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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 volame describes the
methods used for determining background,
resolving and fitling complex peak
groupings, determining the energies and

absolute intensities of the gamma rays,
and determining the amounts of the
source nuclides. The laiter 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 gzmma intensities.

Introduction

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 the spectral data,
This need resulted not only from the large
number of data channels typically used but
also from the complexity of the spectra,
We have made prelimicary reportsl' 2 on
an earlier version of our current computer
code, which gave us geveral years of val~
uable service in analyzing 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
gencration program that incorporates the
experience gained,
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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 the computer
facilities available at the Labaratory. As
a result of the use of computer-controlled
automatic sample changers (see Fig, i),
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 the program be
able to interpret a spectrum regardless of
the nature of the source or its physical
relationship to the detector., Because of




Fig. 1.

Dato reduction

Read spectrol ID
ond instructions
from cards

i

Recd doto from
tape or cords

b

Devermine
background

[}

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

Find peak

regions

Fit

i

Determine energiss
and intensities

]

Tabulote and plot

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 ‘or final analytical interpre-
tation of the resulting data could be the
same for all systems, Furthermore, this
calibration is semipermanent and requires
on'y 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 analysis can be
separated into two parts, first, the igput
and reduction of the spectral data into en-
tities such as photopeak energies and in-
tensities, and second, the quantitative
interpretation of these items as disinte-
gration rates, atoms, or grams of specific
nuclides or materials. ’

Figure 2 shows a diagram outlining the
computer program, The requirements
and procedures for data input are detailed
in Volume I of this report,3 but a few
features will be discussed briefly in the
next section, A complete source listing
of GAMANAL is to be found in Volume IL4
Several auxiliary programs to be mentioned
later will be listed and discussed in Vol- -
ume I‘V.5

Data Handling

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 is a "hands-
off” program, running primarily in the
batch-production mode, this flexibility is
obtained by use of a number of control in-
The
assembling of the data and instructions is
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 (NCARD) punched in column 1,
have been described in detail in the
User's Guide.:‘l

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 its weight, timing, and
geometry, as well as a coded set of in-
structions for the handling and analysis of
the pulse-height data and output of the re-
sults,

structions and parameter cards.

This control card may be followed by
other cards suppiying 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 GAMANAY.. 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.3

Once the pulse-height data are stored,
the reading of any additional cards is re-
sumaed until znother sample control card
is 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 is summarized (see




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 errors 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.

Subroutine GRAPH utilizes the Labora-
tory facilities for obtaining hard copy from
computer-generated cathode ray tube (CRT)
pictures, The various plotting options
available® in GAMANAL include plotting
the raw data only, plotting the resuits 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 erergies {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,

Data Reduction

DETERMINATION OF BACKGROUND

Subroutine BKGRD determines the
background or Compton continm'm under
the peaks in a spectrum prior to the de~
tailed examination of peak regions. The
logic used is quite subjective and is based
largely upon experience. Because of the
multitude of tests ~nd choices involved, it
is 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, is to attempt to
find all the nonpeak regions in a spectrum
by applying various tests to the slopes be-
tween points or groups of points. These
tests take into account the resolution of
the detector and the gain used, as well as
the counting statistics. Regions which
fail these tests are assumed to contain
peaks, and the underlying background con-
tiruum for such regions is estimated by

-4-

an interpolation method to be discussed
later in this section,

An important feature of this approach
is 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 permitiing correct de-
cisions at the microscopic level,

The first stage is accomplished by
generating a crude background curve using
the technique of Ralston and Wilcox.® The

original spectrum is 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
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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 ¢) is
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 th2 process repesated, but the
size 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 slopes between adjacent
points or groups of points in this approx-
imate background array and the corres-
ponding slcpes in the original data. A
new background array is buiit 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 betweea
background regions. Instead of the simple
straight-line or oolynomial curve usually
used to describe the shape of the back-
ground und_. a peak, we have chosena
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
system 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 materiai be-
tween the sample and the detector, If such
processes contime to contribute pulses up
to the full energy of the peak, then, in cur
hypothetical case, a sharp step would be
observed at the peak location. In actuality,
the same line~broadering processes that
spread the peak wili affect these pulses,
which we have chosen to consider part of
the Compton background, The effect of
this dispersion cn the step is approximated
by the two or three cycles of linear smooth~
ing carried out later on the entire back-
ground array.

There is, moreover, an important
practical reasnn for the interpolation by a
smaoothed-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 curve (a) will give in~
correct results, An earlier version of
GAMANAL, which used the strzight 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,
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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 determired more consistently, but

e



Intrinsic
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Dispersed
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Counts

Step
background
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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 standzrdized peak
shapes is much more satisfactory.

Among the many precautions that must
be taken in BERGRD are those against using
"dropped” or overflowed channel counts.
Part of the logic of this subroutine is 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, K they are
accepted, new interpolations are made,
which will have the effect of breaking up
any peak grouping invalved,
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Counts

Channel

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

Foyr the third stage of Lthe 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 secticon 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 svhroutine
FIT).

DELINEATION OF PHOTOPEAKS

Determination of Standard Peak Shane

Before discussing how each peak re-
glon is analyzed, we will describe the
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Fig. 8, A detail showing the components
used to describe a peak shape,

mathematical function and procedures used
to characterize peak shapes,

The shape analysis function used is
taken in part from that described by
anders and Hn].m.7 The peak shape (net

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 as

a{x_-x )2 B(xi-xo)
° +Ay° - e

x[l i eC'a(xi-x°)2]6 m

where

y; = net data counts

¥o = peak height

a = ———1—2 {g = peak width parameter}
20

. = channel value of ith point

= peak position

B, and C are parameters used in de-

scribing the tailing function

&8 = 11{or (xi' x°)<0

= D for (xi -xo)>0.

o
v




We see that six parameters (yo, X, 0,

A, B, and C) characterize a peak corxc:-
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
YW =Y vy @
'

In analyzing a multiplet, we zllow only Yor
the peak height, and x o the peak position,
to differ for the individual peaks, since the
other parameters (@, A, B, C) do nut
change rapidly with energy, Furthermore,
since Yo and %, are the only quantities of
interest for amalytical 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 cocuid
have been written to determine and study
these parameters. Instead, we have cho-
sen to include subroutine SHAPE in our
Its function is to char-
acterize the parameters o, A, B, and C
for the 2 to 15 peaks specified on Type 3
cards.3 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

working program.

SHAPE for characterization of the various
shape parameters,

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

The peak width is normally the most
sensitive parameter in a peak-fitting oper-
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ation and is commonly specified by the full
width at half maximum (FWHM = 2,3550).
This is related to e by

a : -1/(262). €))

The width of a photopeak results primarily
from the summing of the instrumental
noise (AEn) and an energy-dependent term
(AES) 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
Thus,
we may express the observed total peak
width (AEt) as follows:

the noise ccntribution is constant.

2

Z .
= AE] +AE

2
AEt

s=k1+k2E.

)
Although k2 involves the Fano factor, we
treat it as a quantity which, along with kl,
must he determined for each detector sys-
tem, The values of kl and l‘:2 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 n terms of chan-
nels rather than energiés. 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

2

aE? - acrl - ¢) - Gam) (5)

where gain is expressed in keV/channel
and Cs is a Sheppard's correction for the
error resulting from treating all counts
in a given channel as though concentrated
at the channel center.
that the value of CS is approximately 0.46

It can be shown




when expressed in terms of the full width
at half maximum (FWEHM),
‘The above equation now becomes

[(Fwem? - 0.46] - GAm)?

=k +k2 - 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 arz the amplitude
and slope descriptions of an exponentially-
rising term that is multiplied by

tx-C()s1 -x 0)2 ]

l-e
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.

10
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> L o L—8.3cc
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|
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=
T
3
=
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Energy —~ MeV
Fig, 9, Nlustration of the variation of peak
width with energy.
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In our study of the other two tailing
constants, we found that the slope para-
meter B s 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 wre 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 giver by

lnA=C1+C2-E (7)

Figure 10 presents the fit of this relation-
ship to some typical data. The best val-
ues of C1 and Cy 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-
ific request on the Type 2 card3 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 nct 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,
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Search for Peaks

Subroutine PKSCH locates the peak re-
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
previocusly-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 tests.

