requires a 
knowledge of the absolute efficiency of the 
detector as a function of photon energy for 
the physical arrangement used. 

The efficiencies of Ge(Li) detectors are 
usually determined by using radioactive 
sources that emit one or more gamma rays 
of known intensity. If the efficiency curve 
i s to be determined for a single geometry 
(fixed sample s ize at a fixed distance), 
this method i s quite adequate and simple 
to carry out. However, the intolerable 
restrict ions of a single geometry forced 
us to look for a more flexible approach. 

Characterization of Detector Efficiency 
We may attack the problem by first 

separating the total counting efficiency 
into two components—the intrinsic effi­
ciency of the detector (e) and the geometry 
factor (G). That i s . 

Efficiency = e X G . (13) 

For the idealized case of a point source 
and a point detector, the solution is simple 
s ince the geometry term i s then merely 
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the reciprocal of the square of the distance 
from source to detector. We define the 
intrinsic detector efficiency to be the ob­
served counts normalized to a fictitious 
1 cm from the detector divided by the 
source strength. That is. 

(cpm) E 

e E * (7pm) E 

X d ' (14) 

where 
(cpm) E = observed counts/min in cal­

ibration peak of energy E 
(Tpm>E = known gamma emission rate 

of energy E 
d = source to detector distance. 

Since detectors have finite sizes, this 
equation holds only if the distance d is 
very large. When this is true, the gamma 
emission rate from any point source c m 
be determined by rewriting the above 
equation so that 

(•ypm). 
(cpm) E x &• 

Fig. 13. To use Eq. (15). the parameter 
d must be assessed by using measured or 
calculated values for x, w, p and r, de -
fined as 

x = distance from source to detector 
window 

vv = distance from window to "active" 
detector surface 

p = effective penetration of gamma 
ray into the detector 

r = effective radius of interaction 
d - distance from source to effec­

tive zone of interaction 

From simple geometry we have 

d 2 = (x + w + D ) 2 + r 2 . (16) 

(15) 

Of these, x is the only easily-measured 
parameter. The others must be experi­
mentally or empirically determined. Our 
studies of these parameters were made on 
a variety of detectors ranging from small 
x-ray detectors to a 38 cc coaxial detector. 
Obviously, the model is tested most se­
verely in the case of the largest detector. 

This simple description of the detector 
efficiency is quite limited in applicability 
but becomes a very useful basis for rep­
resenting the actual total counting effi­
ciency. We may use Eqs. (14) and (15) if 
we can first establish geometric models 
capable of representing the detector and 
the source as equivalent points in space. 
For the purposes of the present discussion 
we will consider this as two separate prob­
lems, first assuming a point source and 
seeking a representation of the detector as 
an equivalent point in space. 

Model Used for Detector Geometry 
A typical configuration for a cylindrical 

detector and a point source is shown in 

Detector 

Fig. 

• Source 

13. Schematic illustration of a point 
source and a cylindrical detector. 
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Before the advent of large coaxial de­
tectors, several simplifying assumptions 
were made which are stil l reasonably va­
lid for smaller detectors. For example, 
the effective interaction radius r can be 
approximated as R/V"2~ and p as T /2 . S 
an^ T are the physical radius and thickness 
of the detector, respectively. The sum, 
(w + p), can then be experimentally deter­
mined by simply counting a suitable source 
at two different distances. 

For several years , these approxima­
tions proved satisfactory. However, c e r ­
tain limitations became apparent when 
l=irger detectors (> 10 cc> came into use. 
We were then forced to study more care­
fully the penetration parameter p and the 
effective interaction radius parameter r. 

The gamma-ray penetration p is ob­
viously dependent upon the energy and has 
limiting values of zero at low energy and 
one-half the detector thickness, T, at very 
high energies. We used the following 
equation to describe an effective distance 
of penetration p into a detector for gamma 
rays of some given energy 

J L 1 © * 
Since 

" d p " " ' • 

one can derive the equation 

P « L 1 - e'^J 

(17) 

(18) 

(19) 

where u i s an appropriate abscrption co ­
efficient (which i s energy dependent). The 
shape of this relationship i s depicted in 
Fig. 14. 

Although the form of this equation ap­
pears reasonable, one must new decide 
ipon appropriate absorption coefficients. 
Quite precise values can be found for the 
photoelectric, Compton, and total attenua-

9 
tioc coefficients. However, it is not 
clear which, if any, of these should be 
used in the above equations. T lis is be­
cause the only interactions that concern 
us are those that eventually result in full 
energy deposition in the detector, whether 
by photoelectric or multiple Compton scat­
tering processes . Since the latter process 
i s complex, no rigorous meaning should 
he assigned to the penetration parameter 
p or to the absorption coefficient \i. How­
ever, we have found an adequat- empiri­
cal function 

to u = - 2.316 + 4 . 2 exp [- 0.478 In E 

- 1 . 4 3 4 ] . (20) 

The dashed line in Fig. 15 compares this 
curve with the other l inear absorption 
curves. 

It i s important to take into account the 
dependence of gamma-ray penetration on 

100 1,000 10,000 
Gam.™ energy — leeV 

Fig. 14. Measured effective penetration of 
gamma rays of various energies 
into a 38 cc coaxial detector. The 
solid curve represents Eq. (19) 
for this detector. 
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Fig. 15. Linear absorption cross sections 
for germanium. Eq. (20) i s re­
presented by the dashed curve. 

energy even when establishing relative ef­
ficiency curves. These variations in pen­
etration result in efficiency curves of 
different shape for different detector ge­
ometr ies , an effect that becomes very 
pronounced at c lose- in counting geometries. 

The effective interaction radius r is 
more difficult to characterize. A rigor­
ous meaning can be attached to it only for 
low energies , in which case the interaction 
is primarily photoelectric and occurs at 
the surface of the detector. This case can 
be used for normalizing purposes since 
the exact detector efficiency and the effec­
tive radius (r ) can be computed from s im­
ple geometry (see Fig. 13). That is . 

Physical geometry 

= 1/2 ll - i / V i 2 +R 2 J (21) 
where i = x + w . 

However, in our model, the geometry i s 
described by 

k 
72 2" 
i + r_ 

A value of k = R /4 is determined by 
normalizing the two expressions as £ goes 
to infinity. The relationship between the 
effective interaction radius (r ) and the 
detector radius can now be given by: 

where 

(1 - cr)/C 

{•fl77*)* (23) 

(22) 

Some c iose- in geometry (f) must now be 
chosen to fix the relationship between r 
and R. For convenience we have chosen 
5 = 1 cm as our convention. 

Since it was not clear that the effective 
interaction radius should be the same for 
higher energies, a small computer pro­
gram called XDET using the Newton-
Raphson iterative technique for nonlinear 
least squares was written to evaluate the 
parameters (w + p) and r by Eq. (16). In­
put data consisted of peak counts and the 
corresponding sample-to-detector dis­
tances, x . Extreme care was taken to 
avoid inconsistencies in the peak area 
Integration methods used and electronic 
problems related to pulse-pileup and live-
t ime errors . 

Tt became apparent that the interaction 
radius is markedly affected by gamma-ray 
energy. Table 1 illustrates this effect for 
a 38-cc coaxial detector counting 661 keV 
gamma rays . Holding the value of r con­
stant at r (1.41 cm) resulted in a poor fit 
to Eq. (16) and the systematic errors 
shown In column 5 of Table 1. The best 
least -squares fit was obtained with a much 
smal ler value for r, as shown in columns 

6 and 7. Although the determination of 
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Table 1. The effect of radius of interaction on goodness of fit.* 

Observed 
Count 

Time 
(min) 

Distance 
x (cm) 

Calculated 
Count 

(r r 0 1.41) 
Difference 

<%) 

Calculated 
Count 

(r 0.35) 
Difference 

(%> 

318864 19.67 0.225 310741 2.55 318516 0.11 
254690 19.77 0.540 255169 - 0.19 255022 - 0.13 
172517 19.93 1.180 177157 - 2.69 173060 - 0.31 
124862 19.97 1.825 127830 - 2.38 124277 0.47 
94278 20.04 2.450 96969 - 2_85 94486 - 0.22 
59168 20.03 3.730 59833 - 1.12 58961 0.35 
80780 40.08 5.000 81002 - 0.27 80802 - 0.03 
58965 40.14 6.280 58233 1.24 58727 0.40 
51500 80.22 10.650 50000 2.91 51758 - 0.50 
32850 160.75 20.750 30879 6.00 32858 - 0.02 

Data are for a Cs (661 fceV) counted on a 38 cc five-sided coaxial detector. 

Table 2. Experimental effective inter­
action radius v s energy for 
38 cc coaxial detector. 

