COMPUTER TECHNIQUE FOR ACTIVATION ANALYSIS

. by

David Arthur Himes

A Theslis Submitted to the Faculty of the
DEPARTMENT OF NUCLEAR ENGINEERING

In Partial Fulfillment of the Requirements
For the Degree of

MASTER OF SCIENCE
In the Graduate College

THE UNIVERSITY OF ARIZONA

19638



STATEMENT BY AUTHOR

This thesis has been submitted in partial fulfillment of
requirements for an advanced degree at The University of Arizona and
is deposited in the University Library to be made available to bor-
rowers under rules of the Library.

Brief quotations from this thesis are allowable without special
permission; provided that accurate acknowledgment of source is made.
Requests for permission for extended quotation from or reproduction of
this manuscript in whole or in part may be granted by the head of the
major department or the Dean of the Graduate College when in his judg-
ment the proposed use of the material is in the interests of scholar-
ship. In all other imnstances, however, permission must be obtained
from the author.

SIGNED: OQW";’/ﬂ %@

APPROVAL BY THESTS DIRECTOR

This thesis has been approved on the date shown below:

' M. E. WACKS Date
Associate Professor of
Nuclear Engineering



ACKNOWLEDGEMENTS

The author would like to give grateful thanks to Dr. Roy G. Post
and Dr. Morton E. Wacks Withouf whose advice and assistance this report
would not have been possible.

Thanks are also due to the staff of the Numerical Analysis
Laboratory for their frequent assistance on programming matters, and also
to the office staff of the Department of Nuclear Engineering for the
typing of this paper.

Thé author would also like to thank the National Aeronautics and
Space Administration and the Department of Health, Education and Welfare

for their financial support.

iii



TABLE OF CONTENTS

LIST OF ILLUSTRATIONS . . . . . . .
LIST OF TABLES .+ « & « v o o « « &
ABSTRACT v v v o o v o o o o o o &
INTRODUCTION .+ + + « o o v v o . .
THEORY  « o o o o o o o o« o o o o &
EXPERIMENTAL « + o « « o « o o . .
METHOD OF ANALYSIS . . . . « . . .

Manual Methods . ¢ o o o o o
Computer Analysis . .« o o o o =

° ° o °

000 ° °

3

Methods of Analyticél Spectrﬁm Unscrambling

THE PROGRAM ¢ ¢ ¢ o o o o o o o o o

Preliminary Spectrum Processing .

Peak Location .« « o o &+ o

Energy Calibration . . . .

Gain and Threshold Correction .
Qualitative Analysis . . . .
Quantitative Analysis . . . o &
RESULTS & v v o o o o o o o 0 o o .
CONCLUSION & ¢ o o o o 5 o o o o
APPENDIX A: FLOWCHARTS AND PROGRAM
APPENDIX B:

REFERENCES + o o o o o o o« o o o @

iv

SPECTRAL LIBRARY FORMAT

° ° ° °

LISTING

o ° °

°

Page

vi

vii

15

16
17

17

24
24
26
28
29
31
32
34
52
55
74

76



LIST OF ILLUSTRATIONS

Figure Page
1. Detector-Shield Arrangement . « - « « o o o o o o o« « » » o« 10
2. Typical Monoenergetic Response . . « ¢ o « ¢ ¢« s o « o « o« 13
3. Effect of 7-Point Smooth . . . .« . . « o ¢ ¢« o o ¢ .+ o . . 35
4, Results of Typical Peak Location . « o « = « « « o o o « o 36
5. Results of Energy Calibration . . « « + « ¢ ¢ « « &+ « « - - 39
6. Ba133 Standard Spectrum o « o o « o o« o o o s o « o o » o o 40
7. Cd109 Standard Spectrum . . « o « o o « ¢« o o o« o o o o + o 41

54
8. Mn~ Standard Spectrum . . « o + o s o o o e s o o o s s o 42
9. C3137 Standard Spectrum « .« « o« « o o o o o o o o o o o o o 43
10. Mixture 3 SpectTuUm .« o+ o o o o o o s o 0.0 s s o o o o o« o 4b
s s . 137 : .
11. Variation of Error in Cs Determination « o+ o « « » o o o 51
12, Flowchart for Main Program . . « « « o o o « & o« o ¢ o o & 56

13.. TFlowchart for Subroutine SCALE . . « ¢ « o o o o o o =« o o D57

14. Flowchart for Subroutine LOC . « o« + « o« « o o« o« « o s o o 58
15. Flowchart for Subroutine LIBSR . ¢ & « o o « o o « o« o « » 99
16. TFlowchart for Subroutine Strip . « « o « o « o« « o o » o« . 60



LIST OFT"TABLES

Table Page

(
[

1. Peak Locations for Energy Calibration . . . . « . +« « + . . 38

2. Weights Supplied to Program for Synthetic Mixtures (ug) . . l44

3. Results of Peak Location, Mixture 3 . . . . . e e e e 47
4, Summary of Analysis, Mixture 3 . . &« o ¢ o s o o o s« o o o .48
5. Summary of Errors in Mixture Analyses . . . « + & « « « + & 50
6. Input for Program RUIl « o « &« o & « s o & o o s o o o o o » 61

vi



ABSTRACT

A computer program has been developed for application>to rapid
routine qualitative and quantitative analysis of atmospheric partiCulates‘
by thermal neutron acfivation, The program is designed to automatically
analyze samples of material having unknown composition, but a limited
number of possible constituents (20 to 30 isotopes). The qualitative
analysis depends only on the gamma épectrum peak energies with‘no
half-life determinations. The qﬁantifétive analysis is carried out
by a matrix synthesis of the composite gpectrum using isotopic spectra
in a permanent isotopic library on magnetic tape. The method of spec-
trum synthesis minimizeé the amoﬁnt of computer storage required so that
a 1024-channel spectrum contaipinngO'éomponents can be analyzed using:
only about 8000 words of core storage. Program input consists of raw
data from the spectrometer and experimental conditions, and the output
consists of both the isotopic and elemental -sample compositions.

Preliminary program tests using synthesized mixture spectra
have produced excellent results for mixtures with up to seven components.
Exrors in the spectrum synthesis are usually on the order of oné fo

two percent for the most abundant constituents.,
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CHAPTER 1
INTRODUCTION

The activation of isotopes by thermal neutron capture
provides an extremely sensitive technique for trace element determin-
ation. The activation is accomplished by radiative capture (n,Yy)
type reactions. Many of the nuclideS'thusvproduced are unstable with
respect to beta emission with accompanying subsequent de-excitation
gammas. Each such decay will in general produce gammas at character-
istic energies with a characteristic half-life. By studying thé
Y-ray spectrum emitted by the sample after neutron irradiation it is
possible to deduce both the qualitative and quantitative isotopic
" composition of the irradiated sample.

This method of analysis, thermal neutron activation analysié,
presents important advantages over other methods for certain applica-
tions and is to be applied to the fast, routine elemental analysis of
particulate air pollution samples. This problem is characterized by
a list of twenty to thirty elements which are of interest. The sample
is unknown in that it may contain any combination of elements from
among those of interest, but is known in the sense that it cannot (in.
theory) contain any element which is outside the list of elements of
interest. Thus the sample composition is unknown, but it has a limited
number of possible comnstituents.

-1-



Inrthis technique the qualitative analysis of a sample 1s
carried out by measuring the energies of the gamma rays and the
apparent half-life of each gaﬁma of inte;rest° The quantitative ana-
lysis is obtained by measuring the activity of each component in the
gamma spectrum at a given time. From these data and the experimental
conditions 1t is possible to derive the composition of the original
sample. Most such analyses are performed by using various ﬁanual
techniques, but these are usually difficult, time consuming, and rather
inaccurate. Furthermore, manual methods tend to fail completely for
a sample of any complexity.