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 z 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 weighiing 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 is 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 Eqgs. (1) and (2) are not of a linear
form, the least-squares answers must be
obtained bty some iterative method, A
Taylor?'s expansion about trial values is
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

-1~
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where

Y(i} = the count in channel i
pz = curreni best estimate of the
kth shape parameter

Apk = the cha.nge in the current
best estimate 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 estimates for these quan~
tities, The values of these derivatives are
then used as coefficients in Eq. (8) for the
next least-squares analysis in the iteration
process. The estimnates are updated fol~
lowing each iteration and the process con-
tinued until each of the free parameters
changes by less than a prescribed amount.
This amount is usually set 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

-12=-

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" successiully by
making only a fraction of the indicated
change in any one iteraticn, Action was
also 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, Evea so, a satisfac-
tory analysis is generally completed in
just a few iterations, although up to 15 are
permitted.

If a peak height becomes negative during
the iteration pracess, 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-
Possible extra
peaks are indicated if a value in this ar-
ray and also the sum of its two neighbors
each exceed 4 standard deviations cr the
number given by OPRATR(6).® A peak is
inserted at that position with the largest

tion of the net counts),

such residual (except when it is too close

to an existing peak centroid), and the
least-squares analysis is repeated. This
process continues until the criteria for
residuals are satisfied or until the max-
imum allowable number of peaks is reached,
(This mumber is 12 in the normal opera-
ting program, although we have an ex~
panded version which handles up to 20
peaks). Figure 11 shows the results of
each cycle of the analysis of a multiplet.
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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 becauge there are some spec-
tral regions for which subroutine BKGRD
cannct always make a good agsessment 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
zéro,

Distinct and rather sharp “humps"
frequently result from backscatter or 90°
scatter of low-energy photons and are
misgconstrued by BKGRD to be a tightly~
overlapping group of peaks. 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 titted 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 mumber 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-
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tber consideration. It is further required
that no resultant background value be sta-
tistically greater than the corresponding
data point, K it is, the background is
reinterpolated between the data point of
maximum averlap 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 resuit.

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 values, but we have found that
the peak-resolution parameter (z) shouid
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 @ is held constant. To avercome 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 congiderably 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 gimilar problem is encountered with
x rays. The natural (Lorentzian) line
shape of garnma 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 cbserved line shapes of gamma rays
in the presence of much larger detector
and instrumental effects,
short lifetimes of x-ray transitions

However, the




produce considerably broader natural line
widths and result in a noticeably different
peak width and shape.
attempted to account for these perturba-

Since we have not

tions in this program, an acceptable fit

is ugually arrived at only after admitting
spurious peaks into the profile of an x-ray
peak (see Appendix B). The total inten-
sity of the z 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,

“ DM() * QFIT(j) (E)]
where

DM(j) = diagonal matrix e. :ment
of parameter j,

ERROR (j)

2 * (15 o)
QFIT() = 1 (10)
Z (y Sy )1/2
i=1
where
Ri = the weighted residual

¥;; = the contritution of peak
1 jto channel i

y . = the peak height of pezk 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 u=ed in calculating
gamma intensities. The first method is
by integration of the areas of the fitted
peak-shape profiles. The secand invalves
proportioning the total net count of the
peak multiplet according to the relative
peak heights determined by FIT. These
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two answers, reported in the summary
printout as "calc counts” and "prop. counts"
respectively, should agree closely. Any
discrepancies tha: exist between them are
folded iato the czlculation of intensity er-
ror by PKSCH. Also, the uncertainties
in the determivation 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
FI1T 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" assaciated with
the peak, but they do not physically define
precise points at which peaks start or end.
If the peraks 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 ciose-lying peaks are re-
ported individually in the intermediate
summasy 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

|
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regarding the makeup of the observed peak
intensities is usually availabie in the final
stages of the calculation. The contributions
of individunal nuclides to the peaks of a
close-lying muitiplet are determined at
that time. The peaks that should be re~
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 CF PHOTOPEAK
ENERGIES

The quantities determined by FIT and
stored by PKSCH characterize the peaks
as they are observed in the pulse height
spectrum. It is the purpose of subroutines
FINDE, CALGPM and CALCMU to inter-
pret these measuremeants as gamma-ray
energies and intensities and related quan-
tities.

To calculate precise 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 LIN!E:ARITY,5 which
makes a least-squares fit of a set of peak
positions and energies to a polynomial
equation of the form

N
- (i-1)

P, -2 a; (CLY] (1
j=1

where

U

pulser voltages or gamma-
ray energies

CLi = channel positions of peaks

P
0

coefficients of the polynomial

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

1. 8T
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3 o ]
- 0 ]
: T ]
g 0.6 -
v [ ]
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Fig. 12. Description of the nonlinearity of
a typical system, The solid curve
is 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 lin-
ear correciion 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
Type 4 ¢:ard3 along with the polynomial
coeificients, aj, of Eq. (11),

For some detector systems, we have
found a subtle variation of the nonlinearity
with gain. In thcse cases, 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 system and detector,3

A linear relationship is assumed to ex-
ist between the pulser or gamma-ray en-
ergies described in Eq. (11} and the peak
energies in any other spectrum taken on

the same system. That is,
E =A+B-F (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
determ:ne the parameters A and B, but
the best line is determined by least squares
if a larger number is available (up tc 15
may be submitted® ). If internal peaks are
specified, only approximate channel posi-
tions are required on the Type 3 card,
since ihe precise channel locations have
already bieen determined in PKSCH, An
option to use an external calibration is
available but requires exact channef val-
A summary of the fitting of the en-
crgy standards appears on the intermediate
printout as shown in Appendix A, Once

ues.
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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-
ergies 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 ccnjunction with subroutines
CALGPM and CALCMU) is the caonversion
of the observed peak areas into gamma-
ray intensities, expressed as 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
is to be determined for a single geometry
(fixed sample size at a fixed distance),
this method is quite adequate and simple
to carry out, However, the intolerable
restrictions of a single geometry forced
us to loock for a more flexible approach.

Characterization of Detector Efficiency

We may attack the problem by first
separaiing the total counting efficiency
into two components—the intrinsic effi-
ciency of the detector {e) and the geometry
factor (G). That is,

Efficiency = € XG. {13}

For the idealized case of a point source
and a point detector, the solution is simple
since the geometry term is then merely

e
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the reciprocal of the square of the distance
from source to detecto_r. We define the
intrinsic detector efficiency to be the uvb-
served counts normalized to a fictitious

1 cm from the detector divided by the
saurce strength, That is,

(cpm)E
('rpm)E

xd® (14)

‘E
where

(cpm)E = observed counts/min in cal-
ibration peak of energy E

(1pm)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 polnt source crn
be determined by rewriting the above
equation so that

2
(cpm)E X d
‘e

(ypm)y = - (15)

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, {irst 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 cylindriczl
detector and a point source is shown in

~18-

Fig, 13.

Fig. 13. To use Eq. (15), the parameter
d must be assessed by using measured or
calculated values for x, w, pand r, de-
iined as
x = distance from source to detector
window

w = distance from window to "active"
detector suriace

p = eifective 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

2 2

d . (16)

= (x+w+p)2+r

Of these, x is the only easily-measured
parameter, The others must be experi-
mentally or empirically determined. QOur
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.

e R oy

Detector—/_——-r_ 7

;’
r=B
rro -.‘Aj_

w
¥

Lo

/ Ge dead layer
d

Source

Schematic illustration of a point
source and a cylindrical detector.



Before the advent of large coaxial de-
tectors, several simplifying assumptions
were made which are still reasonably va-
lid for smaller detectors, For example,
the effective interaction radius r can be
approximated as R/{Z— and pas T/2. R
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 somce
at two diiferent distances,

For several years, these approxima-
tions proved satisfactory, However, cer-
tain limitations became apparent when
targer detectors (> 10 cc) came into use.
We were then forced to study more care-
fully the penetration parameter p aand the
effective interaction radius parameter r.