Energy 
(keV) r Source 

60 
91 

0.49 
1.38 

2 4 1 A m 
1 4 7 N d 

122 
279 

1.28 
0.61 

5 7 C o 
2 0 3 H g 

661 0.35 1 3 7 C s 

the radius parameter i s extremely sens i ­
tive to statistical and other sources of e r ­
ror, a definite trend of r with energy can 
be shown (see Table 2). 

We believe that this trend may be qual­
itatively explained by the increased im­
portance of multiple Compton scattering 
within the detector for production of fal l-
energy pulses from the higher energy 
gamma rays. Compton gamma rays e s ­
cape from the detector more easi ly after 
an interaction near the outer surface than 
after one near the center of the detector. 

The net result i s that the effective radius 
of interaction for production of photopeaks 
decreases as the penetration depth in­
creases . This is shown by the curve A-B 
in Fig. 13 as well as in Table 2. The 
magnitude of the trend indicates that other 
surface and edge effects undoubtedly also 
modify the radius parameter. 

By evaluating data acquired on several 
detectors, we found that the following em­
pirical relationship g ives an adequate de­
scription of the effective interaction radius 
for use in our model 

r 2 = r 2 - 0.4 r V T [ S 2 / ( l + S 2 ) 1 (24) 

where r, r and T have the meanings d i s ­
cussed earlier and shown in Fig. 13 and 
where 

S = (E - 60)/100 
E = gamma energy in keV. 

The window-to-detector distance w i s 
a l so assessed from the output of the com­
puter program XDET, along with the pen­
etration and effective radius parameters. 
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Since the measurements in the design 
specifications do not describe w accurately 
enough, determination of w is always the 
first requirement in calibrating the total 
detector efficiency. It i s accomplished by 
counting sources of different energy at 
several distances. The se t s of data at 
each energy are used to calculate (w +p) 
values, which are plotted as shown in 
Fig. 14. The idealized curve derived 
from Eq. (19) i s fitted to these data points 
and the y axis intercept i s taken to be the 
window-to-detector distance. 

Since no standardizat 1 jn of Ge(Li) de­
tector s izes or shapes ex is ts , care must 
be taken in applying the model to each new 
detector. At t imes, empirical estimations 
or adjustments of the model parameters 
must be made in order to obtain a better 
fit to the observed data. For example, 
when rectangular planar detectors are 
used, an equivalent detector radius R may 
be estimated by R = \ D e t e c t o r area/*-. 
Also, slight adjustments may have to be 
made in some of the parameters for coax­
ial detectors, depending on the s ize and 
position of the dead region. 

In summary, the model 's predictions of 
the variation of total counting efficiency 
with geometry were confirmed by experi­
ment. With this model it i s possible to 
use a single intrinsic efficiency curve that 
i s virtually independent of geometry. Our 
experience has been that we can usually 
describe the counting efficiency as a func­
tion of detector-to-source distance to 
within 1% over the usable range of d i s ­
tances (0.2 cm to 100 cm) as indicated in 
Table 2. 

Measurement of the Intrinsic Efficiency 
Curve 

The intrinsic efficiencies as defined in 
Eq. (14) are determined by counting ab­
solute standards at relatively large dis­
tances and normalizing the efficiencies 
obtained at these distances to a 1-cm dis ­
tance. 

A fifth- or sixth-order polynomial eq­
uation of the following form is used to 
describe the intrinsic efficiency 

N 

l n e i = ^ a j ( l n E i ) ( i _ 1 > ( 2 5 ) 

j=l 
where 

e. - efficiency at the ith energy 

E. = gamma energy 

a. = coefficients of the polynomial. 

As more standards became available and 
measurements became more precise, we 
found that this single function could not 
describe the efficiency over the range of 
interest (generally 0. 05 to 4. 0 MeV) to 
the desired accuracy. Subsequently, we 
have used two polynomial equations, one 
for low energies (up to 100 to 200 keV) and 
one for higher energies. When the data 
are fitted by the supplemental program 

5 
called EFFICIENCY, an overlap region 
i s specified. We examine the resulting 
fitted curves and choose a "crossover" 
energy which gives the same answer by 
both equations. The Type 5 input control 

3 
cards therefore contain a high-energy set 
of coefficients and a low-energy set to­
gether with a crossover energy value. In 
this way, the efficiency data are generally 
fitted to within ±1 to 2%. 
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Correcting for Sample Geometry 
In the discussions thus far we have a s ­

sumed that the sample activity resided at 
a point. In practice, most samples are 
extended in two or three dimensions. Not 
only must the change in geometry be con­
sidered but, for volume sources, self-
attenuation in the sample must also be 
properly calculated. 

Our basic approach again is to use ap­
proximate formulae to reduce the sample 
to an equivalent point in space. The loca­
tion of this point will depend on the energy 
of the gamma ray, the physical dimensions 
of the sample, and its composition. 

In order to avoid the extreme complex­
ity of volume-volume geometry calcula • 
tions, we will assume the detector to be 
adequately represented by an equivalent 
point (see Fig. 1G). 

Disk Sources 
For disk sources placed on axis at d i s ­

tances that are large compared to the 
sample radius, it can be shown that the ef­
ficiency decreases by the ratio 

Fig. 16. Schematic illustration of a cyl­
indrical (or disk) source and a 
detector. 

G / G o ~ 2 a 2 ( Z 6 > 
P a + R ,/2 

where 
G = the desired geometry term 
G = the point-source geometry 

a = the source-to-detector dis­
tance 

R = the source radios. 

We have evaluated this simplified approx­
imation and find it to be generally adequate. 
In one experiment, an extended source of 
4 . 5 cm radius was prepared and counted 
at a number of distances with respect to a 

3 
6-cm planar detector. The normalized 
results for the various gamma-ray ener­
g i e s in the sample obtained by using ge­
ometries corrected by the above equation 
are shown in Fig. 17. These results show 
that even for rather large source areas, 
the correction formula applies rather well, 
especially for the higher energies. How­
ever, there is obviously some residual 
source of error that is energy dependent. 
This is apparently in addition to one such 
source already taken into account in the 
data shown in Fig. 17, which is related to 

Source-to-detector distance — cm 

Fig. 17. Plots showing the small residual 
errors in the geometry calcula­
tion when measuring gamma rays 
from a 4.5 cm radius disk source. 
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the "dead" layer present on most larger 
Ge(Li) detectors. Although the efficiency 
curve takes into account the attenuation of 
gamma rays entering the detector in a 
direction normal to the detector surface, 
many of the gamma rays from large disk 
sources counted at close-in geometries 
enter the detector at a rather oblique an­
gle. Low-energy gamma rays especially 
will then suffer attenuation greater than 
that indicated by the intrinsic efficiency 
curve. If there were no attenuation (i. e . , 
no Head layer), a detector's intrinsic ef­
ficiency should be invariant with energy 
and its efficiency at low energies would 
then be determined solely by its area. 
Using this fact, the dead layer thickness 
can be estimated within GAMANAL by us­
ing the slope of the efficiency curve in such 
a low-energy region. Once this thickness 
has been calculated, a correction can be 
applied that will approximately account 
for the additional attenuation suffered by 
gamma rays entering the detector at ob­
lique angles from large disks or volume 
sources. The angle we use in our calcu­
lations assumes the activity to be concen­
trated in a ring of radius R/^2, as in 
Fig. 16. 

Cylindrical Sources 
A volume source can be thought of as a 

multUayered disk source. The additional 
complication introduced is gamma-ray at­
tenuation in passing through the upper lay­
e r s . The effect on the counting rate (n/n ) 
for a linear element of dimensions 2 Jldx 
i s expressed by 

» / n o = ( e - ^ / » ) / / i e ^ 

X U - x /a)" 2 dx (27) 

where 

u - absorption coefficient 
a = distance from the detector to mid­

point of source 
See Ref. 10 for a more complete discussion. 

When this integrand is expanded and 
integrated term by term, we obtain 

n / n 0 - e [I -r t ^ - + - ^ _ + ~ T r 

+ • • • + T ' i a s T + %!y + 7(fn 

• • • / ^ \ 5(2!) 

+ %m- + - - ) + • • • ] • ( 2 8 ) 

This may be rewritten as 

a/a = e -^ r< ? 2

 n) + H!i! + &L 1 o e L a 2 . i 2 ' 3! 5! 