Recently many good computer programs have been developed for
datér@ductionin activation analysis. These programs tend to fall-
into two categories; those used for simple, qualitatively known samples
with 6nly one or a few components,_anébthose used for unknown highly
complex samples. The former are;iafﬁé} simple and genefallyfproduée
good results, while the latter much_ﬁote complex (and, thereféré,‘férer)
programs are many times more difficult to develop. These cpmplex pro-
grams can provide gréat savings in-time and.are therefore véfy uséful;

A program was developed for éﬁplication to the analyéis of sam—-
ples of unknown composition but with a limited number of possible
constituents° This particular type of sample indicated the use of a>
type of program intermediate in scope between the two general classes
éf-programse

This program differs from most other programs in three rather

‘fundamental aspects:



1. The sample is of unknown composition but has a limited
number of possible conétituents,
2, Component identification is made only on the basis of
measured gamma ray energies with no half-life determinations.
3. The program is capable of correcting for instrumental
variations which have proven troublesome to previous
workers.
Furthermore, in order to make the analysis time as short as
possible, the entire analysis is performed with as few>human decisions
and as little manual data handling as possible. Lastly the program is

kept as simple as possible consistant with the above objectives.



CHAPTER II
THEORY

When a sample of material is placed in a nuclear reactor many
of the isotopes present in the sample are converted to radioactive
products. The gamma radiation from these products can then be analy-
zed to deduce sample composition.

The basic process of isotope activation is characterized by

the following differentiai equation:

dN(E) _ 5
a - P AN(t) (1

|

where: N number of atoms of the radicactive product

A

decay constant for the radiloactive product

P = production rate of product

Solving equation 1 for the case where N(t=0)=0, one obtains:

N =2 @ (2)
or:
ACE) = P(1-e %) (3)

where A(t) is the activity due to the radioactive product isotope after
irradiation of the parent isotope for a length of time t.
The production rate is given by:
P = NQO¢V (4

where:



NO = atomic demsity of parent isotope
o = effective activation cross—-section
¢=

effective thermal neutron flux.

In the case of thermal reaétd? irradiation 0 is an effective
cross—section dependent on the'ﬁeutfén:spectrum and the nuclear reaction
of interest. The most common activation is produced by radiétive
neutron capture [(n,y) reaction].

The atomic density is given Ey:

N = — S (5)
where

isotopic abundance of 1sotope being activated

[a>)
i

=
i

amount of parent element present in sample (grams)

Ny

M

]

Avogadro's number (6,023'x 1023 atoms per gram-mole)

il

Atomic weight of elemeént in question.

A given element may be made up of seﬁeral isotopes each capable of
forming a different radioactive proﬁﬁét.

Combining equations 3, 4, andﬁs we obtain:

.. OWN 0 e o _
AR Tt (1-e M (62)
or
ewﬁAo¢s(t) o -
ACE) =5 : (6b)
where
s(t) = (1-e . ~ (7

S(t) is the saturation term, and corrects for decay during irradiation.



Solving for W:

MA(L)

T o) | =

Equation 8 gives the weight of the element of interest in the
sample in terms of activity of a particular product radioisotope at
~the end of an irradiation of duration t;
If the sample is allowed to decay for a time t1 and then is

counted until a time £, after the end of an irradiation of duration

T, the total count recorded is given by:

t 2 .
C = f gA(T)exp(-At)dt (9)

ty

where g is the counter efficiency.
Integration yilelds: ‘

¢ = BALD fop(-ae )-exp(-ae )1, (10)

and solving for A(T):

B AC
A(T) = g[exp(—ktl)—eXP(”Atz)]

- (AD

Combining equations 11 and 8 for the case of irradiation time

T yields:

MAC
GNA0¢S(T)g[exp(—ktl)—exp(~kt2)]

W= (12)

Equétion 12 gives the welght of the element of interest in the
sample in terms of measurable, experimental quantities. In theory W
could be obtained directly in this way. In practice, however, some of
the quantities needed, particularly ¢, ¢, and g, are not usually known

with sufficient accuracy. Therefore this method, known as the absolute



method, is subject to comparatively large systematic errors14 some—
what compensated for by the simplicity of the procedure. Much greater
accuracy can be attained by the comparator method in which a known
amount of the elemen£ of interest is irradiated along with the unknown

sample. Equation 12 also applies to this known sample in the form:

_ MAC!
6N ,0¢S (T)glexp(-At, ") -exp(=2t,") ]

W' (13)

where the primes refer to the known sample, and the decay constant, A,
is the same for both known and unknown samples. Dividing equation

12 by equation 13 yields:

exp(-xt, " ~exp(-At,")
C 1 - 2
We=w" [z] [
C

exp(—ltl)—exp(—xtz) ] (14)

Equation 14 provides a much more accurate value for W at the
expense of the increased experimental complexity of preparing, irrad-
lating, and counting an additional sample., This technique is the one
nearly always used in actual analysis work. )

This discussion of the theofy of activation analysis is
highly simplified in that the sample of material was assumed to con-
tain only one monoisotopic element capable ofvbeing activated, and
that no interfering reactions took place which would also contribute
to the activity of the irradiated sample. A complete discussion of the
complexities encountered with most real multicomponent samples is given
in many places in the 1iterature°4’lo’zo’26’27

In real samples, the principle difficulty is encountered in

obtaining the number C in equation 14, i.e. in ascertaining the number



of counts due only to a particulér radionuclide in an irradiated
sample containing several or many other radionuclides. The gamma
radiation emitted by the irradiated sample is mostly due to de-excita-
tion after B emission. Since the energy levels in the nuclei are
discrete, the gamma rays are monoenergetic, each energy corresponding
to an allowed tramnsition. Furthermore, since energy level positions
are characteristic of the particular nuclide, the gamma emission
energies are unique and characteristic of the decayihg radionuclide.
It is this monocenergetic character ofrgamma emission, as well as
half-1life measurements, which allows the contributions to the count
rate of the various isotopic components to be separated.

The resolution of a mixture gamma spectrum into compohent
contributions is made rather difficult by non-ideal performance of the
instruments used to obtain the spectrum. Even in principle, however,
the problem is not an easy one if the sample is of any complexity. A
further disadvantage of the method is the expensive equipment needed,
i.e. a high flux neutron source and gamma-ray spectrometer., These‘dis~
advantages are more than offset, howe&er, by the great sensitivity of
the method which for many elements far surpasses that of any other method
which for many elements far surpasses that of any»other method of analy-
sis. Depending on the nuclear properties of the particular element of
interest, limits of detection range to about 10_13 grams with 10“8 to
lO—'9 grams being about average. A listing of detection sensitiQities
for most of the elements by thermal neutron activation has been compiled
by H., P. Yule,34 This technique is a nondestructive analysis capable of

detecting and measuring a large number of elements (about 70).



CHAPTER 3
EXPERIMENTAL

Samples of material to be analyzed by use of the computer pro-
gram developed in this research are irradiated in a General Atomic
Triga Mark I reactor and counted in a gamma spectrometer assembled es-
pecially for this research. The gamma spectrom;ter consists of a
4" x 3" flat NaI(Tl) crystal coupled to a 1024 channel Technicél
Measurement Corporation model CN-1024 pulse height analyzer with stan-
dard 8 channel perforated tape output. The detector assembly contains
a Harshaw type 16MBS12/5B 4" x 3" NaI(Tl) scintillation crystal cou-
pled to an RCA 8055 5" photomultiplier tube. The detector-shield
arrangement is shown in figure 1.

Most gamma ray spectrometry is performed using a N;I(Tl) crys-
tal due to its comparatively high efficiency, although it suffers from
rathér poor resolution in addition to other problems.

Each time a gamma ray interacts in the crystal a part or all of
its energy is lost. The energy of the y~ray is dissipated as heat.and
visible light; the latter is detected and the signal amplified by the
photomultiplier and preamplifier to give a voltage pulse proportional
to the amount of energy the gamma photon lost in the crystal. This
pulse is then sorted by pulse height and a count stored in a particu-

lar channel in the pulse height analyzer corresponding to this pulse

height,
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The major gamma photon interactions with the crystal ‘are:

Photoelectric effect, in which the gamma photon is completely

absorbed by an atom in the crystal with the production of a photoelec-
tron which is absorbed within a short distance in the crystal. The
.atom involved is also excited and emits de-excitation x-rays.

Compton scattering, where the gamma photon suffers scattering -

collision with a bound electron producing a recoil electron and a
secondary gamma photon of reduced energy.