The gamma-ray penetration p is ab-
viously dependent upon the energy ard 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
oi penetration p into a detector for gamma
rays of some given energy

lap) e

= . (17)
T (dlL
]o dp.
Since
| S
- s 1, {18}

one can derive the equation

-uT
p =% [l - f—.l‘-se?f] (19)

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

Although the form of this equation ap-
pears reasonable. one must ncw decide
ipon approprizte ahsorption coefficients.
Quite precise values can be found for the
pnaotoelectric, Corpton, and total attenug-
tiow coeﬁﬁcienxs.g However, it is not
clear which, if any, of these should he
used in the above equations. Th1is is be-
cause the only interzctions that concern
us are those that eventually resuit in full
energy deposition in the detector, whether
by photoelectric or multiple Compton scat-
tering processes. Since the latter process
is complex, no rigorous meaning should
he assigned to the penetration parameter
p ar to the absorption coefficient y. How-
ever, we have found an adequat: empiri-
cal function

Inp=-2316+4.2 exp[- 0478 In E
-1.434]. (20)

The dashed line in Fig. 15 compares this
curve with the other linear absorption
curves,

It is important to take into account the
dependence of gamma-~-ray penetration on

3 — — — —— ——— — —
.E, P 1/2 Detector
I 2 P
c
K]
I
g — — — d— —— —
o Detector window

o s

10 100 1,000 10,000

Gamma energy — keV

Fig. 14. Measured effective penetration of
gamma rays of various energies
into a 38 cec coaxial detector, The
solid curve represents Eq. (198)
for this detector.
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for germanium. Egq. (20) is 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-

ometries, an effect that becomes very

pronaunced at close-in counting geometries,

The effective interaction radius r is
more difficult to characterize. A rigor-
ous meaning can he 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 efiiciency and the effec-
tive radius (ro) can be computed from sim-

ple geometry (see Fig, 13). That is,

Physical geometry

=1/2[1-EJ!2+R2] @1)
’

where = X+wW,

However, in our model, the geometry is
described by

G=—2——§ . (22)
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A value of k = R2/4 is determined by
normaliziag the two expressions as f goes
to infinity. The relationship between the
effective interaction radius (ro) and the

getector radius can now be given by:

2 - a-cede

’ c:é—Nezenz)% (23)
R

Some cicse-in geometry (£) must now be
chosen to fix the relationship between r,
and R. For convenience we have chosen
2 = 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 XDETs using the Newton-
Raphson iterative technique for nonlinear
least squares was written to evaluate the
paramcters (w + p) and r by Eq. (16). In-
put data consisted of peak ccunts and the
corresgponding 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-
time errors.

[t became apparent that the interaction
radius is markedly aifected by gamma-ray
Table 1 illusirates this effect for
a 38-cc coaxial detector couating 661 keV
gamma rays. Holding the value of r con-
staat 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-sguares fit was obtained with a much
smaller vaiue for r, as shown in columns
6 and 7. Although the determination of

energy.




Table 1. The effect of radius of interaction on goodness of fit.*

Calculated Calculated
Observed Time  Distance Count Difference Count Difference

j Count (min) x (em) (r rg - 1.41) (%) (r - 0.35) (VA)
: 318864 19,87 0.225 310741 2.55 318516 0,11
254690 19,77 0.540 255169 - 0,19 2556022 -0.13
172517 18,93 1.180 177157 - 2.69 173060 - 0.31
124862 19,97 1.825 127830 - 2,38 124277 0,27 g
94278 20,04  2.450 95969 - 2.85 94486 - 0.22
: 59168 20,03 3.730 59833 - 1.12 58961 0.35 :
; 80780 40.08 3.000 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 1"7Cs {661 keV) counted on a 38 cc five-sided coaxial detector.

Table 2. Exgerime'qtal effective inter- The net result is that the effective radiug
ggt::::ncl;aaixiv.\asi ;ztgﬁfgg for of interaction for production of photopeaks
decreases as the penetration depth in- :
E&erg)y r Source creases. This is showa by the curve A-B
in Fig, 13 as well as in Table 2. The ‘
60 0.49 24lpm magnitude of the trend indicates that ather
91 1.38 14794 suriace and edge effects undoubtedly also :
122 1.28 57\':0 modify the radius parameter.
279 0.61 2035, By evaluating data acquired on several
661 0.35 137Cs detectors, we found that the following em-
pirical relationship gives an adequate de~
scription of the effective interaction radivs ¥
the radius parameter is extremely sensi- for use in our madel
tive to statistical and other sources of er- E
ror, a definite trend of r with energy can r2 = ri - 0.4 rgﬁ [52/ {1+ SZ) 1 (24)

be shown (see Table 2). . .
We believe that this trend may be quazl- where r, To and T have the me s dis

itatively explained by the increased im- cussed earlier and shown in Fig, 13 and
portance of multiple Compton scattering where
within the detector for production of full- § = (E - 60)/100

energy pulses from the higher energy E = gamma energy in keV.

gamma rays. Compton gamma rays es-~ The window-to-detector distance w is

cape from the detector more easily after also assessed from the cutput of the com-

an interaction near the outer surface than puter program XDET, along with the pen-
~ after one near the center of the detector. 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 is accomplished by
counting sources of different energy at
several distances, The sets of data at
each energy are used to calculate (w +p)
values, which are pictted as shown in

Fig. 14. The idealized curve derived
from Eq. (19) is [fitted to these data points
and the y axis intercept is taken to be the
window-to-detector distance.

Since no standardizat’ in of Ge(Li) de-
tector sizes or shapes exists, care must
be taken in applying tke model to each new
detector, At times, 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 = VDetector area/s.
Also, slight adjustments may have to be
made in some of the parameters for coax-
ial detectors, depending vn the size 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 is pcssible to
use a single intrinsic efficiency curve that
is virtually independent of geometry. Qur
experience has been that we can usually
describe the counting efficiency as a func-
tinn of detector-to-source distance to
within 1% over the usable range of dis-
tances (0.2 cm to 100 cm) as indicated in
Table 2,
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Measurement of the Intrinsic Efficiency
Curve

The intrinsic efficiencies as defined in
Eg. (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
e = a (o g (25)
j=1

m
[]

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 functior 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 tke data
are fitted by the supplemental program
called l?.‘.“‘l"'ICI]EII\ICY,5 an overlap region
is specified. We examine the resulting
fitted curves and choose a "crossover”
energy which gives the same answer by
both equaticns. The Type 5 input control
c:a.'.-ds3 therefore contain a high-energy set
of coefficients and a low-energy set to-
getker 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 as-
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. 16).

Disk Sources

For disk sources placed on axis at dis-
tances that are large compared to the
sample radius, it can be shown that the ef-
ficiency decreases by the ratio

Detector
Ge (Li)
dead
a loyer
e
Volume ] x
source / | -
thgm"cg—/ -—RﬂJ2*4
e R —

Fig. 16. Schematic illustration of a cyl-
indrical (or disk) source and a
detector,
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G/G_ =T —52—0— (26)
Poa? g2 /2
where
G = the desired geometry term
Gp= the point-source geometry
a = the source-to-detector dis-

tance
R = ‘he source radius.

We have evaluated this siruplified 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
6-cm3 planar detector. The normalized
results for the various gamma-ray ener-
gies in the sample obtained by using ge-
omeztries 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
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Fig. 17. Plots showing the small residual
errors in the geometry calcula-
tion when measuring a rays
from a 4.5 cm radius disk source,
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the "dead" layer present on most larger
Ge(L1) 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 acblique 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 “dead 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 slape of the efficiency curve in such
a low-energy region, Once this thickness
has been calculated, a correction can be
appliec that will approximately account

for the additional attenuation suffered by
gamma rays entering the delector at ob-
lique angles frcm 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 RNE, as in

Fig. 16,

Cylindrical Sources

A volume source can be thought of as a
multilayered digk source. The additional
complication introduced is gamma-ray at-
tenuation in passing through the upper lay-
ers, The effect on the counting rate (o/n)
for & linear element of dimensions 2 &dx
is expressed by

—”!/2!) I_l! eHx

X -xfaZda 2D

o/n, ={e

-24-

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/no =

44 6,6
-"‘2[1«—“1 + Sf Py

3,3 5,5
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This may be rewritten as

) 2.2 4,4
- o hf a” B £ uf
n/ﬂo = e [( P i) + 31 + 51
a“" -1
3,3
22( uf [4
oo ® ?(3(1.') « San

+) +] . (29)

It either u or £/a are small compared with
1.0, the higher-order terms can be dis-
regarded, The average sample thickness
£ that gamma rays must peneirate in
reaching the detector is calculated at the
effective sample radius of R/{Z— 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
subsequentfly diluted the sample with water
to achieve sample thicknesses of }, 2, 3,
and 4 cm, each time counting the sampie



in the same three positions. The spectra
were processed by GAMANAL and the re-
sults for various gamma rays were 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,

Source~ | 1 _
to—detector Samile radivs =
110} distonce Sem
™ ke _..,-’2/4” :’3
R ;_;_ﬁ—g}__u:% e —
! OOJ ~15cm B Iy
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A7 Cm g " w 2 P
1.0 g em 7 ?'%‘éﬁm‘ 4
0.90 | 1} | B Ml
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-

Ratlo (n/no)

Sample thickness — cm

Fig. 18. Plots showing small residual er-

rors in the geometry and attenua-

tion calculations as a function of

sample thickness, The measure-

ments were made on a 4.5 cm

radius cylindrical source contain-
ing a radioactive agueous Solution

and were normalized to a disk
sample of the same radius,

Corrections for External Absorption -
It is obviously desirable to correct for

gamma-ray attenuation by external ab-
sarbers, 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
absorbing materials,a absorption coeffi-
cients are calculated in CAL.CMU. Sub-

routine CALGPM then makes the necessary

corrections for such external attenuation,

95~

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

tion that occurs wn the source or in exter-
nal absorbers, the appropriate absorption
coefficients must first be determined,
Subroutine CAL.CMU computes and accum-
ulates tne coefficients for each of the ma-
erials that have been specified on the
Materizls and Absorber input cards.a The
total absurption coefficient is returped to
the calling subroutine CALGPM.