* "" a \3(U) 5(317 

+ . . . ) + . . . J . (29) 

If either n or </a are small compared with 
1.0, the higher-order terms can be dis­
regarded. The average sample thickness 
I that gamma rays must penetrate in 
reaching the detector is calculated at the 
effective sample radius of R / \2 as il­
lustrated in Fig. 16, 

To test this correction formula, we 
first counted an active solution in the form 
of A very thin layer of 4.5 cm radius in 
three positions corresponding roughly to 
6, 9, and 15 cm from the detector. We 
subsequently diluted the sample with water 
to achieve sample thicknesses of 1, 2, 3, 
and 4 cm, each time counting the sample 
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in the same three positions. The spectra 
were processed by GAM ANAL and the re ­
sults for various gamma rays wert each 
normalized to the answer obtained for the 
disk source of the same area at that dis­
tance. These normalized results are 
shown in Fig. 18. 

Sample thickness — an 

Fig . 18. Plots showing small residual e r ­
rors in the geometry and attenua­
tion calculations a s a function of 
sample thickness. The measure­
ments were made on a 4.5 cm 
radius cylindrical source contain­
ing a radioactive aqueous solution 
and were normalized to a disk 
sample of the same radius. 

Corrections for External Absorption 
It i s obviously desirable to correct for 

gamma-ray attenuation by external ab­
sorbers . These absorbers may be an un­
avoidable part of the sample container or 
environment or they may be one or more 
materials used deliberately to attenuate 
the lower-energy gamma rays . Using in­
put information on the composition of the 

3 
absorbing materials, absorption coeffi­
cients are calculated in CALCMU. Sub­
routine CALGPM then makes the necessary 
corrections for such external attenuation. 

Calculation of Absorption Coefficients 
To correct for the gamma-ray attenua­

tion that occurs m the source or in exter­
nal absorbers, the appropriate absorption 
coefficients must first be determined. 
Subroutine CALCMU computes and accum­
ulates the coefficients for each of the ma-
er ia l s that have been specified on the 

3 
Materials and Absorber input cards. The 
total absorption coefficient i s returned to 
the calling subroutine CALGPM. 

A seventh-order polynomial equation is 
used to describe the mass attenuation co­
efficient of a material as a function of 
energy. The auxiliary program EFFI­
CIENCY was used to determine the appro­
priate coefficients by fitting cross-sections 
vs energy values obtained from Ref. 9. A 
set of polynomial coefficients for each e le­
ment or material of interest has been coded 
into the subroutine CALCMU. 

A problem arises in that the absorption 
curve i s discontinuous at the K-shell bind­
ing energy. We have found that the magni­
tude of the discontinuity can be represented 
empirically by 

fig/f^ = 0.1027 + 0 . 0 0 6 8 - / i ^ 

+ 0.000654 EJJ <30) 

where it. and n are the m a s s absorption 
coefficients just below and above the 
absorption edge and E „ i s the K-shell 
binding energy. Since the slope of the ab­
sorption curve is nearly the same just be ­
low and just above the absorption edge, 
Eq. (30) i s used along with the general 
polynomial equation to describe the absorp­
tion coefficient below the absorption edge. 
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Spectral Interpretation 
We have described the reduction of 

spectral data to gamma-ray energies and 
total intensities. In some uses of the pro­
gram, such as for decay scheme studies, 
this is the only information desired. More 
typically, however, these energies and 
intensities must be interpreted in terms of 
disintegration rates (or atoms) of specific 
nuclides to provide a complete qualitative 
and quantitative analysis of the source. 
This we do with the aid of certain decay-
scheme information read from a magnetic 
tape specially prepared for this purpose by 
the auxiliary program, LIBETP. This 
preassembled information includes the 
half-life and parent-daughter relationships 
for each nuclide and the exact energy and 
branching intensity of its gamma rays. 
For each gamma ray we se lec t and list up 
to four associative gamma rays that may 
be found in the same or in the parent or 
daughter decay scheme. The first two of 
these listed associative gamma rays that 
are within the energy bound of a spectrum 
are used in its identification scheme. All 
this information is organized and c r o s s -
indexed so that GAMANAL can easily find 
the required information without t ime-
consuming searches through various arrays. 
It i s quite important for the proper per­
formance of GAMANAL that the information 
in the library be accurate and complete to 
avoid improper identifications and incorrect 
answers . 

Complete interpretation of a spectrum 
involves, first, the determination of a set 
of nuclides that could be responsible for 
the observed spectral energies and inten­
s i t i e s , and second, calculation of the 
amount of each nuclide in the source. 

In our original approach, the observed 
peaks were essentially evaluated on an in­
dividual basis. Identification of the mi -
-Jides most likely to be responsible for 
each peak was based on the assignment of 
numerical weights to the results of several 
tes ts made on each candidate using infor­
mation from the decay-scheme library. 
The best candidate was then assigned to 
each peak, and individual peak results 
were computed, reported, and summar­
ized along with those for any other peaks 
identified as belonging to the same nuclide. 

The principal drawback to this approach 
was that it could not cope with unresolved 
peak interferences. Consequently, the 
results fcr individual peaks frequently dis -
agreed with ?ach other and the average 
result for a nuclide tended to be high. The 
solution to this prohlem, which will be 
discussed in a later section, was to form 
a matrix of linear equations that would 
describe the spectral intensities. For 
this purpose each peak is assumed to be 
made up of a linear combination of gamma 
rays from one or more components. The 
contribution of a compenent to a particular 
peak i s determined then by two factors— 
the branching intensity and the amount of 
the component present, which is what we 
wish to determine. 

TENTATIVE IDENTIFICATION OF 
RADIONUCLIDES PRESENT 

As mentioned, subroutine IDENTIFY 
has always been used to make peak-by-
peak identification using the decay-scheme 
library. In our later version of GAMANAL, 
i ts function was changed so that it is now 
used simply to determine a set of probable 
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nuclides thai qualitatively accounts for the 
observed spectrum and serves as input for 
subroutine EVAL. Although this set is 
generally over-determined, any impossible 
or implausible selections can be weeded 
out later in subroutine EVAL. 

The evaluation of the individual peaks 
is shown schematically in Fig. IS. IDEN­
TIFY first searches the energy library for 
those isotopes that emit gamma rays within 
some specified range of this peak energy. 
The energy window used is fixed by start­
ing and ending energies for the peak as 
determined in FIT if this range does not 
exceed a maximum of ± 3 keV. St jeral 
nuclides may become candidates for a 

Identification 

Select as candidates 
nuclides with energies 

comparable to peak energy 

Select as candidates 
nuclides with energies 

comparable to peak energy 

1 

Candidate tests 

1 . Energy 
2 . Half-life vs sample age 
3 . Associative Yi energy 
4 . Associative y, intensity 
5. Associative Y 7 energy 
6. Associative Y-> intensity 

I 
Select most probable 

nuclide source 
Cannot Select most probable 

nuclide source identify 

Continue fc r a i l 
observed p eaks 

To matrix calculation 

given peak. A selection must now be made 
of the one most likely to be the source of 
the peak in question. To do this, each 
candidate is subjected to a series of up to 
six tests. These tests, which are mathe­
matically formulated, give rise to confi­
dence indices ranging in value from 0 to I. 

The first question is one of energy eval­
uation, that is. how well does the candidate's 
gamma-ray energy agree with the energy 
of the peak in question? The test uses a 
Gaussian function, as shown in Fig. 20. 

The second test mckes a half-life vs 
decay time evaluation. This test, shown 
in Fig. 21, is quite subjective in character 
and is meant only to perform bulk screen­
ing of improbable choices. For example, 
we do not normally expect to see an iso­
tope a month after zero time if it has a 
half-life of only one day. Therefore, the 
confidence index drops very rapidly for 
decay times of several half-lives, as shown 
by the right hand portion of the curve. For 
shorter decay times the test is even more 
subjective. The family of curves shown 
depends on the decay time and on the com­
plexity of the spectrum and is described by 
the empirical relationship. 

Fig. 19. Block diagram of the method used 
for isotope identification. 

Fig. 20. Gaussian curves of the type used 
for photopeak energy evaluation 
in IDENTIFY. 
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0.001 0.01 0.I I 10 
x = AT/T 1/2 

100 

Fig. 21. Shape of curve used in making 
decay t ime v s half-life evalua­
tions in IDENTIFY. 

- 8 - 6 - 4 - 2 0 2 4 6 8 10 12 

Fig. 22. Shape of curve used for evaluat­
ing the intensity of the photopeaks 
associated with the gamma ray 
choice being considered. 

«*> - ( J ^ x ) * 2 exp [ . a , 
where 

* 0.5 R, J ( 3 U 

where x is the decay t ime divided 
by the half-life and R . and R 3 are 
inter-related parameters dependent on the 
number of peaks found in the spectrum. 