Pair production, where the gamma photon may be converted into

an electron-positron pair in the vicinity of a nucleus. The electron
energy is absorbed and thebpositron, after. slowing down, is annihi-
lated with the emiésion of a pair of 0.51 MeV gamma rays. Since the
energy required to create an electron-ﬁositton pair is 1¢62 MeV, this*
is the threshold.of the reaction,

These three interactions provide various mechanisms for enefgy
loss in the crystal. First, the gamma photon may be completely ab-
sorbed inside the crystal either by photoelectric absorption, Compton
scattering where the secondary gammé does not escape, or by pairﬂproé;
duction where neither annihilation gammé escapes, Complete absorption
produces a Gauséiaﬁ peak in the_gammé spectrum centered at the energyt
of the gamma photon, 

Secondly, the gamma photon may suffer a Compton collision‘
after which the scattered gamma escapes from the crystal° Since the

energy lost in the crystal varies with scattering angle, this produces
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a continuous contribution from low energy up to a maximum corresponding
to maximum energy loss by the photon at 180° scattering angle.

Thirdly, the gamma photon (if its energy is greater than 1.02
MeV) may produce an electron-positron pair where either one or both of
the annihilation gammas escape from the crystal. This produces a pair
of‘escape peaks at 0.51 and 1.02 MeV less than the energy of the total
absorption peak. The escape peaks, however, are usually not very pro-
nounced below a gamma energy of about 2 MeV.

The spectrum formed in this way due to a monoenergetic source
will not, therefore, be a single line, but will instead be a rather
complicated response functlon resembling figure 2. The difficulty in
separating the contributions due to the various component isotopes is
largely due to the complexity introduced when many such response func-
tions of different energies are superimposed. The preceding has only
been a rough outline of the theory of spectrum formation which is
treated in much more detail in the literature.4’5’9’19’26’27

The formation of a relatively wide Gaussian total. absorption
peak (as shown in figure 2) may result in two peaks close together not
being resolved. These will tﬁen appear to be a single, perhaps dis~
torted peak.

The most important expgrimental problem from a programming
point of view is the instabilities in the pulse height analyzer. In
particular, the energy gain (MeV per channel) and threshold (channel

of zero energy) are functions of time over long periods. Most methods
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of automatic quantitative analysis depend on the assumption that in-

strument response is exactly reproducible, and change in the gain or

threshold therefore tends to cause large errors in the analysis.3’15

This problem of gain and threshold shifting has, in fact, been one of
the major difficulties in computerizing activation analysis, and

several rather elaborate schemes have been tried to stabilize the

7,8,12

instruments involved. The trend within the last few years,

however, has been to make the necessary corrections of gain and

threshold within the program itself.Zl



CHAPTER 4
METHODS OF ANALYSIS

If the composite spectrum is assumed to be a linear sum of the
consﬁituent spectra then the analysis is performed by determining the
identities and magnitudes of the component spectra present in the
composite. The constituents are determined by identification of y-ray
energies and/or measurement of half-lives. Standard spectra of pure
known amounts of the corresponding 1sotopes are obtained and used to
make the quantitative analysis b§ various comparison methods.

The composite spectrum obtained from the pulse-height analyzer
can be represented by a discrete function of the form F(i), where i is
the channel number. If fj(i) is the standard spectrum of the jth iso-
ﬁope, then the composite spectrum, F(i), is assumed to be a linear
combination of the N standard spectra:

N

F(1) = ] a,f, (i) 1=1,2,000 M (15)

where M is the number of channels in a spectrum, and the aj's are

the weighting constants relating the magnitudes of the standard
spectra to the magnitudes of the corresponding component spectra in
the composite. Since all variables related to the N standard spectra
are known, the determination of the aj's will yield the quantitative

sample analysis. Most analyses, therefore, are simply different methods,

15
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either ‘direct or indirect, of obtaining the wvalues of the aj's in
equation 15, which is equivalent to synthesizing the unknown spectrum

using the standard spectra.

Manual Methods

Manual methods of processing gamma ray spectra usually do not
attack the analytical problem directly due to the huge amount .of
calculation involved, but instead usually employ various graphical

techniquess’L4’22

where the constants aj are determined on the basis of
some type of measurement of areas under corresponding peaks in the
composite and standard isotopic spectra. These graphical methods work
quite well in many cases where qualitatively known samples having only
one or two component:ispectra are quantitatively analyzed. There have
been some attempts at manual algebraic solution of the analytical
problem of spectroanalysis.2 These methods, however, do not seem to
present any great advantage over graphical techniques and are generally
much more time consuming. |

The manual methods all tend to suffer from several important
disadﬁantages. Since gain and threshéld corrections cannot be easily
made during analysis, these instrumental parameters must be the same fér
both the composite spectrum and the stapdard isotopic spectra. This,
in turn, usually requires that the isotopic standards be irradiated with

the unknown sample, which again, is not a serious difficulty if only omne

or two components are present in the unknown sample.
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The difficulties of these methods rapidly become overpowering
as the number of components in the unknown spectrum increases beyond
threé or four. Then the manual methods tend to break down (except in
ideal cases) due to such complications as overlapping or composite peaks,
background, etc. In the more sophisticated methods, able to overcome
these difficulties to some extent, the analysis becomes very tedious and
time consuming. Furthermore, the accuracy of these methods, limited
at best, becomes quite poor when the sample complexity increases even

slightly.

Computer Analysis

The obvious solution to this situation is the development of
computer programs which will perform all, or at least parts of the
analysis. This indeed has been one of the most important develop-
ments in activation analysis in recent years.

There are programs which use abput the same graphiCal techniques
as in manual analyses with some refinements made possible by the speed

of the computer.™’

These programs tend to suffer the same disadvan-
tages as the manual methods as sample complexity increases. More
commonly, the computer has been used to obtain a direct solution to the

purely analytical problem of spectroanalysis, i.e., the solution of

equation 15 for the quantities a,,,A
]

Methods of Analytical Spectrum Unscrambling

Equation 15 is set of M equations in the N unknowns, a M, the

30

number of channels, is in general much greater than N, the number of
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component spectra present in the composite. This gives (M-N) degrees
of freedom in the solution of the problem. To obtain a "best" solution
to the full set of M equations in N unknowns, the method of least squares

may be used as follows. Define a residual spectrum:

N . .
R(i) = F(1) - ) a,f (i). (16)
je1 377

Then square both sides and sum over all channels:
M i N

yORMWIZ =T [FU) - ) a

jf (i)] 17)
i=1 i=]1 i=1

For the solution set, a,, let this sum of the squares of the

3

residuals be a minimum. Then, minimizing equation 17 with respect to

a, is equivalent to:

3 5 J 2

s (] IF() - ] a £ ()17} =0, (18)

% 1=1 =1 33
Equation 18, after some manipulation, leads to a set of N equations
in N unknowns, aj’ which uses all available information. This treat-
ment is probably the most powerful yet developed and has been exten-
sively studied and used.3’ll’25’29532’33

The solution of equation 15 can be somewhat simplified by

dividing the range of channels into L intervals [il, iz], [iz,iB],‘°'

[iL, L+l]’ and suming”over the k- th interval:
k+l k+l N
no= [ FA = ][] af @], kel,2,00,L (19)
i=ik i=' 3=l i

N<L<M

where T, is the total number of counts in the kth interval of the

composite spectrum. While this approach may seem undesirable because
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of the inherent destruction of information, it offers certain advantages
“in many cases.
In the system of linear programming developed by Kerrigan,24
equation 19 is converted to an inequality of the form:
N krl
T, > 10} a,f,(1)] (20)
ji=1 i=ik
with the additional constraint that the solution set be non-negative,
i.e.,
a, >0 (21
§ =
This method produces good results with the additional advantage that
amounts of components are constrained to be non-negative.
A simpler specialization of equation 19 is that of making L
equal to N, thereby producing a set of N equations in N unknowns
which can be solved by purely algebraic means as follows.