A seventh-order polynomial equation is
used to describe the mass attemation co-
efficient of a material as a function of
energy. The auxiliary program EFFI-
CIENCY s 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 ele~
ment or material of interest has been coded
into the subroutine CALCMU,

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

ulluu = 0.1027 + 0.0068, EK
+ 0.000654 EK (30)

where u 9 and uy, are the mass absarption
coefficients just below and above the
absorption edge and EK is 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) is used along with the general
polynomial equaiion to describe the absorp-
tion coefficient below the absorption edge.




Spectral Inte

We have described the reduction of
spectral daia 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
auclides 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, LI.BETP.5 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 select 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, Al
this information is organized and cross-
indexed so that GAMANALI_ can easily find
the required information without time-~
consuming searches through various arrays.
1t is quite importanat for the proper per-
formance of GAMANAL that the information
in the library be accurate and complete to
avoid improper identifications and incorrect
ans-wers,

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-
gities, and second, calculation of the
amount of each nuclide in the sonrce.
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rpretation

In our original approach, the ohserved
peaks were essentially evaluated on an in-
dividual basis. Identification of the nu-
~lides most likely to be responsible for
each peak was based on the assignment of
mumerical weights to the results of several
tests made on each candidate using infor-
mation from the decay-scheme library,
The best candidate was then assiguaed to
each peak, aad individual peak results
were computed, reported, and summar-
ized along with those for any other peaks
idertified 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 for individual peaks frequently dis-
agreed with rach other and the average
result for a auclide 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 inteansities. 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 compcnent to a particular
peak is 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,
its 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 impoassible
or implausible selections can be weeded
aut lates in subroutine EVAL,

The evaluation of the individual peaks
is shown schematically in Fig. 19, 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. Suveral
naclides may became candidates for a

Identificotion

Select as candidates
nuclides with energies
comparable to peak energy

Candidate tests

1. Energy

2. Holf-~life vs sample age
3. Aswociative ) =nergy
4. Auociative n intensity
5. Aswocistive ¥, energy
6. Asociative L) intensity

Select most probable

Cannot
nuclide sowce

dentify

Continve for ail
observed peoks

To matrix calculaiion

Fig. 19. Block diagram of the method used
for isaotope identification,
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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 1,

The first question is one of energy eval-
uation, that is, how well does the candidatefs
gamma-Tay energy agree with the energy
of the peak in question? The test uses a
Gaaussian function, as shown in Fig, 20.

The second test mckes a half-life vs
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 normzlly 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.

decay time evaluation.

1.0
0.8
0.6
0.4
0.2}

f{x})

Fig. 20. Gaussian curves of the type used
for photopeak energy evaluation
in IDENTIFY,

PPV
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Fig, 21. Shape of curve used in making

decay time vs half-life evalua-
tions in IDENTIFY,

ix) = (‘/% x)Rz exp [-Rs 12

+0.5 Rz] (31)

where x i the decay time divided

by the half-life and Rz and R3 are
inter-related parameters dependent on the
number of peaks found in the spectrum,

For isotopes with only one gamma ray,
such as 51Cr, s"‘an, and 2°3Hg. the two
tests mentioned thus far are the only tests
that can br made. However, if the gamma
ray of interest for a particular candidate
has agsociative gamma rays as indicated
by the library, additional tests will be
made,

First, a search is made o see if the
associative gamma peak was found in the
spectrum, If it was, an energy test simi-
lar to the first test is made. This is
followed by a mathematical test of the in-
tensity relationship, as shown in Fig, 22
and given by the equation

M -
f = + € [ e
(#) [Cl G, (l \ e") L 1+eH

] (32)

1.0

O.Br
- 0.6}
< 0.4}

0.2}

]

(] S ~
86-4-20 2 4 68 10R

X
Fig. 22. Shape of curve used for evaluat-
ing the intensity of the photopeaks
associated with the gamma ray
choice being considered.
where
u=ox B

x = (calculated intensity
- observed intensity}/

(of +a§)ll2

o, and gy = Errorp assqc_iated with the
peak intensities. Cj, Cp,a,
B, are presently set at 0.95,
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 nuciide,
the effects of their resvective half-li - -
are considered when making the intensit,
test. If the calculated intensity agrees
with the observed intensity, a confidence
value near 1.0 results. If the observed in-
tensity is much less than that calculated,
the candidste is discredited. However, a
similar judgment cannot be made if the
observed intensity of the - .ociative peak
is larger than the calcul.:- ] intensity,
since one must allow for the possible inter-
ference of a gamma ray from some other
nuclide,
An obvious possibility is 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 see if it should
have been detected above the background

of that region. This test, shown in Fig. 23,
possesses some of the features of Fig. 22
and is given by the equation

e ¥
flx) = ————r (33)
1+e ¥

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

(cr"la + ug)ll 2

and g is calculated as in Eq. {32) but with
B =20,

The foregoing two tests are repeated if
a second associative gamma ray is 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 lunked one of them, it
receives a low confidence level index, The
choice now as to which isotope is respon-
gible for the peak in question is simply
made by choosing the one with the highest
confidence level index. If there is a close
runner-up, it will also be retained as a
best-alternate candidate.

By using a Select t:ard3 as input, a bias
may be placed upon the above selection
¢riteria. This mode of operation is some-
times useful when certain information is
alrs ady available to the experimenter. For
exarninle, he may have performed chemical
separztions and feels confident about the
nuclides present. In other instances, he
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Fig. 23, Shape of curve used for compar-
ing the computed wntensity of un-
located associative photapeaks
with the ohserved background
intensity,

may want to aid in the identification, as in
the choice between zoaﬂg and zoan. which
cannot be made e sily from spectral infor-
mativn alone. In these cases, 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 ugually be includcd in the
component set by virtue of some peaks
belonging to them uniquely. The useofa
negative sign with the nuclides listed on
the Select card will inhibit their selection
as candidates.

FORMATION OF MATRIX OF EQUATIONS
AND THEIR LEAST-SQUARES SOLUTION
We now have a list of peaks that have
been tentatively identified. Their disin-
tegration rates must now be calculated and
spurious assignments rejected. This pro- )
cess is performed by subroutine EVAL. -



Each identified peak is considered to be
composed of a linear combination of one
or more components which may be written

J
Y. = z A - X (34
A Y ij 34)
where
Yi = the intensity of the ith peak

in gammas/min

;; = the branching intensity of the
4 jth component at the ith peak
energy

= the disintegration rate of the

jth component (a mumber which
is to be determined).

fH

A,
3

The calculational method is to set up the
matrix of linear equations and to solve
them by the method of least-squares. That
is, we minimize

N
2
n; 6;R,Y

(35)
where
J
Ri = Yl 'Z Aj . xij (36)
j=1
and
w. = weighting factor

i
Since many of the coefficients xij will be
zero, that is, the nuclide j cannct contri-
bute to peak i, an equation or set of equa-
tions is sometimes independent of all the
others, For this reason, a storage matrix
(AMATRX) is initially constructed (in
LDMATX) whose dimensions are deter-
mined by the number of nuclides to be con-~
sidered and the number of identified peaks.
Qur 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
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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 caonsider
in greater detail the many precautionary
steps and evaluations that must be made in
order to make the routines functional,

Assembling of Components (LDMATX)
First, the list of nuclides is assembled
and ordered by number (atomic number

and mazs) into an array. Many of these
nuclides hsve genetic relationships that
should be considered. [If this is indicated
by the decay-scheme library, the appropri-
ate growth and decay relations will be in-
cluded in the calculations, An option is
availablea to negate this consideration for
specific nuclides and evern for all parent-
daughter pairs, Also, if no zero time is
specified, the relationship is 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
time of the isotopes is assumed to be short
(instantaneous) compared to the half-lives
involved, Third, if the parent nuclide has
a longer hali-life than the daughter, the
pair will be combined and reported only in
terms of the parent (e.g., 9“5Z.r~951\1‘b,
1320132y 140p, 14Cy 5y y the daughter
has a longer half-life than the parent, they
will be reported separately {e.g., 105Ru
-105 . However, if the library indicates
that the latter relationship exists

and it has not been purposely voided,

the amount of the daughbter calculated
will be baged on the anticipated com-
plete decay of the parent.