For isotopes with only one gamma ray. 
such as 5 1 C r . 5 4 M n . and 2 0 3 H g , the two 
tes t s mentioned thus far are the only tests 
that can br <nade. However, if the gamma 
ray of interest for a particular candidate 
has associative gamma rays as indicated 
by the library, additional tes ts will be 
made. 

First, a search i s made to s e e if the 
associative gamma peak was found in the 
spectrum. If it was, an energy test s imi­
lar to the first test i s made. This i s 
followed by a mathematical test of the in­
tensity relationship, a s shown in Fig. 22 
and given by the equation 

X 

ax & 
{calculated intensity 

- observed intensity)/ 

( • ! • • » 
11/2 

o . and a- = Errors associated with the 
peak intensities. C\,Cz,o. 
p , are presently set at 0.9S, 
1.49, 0.5 and 1.2 respectively. 

We should point out that if a candidate's 
associative gamma ray is in the decay 
scheme of a parent or a daughter nuclide, 
the effects of their respective half-li 
are considered when making the intensity 
test . If the calculated intensity agrees 
with the observed intensity, a confidence 
value near 1.0 results . If the observed in­
tensity i s much l e s s than that calculated, 
the candidate is discredited. However, a 
s imilar judgment cannot be made if the 
observed intensity of the .ociative peak 
is larger than the calcul, ;• i intensity, 
s ince one must allow for the possible inter­
ference of a gamma ray from some other 
nuclide. 

An obvious possibility i s that the pro­
gram did not detect the associative gamma 
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ray of a particular candidate. Investigation 
is then made of the region in which the as -
sociative is expected to s ee if it should 
have been detected above the background 
of that region. This test , shown in Pig. 23, 
p o s s e s s e s some of the features of Fig. 22 
and i s given by the equation 

f(x) 
1 + e 

(33) 

where x now = (calculated intensity 
- background intensity)/ 

K rff2A / 2 

1.0 

0 .8 _ 
«—. (— —r- ; i T • i i 

06 - -
0.4 -
0.2 • -

0 • , ""-"h i 0 
4 -2 0 2 4 5 8 10 12 1 

X 

Fig . 23 . Shape of curve used for compar­
ing the computed intensity of un-
located associative photopeaks 
with the observed background 
intensity. 

and is i s calculated a s in Eq. (32) but with 
0 = 2 . 0 . 

The foregoing two tes ts are repeated if 
a second associative gamma ray i s speci­
fied by the library. 

The individual results of the above tests 
are multiplied together to give what we 
term a final confidence-level index for the 
candidate. This means that even though a 
candidate may have scored high in five of 
the six tests but flunked one of them, it 
rece ives a low confidence level index. The 
choice now as to which isotope i s respon­
sible for the peak in question i s simply 
made by choosing the one with the highest 
confidence level index. If there i s a close 
runner-up. it will a l so be retained a s a 

best-alternate candidate. 
3 

By using a Select card a s input, a bias 
may be placed upon the above selection 
cr i ter ia . This mode of operation is some­
t i m e s useful when certain information i s 
alxrady available to the experimenter. For 
examnle, he may have performed chemical 
separations and feels confident about the 
nuclides present. In other instances, he 

may want to aid in the identification, as in 
203 203 

the choice between Hg and Pb, which 
cannot be made e si ly from spectral infor­
mation alone. In these c a s e s , IDENTIFY, 
instead of selecting the best candidate for 
a peak, will first search for an identity 
match between any of the various candi­
dates and the nuclides or elements listed 
on the Select card. If no match can be 
made, the program reverts to its normal 
method of selecting the best candidate. 
Even if the Select card is used, "contami­
nants" will usually be included in the 
component set by virtue of some peaks 
belonging to them uniquely. The use of a 
negative sign with the nuclides listed on 
the Select card will inhibit their selection 
a s candidates. 

FORMATION OF MATRIX OF EQUATIONS 
AND THEIK LEAST-SQUARES SOLUTION 

We now have a l ist of peaks that have 
been tentatively identified. Their disin­
tegration rates must now be calculated and 
spurious assignments rejected. This pro­
c e s s i s performed by subroutine EVAL. 
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Each identified peak i s considered to be 
composed of a l inear combination of one 
or more components which may be written 

Y- = 1 A, - X : j (34) 

where 
Y = the intensity of the i th peak 

in gammas / min 
X.. = the branching intensity of the 

J jth component at the Uh peak 
energy 

A. = the disintegration rate of the 
1 jth component (a number which 

is to be determined). 

The calculation^ method i s to set up the 
matrix of linear equations and to solve 
them by the method of least -squares . That 
i s , we minimize 

N 
^ v2 

n=l 
fcAf 

where 

R.- = Y. 

J 

•I A. 
1 X.. 

(35) 

(36) 

and 

u. = weighting factor 

Since many of the coefficients X. - will be 
zero , that i s , the nuclide j cannot contri­
bute to peak ., an equation or set of equa­
tions i s sometimes independent of all the 
others. For this reason, a storage matrix 
(AMATRX) i s initially constructed (in 
LDMATX) whose dimensions are deter­
mined by the number of nuclides to be con­
sidered and the number of identified peaks. 
Our present operating storage dimensions 
of 65 components by 150 peaks are usually 
adequate. The data corresponding to in­
terference sets are then taken from the 

storage arrays into working arrays for 
analysis . The current maximum size of 
the working matrix (AMLR) is 55 compo­
nents by 125 peaks. 

Although the procedure is straight­
forward in principle, we will now consider 
in greater detail the many precautionary 
s teps and evaluations that must be made in 
order to make the routines functional. 

Assembling of Components (LDMATX) 
First , the l ist of nuclides is assembled 

and ordered by number (atomic number 
and mass) into an array. Many of these 
nuclides have genetic relationships that 
should be considered. If this i s indicated 
by the decay-scheme library, the appropri­
ate growth and decay relations will be in­
cluded in the calculations. An option i s 

3 
available to negate this consideration for 
specif ic nuclides and even for all parent-
daughter pairs. Also, if no zero time is 
specified, the relationship i s automatically 
voided. Barring these exceptions, three 
rules are currently used. First, daughter-
nuclide concentrations are assumed to be 
zero at time zero. Second, the production 
t ime of the isotopes i s assumed to be short 
(instantaneous) compared to the half-lives 
involved. Third, if the parent nuclide has 
a longer half-life than the daughter, the 

pair will be combined and reported only in 
95 95 t e r m s of the parent (e. g . , Zr- Nb, 

1 3 2 T e - 1 3 2 L 1 4 0 B a - 1 4 e L a ) . If the daughter 
ba<a a longer half-life than the parent, they 
wil l be reported separately (e. g . , Hu 
- Hh). However, if the library indicates 
that the latter r e l a t i o n s h i p exists 
and it has not been purposely voided, 
the amount of the daughter calculated 
wil l be based on the anticipated com­
plete decay of the parent. 
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The appropriate growth factors are cal­
culated and an abbreviated component list 
is made by combining the parent-daughter 
pairs according to the above rules. 

Loading of Storage Matrix 
An ordered storage matrix is now pre­

pared with one column for each identified 
nuclide and one row for each identified 
peak. The entries in this matrix of co­
efficients are the appropriate gamma 
branching probabilities, e.-.oressed as 
photons/disintegration, obtained from the 
library arrays, in the case of genetically-
related pairs, the entry for the daughter 
i s f irst multiplied by the appropriate 
growth factor. 

Recombination of Close-Lying Peaks 
In some instances, the intensities of 

close-lying peaks tagged in subroutine FIT 
wil l be added together to form one peak, or 
equation. This is done before the matrix 
calculations because the uncertainty in the 
relative intensities of such peaks becomes 
too higli as their spacing decreases . The 
apportionment of these intensities among 
the candidates is then handled much more 
effectively by subroutine EVAL. 

Treatment of "Escape" Peaks Resulting 
from Pair Production 

A complication occurs when an observed 
peak may be the result of a pair-production ' 
interaction in which one or both photons 
escape from the detector. The intensity of 
such a peak as interpreted by CALGPM 
does not have the same physical meaning 
a s the intensity derived from, a photopeak. 
To circumvent this difficulty, a scheme 
was devised that would allow for a reason­
ably good interpretation of escape peaks. 

In this scheme, the intensity for a double 
escape peak is tagged by entering it into 
the library as the full energy branching 
intensity multiplied by 10 : similarly 
the single-escape-peak intensity i s multi-

- 2 Q 
plied by 10 ( e . g . . the 1596.2 keV 
140 

La peak with a branching probability 
of 0.SS5 is then said to produce p?aks at 
574.2 and 1Q85.2 keV with branching in­
tensit ies of 9.65 X 1 0 ~ 1 1 and 9.65 X l o " 2 1 

respectively). The 1 0 " 1 0 and 1 0 " 2 0 fact­
ors serve only as flags, which are recog­
nized and removed in LDMATX. The 
resulting value corresponds to the branch­
ing intensity of the full energy peak. This 
number cannot be used directly, but we 
have found a simple relationship that ade­
quately converts this intensity to a usable 
pseudo-branching intensity. 