Define a matrix:

_ Counts in kth interval of jth standard spectrum

8,4 T .
k3 total counts in jth standard spectrum
that is, T+l
[ £,
) i=ik
Bry - M (22)
}oO£, (1)
1=1 3
where k = 1,2,...,N. Since the a,'s are constants with respect to i,
3 .
L
) ajfj(i)
e S
By T M (23)
a, f, (1
L agf (1)

i=1



or

ik+l M
F.(1) = . o).
a;f£,(1) = g ZaJ (1) (24)

L ]
i=ik‘ k=1

Reversing the order of summation in equation 19 and substituting

equation 24 yields:

§ % |
T, = )is, . a,f. ()] - (25)
R A R A
Letting
M _
H, = LB, (4 26
J iglaJ J(l) > ' ' (26)

equation 25 becomes

T. =

. 27)

12

H °
Bry"3
j=1

Equation 27 is a set of N equations for the N unknowns, Hj’

in terms of known quantities. From equation 26:

H
a, = =t (28)
h| Sj
where
M
Sj =1§1 fj(l) (29)

is the total number of counts in the jth standard spectrum (a known
quantity). Therefore, the solution of equation 27 for the quantities

H the total number of counts in the composlte spectrum due to the

j5

20

jth component spectrum, yields, in effect, the quantitative composition

of the sample.
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An important advantage of this method is the simplicity of the
coefficient maﬁrix, gkj’ defined by equation 22, Notice that in
order to calculate the gkj's, only one standard spectrum has to be
in core storage at any one time. This means that spectra with a
relatively large number of channels can be used without running out
of core storage in the computer. Using this method, a 1024 channel
complex spectrum containing 20 components can be analyzed using only
about 2500 words of spectrum and equation working storage.

Starting with the least squares approach (equation 18), it
can be shown3 that the coefficient matrix of the set of N equations
resulting is of the form

M f.(i)fk(i)

hkj = izl [ D) T (30)

In order to calculate these coefficients it is necessary to have the
composite spectrum and all N standard spectra in core storage at one
time., Thus analysis of a 1024 channel, 20 component spectrum would
require about 22,000 words of working storage. For this reason programs
using this method are much more seriously limited as to numbers of
channels and components.

All three of the spectrum unscrambling schemes discussed assume
that the qualitative analysis has already been performed on the basis
éf peak emergies and/or halfflives. There are other approaches in which
these operations are more intimately mixed. One of the most well known

5,13,16,17,18 ,

is that developed by Heath and others in which the assumption

is made that each isotopic spectrum (and hence the composite) is due to
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a collection of monoenergetic gamma components of various intensities
and half—lives. Each standard spectrum, fj(i), is then a monoenergetic
response function (resembling figure 2) which may either be generated
by the program or be stored in a response library. Spectra are obtained
as a function of time and analyzed in terms of these monoenergetic
spectra, thus obtaining a half-life for each monoenergetic component.
The components are then grouped according to half-life and the members
of each group summed in the proper proportions to obtain the isotopic
spectra. A program developed by Hull and Gilmore3l uses .a simplified
version of this same sort of approach.

Most computer programs for routine spectroanalysis fall into
two general categories. The more common type is designed to provide an
accurate determinatioﬁ of the amounts of one or a few elements known to
be in the sample by directly stripping the isotopic spectra of the
constituents from the‘composite. The second and much more complex type
is employed in qualitafive and quantitative analysis of samples of com-
pletely unknown composition. Since direct stripping of isotopic compon-
ents would require a large comprehensive library of standard isotopic
gpectra, the monoenergetic component treatment is usually applied.

The program developed here uses a type of analysis which seems
to have been rélatively neglected; namely, the analysis of samples
whose composition is unknown, but forﬂwhich the number of possible con-
stituents is limited (20 to 30 detectable isotopes). The need for a
large comprehensive spectral library is avoided in this approach. 1In
order to make the analysis as fast as possible, component identification

is made on the basils of peak energies with no half-life measurements.
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The advantages of the method are its relative simplicity
compared to other programs of similar capabilities, its ability to
make a fast analysis based on only one spectrum instead of requiring
a whole series of spectra, and its ability to perform a completeiy
automatic analysis. The latter implies that the program should be
capable of taking raw data from the pulse height analyzer and producing
from it a complete isotopic and elemental analysis of the sample with
no intermediate human decisions or manual data handling under as wide

a range of circumstances as possible.



CHAPTER 5
THE PROGRAM

The complete analysis consists of a series of separate problems
each requiring a solution compatible with all the other solutions. The
following is a description of the program detailing these problems and
methods of solution along with comparisons of these methods with those
already developed or under development by others. More detailed informa-~
tion on the mechanies of the program (flowcharts, listings, etc.) may be

found in Appendix A.:

Preliminary Spectrum Processing

Before the actual analysis can begin, the raw gamma spectrum
must first undergo preliminary processing in preparation for component

identification and spectrum synthesis.

Data Smoothing

The count in each channel of the spectrum is subject to a statis-—
tical error which introduces random variations in the spectrum. This
noise is not too serious if the energy per chanmel ratio is coarse
(i.e., if fhe spectrum contains relatively few channels). Howeﬁer, the
energy per channel here is in general 2.5 KeV/channel; aﬁd even for
ratios of the order of 15 KeV/channel, noise may be a rather serious
problem when analyzing the spectrum. Tt would be desirable, therefore,

to enhance the spectrum signal-to-noise ratio by some analytical means
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while avoiding a loss of significant information.

One method commonly used for treatment of continuous numerical
data is that of data convolution. This technique adjusts the value of
each data point according to the equation,

m
Y * = ig—mCin+i
g T, (31)

which considers a group of 2m + 1 data points centered on the jth data
point. Using a set of 2m + 1 convolating integers Ci’ and a normalizing
factor N, yields a new wvalue Yj* for the jth data point Yj which is
then placed in a new data table. The entire spectrum is processed by
letting j run through the channel numbers in the original data table.
The convolution simply represents a moving average of the ordinate
values of the data points. The integers Ci are simply a weighting
function applied to the points on each side of a data peint in determin-
ing its new value. Many different sets of integer functions Ci have
been tried, but most result in some loss of information.31
Perhaps the best possible results would be obtained by .applying
a least squares fit of a polynomial to the 2m + 1 data pointé in order
to relocate the center point. - This would seemingly entail a much more
complicated procedure of setting up and solving a set of 2m + 1 equa-
tions for each data point, a somewhat lengthy prospect. Foftunately,
however,‘by makiﬁg two simple assumptions (continuity of the spectrum
and equal spacing of data points along the abscissa), this legst
squares polynomial fit can be shown31 to be exactly represented by

a set of convoluting integers Ci and a-normalizing factor N. The poly—~

nomial to be fitted may be parabolic, cublc, etc., and the value of 2mkl
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(number of points in the fit) may bé any odd integer above a minimum
determined by the degree of polynomial. A particular set of integers
Ci and N is associated with each choice of a polynomial degree and a
value of 2mtl. Values of Ci and N for least squares convolutions
have been tabulated by Savitzky and Golay,31
The question of the combination of polynomial degree and
number of points per fit best suited for gamma scintillation spectra
has been investigated by H. P. Yule35 and té some extent in this research.

It was found that a quadratic—-cubic fit (the C and N are the

i's
same in both cases ) with 2w+l no greater than the width of a signifi-
cant peak at half maximum gave best results. The program, therefore,

uses a quadratic-cubic convolution with 2m+l as an adjustable para-

meter.

Peak Location

Once the spectrum has been procéssed to remove as much noise as
possible, the peaks are located. There may'be many meaningless bumps
and wiggles in the spectrum‘caused by Compton effect, low frequency
nolse, etc. These must be discarded and only meaningful peaks should
be recorded for analysis. Furthermore, the center of the peak should
be located as exactly‘as possible in order to determine its energy.

The first step in this procedure is the generation of the first
derivative of the spectrum; This 1is accomplished by fitting a quadratic
polynomial to 2mtl data points to find the first derivative at the

center point. It turns out that this operation, also, may be exactly
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represented by a data convolution using a particular set of integers Ci
and N.,31 The convélution is performed directly on unsmoothed data
since the smoothing is accomplished by the fitting of the quadratic.