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, obtzined from the
library arrays. in the case of genetically-
related pairs, the entry for the daughter
is first multiplied by the appropriate
growth factor.

Recombination of Close-Lying Peaks

In some instances, the intensities of
close-lying peaks tagged in subroutine FIT
will 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
The
apportionment of these intensities among
the candidates is then handled much more
effectively by subroutine EVAL.

too hizl as their spacing decreases,

Treatment of "Escape® Peaks Resulting
from Pair Production

A complication occurs when an observed
peak may be the result of a pair-production *
ipteraction 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
as the intensity derived from a phatopeak.
To circumvent this difficulty, a scheme
was devised that would allow for a reason-
ably good interpretation of escape pealks,
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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 10'10: similarly
the single-escape-peak intensity is multi-
plied by 10 2% (e.g., the 1596.2 keV
l‘ml..a peak with a branching probability
of 0.965 is then said to produce p-aks at
574.2 and 1085.2 keV with branching in-
tensities of 9.65 X 10 ' and 9,65 x 10°%}
The 10729 and 10720 gaet-
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.

resdectively).

InR=A+BInE (37)

where

R is 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 ca.rd.3
The single escape peak relationship is
nearly detector independent and can best
be described by adding a C (In E) tern to
Eq. (37) (see Fig. 25). The constanis 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 tke value of R.
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Fig. 24, Plots showing the relationship
used to interpret the intensity of
double escape peaks resulting
from pais interaction. R is the
gamma intensity of the double
escape peak (as calculated in
GAMANAL) divided by the full
energy peak intensity,

0.5_ T =TT
-i B Detector size E
&~ 3 o 5.5¢cc 1
8 o 18.3cc
g 0.1 4 3Becc .
g F E
© - -
—° - -
)
£ - -
-
5 L
= |

0.01 S YT L3 s taear

0.1 1 10
Energy — MeV

Fig. 25, Plot showing the relationship
used to interpret the intensity of
single escape peaks resulting
from pair interaction,
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Inclusion in the Matrix of Certain
Associative Peaks not Found in the

Spectrum

Frequently, the spectrum ccntains
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 Compton background by
PKSCH. The background intensity in the
regions where these associative gamma
rays should nave been found can, however,
be used to limit the amount assigned to
In fact it may,
under certain circumstances, be used to
¢ecide whether the peak intensity chould
be given completely to some other nuclide

the nuclide in question,

for which there may be no agsociative
g£amma rays.

To implement this logic, subroutine
IDENTIFY stores background intensity
data (interpreted as a gamma intensity)
whenever the associative gamma rays for
a prime candidate are not found. Although
these background peaks are fictitious, they
are nonetheless loaded into the matrix if
space is available,
given a 100% error, their inclusion will

Because they are

not affect the resulting least-squares an-
swer unduly, but they may assist in dis-
criminating between otherwise ambigtous
identifications.

Modification of Peak Intensity Errors

In calculating the weighting factors for
the equations, we have taken the liberty of
adjusting slightly the statistical errors
(SIGPCT) associated with the peak inten-
sities (YARRAY) as determined by FIT,

A 0.7% error is added in quadrature to
the errors of all peaks, because we be-

lieve that urcertainties in the efficiency

curve and in the methods of determining




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 intensiiies 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-
Some of these factors will be related
to the resolution of the detector.

gies,
For our
purposes, we have chosen to add in quad-
rature an additional error

ERS = 200 - SHAPC (1)/(EXPK)2  (38)
where

ERS = additional error
SHAPC(1) = zero energy (FWH'M)2
EXPK = peak energy in keV.
The total error (ERROR) then becomes

ERROR - [(sxc)2 +(0.00T)2
s (ERS)Z] Y2 @9

and the weighting factor,
w = }J(ERROR * YARRAY)

Lo%g’ of Working Matrix (Subroutine
EVAIL

After the loading of the storage matrix
is accomplished, a search is made for the
first int.rference set, Referring to Fig,
26, we see that nuclides A, B, C, and D
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 iliustrated 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 muclides Gand I
are all zero except for one equation to
which they both can contribute, This situ-
ation is 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
agsigned independently to both G and I,
with an appropriate comment about the
ruclide assignmeat being ambiguous,




A B D C where

1
1 X X 9
- - QFIT - (z (RMLR(i)')/DOF
i1
%52 X
B SR RMLR(i) = weighted residual
923 X § DOF = degrees of freedom
a 5 {(number of rows minus
s a« number of columns)
o 4 X X
_ DMLR(j) = diagonal matrix element
T corresponding to jth
5 X X component. =

We next examine the residuals of the
fit. Excessive resid:als may arise from

a2 number of sources, Some examples are
a channel overflow or dropped channel, or
T a malfunction in subroutine BKGRD or

S
&
R
]

For each relevont subset

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

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

Delete

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 Are any - Delors
made to see that the fit is good and the an- O rble component |
swers and their associlated errors are
reagonable, No

First, the errors are calculated using
the formula Output

Fig. 28. Flow diagram of procedures used
ERROR (j) = dQFIT - DMLR({} (40} in the final calculations,
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FIT resulting in an inaccurate peak arca
determination, or inaccurate or missiag
library decay-scheme information, If

any of these conditions prevail, the answers
for the components in that ioterference

set will be affected somewhat. It is there-
fore important that the peak or peaks cx-
hibiting large residuals be eliminated {rom
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 asgociated 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
indecd arc not prescnt 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 ccrtainly be smaller
by the number of compon=nts eliminated
and may cven have been gplit inta 2 num-
ber of smaller interference sgets,

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
uged to calculate the contribution of each
component to each peak. If the contribu-
tion io a given peak is less than one-tenth
of the error associated with the peak in-
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tensity, the contribution is termed "trivial™
aznd the corresponding matrix coefficient
is tagged so that no contribution or irier-
ference is said to exist in the next calcu-
lation.

The above processes continue until ail
the auclides have been considered,

FIiAL CALCULATIONS AND PRINTOUTS

The answers for each nuclide, ex-
pressed in distintegrations/min at count
time, can now be normalized, corrected
for decay, converted to atoms, and calcu-
lated {subroutine QUTGO). 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
cqual to 1,0,

The final printout for an analysis is in
tiiree sections (sce Appendix A). The first
identifics 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 iis fractional contribution to
them, and upon the tests performed in
IDENTIFY. In additica to the values men-
tioned, this table gives the sequential set
number and quality of fit for the inter-
ference set in which each of these nuclides
was determined,

The second section lists in detail the
contribution of each nuclidz to each of the
peaks with which it was idectified. The
iabel of the nuclide, atoms at zero time,
and error are repeated in the first three




columins of this table and are followed by
a peak-by-peak listing of some related
quantities. Among these, the column
headed ATOMS represents the {east-
squares aaswer for the nuclide adjusted
algebraically on the basis of the residual
for that peak. Rather than assign tne en-
tire residual to the one nuclide, we arbi-
tyarily use the same fraction of it as the
niclide’s contribution to the bulk of the
peak,

A related quantity, under the column
heading FRACTION OF PEAK, indicates
tne ratio of the nuclidefs contributios 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 th2
modified statistical error of the peak in-
tensity as uged in LDMATX, Any peaks
showing exactly 100% error should be
recognized as the "fictitious" peaks wnose
intensities repregeat maximum values rel-
ative 1o 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 is 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 aperation and tagged
as unidentified. They are nonetheless
listed in this section of the printout with

an appropriate comment. However, the
carresponding ATOMS reported for such

a pezk is incorrect,

‘The final column is a guide to all the
interferences that were considered in the
analytical process. The interferences are
separate: into three categcries, first,
those that are believed to be present, sec-
oad, 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 pezks 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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Appendixz A _R'
A Typical Printout from an Analysis by GAMANAL

The following printout of the analysis peak energies and intensities, this infor-

of a fission- and activation-product sam- raation and related quantities are tabulated ;
; ple is typical of the results reported by in an intermediate printout. A continua-
GAMANAI, although several other options  tion of the analysis of the spectrum results

are available. The first two pages show in the identification of the radioactive ma-

the library of cards containing data on the terials in the sample and a quantitative

efficiency, linearity, and peak shape para- assessment of the amounts present. An !

meters for the various detectors and sys- initial summary of the results for each

tems in use, After the spectrum reguested jdentified nuclide is followed by a more :

has heen read in, the control parameters detailed listing showing how the intensity

are checked and summarized along with of each peak was evaluated. A final table :

the spectral data. When the spectrum has reports peaks that have remained uniden- '

been reduced and interpreted in terms of tified for any of several reasons.