In R = A + B In E (37) 

where 

R i s the ratio of the intensity 
(photons/min) assigned to the 
escape peak by CALGPM to 
that assigned to the full energy 
peak, and E is the energy of 
the escape peak in MeV. 

The constants A and B are detector de­
pendent for double escape peaks (see Fig. 
24), and therefore must be characterized 
for each detector and their values placed 
on the appropriate efficiency input card. 
The single escape peak relationship is 
nearly detector independent and can best 

o 
be described by adding a C (In E) tena to 
Eq. (37) (see Fig. 25). The constants A, 
B, and C for single escape peaks have 
been written directly into the code. 

The pseudo-branching probability now 
stored in the coefficients matrix is simply 
the full energy branching intensity multi­
plied by the value of R. 
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Fig. 24. Plots showing the relationship 
used to interpret the intensity of 
double escape peaks resulting 
from paii interaction. R is the 
gamma intensity of the double 
escape peak (as calculated in 
GAMANAL) divided by the full 
energy peak intensity. 

0.5 

I 
4 . 

8. 
t 0.1 
B 

0.01 

Detector size 
o 5.5 cc 
o 18.3 cc 
a 38 cc 

0.1 
_ i — • • • • • t t 

10 
Energy — MeV 

Fig. 25. Plot showing the relationship 
used to interpret the intensity of 
single escape peaks resulting 
from pair interaction. 

Inclusion in the Matrix of Certain 
Associative Peaks not Found in the 
Spectrum 

Frequently, the spectrum contains 
peaks that have been assigned, at least in 
part, to a nuclide having one or more as ­
sociative gamma rays that could not be 
detected above the Comptoc background by 
PKSCH. The background intensity in the 
regions where these associative gamma 
rays should have been found can, however, 
be used to limit the amount assigned to 
the nuclide in question. In fact it may, 
under certain circumstances, be used to 
tecide -whether the peak intensity should 
be given completely to some other nuclide 
for which there may be no associative 
gamma rays. 

To implement this logic, subroutine 
IDENTIFY stores background intensity 
data (interpreted as a gamma intensity) 
whenever the associative ijamma rays for 
a prime candidate are not found. Although 
these background peaks are fictitious, they 
are nonetheless loaded into the matrix if 
space i s available. Because they are 
given a 100% error, their inclusion will 
not affect the resulting least-squares an­
swer unduly, but they may ass i s t in dis­
criminating between otherwise ambiguous 
identifications. 

Modification of Peak Intensity Errors 
In calculating the weightiiig factors for 

the equations, we have taken the liberty of 
adjusting slightly the statistical errors 
(SIGPCT) associated with the; peak inten­
s i t i es (YARRAY) as determined by FIT. 

A 0.7% error is added in quadrature to 
the errors of all peaks, because we be­
l ieve that urcertainties in the efficiency 
curve and in the methods of determining 

-32-



peak intensities do not warrant smaller 
errors, regardless of the number of counts 
in the peak. 

Although the low-energy peaks in a 
spectrum are generally much more intense 
than higher-energy peaks, there are sev­
eral factors that frequently decrease the 
precision with which their intensities are 
determined. Among these factors are the 
extreme complexity of some low-energy 
spectra, the large scattering humps that 
are sometimes present, and inaccuracies 
in the efficiency calibration at low ener­
gies. Some of these factors will be related 
to the resolution of the detector. For our 
purposes, we have chosen to add in quad­
rature an additional error 

ERS = 200 - SHAPC (1)/(EXPKT 

where 

(38) 

ERS = additional error 
SHAPCU) = zero energy (FWHM)2 

EXPK = peak energy in keV. 
The total error (ERROR) then becomes 

ERROR = [(SIG)2 4 (0.007) 2 

* (ERS)2 ] 1 / 2 (39) 

and the weighting factor, 
u = l/(ERROR • YARRAY) 

Loading of Working Matrix (Subroutine 
EVAL.) 

After the loading of the storage matrix 
is accomplished, a search is made for the 
first interference set. Referring to Fig. 
26, we see that nuclides A, B, C, and O 
constitute a set because of mutual inter­
ference and are transferred over to the 
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Fig. 26. An illustration of the storage 
matrix containing data and co­
efficients for a set of equations 
which describe the observed 
peak intensities. The three in­
terference sets illustrated are 
found in sequence by EVAL and 
calculated separately as shown 
in Fig. 27. 

working matrix shown in Fig. 27. Re­
turning to Fig. 26 we find that the nuclides 
E and F form a second independent set and 
G, H, and I yet a third. It should be noted, 
however, that this last set cannot be solved 
since the coefficients for nuclides G and I 
are all zero except for one equation to 
which they both can contribute. This situ­
ation i s detected and flagged before an 
analysis is attempted. In this case, nuclide 
H will be calculated on the basis of its 
remaining peaks. In the final printout 
for the example in Fig. 26, the contribu­
tion of H to peak number 8 will be sub­
tracted out and the remaing peak strength 
assigned independently to both G and 1, 
with an appropriate comment about the 
nuclide assignment being ambiguous. 

-33-



D C where 

1 

22 
•g -

3,3 
o 
o 
« 4 

5 

X X 1 

22 
•g -

3,3 
o 
o 
« 4 

5 

X 

X 

S 
- B — 

1 

22 
•g -

3,3 
o 
o 
« 4 

5 

X S 
- B — 

1 

22 
•g -

3,3 
o 
o 
« 4 

5 

X X 
— 

S 
- B — 

1 

22 
•g -

3,3 
o 
o 
« 4 

5 X X 
— 

T — i — r 
Storage index 
I I !_ 

Answers 
I 

QFIT 
\ i - l 

<RMLR<in/DOF 

RMLR(i) = weighted residual 
DOF = degrees of freedom 

(number of rows minus 
number of columns) 

DMLR(j) = diagonal matrix element 
corresponding to jth 
component. 

We nest examine the residuals of the 
fit. Excessive residuals may arise from 
a number of sources. Some examples are 
a channel overflow or dropped channel, or 
a malfunction in subroutine BKGRD or 

For each relevant subset 

Fig. 27. An illustration of the working 
matrix containing data and co­
efficients of the first interfer­
ence set found in Fig. 26. 

The elements of the equations of each 
interference set are multiplied by the ap­
propriate weighting factor as they are 
being transferred to the working matrix. 
An abbreviated flow diagram of the pro­
cessing of an interference set is given in 
Fig. 28. 

Matrix Calculations 
If the working matrix appears to be well 

conditioned, a least-squares solution is 
attempted by the system subroutine MLR. 
After the calculation, several checks are 
made to see that the fit is good and the an­
swers and their associated errors are 
reasonable. 

First, the errors are calculated using 
the formula 

Extract data into 
working matrices 

Surgery 

Delete 
peoki 

Defers 
component 

ERROR (j) = VQFIT • DMLR(j) (40) 
Fig. 28. Flow diagram of procedures used 

in the final calculations. 
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FIT resulting in an inaccurate peak area 
determination, cr inaccurate or missing 
library decay-scheme information. If 
any of these conditions prevail, the answers 
for the components in that interference 
set will be affected somewhat. It is there­
fore important that the peak or peaks ex­
hibiting large residuals be eliminated from 
the matrix and flagged as unidentified peaks. 
We have decided to remove peaks having 
residuals greater than *5 or -10 standard 
deviations. After this the remaining peaks 
are reanalyzed. 

After the criteria for residuals are sat­
isfied, the answers for each nuclide and 
the associated errors are checked. We 
have stated before that the set of compo­
nent nuclides submitted by subroutine 
IDENTIFY for consideration will probably 
be over-determined. Those nuclides that 
indeed arc not present in the spectrum 
will generally exhibit answers that are 
negative or have excessive errors. There­
fore, components are appropriately flagged 
as not being present in the spectrum when­
ever their answers are negative or have 
errors in excess of 100%. Since elimina­
tion of components reduces interference, 
we then redetermine the current inter­
ference set. It will certainly be smaller 
by the number of components eliminated 
and may even have been split into a num­
ber of smaller interference sets. 

If a set is to be recalculated because of 
the elimination of components, a further 
effort is first made to break the inter­
ference set into smaller groups. The 
approximate answers just obtained are 
used to calculate the contribution of each 
component to each peak. If the contribu­
tion to a given peak is less than one-tenth 
of the error associated with the peak in­

tensity, the contribution is termed "trivial" 
and the corresponding matrix coefficient 
is tagged so that no contribution or inier-
ferencc is said to exist in the next calcu­
lation. 