After the derivative is obtained, the program scans it looking
for changes of sign. A change from positive to negative indicates a
possible peak while the opposite change may indicate a valley. Due
to low frequency noise, etc. there may be many insignificant sign
changes. Therefore, to ascertaln the validity of a sign change, various
statistical tests are applied, several types of which have been pre-
viously proposed,30’35

The tests made by this program are based on two adjustable
parameters, p and h. To be admitted as a wvalid sign change, the deriva-
tive must have at least p successive -channels with the same sign after
a sign change. If the change is from positive to negative (a éeak)9 the
top of the peak must be at least h counts higher than the previous
valley to qualify as a valid peak. Duriné the scan of the fifst deriva-
tive, the program first searches for a peak. Once a valid peak is found,
a valid minimum is searched for, and the cycle is repeated until the
last channel is reached.

The location of the sign change in the derivative provides an
estimate of where the peak is, but to obtain the location of the center
of the peak more exactly, a linear fit is made to a region of the deriva-
tive centered on the apparent sign change and of width 2g, where g is an
adjustable parameter. The intersection of the linear fit with the abscissa
is then interpreted to be the location of the center of the‘peak. The

peak center does not have to be located with great accuracy since
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sloping background and other mechanisms may cause a peak to shift as

much as several channels. Accuracy within one-half channel would be ample.
It is also useful to have some measure of the height of the

peak above background. Although this can be done in a variety of ways,

the program measures the absolute height of the peak (in counts) above

the previous minimum.

Energy Calibration

In order to determine the energy of an unknown peak in a complex
spectrum, it is necessary to know the gain (MeV/channel) and the thres-
hold (channel of zero energy) accurately. The usual method of accom-—
plishing this is to take spectré of known gamma calibration standards
(Co6o, Csl37, etc.) before and after the unknown spectrum is produced.
Then a plot is made of energy as a function of channel number. The
knéwn peaks in the standards are plotted as points on the graph, and a
straight line is fitted to the points. The graph is then used to deter-
mine the energies of the peaks in the unknown spectrum.

This procedure has been incorporated into the program to speed
up the analysis and increase accuracy. Several calibration spectra
taken just before or after the unknown spectrum are placed into the pro-
gram input. Along with each calibration spectrum a list of the energies
ahd approximate locations of known peaks is included. The program then
locates all peaks in each spectrum by the method previously described
and proceeds to search through the detected peaks to find the ones

corresponding to the standard peaks read in. A series of pairs of the

form (xi’Ei) is then formed where X, and Ei are the location (channel
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number) and energy (MeV) of the ith standard peak. The points are fitted
by least squares to an equation of the form E = mx + b where it is
assumed that the Ei's are exact and the xi's contain random errors.

Having thus found values for k and b, it is easy to determine the energies
of the peaks in the unknown spectrum by the use of the above relationship.

With this the preliminary data processing is completed.

Gain and Threshold Correction

The problem of instrumental gain and thres@old shifting has been
one of the most troublesome problems assoclated with automatic activa-
tion analysis, especially when the standard isotopic spectra are stored
in a permanent library made up at a time previous to the sample analy-
sis. The various methods of spectrum synthesis discussed previously are
all more or less sensitive to changes in gain, and a shift of only a few
channels may produce errors so large that the results of an analysis are
meaningless. The most common solution to this problem is direct calibra-
tion of the instrument for speéific values of gain and threshold at the
beginning of each analysis. Some rather elaborate schemes have been de-
vised for keeping the instrument calibrated.12 In this work the correc-
tions for such instrumental instabilities are included in the program
ifself in - the form of a routine capable of chqnging the gain and thres-
hold of a spectrum to any values desired.

Congider two spectra having different gains and thresholds in

which the energy as a function of channel number is given by:

E=mi+b (32)

and E

m'i' + b' (33)
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for the unprimed and primed spectra, respectively. Notice that the
channel numbers i and i' both correspond to energy E in their res-
pective systems. Equating the right hand sides of equations 32 and
33 and solving for i' yields:

] mi+b—b'
1= ——
m

. (34)

The threshold channel numbers in the two systems are obtained

?

by setting E = 0 in equations 32 and 33 and solving for io and io 5

the channel numbers of zero energy:

b
= m (35)
‘b'
o= ar (36)
Combining equations 34, 35, and 36 then yields:
y o i .y
i - (i 10) + i’ (37)

Equation 37 is the basic equation used to transform a spectrum from

the primed system to the unprimed system. The program scans the un-
primed channel numbers and for each i finds the corresponding i' to
obtain the count at that energy. The count at channel i' must, however,
be multipliednby the factor'ET to keep the apparent activity (i.e., the
area under the spectrum) of thé ééﬁble a constant.

Another complication occUrs because 1' is,‘in general, not an
integer and, therefore, some type of interpolation scheme must be used
to obtain the count at a non~-integral channel number of the spectrum
being adjusted. Since the gain used in this research was small (about

2.5 KeV per channel) a linear intérpolution between pairs of adjacent



channels was considered sufficient. For a coarser gain, however,
higher order interpolation should be used; parabolic interpolation for

this purpose has been tried with good success.21

Qualitative Analysis

The first major phase of the analysis is the identification
of components. The program has available to it an isotopic spectral
library on magnetic tape containing in addition to the spectra, other
information associated with the isotopes (half-lives, peak enérgies,
etc.), as well as experimental parameters (samplé weights, decay and
count times, etec.). Detailed information on the library format may be
found in Appendix B,

On the basis of the peak energies found in the unknown spectrum
the program must decide which of the isotopes in the library are pre-
sent in the composite. For this purpose, each entry in the library
corresponding to a particular element contains a list of ome or more
reference peak energies which are chosen so that there will be as few
interferenées as possible with other elements in the libraryuA

An element usually has only one isotope which activates to an
appreciable extent, in which case the element entry in the library will
contain only one isotopiec spectrum. Some elements will produce more
than one isotope when activated and in these cases an elemental entry
in the library contains all of the isotopic spectra produced by that'
element. The first isotopic entry contalns all reference peaks corres-
ponding to the element as a whole, and if the element is féund to be

present all of the corresponding isotope entries are read out.
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The program scans through the elemental entries in the library
checking to see if all the peaks listed for each element are present in
the unknown spectrum within adjustable confidence regions in the energy
range. I1f a particular element is found to be present all the éorrespon—
ding isotopic entries are read out one at a time along with other asso-
ciated information; the standard isotopic spectra are smoothed; and the
gain and threshold adjusted to match that of the unknown spectrum.

Each isotopic entry is then placed onto an intermediate magnetic tape.

Thus, the program scans the library testing for the presence of
each element until the end of the library is reached. At that point
the isotopic entries corresponding to all the components detected in
the complex spectrum are stored on the intermediate.tape and the program
is ready to determine the actual amount of each one present in the

composite spectrum.

Quantitative Analysis

The isotopic spectra on the intermediate tape are used to
synthesize the composite spectrum by solving equation 15 for the quanti-
ties aj. The method used, a compromise of accuracy, simplicity, and
available éomputer core storage, is the linear matrix method of equation
27. The standard isotopic spectra arevread one at a time from the
intermediate tape to calculate the matrix gkj defined by equation 22;
The matrix T, defined in equation 19 is calculated using the composite

k

spectrum,
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In order to calculate these matrices the spectra involved must

be divided into N intervals [il, iz], [12, i3], see i 1 where N

N Fnel
is the number of isotopic components. The program does this so that

each such interval in the composite spectrum contains approximately

the same number of counts.

Once the maﬁriées are set up, the set of equations 27 could be
solved by any of severalbmethodso Since, however, each set 1s solved
only once for a given set of numbers gkj’ it was decided to use matrix
“triangularization and back substitution°28

After the spectrum has been synthesized it i1s éubtracted from
the composite spectrum to obtain a residual spectrum which can be used
to judge the validity of the analysis. 1In the ideal case,.of course,
the residual should be identically zero at all channels, but in a real
analysis it will be a series of smal; randomly positive or negative num-
bers produced by counting statistics and errors in gain shift correction.

Having solved the set of»equations 27 for the quantities Hj it
is a relativelyteasy matter to obtain_the composition of the sample by
using equation 14 where

C

PET]j = a,
for the jth isotope. Then assuming the isotopic abundances in the
sémple to be normal, properly weighted averaging will yield amounts of

multi-isotope elements.



-CHAPTER 6
RESULTS

All of the major data processing routines have been tested and
evaluated, and with few exceptions excellent results have been obtained.