PROCRAN ENTERING  INPUT ROUTINE AFTER  0.199 SECS. (CPUSI/COSYS = DDITESII)  CLOCK READS O1.033 GU2/08 1972

INPUT CARD READS 7 1.3 s. 3. 1.8 s . . 1
: INPUT CARD READS ABSORSER ACCL.362€40

INPUY CASD READS ABSORBER BHO.IAAE+00CD.AATECGOCL, T4SEs 00

: INPUT CARD READS ABSORBER CCC1.362E40ALO. 16E+00

INPUT CARD READS ABSURBER IAL .15

E INPUT CARD READS FXSHAPE E 2.618  .00R22  ~3.276 003534 L.4a8 o400

: INPUT CARD READS PRSHAPE F 1.06 002212  =2.979  .0020  1.192 <40

TNPUT CARD UEADS PRSHASE L91.05  +.002  =2.78  +.00%9  sl5T4 .4

INPUT CARD READS PXSHAPE MeZ.465 +.002139 -1.031 *.000617 +#1.G66 *.4

INPUY CARD READS PKSHAPE N 3.5&7 -0Q2158 -4, 384 C.00009933 0.401 D.as00

_ INPUT CARD REAQS PRSHAPE ¢ .203 005838 -~2.816 » 006 2.283 «400
L INPUT CARD READS 4—438579E-0) /53842E-02-783385E-08 198621k-11 X4
: INWUT CARD READS 8 52L- 01 2 06+ 18SA68E-09—423T52E-13+409763E-17 L2
) IMPUT CASD READS  A+491592L400+603TS6E-01-42 ToIBE~ 06+ LITHIBE-052436T0E-13419126IE-1T L 19
-: INPUT CARD READS 44556505E-01+602398E-D1-3144 12k~ 104 1 19 a1
: INPUT CARD REALS 4+491592:+00¢ 603 TSSE-01-42TA3BE—06+131638E-09-2436T0E-13+191263E-17 N3
INPUT CARD REALS 4e5SE4CSE-01+502398E-01-314412€6~06+693836E~10—403558E-144350525E-19 SN3
L INPUT CARD REAUS 4~8739976-01+500969E-01-1T025BE-0b* AT9B36E—10-248098E-13¢275899E~17 F1 .
3 INPUT CARC READS 4-~BT73997E-01950C969E-0L~17C268E-Q6% STIBISE-10-248090E-1342T5BYIE-1Y F2
. INPUT CARD READS 4~75973ZE~011510286~01-8TICTZE-0T43T6I06E-1A-FTBOILE-14%941T22E-18 »3
INPUT CARD READS 4~759T32E-01¢151C2BE-01-879C72E~0T+376306E-10-918611E-144941722E-18 (2] .
f INPUT CARD READS 4~ZQ18635E-01+561750E—01+2T4CI1E-QE—14S16TE-COISASITE-13-319414E~17 LS :
H INFUT CARD READS 4~T62733E-01¢563554E-01-275822E~06¢138T66E~09-342493E-134365124E-17 st2
iE INFUT CARC REAUS &~ L43185E-01+5021806-01-22456TE~Q&+ T5043ZE- 10-1404 3261321 14235617 44
: IMPUT CARD READS 4-143185E-01+502180E—01-22456TE-0E+ TS0AIZE-10-1404632E-13+1143656-17 (]
INPUT CARD RrAOS 4-B2LOLBE+AC*ST3363E-01+108289E-0A139689E—0944237296-13~3784225E-17 ns
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CARC ®EADS

4¢143F1SECCCHLA2TLPE-ON @ LEAS TOE-Cam 105 282 E~- 0922504 34 £-11-22 1018617 [ 2]
1PUT CALC REACS 4 120033Es0145170ISE-UL-457255E-00+15753TE~0V-1CACARE-124L16A40C~14 £
INCUT CARD RERDS 4+#193358c~01¢3587036-01+356TI2E~05 531901 E-CA*IIZL 1 HE-L1-24 900224 s
SINPUT CARC READS 4v281920€- t8-20501086-22 E E [ 3 € ¥ 13
IKPUT CARC KtADS 4-1Z0035keC1e5170356-01 S 3575ITE~QI-10400RE-1 201 1K M E-1 6 Ak
ULPUF CARC READS 4-B32149+0C*663603E-01-404T4BE-05+39V6IBE-CE=4TZTAAE~12415555AE-14 E 1)
%2JT CARL READS 5—3553108E4C~-1311903E40+5346T00E-2-139601 0E~1 ¢ 1 ¥9SOO0E-2+3522800E-2 W3, E
INFUS AL RrafS 51 BISE«1=24BUT6SE¢ 1~ 14 T523TES 1~4CE 1 FTSESU—AISHA BRE-L 023155 1 E
INPUT CARC READS >-2888T32€4C-1017625E 4042492636~ -6 0160E-203069552E~342640T756-2 30 s
INPUT CARD REACS 5 121607AE~Z2-2078843E¢2-134I024E02 ASLESL—S192090:40-2.0042.47 £540R41 L &
INPUT CALD READS 5-3803715E+C-1 111E-2-38 2=33291 70630168002 08~2 14130 n
INPUT CARC XEADS S5-33BA3T1E41-4971316E+1-2847533E+ 1~-THMOTIZEsO-TIOTIZOE-1-2.08 2.37> 3031:31 L1 R
INPUT CARC READS 5-5363497k #5-2405524E900102%. _ (E-1-13280ACE— 1012613858402 10175962 imnes r
IMPUT CARD READS S9243067€¢Ce2077TITZECL1+120194E42142I13303E¢045540108E~2-1.0042.775 5010130 1 ¢
INPUT CARO READS 3-85354L1€4C=144 0+ 13441 T&ES O 0483315 25431ITE-2 232 P
INPUT CARLC READS S3521604Ee1-3454412E¢1~1 1-242 1 N.580 1 ¢
INPUT CARS READY 5-4659432E4C~ 1420150 +0+12 1C032E-1-1Z00893E~1~IA20023E~302225880E-2 B L
16PUT CARC REANS 5-3440538E+1-431 1 ISIES L-A0) 95 1-1.5452.775 40 9130 1 L
IAPUT CARC READS 7 1.5 . &= 1.8 led LT 10. 1
INPUT CARD READS TAFE GESIGIP=27 SYORAGE TAPE STARTED B/3/T0 FLSOZUNIT2T
INPUT CARD READS UNITS STORAGE 27 LUas s OAtA 7 amfz

TYPE 2 CARD REAC 2FISS. #aCT. PRODS.F2 30 1C J064842C0 300383 10 & T 481 4p2201

FOUMRD L1BRARY FILE LABELLED GELIBE101S LENGTH=
RAUSINE AFTER

L1

PRCGRAN ENTERING READ €937 SECS. (CPUALJCISTS = OASTZ000)

OATA FOR EXPERIMENT F1SS. #ACT. PRODS., FOUND AS FILE GEF2452201, BC 108 CN STORAGE TAPE WD -27
OATA CRIGINATED 1570, OM SHELF €3» THANGER C2» A7 GECRETAY CF 3195, ulTH O OVEArLONS COXRECTED

3 200.

INPUT CARD READS 14642 465. 228.2 1545. TT72.7 1492. 6. TA24T5.  1228.29

INPUT CARC READS 33192. 15%6.20 1
ANPUT CARD READS BODUNDS BEGNID S0

IMPUT CARC REACS RATERIALS MO 85, U 15.