The above processes continue until all 
the nuclides have been considered. 

FINAL CALCULATIONS AND PRINTOUTS 

The answers for each nuclide, ex­
pressed in distintcgrations/min at count 
time, can now be normalized, corrected 
for decay, converted to atoms, and calcu­
lated (subroutine OUTGO). The answers 
may be normalized by dividing by the sam­
ple weight and multiplying by the factor 
we call 100% weight. If these are not 
specified on the control card, they are set 
equal to 1.0. 

The final printout for an analysis is in 
three sections (sec Appendix A). The first 
identifies the sample, lists some of its 
pertinent parameters, and prints a con­
densed table of results which is confined 
to those components with less than 70% 
error and having an identification confi­
dence greater than 0.1. This index is a 
qualitative value based upon the number 
of peaks the nuclide exhibits in the spec­
trum, upon its fractional contribution to 
them, and upon the tests performed in 
IDENTIFY. In addition to the values men-
tioned, this table gives the sequential set 
number and quality of tit for the inter­
ference set in which each of these nuclides 
was determined. 

The second section lists in detail the 
contribution of each nuclide to each of the 
peaks with which it was identified. The 
label of the nuclide, atoms at zero time, 
and error are repeated in the first three 
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columns of this table and are followed by 
a oeak-by-peak listing of some related 
quantities. Among these, the column 
headed ATOMS represents the least-
squares answer for the nuclide adjusted 
algebraically on the basis of the residual 
for that peak. Rather than assign the en­
tire residual to the one nuclide, we arbi­
trarily use the same fraction of it as the 
njclide's contribution to the bulk of the 
peak. 

A related quantity, under the column 
heading FRACTION OF PEAK, indicates 
the ratio of the nuclide's contribution to 
the peak's actual total intensity. The sum 
of the individual contributions to a peak 
plus the residual must equal unity. 

The PEAK ERROR column lists ths 
modified statistical error of the peak in­
tensity as used in LDMATX. Any peaks 
showing exactly 100% error should be 
recognized as the "fictitious" peaks whose 
intensities represent maximum values rel­
ative to the observed background counts in 
the peak region. 

The peak residuals, expressed in stan­
dard deviation units, are tabulated in the 
next column, A good fit i s indicated by 

residual values less than 1 or 2 standard 
deviations. As discussed earlier, peaks 
having residuals greater in magnitude than 
+5 or -10 standard deviations will be re­
moved from the fitting operation and tagged 
as unidentified. They are nonetheless 
listed in this section of the printout with 
an appropriate comment. However, the 
corresponding ATOMS reported for such 
a peak is incorrect. 

The final column is a guide to all the 
interferences that were considered in the 
analytical process. The interferences are 
separated into three categories, first, 
those that are believed to be present, sec­
ond, those that are present to a negligible 
extent and therefore ignored, and third, 
those that were at one time considered but 
were subsequently rejected because of 
negative answers or excessive error. 

The final table in the printout (see Ap­
pendix A) simply lists the unidentified 
peaks. It may contain some peaks rejected 
in the course of the matrix calculations, 
but it consists primarily of peaks that 
are not in the decay-scheme library or 
that had large errors and may well be 
spurious. 
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Appendix A 
A Typical Printout from an Analysis by GAMANAL 

The following printout of the analysis 
of a fission- and activation-product sam­
ple is typical of the results reported by 
GAMANAL. althongh several other options 
are available. The f irs t two pages show 
the library of cards containing data on the 
efficiency, linearity, and peak shape para­
meters for the various detectors and s y s ­
t ems in use . After the spectrum requested 
has been read in, the control parameters 
are checked and summarized along with 
the spectral data. When the spectrum has 
been reduced and interpreted in terms of 

peak energies and intensities, this infor­
mation and related quantities are tabulated 
in an intermediate printout. A continua­
tion of the analysis of the spectrum results 
in the identification of the radioactive ma­
terials in the sample and a quantitative 
assessment of the amounts present. An 
initial summary of the results for each 
identified nuclide i s followed by a more 
detailed listing showing how the intensity 
of each peak was evaluated. A final table 
reports peaks that have remained uniden­
tified for any of several reasons. 

n U U H ENTERING 

INK! CABO RE/US 
INPUT CARD RBAOS 
INPUT CUD DEADS 
INPUT CARO READS 
INPUT CARD READS 
INPUT CUD READS 
INPUT CARO READS 
INPUT CARD READS 
INPUT CARD READS 
INPUT CARO READS 
INPUT CARO READS 
INPUT CARO READS 
INPUT CAP.O READS 
INPUT CARD READS 
INPUT CARC READS 
INPUT CARO READS 
INPUT CARO HEADS 
INPUT CMO READS 
INPUT CARC READS 
INPUT CARO READS 
INPUT CARD READS 
INTUT CARC REAOS 

INPUT CARO RtADS 

INPUT CARC READS 

INPUT CARO REAOS 

INPUT CARO RtAOS 

0.199 StCS. < t?U* l /OSTS • 00>96103> CLOCK REAOS 01-033 C02/0S 1972 

4 . 

. 0 0 3 * 3 4 I.-mB .400 

,0020 1.192 .40 

• . 0 0 4 9 •1 .574 . 4 

•-.000617 •1.C66 • .4 

0.00009933 0**01 0.400 

. 0 0 6 2 .233 .400 

INPUI ROUIIHE AFTER 

7 l . S 9 . J . l . l 

ABSORBER ACC1.362£«0 

ABSORBER BHC?44E*aKD.447E,GOCU.745fc*00 

ABSORBER CCC1.362£«OAIO.I6E«00 

ABSORBER IAL . 1 1 

FRShAPE E 2 .410 .00122 - 3 . 2 7 6 

PKStiAPE F 1.06 .002212 - 2 . 9 7 4 

PKSHAPE 1 * 1 . 0 5 « . 0 0 2 - 2 . I B 

PRShAPE N « 2 . * 6 5 « . 0 0 2 1 3 9 - 1 . C 1 1 

PKSHAPE N 3 . 5 6 7 . 0 0 2 1 5 0 - 4 . 3 S 4 

PK5HAPE P . 2 0 5 . 0 0 I B 3 6 - 2 . B 1 6 

4-43aS79E-01 /S3642E-02-7B33S5E-08 196621E-11 

4-8056S2fc-Ol*S04026E-0l-3983?3E-06*1854»JIE-O»-4237S2E-I3»409763E-l7 

4«*91592£«ao*603756E-OI-42743BE~06»U763BE-a?-24367aE-13*191263E-i7 

4«5566O5E-Ol*6O2398E-Ol-314472fc-O6»fi93a36fc-lO-40355a£-14*34O52i»E-19 

4«491592fc*OC»603T56E-01-42743BE-Oft*137638E-O9-243670E-I3*l91263E-l7 

<.«S566CS£-01»60239RE-ai-3144I2£-0Mt93 836 £ -10 -4 0 3 » a E - U O 4 0 6 2 9 E - 1 9 

4-»7399Ifc-Ol*SO0969E-01-17026BE-06»8I9B3»E-10-24a09BE-I3»Z75899E-lI 

4-B73997E-Ol»50C9696-al-UC26BE-06»BT9»36E—10-24*D9BE-13»27SB99E-17 

4-759732£-OI» l510Z«E-0 l -879C7ZE-OI*3 I630»e- la -9 l«*31t -14»9417l2E- IB 

4-759T32E-0I* l51C26E-01-879CT2E-0T«3I6306t- lO-9ia631E-14«9417226-lB 

4-20I635E-01«61750£-Ol*27«C91E-06-l45167E-C9»3B4SI7E-l3-J19414£-17 

4-762733£-Ol»5635S4e-01-27M22E-06»I30768E-O9-342493E-13«36S32iE-l7 

4- l431B5S-OI*502IBOE-01-224S67E-06»750432t-10- l40432E-13»114?»E-I7 

4- l43l8Sfc-0l»S02IS0E-0l -224567E-O6»750432£-10- l*O432E-13«l436SE-l7 

4-B210lBE*OC*57336JE-ai*1062a9£-a6-l396a96-09»423T29E-l3-37622aE-l7 

X4 

12 

N l 

M l 

N3 

5N3 

L5 

SL2 

414 

14 
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INPUT CMC REUS 4 > I 4 3 9 1 5 E 4 C C « t 4 2 g l 9 E - 0 1 * l l l t r i £ - 0 4 - i a S 2 > 2 E - O 9 * 2 S M 3 4 £ - U - 2 2 3 0 1 1 E - i r » 2 