Data smoothing by least squares convolution has been investi-
gated using five, seven, and nine points per quadratic-cubic fit, and the
good results obtained by previous workers have been consistently con—
firmed. Figure 3 shows the results of a seven point quadratic-cubic
convolution on a typical peak. As can be seen the shape is considerably
improved. A fit over fewer points tends to retain more fluctuations,
but as the number of points increases, smali but significant peaks tend
to be flattened.

The peak location routine produces very good results and seems

to be quite reliable when the peak parameters are properly chosen.

Figure 4 shows a typical peak along w1th its derlvatlve generated by a
seven point quadratic convolution. The center of the peak as calculated
by the program is also indicated. The peak locatlion parameters in this
case wére p=25, h=50, g= 8, The peak detection was)generally found
to be more reliable than visual examination of plotted data in that
valid peaks were often found which were so small as to be overlooked on
visual examination. |

The energy calibration routine works well and produces results
more accurate than could be obtained by the usual graphical methods.

: 34
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Since the program uses least squafes fitting its accuracy is limited
only by the linearity of the pulse height analyzer. Results of a typ-
ical spectrum calibration using several gamma standards are shown in
table 1 and figure 5.

Since preliminary tests of the library search and spectral syn-
thesis routines produced acceptable results, a test of the entire inte-
grated program was made using long lived gamma standard sources. The
proper information was fed into the program to make the mixture look
exactly like a real physical mixture, but containing no errors due to
weighing or irradiating samples. The only errors present were due to
counting statistics and gain and threshold shifting.

The standard spectrum library contained seven isotopic spectra
of which the most important are shown in figures 6 through 9. A total
of six mixture spectré were prepared and supplied with the properly con-
sistent synthgtic physical quantities (i.e., irradiation times, sample
welghts, etc.). These mixtures are summarized in table 2. The six mix-
tures were first analyzed by the spectrum synthesis routine alone as
final test of the routine. The output from the analyses were the num—
bers of counts due to each component in the various mixture spectra.
These tests indicated one flaw remaining in the spectrum synghesis
routine.

Notdce that the spectra shown in figures 8 and 9 (Mp54 and C81375‘
are both monoenergetic, of the same general shape, and do not differ
greatly in energy. The accompanying difficulty in the spectroanalysis

appears 1f both these peaks are included inside the same spectral region
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TABLE 1: Peak Locations for Energy Calibration
1SOTOPE PEAK ENERGY LOCATION READ LOCATION USED BY
IN (CHANNEL NO.) PROGRAM (CHANNEL NO.)
o>’ 0.123 64 63.66
cat%? 0.087 43 43.04
Co60 1.18 683 683.32
e 1.33 777 777.00
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TABLE 2:

Weights Supplied to Program
for Synthetic Mixtures (ug)

MIXTURE co®? o’ Na? ™" a3 cat®? st
NUMBER
1 33.3 23.9 5.93 1.56 0 0 0
2 33.3 23.9 5.93 1.56 3.13 o 0
3 - 33;3 23.9 5.93 1.56 3.13 694 0
4 33.3 23.9 5.93 1.56 3.13 694 3.é6
5 33.3 23.9 5.93 1.56 3.13 694 19.3
6- 33.3 23.9 5.93 1.56 3.13 694 38.6

VA
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] when the spectrum is divided to calculate the Tk matrix.
. . . t
Since Tk is the sum of the counts in the mixture spectrum in the k h

interval, the M'n54 and Cs137 contributions appear almost identical to

E

the spectrum synthesis routine and very large errors tend to be produced
in the analysis. When, however, the spectral divisions were manﬁally
supplied to the program so that a dilvision point fell between the Mn54
and Cs137 peaks, results again became very accurate with errors of no
more than a few percent. This difficulty was only present in mixtures
4 through 6 where Mn54 and C3137 were both contained in the mixture.
Because of the way in which the mixture spectrum is divided (with
an equal number of counts in each division), tests have shown that the
division points are more likely to be located on peaks than in regions
of lower count rate. A complication occurs when a division point falls
near the center of a high sharp peak, and even a small error in gain cor-
rection may then have a serious effect on the solutions of. equation 27.
The six mixtures were analyzed by the entire integrated program
containing all the features previously discussed. The overall results_
of the six analyses were very similar so that only one typical case (mix-
ture number 3) is shown in detail in figure 10 and tables 3 and 4. Fig-
ure 10 shows the mixture spectrum, and table 3 lists the results of the
peak location routine on which the spectrum library search was based.
Table 4 lists the overall resu;ts of the analysis including the errors
caused by counting statistics. The program correctly identified the
components and calculated their amounts with wvery acceptablé’errorsv

The other five mixture analyses resulted in very similar errors and in
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TABLE 3: Results of Peak Location, Mixture 3

CHANNEL ENERGY TRUE ISOTOPES
NUMBER ASSIGNED (MeV) ENERGY (MeV) RESPONSIBLE
109
0.088 cd
41.16 0.0846 [0 05 [§o133
57
63.77 0.1230 0.1220 Co
170.90 0. 3049 0.302 Bat33
205,92 0. 3644 0.367 Bal33
299.11 0.5227 0.511 Na2?
489.60 : 0. 8462 0.835 M2
684.18 1.1766 1.173 g%
29
1.274. Na, .
765.64 1.3150 [ a0 (8260

1y



TABLE 4:

Summary of Analysis, Mixture 3

ISOTOPE STATUS COUNTS 5 AMOUNT % ERROR
FOUND (x107) FOUND (ug)

Co60 Present 3.42 34.3 3.0
57

Co Present 1.30 23.8 0.4
22

Na Present 4,61 5.91 0.3
54

Mn Present 2,30 1.55 0.6

Ba133 Present 4,63 3.08 1.6

Cd109 Present 0.787 690. 0.6

03137 Absent

8%
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every case but one, the components were properly identified. The one
exception occured in the analysis of mixture number 2 and was the result
of the complication of coinciding peaks mentioned earlier. Notice in
figures 6 and 7 that the single peak in the Cd109 spectrum is effectively
at the same energy as the first peak in the Bal33 spectrum. These two
peaks sum to form the first peak In the mixture spectrum, and the pres-

ence of Ba133 therefore completely masks the presence or absence of Cdlog.

If Ba133 is present, the presence of Cd109 will be indicated whether it
is really present or not, and so the analysis of mixture number 2 included
a determination of the amOuntléf Cdlog. The spectrum synthesis routine,
however, attributed only 285 counts to Cdlo9 out of a total of 1.6 x
lO6 counts in the composite spectrum. In a real analysis this would
be ‘considered equivalent to a zero amount.

Table 5 presents the errors which occured in the analyses of the
6 mixtures. Mixtures 4 through 6 were analyzed using manually supplied
.spectrum divisions due to the complication discussed earlier concerning
Cs137 and M'n54° The errors associated with the analyses of mixtures 1
through 4 seemed to indicate no dependence of the size of errors on the
number of components in the mixture, but mixtures 4 through 6vas well
as earlier work suggest a strong dependence of error on the number of
counts due to a particular component compared to the numbers of counts
due to the other components. Figure 11 shows the error in the deter-

mination of Csl37

as a function of the number of counts of 05137 found,
all else remaining constant. The data shown are for mixtures 4 through

6, but the curve obtained is generally consistent with earlier results

obtained in the testing of the program.



TAB:E 5: Summary of Errors in Mixture Analyses

(Percent Errors)

MIXTURE co®? co”’ Na?? " Bat>> cat®? ost37
NUMBER

1 2.1 0.4 . 2.7 8.3

2 1.8 1.7 0.7 1.3 1.0

3 3.9 0.4 0.3 0.6 1.6 0.6

4 1.5 1.7 0.3 0.6 1.6 1.2 7.5
s 1.8 1.7 0.3 0.6 1.9 1.7 1.6

6 2.1 1.3 0.3 0.6 1.9 2.9 1.0

0s
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CHAPTER 7
CONCLUSTIONS

The program as a whole works very well and produces highly
acceptable results in tests using synthetic mixtures. The preliminary
processing routines are reasonably well refined and can be considered
finished.