IMPUT CAREL READS 9

TEANINAL INPLT CARC REAC - ENC OF CARAD DECK

CATA D% ENERCY/CHANNERy SYSTEW LINEARITY, AND DETECTOR EFFICIENCY TO 8k USED IN THE ANMALYSLS

€L 200.00 465.00  1545.00 1692,00 2475.00  3192.00 (WTERNAL
ER 1404420 220.200 T72.7C0  846.78C 1238.290 15996.200 PEANS
LIREARITY COEFFS -8.73I¥97CE-CR 5. Cl-1=702680€~06 8. 16-2 13 2.754H0E-17
0w [- 2 Ca (- Ce Qe

EFFICIENCY COEFFS =5.363497C400-1.485524400 1.079516E-01~1 318040E-01 1.263335E-04 2.T81749€-02
FOR CALCULATIONS BEGIMMING AT 0. KEV kITH CRCSSCVER AT 130. KEV ¥C
9224306TE+C0 2.07TIT2E4C1 1.203194E401 2.313388E400 5.350. 02 0.

PAIR-PEAR LFFICIENCY COEFFS AAE -1.408 2.773
OETECTCR Fo WEIGHT = 1.00s RACILUS SQUARED = 1.9y RESOLUTICK AF ZEAD EMERGY = 105
OISTANCE FRON OETECTOR SURFACE TO alBOGWs 1.95 TC7AL {TC PIC PLINY UF SCURCE) = 21.93 On
SANPLE AREA ICN 30I=10.00r DEPTH w 1.00x COMPUSITION= MG 85a U 15.
CORPOSITICN GF ABSDRBER 1 = AL 1.3G06-01 0, [ 1} 0. Q.

~30-

CLUCK @#40S Ol.Cae GO2/08 1412

SYSIEN-2

DETECTOR-F




PEAX ARSLYSIS 10 NF JASEC LM APPNORINATE CAJA of C.3G SEV/CmAnntL ANC PESa SPAP: FARAREFERS Amk

102008000 21210040320 40ALCEP00 144 2LTP=0) L.UaOCTLsCU 4.00030L-01

PROCEAR EMTERIML  AyrOAY

AOUIINE AFTER

CoICa SELS.

®a150 DATS,

3335%2.0
21655%.0
L1828RE<D
1420¢CV.C
130725.0
120343.0
11699C.0
107321.6
161310.0

M2sat

220020
1045%%.0
18INL4.0
13732%.0
1200%.0
12493%.0
122311.0
1131410
122645.0
3IIRSC.0

288 PIn CCLN} BECAN 10D.0a6 11920) O% GEILDD CTR-B2

333288.C
2C3833.C
182520
L388%2.C

ICASES.C
e ]
1Calie.C
157310
142%4%.C
191324.€

iCruetscayyy »

1 +0
L33 {40 A
tlg2el.0
127432.0

as1A003

Ll LN
103280
1532i%.0
1M te2.c
[ E4 2 LN
VISAL3,0
ciIt.C
telsnt.c

2 72%.C
1031st.0
1918Y: .0
§2aa2.0
12aTe0.C

CeuCa READS O).Cob COZ7ON L1412

218318.0
18328.0
193484.0
t%0:%1.0
131e28.0
1173%4.0
110834.0
1C8V54.0
16090.0
1852810

2322.0

$54¢3.0
104210.0
1CACaC.0
134334.0
120842.0
314729.0
1102313
238039.0
117832.0

)} SANPLE F135. *aC1. PROCS.. CEILIATS

219890 J4¥02.0 223749.0 234MIn.C
2AMYID 7337520 22TCHY.0
33780  L7U3IL1.0 160402.8
183875.0 14657340 1420136
133910.0 [37elC.0 1501200
126623.0 3219580 12118%.0
112226.0  Llaviv.0 1822%1.C
1107410 150840 ILINS0.E
12760 1071410 102445.0
1OR25.0 1070840 818),C
103305.0  9%28.0 S2949.6
42433.0 93510.0 163 70.6
TLI3.0 Iasd.0 1C0742.6
108540 LUAUALLD  307193.0 11ul2av.0
109412.C [09964.0 122880.0 413810.C
1376¢01.0 134alal.g 120573.0 11W3T0.€
2e0 421349.0 44R22T7.0 2458906
I17288.0 I0VIBD.0 104M05.0 109221.0
11540 1707710 L03F71.0 laslud.E
1234730 ULIT4.0  112843.6

13439,0 %20

SN0  81T.0

IAS119.0  133917.0

23492.0  %1310.0

N0 1234380

8311%0 .)lll.:

112260

10420.0

S
&107 3.
L1inT43.0

o

10%00.0
1010%.0
1034C.0
104CC.0
13244.C
wiil.e

AWer0

0.0

.0
.0

2974%%0.0
11RINY.0
150333.0
30940
3493450
Li845a.0
110032.0
112129.0
wilsy.0
AUVIALO

43354.0

45247.0
1980%%.0
1C95C1.0
15aar.0
142¢07.0
821410.0
U200
259720
UIsseer

1¥al.0
109310.0
1061%%.0

w8552.0

asiy

#3813

TS0
&ia "2.2



http://icrt.il/ciit%3e-
http://42Dt.li
http://inW7.fi
http://SI97v.fi
http://107I.fi

120A.0 9149,
000,08 9104,0
8790.0 9018.0
9142.0 4194,0
2951.0 9191.0
9704.0 315,0 00s.0

2382.0
16393.0

F381.0

731%5.0

K €508.0 5250 8612.0
i £53%.0 €230 511.0
: 715.0 t323.0 3280
T992,0 .lt2.0 200
1Ce71.0 27,0 253830
1581.0 T341.0 120v.D
180 9899.0 124%8.0
1Ca0.0 als2.0 %10
9C25.0 37,0 #2280
30912.0 31303,0 21a%s.0
al2.0 #3010 4420.0
3.0 ft1e.0 2584.0
5428.0 44%3,0 “2Tv.0
798.0 k05,0 14830
TE 8.0 €330,0  $1013.0
wl33.0 »152,C 249.0
8240.0 alv}.0 233
SR, T




£452.0



http://441.fi
http://112.fi
http://727.fi

499.0

22840
242.0
243.0
9.0
2880
199.0
2%%3.0
AT0%.0
204.0
210.0
lbl.G
144.0
153.6
1%0.0
12¢.0

494.0

1.0
8e.0

».C

4510

aZl.t
122.0
420.0
he.d
13%.u
377.0

351.G
wsi.c
3%4.0
.G
334.C
sa5.u
3C.C
2750
298.0

jl2.0
38,0

2510
ol
2160
218.0
241.0
i66.0
680

281.0
02.0
E g X1
2206
193.0
a0
ds2.0
244.0
15.C
230.0
211.0
>135.0
332.0
221.0
Laka.t

1.0

1ak.0

+5%.0
482.0
[ ]
822.0
440.5
53C.0
310
F43.2
287.6



http://343.ll
http://356.il

12.0 83,0 17.¢c 73.¢ £3.0 140 40.0 a0
90.0 81.0 &0.C . C n.o at.o es.t s750
19.0 10,0 az.t 68.C €e.0 18.0 sC.C ey
75.0 18.C $o.C e9.C ti.C [ X7 eR.C 150
37.0 13.0 12.C 15.C 383 12.6 eB.C 3180
8.0 57.0 70.C e).C 1.0 8%.0 8u.C 1770
8.0 1.0 €3.C 18.C 12.C vl 12.¢ 1160
1.0 11.€ to.U al.c 35.C 8.0 12. 4790
16.0 83.C 13.0 LB.C 12.0 9.0 07.0 3800
a5.C L1727 1.0 ol.C 15.0 10.G 10.0 sato
17.0 &Q.0 53.0 10.¢ 12.0 1.0 3s.C 3820
N 6sl.0 ©1.0 Teot 63.C es.C rL.o 64.0 1830
r 85,0 49,0 2.0 9.0 23%.0 18.0 12.0 3§40
9a8.0 91.0 Fuald en.C etou st.C s2.C 3850
61.0 12.0 sl.C 1.2 11.0 ©5.C 1E8C
53,0 [T} 55.¢C e5.0 12.0 o7.C nro