I.rPUI C»iC St lCS 4 - l 2 0 O 3 5 E . O l » 5 l 7 a 3 M - C l - 4 5 7 Z 5 5 E - O 4 « 3 S 7 5 J T t - O 9 - l M 0 « t E - l 2 » l l » 4 H E - l 6 E4 

INTVI CMD READS 4 » 1 9 1 3 S » t - 0 1 * 3 S t 7 l J £ - C l » 3 1 1 7 3 2 £ - 0 5 - i S 1 9 t J E - 0 « » J 9 2 l l 9 E - l l - l l » 9 « 2 E - 1 4 3C4 

INPUT CMC K I D S 4«2B1920E-£*-205RHE-2Z E £ E E l j t « 

IKPUl CMC KUDS 4 - l 2 0 0 3 » t « C l « 5 l 7 0 3 S £ - O l - A » I 2 S » t - 0 * » 3 S I 5 3 I E - e 9 - l 0 4 0 t R E - l Z 4 l l l 4 M l i - l * . 4E4 

lUPUt CMC I I U S * - 1 3 2 « 9 f 0 C » 6 4 3 4 6 3 E - 0 l - 4 1 1 7 * i E - 0 S » » » » 4 3 » E - C » - 4 i 2 7 4 4 E - U « l 5 5 ; M E - l » S f 4 

IHMT CMC RtACS 5-36S3lf t t t*C-131l903E«0*5346I0OE-2-1394i lOE>l»l395iOCC^2*3S2210OE-Z 1 4 3 0 . E 

INK); ,*AU RtACS 5 - l 6 B 8 S J 5 E * l - 2 4 8 R 7 6 « € 4 I - I 4 7 A Z 9 7 £ * l - 4 C * I 9 I » E # O - * 3 S * 4 * 0 £ - l 6013LSS i £ 

INPUT CMC REUS W « a 6 7 = . r t . i C - i a i ; 4 2 S E » 0 t 4 2 4 « 6 3 £ - 3 - 9 * 1 6 l 6 0 E - 2 » J 0 6 « 5 2 E - 3 < Z 4 4 0 7 7 » E - Z 30 I S • 

INPUT CMC REUS 5 - I 2 1 6 0 I 4 f 2 - 2 0 7 « 4 4 3 E » 2 - U 4 3 4 2 4 £ » 2 - 3 * 4 l 4 S * t » l - 4 l « a n * » 0 - 2 . 4 » 4 2 . 3 * ' » R540141 1 « 

INPUT CMC REUS 5 - 3 M 3 7 l 5 £ « C - l Z 2 Z 3 » W « 0 « 4 5 2 4 1 1 l M - S M i 5 1 3 B > Z - 3 3 2 * l 2 0 t - 3 t l l » O R I O E - 2 14130 • 

INPUT CMC READS » - 3 3 « » 3 7 1 E « I - * » 7 X 3 1 6 £ » l - 2 t 4 7 5 3 3 E » l - 7 3 4 0 7 1 2 E . O - J 3 < ! r 7 2 4 E - l - 2 . 0 » Z.3>» » 3 i : 3 I • » 

INPUT CMC RtADS 5 - > 3 6 3 4 9 7 t « C - 1 4 B 5 5 Z 4 * t 0 4 l 0 1 f c . ^ l > l - l 3 l B 8 » C » ^ l » l i « » A 3 E - 4 » 2 I B l t t 9 E - Z 19195 F 

INPUT CUD REUS 5<92430l .7fc«C»ZO77372JrU»12C31»4E»t«2J133»lE«J«S5*0lO«E-I- l .W42.77S 5 0 1 0 1 3 0 1 * 

INPUT CMC REUS 5 - « 5 i « * U E < C - £ « 3 5 4 4 £ « 0 « U 4 4 1 7 M » 0 « 1 0 « I 7 l l t « l * 4 » 3 5 3 0 E - l " i M » 3 3 7 E - 2 . 1 . 1 2 t 

INPUT CMC REUS S - 3 S 2 U l r f E * I - 3 4 M 4 1 3 E 4 1 - U « 9 3 9 C * l - 2 « Z U 0 I t * 0 - I H l « 4 5 l > l 30 . S M i l 

INPUT CMS REUS 5 -4659439E46- 1 4 2 0 1 5 0 E * 9 4 l ! lC033E-l -I2aiM93E-l -34Z0D23O-3«Z2Z3i*0E-Z 2 1 9 5 I 

INPUT CMC REUS 5 - 3 4 4 0 5 3 K . l - ' . 3 1 7 I 3 4 E « l - 2 0 5 l 3 S l E » l - 4 » H 5 7 6 E « J - 4 ( U 3 7 2 R E - l - 1 . 5 « 3 2 . 7 7 S 4 0 9 1 3 0 1 I 

INPUT CMC REUS I 1 . 5 « . 4 . l . R 1 . * 4 . 1 0 . 1 

INPUT CARD REUS l » l CESI67P-27 STORAGE TAPE STUTES R / 3 / i a FL502IMII2T 

INPUT CiRO REUS UNITS STORAGE IT I I I 1* 0 « U T ARM * 

TTPE 2 CMO REM 2F1SS. M C I . PR005.F2 30 1C 3064442CS 3 0 9 3 1 3 10 E T 441 442201 

FOUND LIBRARY FILE LABELLED GELIBEU15 LENGTH- 64C2 

PRCGKAH ENTERING READ ROUILNE AFTER C.S3T SECS. (CPUll /CtSYS • 0*1124011 CLUCK U U U O l . O M C02/0R 1472 

DATA FCR EXPERIMENT F I S S . «ACT. PRSDS. FCUNC AS FILE GEF2442201, *C IDA CN STORACE TAPE NO - 2 1 
DATA CRIS1NATED 1910 , ON SHELF C9, CHANGER C2, AT CEONETRT CF 1 1 . 9 5 . NlTH 0 OVERELOU CIWRECTED 

INPUT CAU REUS 3 2R0 . 14C-42 4 4 5 . 2 2 8 . 2 1 5 4 5 . 7 7 2 . 7 1 6 9 Z . • 4 4 . 1 1 2 4 1 5 . 1 2 3 1 . 2 9 

INPUT CMC READS 3 3 1 9 2 . 1 5 9 4 . 2 0 1 

INPUT CARD READS BOUNDS BEOID 90 

INPUT CMC REACS MTERI1LS W 1 5 . U 1 5 . 

INPUT CMC READS 9 

TERNINAL 1WLT CMC REM - END OF CARS DECR 

DATA Ok EREREY/CMMNEL, SISTER) LINEARITY, AND DETECTOR EFFICIENCY TO BE USED IN IKE ANALYSIS 

16.92.C0 2 4 7 5 . 0 0 3 1 9 2 . 0 0 INTERNAL 
84A.1BC 1 2 3 1 . 2 9 0 1 5 9 6 . 2 0 0 FEMS 

LINEARITY COEFFS - R . 7 3 9 9 7 0 E - C I 5 . 0 0 9 6 9 0 E - C l - l . ? a Z 6 1 0 E - O b N.19R360E-10-2 .4R09BOE-U 2 . I 5 R 9 9 0 E - 1 I 
0 . O . C. 0 . 0 . 0 . 

EFFICIENCY COEFFS -5 .3634»7E«f lO-1 .4»5524E«00 t . 0 7 9 5 M E - O I - 1 . 3 U M O E - 0 1 1.2633B5E-D4 2.TR1T49E-02 
FOR CALCULATIONS BEGIWIK AT 5 0 . KEY k l l H CRCSSCYER AT 1 3 0 . KEY IC 

9 .243067E*C0 2.0TT372E4CI 1.203194E401 2 .31336AE400 5 .SMlC>E-02 0 . 
PAIR-PEAK EFFICIENCY COEFFS ARE - 1 . 4 0 4 2 . 7 7 5 

DETECTOR F4 HEIGHT - 1 . 0 0 , RACIkS SQUAREO - 1 . 9 , RESOLUTION AT 2ERC ENERGT • 1 .05 

OISTANCE FRON OEIECIOR SURFACE TO blKOGV 1 . 9 5 TCIAL ITG »IC FCIN7 CF SGURCF) • 3 1 . 9 5 CN 

S1RPLE AREA ICN 3 0 I - 1 0 . 0 0 . OEFTH • 1 . 0 0 , CORPOSlTICIt- HC 8 5 . U 1 5 . 

CONPOSIIION CF USDRBER I • AL l.SOOE-01 0 . 0 . 0 . 0 . 