The library search routine works well, but with the limitations
already discussed concerning composite peaks and peak shifting due
to steeply sloping background. That part of the routine which tests
for the existence of library reference peaks in the composite spectrum
could be refined further to take into account neighboring peaks which
might shift or suppress the peak being tested for.

The spectrum synthesis routine performs reasonably well,
yielding results of highly acceptable accuracy upder most circum-—
stances, However, the division of the spectrum into N segments to
form the equation 27 matrices has caused trouble in some instances.
Three general paths of solutioq to this problem seem open. First, the
routine which lbcates the spectral divisions could be made more sophis-
ticated so as to take into account peék locations and identities of
components. Second, the spectrum ;ynthesis routine could be converted
to a linear algebra (equations 20 and 21) or a partial least squares

approach (equation 19), thereby reducing the effect of division point

52
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locations; Or, third, the spectral division points could be supplied
manually. The first two alternmatives would severely increase complexity
and required core storage, and the third would necessitate running the
program in two parts: the library search, and then the spectral
synthesis. The difficulty could be removed completely only by con-
verting to pure least squares (équation 18), but this would require
even more core strage than is presently available on the present
University of Arizona CDC 6400 computer.

The easiest and most foolproofvway to make the program workable
on a routine basis appears to be to divide it into two parts: first,
the preliminary data processing and library search, and second, the
spectral synthesis and quantitative sample analysis. The output from
the first part would be qsed to manually assign spectral division
points on the basis of the qualitative analysis. Although this method
would not be completely automatic and would add about two hours to the
total analysis time, it would be mpch less subject to failure.

The program as it now staqunis completely automatic and produces
reasonably good results given'réééénébly favorable circumstances. It
often fails, however, due to some unfavorable combination of circum-
stances, and past experience both in phis research and in the work of
others, indicates that further réfinegent of the program will reduce
the chance of failure, but that the chance of failure will always be
considerable. This fact is somewhat compensated for, howevér, by the
fact thaf whenever the analysis does fail, the‘failure always shows
up very clearly in the output of the program, especially in the residual

spectrum produced by subtracting the synthesized spectrum from the



composite. There seems to be little possibility that the analysis
could appear to be accurate when it, in fact, is not.

For a completely automatic program using, for example, linear
algebraic sﬁectral synthesis, the ultimate refinement forseen here
could be the addition of half-life determinations in the form of an
iterative, self-correcting analysis scheme operating on a series of
spectra taken over a period of time from the unknown sample after
activation. Such a program would be several times more complex than
the present one, and would probably completely fill the CDC 6400
to capacity, but would by no means be impossible and might not be

too difficult using the present program as a starting point.
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APPENDIX A
FLOWCHARTS AND PROGRAM LISTING

In this section are included the summary flowcharts of the
program including the major subroutines (figures 12 through 16).
Table 6 shows a detailed format of the input to the program for a

typical analysis run. Following table 6 is a complete listing of the

program.
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MAIN PROGRAM

START
Determine' SCALE
gain and
threshold STRIP
Synthesize
Spectrum
Read
Unknown
Spectrum Read
Experimental
Data
LOG
Locate
all peaks
in unknowi Calculate QUANT
Sample
Composition
LIBSR
Search
Spectral
Library ' All x
NO
Samples
Analyze
YES

FIGURE 12: Flowchart for Main Program



SUBROUTINE SCALE

ENTER
Read Input ZAl1lX
for one NO Peaks
Calibration Processe
Spectrum
YES
Locate
Z a11 X
all Peaks NO
. Spectra
in Spectrum
Processe
YES
Search for
Ref
eterence Calculate
Peak .
Gain and
Threshold
Enter More
Exact Peak A RETURN N

Location

FIGURE 13: Flowchart for Subroutine SCALE



SUBROUTINE LOG

ENTER

Ob tain

Derivative

Locate
of Spectrum

Center of

Peak
Search for
Measure
Peak .
. . Height of
Indication
Peak
Appl
PP ¥ . Search
Statistical
. for Valley
Validity
Tests
NO
Valid
YES YES

A RETURN

FIGURE 14: Flowchart for Subroutine LOG

A

NO



Read
Library
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Presence
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Smooth
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FIGURE 15:
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SUBROUTINE LIBSR

Bypass Other
Isotopes of

Element
Read Entry
Onto
Intermediate
Tape
NO
YES All X NO
Isotopes
<Read /
. Read
Library NO
Next
Scan Com- Isotope
\ plete/ P
YES
~ RETURN ~

Flowchart for Subroutine LIBSR



SUBROUTINE STRIP

ENTER

Calculate
Spectral
Division
Points

Calculate

1 =1 increase
J
by 1 Solge

Read j

Standard

Spectrum Form

From Tape Residual
Spectrum

1

~ RETURN ~

FIGURE 16: Flowchart for Subroutine STRIP



TABLE 6: Input for Program Run

v Data Columns Field Repetition
No. of Channels in Calibration Spectra 1-4 14 1
No. Of Calibration Spectra 1-2 12 ‘ 1
Name of Spectrum . 1-80 16A5
No, of Standard Peaks in Calibration Spectrum 1-2 I 12
Peak Location (Channel No.) B [:1—4 | F4.€] E}B A
Energy of Peak (MeV) 11-18 . F8.6
Calibration Spectrum
No. Of Mixtures ; L T 11 1
No; of Channels in Unknown Mixture Spectrﬁﬁ 1—4- -3‘ o 14 1
Name of Unknown Mixture Spéctrum : 1-80 16A5 1
Unknown Mixture Spectrum ‘ 1
No. of Elements to be stripped automatically 1-2 12 1
Name of Element to be stripped automatically 1-5 A5 C
Reactor Power (K.W.) S 1-10 F10.8
Irradiation Time (min) ’ 11-20 F10.8 -
Time to Count Start from end of Irradiation (min) 21-30 F10.8
Count time (live Time (min) 31-40 F10,§J

A: Repeat for Each Calibration Spectrum
B: Repeat for Standard Peak in Spectrum

C: Repeat for Each Element to be stripped automatically

9
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SUBRCUTINE TO READ A SPECTRUM
SUBROUTINE RDCAX)

DIMENSION AX{1024) oNAPRP{ZsTY
DO 2 d=1.1024%

AX{SY =040

NAPL=0
FORMAT(T{IbeI651XS)
READ 4ot (NAP({Is )]
NUTS=NAP (101 )+NAP(]
IF(NUTS 6808
RETURRN

B0 10 J=ie7
FFINAPEILI o) 110010512

IFINAPLLI oJ)=NAP1=1)14s16014

FORMAT(///18M CHANNEL NCo ol4slfH OQUT QF SEQUENCEs/

=1loZ)oJulse?)
s2I+NAP L2}

* % /7y

14
16

10

a8

& oo

12
10

PRINT 1BoNAP(1I )
MAPL=NAP{1sJ)
AXINAPT Y sMNAP L2404}
CONT IRNUE

GO YO 20

END

P L SR P L T SRS E Y 3

SUBROUTIME TO PRINT A SPECTRUM
SUBROUTINE PRNT{NsASPE()

DIMENSTION ASPECL10G24) oNPRMT(2:9)
FORMAT{TH CHAN=g¢/5H HNELS/13H HQOe COUNT /)
PRINMT 2 -
NF=FLOTF{N) /9,0

DO 4 J=1eNF

DO & I=149

Kl JENF¥{I=1])

NPRNT (191 )2KL

NERMT (2 I aXFIAFLASPECIKLY)

FORMAT (LM 291X el4alH%albolX)}
PRINT 8o { INPRNT(Mal)oMa1s2)ol=1,9)
KA=NF®9

KBekKA+d

DO 10 J=KBsN

KR=XFIAF{ASPECIJ) Y
FORMATI106X 0 40 M3 18)

PRIMT 120JeKR

RETURNM

ERD

Ho U3 2640 30 S0 SE W K SR 0N _

SUBROUTINE TO SMOOTH SPECTRUM USING QUADRATIC=CURIC
LEAST SQUARES FIT DATA CONVOLUTION (7 POINTS:
SUBROUTINE SMOT7(MoeSPEC)

DIMENSION SPECU1024) o AXE(T)



i

SR ANANA!