65.0 5¢,0 63.3 61.6 ce.0 9.0

s1.0 610 8.0 48.C 65.0 13.0

10.0 &6.0 .0 «8.C 5.8 6ALG
9.0 61,0 50.C «7.C ¢E.O 2.5 3910
sl.0 e7.0 8.0 65.C 59.0 9.0 920
s84.0 89.0 8.0 s1.0 14.0 an.o 3930
4.0 63.0 %3.0 ©0.C s8.0 ol.C 390
55.0 15.C 43,0 9.2 Ehal 5.0 3950
; «9.0 4.0 64.0 5%.¢ 52.0 18.0 3920
: 50.0 14.0 81.0 62.C 13.0 sl.0 3970
11.0 08.0 165.0 105.C [IN:] 12.¢ 3580
63.0 65.0 3.0 67.0 1C.0 10.¢ 3990
6%.0 50.0 1.0 7.0 2.0 12.0 4000
73.0 4.0 104.0 el.c 7.0 13.0 4010
62.0 51.0 &3.0 62.0 38.0 2.0 4020
57.0 34.G 9.0 19.C %2.c 143.0 4030
131.0 85,0 2.0 £0.0 thaD »1.0 4040
2.0 5%.0 %6.0 4%.0 58.0 4030
- 4.0 %é.0 1.0 &C.0 5.0 4040
i 9.0 93.0 119.¢ 154.0 2¥9.C 4070
14s3.0 10.0 65.0 &40 3.0 4000
8.0 65,0 $6.C 17.0 5.0 4050

70.0 %1.0 50.0 37.0

PROGRAN EMTERING BRGRO KQUTIME AFTER 20281 5elS. CPUNL/COSYS = 558440000 (10Cs REAOS O1.08& GD2/0B 1972

PACLRAN ENIENING SEARCKH ACUIINE AFTER 2,921 SECS. ICPLRL/CASYS = 990008C0) CLUCR REAOS OL.046 GO2708 1977

WARMINGS® ANALYSIS OF PEAN LROUPING § Timu AT 16% FAY @t JACCERECY.
WUPRER CF PEANY FOUML ERCELDS CAPACITY.

s

PRCCRAN EXTENING FalN RGUTINE AFYER 28.C85 StCS. L

ed

) SANPLE FlSa. <ACJ. PRDOY.. CELBAT= &.15C CAYS. 200 ¥ COUNT OEGAR 30b.404 (519703 Cm GEELLD CTR-F2

LIVE-FINE CURATIDN OF CCUMI = 20C MINUVES

SUMMARY CF EMERGY CALISRALIOK

[FLT T ]] CrANnt,  STD ENERGY CALLL EMENGY CELTA € CBASEC Oh INVERRAL PLAXS)
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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
{ollowing series of CRT plots (Fig. B-1)
show the sams zpectral data pregented
in Anpendix A and also show the
“background” that was determined by

SPECTRUN 10,
A 200 MiN COUNT QN GEILI} BETECTOP

GAMANAYL and the peaks thai were
found.

Another option of the program provides
CRT plots showing the fit of the individual
peaks to the net counts. Figures B-2,
B-3, and B-4 are examples showing in
greater detaii some of the fitting resuits
for the spectrum shown in Fig. B-~1.

45225

- F'lll' F [ 2R o3 R ~Z e
F-2 BEQUINIG Gl DAY 3335.4

Fig. B-1.
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Counts/ channel

1,
Counts/channel

1 .
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< 1 = ¢ 1
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0 10 20 30 40 50
Channel plus 165 Channel plus 1006
Fig. B-3. Fitting of th= 511 keV peak
Fig. B-2. Peak fitting of the 90 keV region, Since the 511 keV
region of the spectrum pre- radiation resulting from gt
sented in Appendix A. Two annihilation is Doppler
of the peaks are due to broadened, its width is
uranium K_ x rays. Their allowed to be greater than
anomalous shape frequently would otherwise be calculated
causes satellite peaks to be for a gamma ray of this
inserted near the bases of energy.
these peaks. A slight
parabolic increment to the 109 . —_—
background can also be scen ' '
in the figure. 4
107+
E
§ 100}
-
~
s 4.2
B 107
S
10
1
b 2 ~
= 0 -
=2 L [ ' ] L )
0 4 8 12 16 20 24 28 32 36
Channetl plus 1311
Fig. B~4. Peak fitting of a typical gam-
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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-1) but
was found by GAMANAL
through an examination of the
residuals,




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

71~

printout, such as that shown in Table C-1,
for each peak or peak grouping examined.
The correlation of the resulis is
summarized in a printout such as that
shown in Table C-2, which lists the new
shape parameters and the resmlts of the
overs!l fit.




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 H
which will give the best fit. The resalts of the fit are then indicated. ;

1 FITTING LF (AT& USING 1 PEAKS ALPHA = —C.151 (Fbup =

4.28%) PLUS A G GRDER POLYMOMIAL

WFIT FuhM SKEwl SKEWZ SKEws PRPOS PRPOS FROLS PRPLS PEPCS [ Y[ PEPQOS PKRPOS PRPUS
4 PEpT 7 PRET / PRHT 7 PEBY 7/ Pxil 7 Pxul /7 PRhT 7 PRMT 7 PRAY
4.26% 0.8%0 0.5406 0.40. 1C.57C
5575.

0.83 4.412 0.850 u.540 0.40L 11.L6) i
4311,

0285 42399 0.850 G540 0.40L ll.G09
4386,

0085 4,336 0.9C7 0551 Q0.40L Ll.116
4365,

: U.88 4.336 1.00% 0.568 0.500 11.115

4365,
0.89 4.346 1.109 €.585 0.40u 11.109
4367.
090 #.358 1,168 9.593 0,400 11.100
; 4371,
B 0e¥0 52386 1.178 0.395 0,400 11.094
43173,
0.4 4.366 1,183 0.590 C.40L 11.493 S
i 8378, ;
. CHARNEL ERROR  FuWHR  SKEwl SKEwZ Stxwl  C/AREA P/AREA  ERROR
. 1 3181 ¢ l.UP3 Q.02 4.346 1.183 C€.596 C.400 21965.0  21940.7  L.1Z
% ¥NEY  RESICual LY} Cv2 W TF wiC. BtS
. 1 [ B8 -12+0 0. G, C.Cea3B? ~Lal
e 1.9 -11.2 B.th =0.206 C-CA400) ~0a>
3 1.7 ~2b.¢ 3.36 2,26 C-C43967 -1.2
4 9a.3 Cau 4.01 ~l.61 C-L4l042 Qa8
5 119.4 =254 1 7o71 4,77 C.C4C469 -1.0
e 34y 34,8  19.85 2.64 C.C3¢920 1.2
[ 684.8 18.7 23.2C 6408 £-C29245 ()
8 14288 -12.7 3l.68 5.51 C.C22898 -Ge3
9 2638.1 ~13.0 CeL17932 -D.2
10 3191.5 ~olal C.C15317 ~0.v
Al 4475.0 1G4.4 C.Cl4238 L.
d 12 3878.5 —3.b ~22.58 ~5.0%4 C.C15198 -0.1
3 13 2526.0 ~56e3 ~38.31 1l.24 C.C12349 -1.0 :
’ 14 130403 19.6 ~3%.48  5.14 C.C23961 .5 ,
: 1% 437.4 18,7 ~27.51  1.4% C.C32816 0.0
16 1193 ~18e1l ~15.34 7.C7 C.C42849 =040
17 25.0 ~248 =522 2.18 C.CAT4C4 -0.1
18 Ve —6.3 0= C. G-C56337 -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 variovs 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.

: PEAK PEAK
- PUSITION ENERGY
281.0  140.4
457.0  228.2
1545.0  772.7
1693.0 846.8
2476.0  1238.3
3192.0  1596.2

SHAPE PARAMETERS ARE » S(1)

S22}

MEASUREL
FWHM

24502
2.613
3.482
3.4E2
3.9€8

4,386

1.106 S(3)

2.212e~-03 Sl4)
CALC. MEASLREU
FwuHM SKER1
24706 C.C78
2.628 Cel2k
3.42% Calld
3.519 L.382
3.981 C.713¢C
4.361 1.183

RESULTS OF PEAK SHAPE ANALYSIS USING 6 PEAKS IN FTHE SPECTHRUM

=—2.979c+G0 S5}
= 1.999e-G3 Si6)

caLC.
SKERL

0.067
C.08u

0.238

C.604

1.235

1.192
0.400
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