CL 260.00 465.00 1545.00 
EN 140.420 226.200 772.7C0 
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r f u u u ' i i ) 10 *t i»M9 ua a»noii«*iE e*i» a C M ; ttwuunti u c m i i » u t ru tK i ims u i 

•.i92cotigo 2-i»icc«-cj-z.4»»cct.ov •.442937-01 i-uiocot.cg 4.000301-01 

nuKKu ( H I K I I H . *u<o*i • c a l m » i n c.ic* lets- i c r t . i l / c i i t > - 20ii*iooi ctiiCx i u u i oi .ct* 992/0* n i z 

I SMTtf f l ) ) . * *C1 . PX3CS.. CCIUI* * . t ) 9 JA4). 233 »1* CCl*l (£91* I0*.4»4 11*701 tn CMLII Cl*-f2 

zuit.o 
24U47.0 
114474.0 
I4(*7).g 
1D979.0 
•24*21.0 
•17224.0 
110701.0 
111270.0 
101221.0 
19119S.0 
* » 2 ) . 0 
i u t ) . o 
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Appendix B 
Cathode Ray Tube Pictures of 

the Spectrum Described in Appendix A 

Subroutine GRAPH can be called to 
make use of the facilities available 
at the Laboratory to produce hard 
copies of CRT display pictures. The 
following series of CRT plots (Fig. B-l) 
show the S S B S spectral data presented 
in Appendix A and also show the 
''background" that was determined by 

GAMAjiAX, and the peaks that were 
found. 

Another option of the program provides 
CRT plots showing the fit of the individual 
peaks to the net counts. Fijures B-2. 
B-3, and B-4 are examples showing in 
greater detail some of the fitting results 
for the spectrum shown in Fig. B-l . 

*" i b b . tVi- ; . P^w^S. 

SPEC7KJK *iS. 45220! 

A 200 HIN COliMT QM GEtLU DETECTOP ?-2 SESIXffliS C!; CAY 3Co.i54 

Fig. B - l . 
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10 20 30 40 
Channel plus 165 

50 8 12 16 20 
Channel plus 1006 

24 28 

Peak Fitting of the 90 keV 
region of the spectrum pre­
sented in Appendix A. Two 
of the peaks are due to 
uranium K f f x rays . Their 
anomalous shape frequently 
causes satel l i te peaks to be 
inserted near the bases of 
these peaks. A slight 
parabolic increment to the 
background can a lso be seen 
in the figure. 

F ig . B - 3 . Fitting of U>£ 511 keV peak 
region. Since the 511 keV 
radiation resulting from 0 
annihilation is Doppler 
broadened, its width is 
allowed to be greater man 
would otherwise be calculated 
for a gamma ray of this 
energy. 

4 8 12 16 20 24 28 32 36 
Channel plus 1311 

Fig. B - 4 . Peak fitting of a typical gam­
ma ray multiplet. The 
669 keV peak shown as the 
fifth member of thie multi­
plet is not discernible of 
normal methods of peak 
detection (see Fig. B - l ) but 
was found by GAMANAL 
through an examination of the 
residuals. 
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Appendix C 
Printouts of a Peak Shape Analysis 

The various parameters used for de­
scribing the peak shape as a function of 
energy may be determined from a given 
spectrum by making an appropriate call 
to SHAPE, The peaks specified on the 
Type 3 card will be used for the charac­
terization and will result in a detailed 

printout, such as that shown in Table C-l, 
for each peak or peak grouping examined. 
The c o r r e l a t i o n of the results is 
summarized in a printout such as that 
shown in Table 0 2 , which l ists the new 
shape parameters and the results of the 
overal l fit. 
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Table C-1. Printout showing the characterization of some of the shape parameters 
for the 1596 keV peak in the fission product spectrum shown in Appen­
dix A. Starting with the input estimates shown on the first line, an 
iterative process is used to find a set of values for the shape parameters 
which will give the best fit. The results of the fit are then indicated. 

1 FITTIKG Lf- CUT* USINii 1 PE«KS ALPHA * - C - l i l (fWW = 4.2841 M.Ui A G GROER POLt'iaitlAL 

4,FM FHHK SftUl 5K£v? SltEkJ PKPdi PKPOS FKPLS PKPLS PKPCS PkPCS PlPOS PlPOS PKPUS 
/ Pltht / PKHI / PKHI / U l l / PM-I / PKhl / P»M / PKHT / PXnl 

4.284 0.85O 0.S4G 0.40i- IC.97C 

0.83 4.412 O.BiQ U.S40 0.40V. l l .Cb l 
4 3 / / . 

0.84 4.399 0.830 li.340 0.40k Il.i.69 
4366. 

0.85 4.336 0.907 C.S51 0.40c, 11.116 
4363. 

U.8B 4.336 t.DU*> 0.368 0.40U 11.115 
4363. 

0.89 4.346 1.1U9 C.S65 0.40c 11.109 
4361. 

0.90 4.3S8 1.166 D.S93 0.400 11.IOC 
4171. 

0.90 4.366 1.178 0.393 0.400 11.C94 
4373. 

0.84 4.366 1.183 0.59O C.401. 11.093 
4374. 

CHANNEL ERROR PkHn SKfcfcl SKEhZ S*ck3 C/»R£A P/AREA ERROR 
1 3181 » (1.043 O.Olt 4.366 1.183 C.596 C.400 21963.° 2(940.7 1.12 

KMbl RES1CUX. cri CT2 H F kTC. RtS 
1 0 . -12 .o 0 . 0. C.C86387 - l . l 
4 11.S - 1 1 . 2 0.64 -0 .26 C.C44001 -o.» 
J 14.7 - 2 6 . £ 3.36 2.26 C-C43967 - 1 . 2 
4 94.3 2C.U 4.1)1 - 1 . 6 1 C-C41042 0 . 6 
9 113.4 - 2 S . / 7.77 4.77 C.C4C469 - 1 . 0 
6 3H.1 34.6 14.6S 2.64 C.G34920 1 . ; 
7 684 .8 18.7 23.2C 6.08 C.C2924S 0 . 3 
8 1428.S - 1 2 . / 31.68 3.SI C.C2289B - 0 . 3 
9 2636.1 - 1 3 . 0 31.38 -0 .47 C.C17932 - 0 . 2 

10 3/97.5 - 6 1 . 1 21.1C - 3 . 0 i C.C13317 - 0 . 9 
11 4473.0 104.6 0.9C -9 .62 C.C14Z38 1 . 1 
12 387S.S - 3 . 6 -2Z.S8 -6 .04 C.C15198 - 0 . 1 
13 2 H 6 . 0 -S6 .3 -34 .31 1.24 C.C1B349 - 1 . 0 
14 1304.3 19.0 -34.48 S. I4 C.C23961 o.s 
l i 497.4 18.1 -27 .S I 7.49 C.C32816 0 . 6 
16 119.3 - 1 4 . 1 -15.34 1.C7 C.C42849 -0 .6 
17 24.0 - 2 . 8 -4 .22 2.18 C.C474C4 - 0 . 1 
18 O . - 4 . 3 0 . C. C. C96337 - 0 . 4 
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Table C-2. A portion of the printout summarizing the results of the peak shape anal­
ysis. The new values for the various parameters may be used to describe 
the shapes of all the peaks found in the current spectrum and subsequent 
spectra taken on the same detector and system. 

RESULTS OF PEAK SHAPE ANALYSIS USING 6 PEAKS IN THE SPECTRUM 

SHAPE PARAMETERS ARE . S I D = 1 . 1 0 6 S I 3 ) = - 2 . 9 7 9 t * C 0 S I 5 > = 1.192 
S ( 2 1 = 2 . 2 1 2 E - C 3 5 ( 4 ) = 1 .999E-C3 S i t . I = 0 . 4 0 0 

PEAK PEAK HfcASUREli CALC. MEASURED CALC. 
POSITION ENERGY FWHM FhHM SKEhl SKEhl 

281.0 140.4 2.502 2.476 C.C78 0.067 
457.0 22».2 2.613 2.628 C.12fc 0.080 
1545.0 772.7 3.462 3.425 C.115 0.23d 

1693.0 846.8 3.462 3-519 C.3e2 b.2 lb 

2476.0 1238.3 3.988 3.981 C.73C C.6C4 
3192.0 1596.2 4.366 4.361 i.iei 1.235 
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in * 

P>Vi. 

' * -Bran%i in USA. Available from the National Technical _ 
Information Center, National Bureau of Standards, ^ 

•^ V. S. Department of Commerce, Springfield, Virginia 22151 
' Prk»: i ¥ i n i ^ C ^ $3.0fc ffiicitrftche $0^5. 

** - ^ ^ V > - ->. 