2 XakaXa)

(Y

Y

63

INITIALIZFE
DO 2 Js1e7
AXEL Y =5PECTLY)
5MO0TH
MUT S aMesy
DO 4 I=4sNUTS
EC{ I ol OB {AXELLYFAXELT I V143 0% (AREI2I+AXE(GY Y25
raen s 0%
LUAKEER)SAXNELB ) I 0 To ORAXETG4I /2160
DO & U=leé
& AXELI)Y=AXEtS+1)
4 AXE{TI=SPECITI+4)
RETURN
FND

g

B 3 AR 4520 24 303800 A 3650 0 0

SUBROQUTINE TO TAXE DERIVATIVE B8Y QUARDRATIC QONVOLUT
L X 10N

{7 POINTSY

SUBRGUTINE DERIWV{MoAXsAY)

DIMENSTON AXLI02439AY (10801

NUTS=Ma=3

DO 2 I=44NUTS
2 AYLTin(=3,085X{[=3)=2 Q*AX(I 2I=AX{[=13+AX{T14+114+240
¥ #ANK )

10142143, 0AKLT42)) /2840

RETURM

END

364 S R R I H K H NS
SUBROUTINE TO PROVIDE LINEAR LEAST SQUARES FIT FOR
SPECTRUM CALIBRATION
ERRORS IN (Pﬁﬁipl MDS e #  ENERGIES EXACT
SUBROUTINE LINEIDATAsAMAD M)
DIMENSION DATALZ:30)
HEENERGY s Y=CHANNEL NO»
QUMXY”O&Q
SUMX =040
SUMY =040
SUMX 23000
DO 2 Jd=1N
SUMXY=SUMXY+DATAI s JI#DATALZ6J)
SUMX=SUMXSDATAL2.)
QUMY”QUMY*WAFA‘¢¢J}
SMX3 QUMXE*QATA(?ﬁf)%%B
CALCULATE ZERO ENERGY CHARNNEL NOe AND MEV/CHANNEL
RATIO
ABs{ SUMYRSUMX 2~SUMXYRSUMX ) Z{FLOTFIN #3UMY2=80MX %2 )
AM”<§{®TF(h)*%UVKQ”SUM?*¥2§/(FLO F(Nj‘r”1KY“ UM X # S
A3 MY §
RETURN

Ny



My Oy

Y

IANA

2

#*

12

10

G

ot Bt
ol = s 8

O~}

oy &

END

R 2 2 S L
DETERMINE

SUBROUTINE 7O
SUBRDUTINE TO

SUBROUTINE INTER{NsINT
DIMENSTION INTH

FORMAT 7/ /1 94
LS

1oTde/ /77120 INTERVALS¥H

INTERVALS

DETERMINE INTERVALS
MIMaMAX s AX

PRINT ZoMINsMAX

TOT=0,0

DO & J=MINeMAX

TOT=TOT+AX{J)

AMP=TOT/FLOAT (N)

INT{Lli=MIN
DO 8 I=1sN
TOT=040
JaINT(T)
TOV=TOT+AX{U)

IFITOT=AMP}1068 58

Judel
GO TO 12
INTEI+1 )]

2} } Qr.;\((},*)ﬁfq‘l
SURRDUTINEG IN

s /7))

IFLINTUINSL ) =MAX Y 140344516

INT{N41 ) =MAX
FORMAT(ILO!
NUTS=N+1

PRINT Al INTI{Jl pJ=loRUTS)

RETURN
END

P B AR R QU R SETAC AR AR S

SUBROUTINE 10O

ADJUST

TER®% o //4M

ENERGY SCALE OF

AX=

SUBROUTINE SCADJUAXeAY oYleY29MeBlsB2)
DIMENSION AX{102435AY (1080

BO 4 J=1sM

GIP={Y2/YLI®(FLOTF{J)=B2}+01

K=GJP
IF{R)IS59547
AY{S)=0gQ
GO TO 4

iF(K“iOEB}éeésﬁ

ARK=GR-FLOT

Fiwy

AY LS = EAKK® (AX IR+ ) =AX K 1 4+AX(K

CONT INUE
RETURN
END

BN N R P UMW R

SUBROUTINE 1O

SOLVE

M

SIMULTANECK

PIR{Y2/YY

18

LINEAR

MIt=glhe/BH &

SPECTRUM

EQUATIONS

64
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UPOOUTI SYMEQ(AsKa;eN}
TMENSTON 212007 )9*(”);9\{20‘

21 ”OPWAT(J//ebIH I”FPQ”A TOM TN THE RESULTING 5Y%1EP
36 OF

14

16

20

22
29

3

24

LEQUATIONS =)

PRINT 33

MMz N

DO 14 L=1 oMM -

DETERMINE LARGEST ELEMUNT IN L TH COLUMN FOR PIVOT

{ =A{Mal}

K=l

[y

IFtK=NIGsbeh

KomiCr l

IF(AIMsL YA TKsL ) 18210510

TRANSFER PIVOT POW TO FIRST POSITION

DO 12 J=1n

C=pliled)

Al odIsA{MeJ)

H(M9J>“u

CaB(L)

BLLY=B{M)

BiM) =g

CALCULATE AND STORE MULTIPLIERS AND FLIMINATE

COEFFICIENTS

NUTS =L 41

DO 14 T=NUTSeN

AlTel)=A(TsLY AL

Blily=B(Ti=a(Tol y 3P {L)

DO 14 J=NUTSeN

AlTodi=AlTsd)=AlTolL Y%A oJ}

FACK SUBSTITUTE TO COMPUTE X{JY MATRIX

XINY=BIN} /AN N}

Looie]

D=0Qul

NUTE={ +]

00 18 J=MUTSsN

i\-(“‘—fwﬂ(La)J)*f*‘*{(J)

XALY={BOLYy=DY /AtLel)

L Ll

TF{L=1320016916

COMPUTE DETERMINANT OF MATRIX

DET=Al1el}

DG 22 I=2¢N

DET=DET*a 11}

FORMAT(A/7// 531 DIAGONAL ELEMENTS OF TRIANGULARIZED
B3 ) MA
TTRIX (PIVOTSi%e/ /)

PRINT 29

FORMAT( s LIPE2O.T7s/) )

PRINT 249fA{T61)aI=1sN)



A NANS!

L)

3

[

66

26 FCRMA?!//J@B&H DETERMINANT OF COEFFICIENT MATRIX =
3% % :

34

*

10

14

18

20

115676/ /)
PRINT 26sDET
RETURN

END

S 2k b LR SR LR Lk

1PE

SUBRODUTINE TO LOCATE ALL IMPORTANT PEAKS N SPECTRY

4 %

B

SUBRQUTINE LOC (Mg AXsNUMoPEAKs HITEAY )

DIMENSION AM{1G24)sAY (1080 oPEAKILION) $HITELLD

ESTABLISH PARAMETERS

MI=5040

MRES =%

NCEN=G

OBYAIN DERIVATIVE

CALL DERIVIMsANAY)

MUM= O )
K=l

AMN=040

M= NCEN

MATZ =NCEN+]

SCAN DERIVATIVE TO LOCATE PEAKS
DO 2 1=2NATZsMM

GO TOUL10912) oK

SEARCH FOR MAXIMUM

DO 14 Jz=leNRES -

NAT=14J=1

IFCAYINATY Y 140267

CONT INUE

AMA = AXLT=-11+AX{T13}) /240
IF{AMA=AMN=HI} 2:18+18
NUM=MNUMS Y

CALCULATE RELATIVE HEIGHT OF PEAK
HITE iMUMI = AMX < AMN

CALCULATE CENTER OF PEAK
SUMKY=060

SUMX =00

S5UMY=060

SUMK 2200

N=2#NCEN

B0 20 J=mleN

NUTS =] =NCENSf=]
SUMXY=SUMEYFLOTF INUTSIRAYINUTS)
SUMXaSUMXSFLOTFINUTSY
SUMY=SUMY4AY INUTS)Y
SUMX2=SUMX24+FLOTFINUTS yen?

PEAK (NUM} = { SUMXY#SUMX~SUMY#SUMX2} /1

#340

1RSUMY )

3
Ny

FLOTFIN) ®SUMXY =S
UMX



K=2
a0 70 2
C SEARCH FCR MIRIMUM
12 DO 22 J=1sNRES
NAT=T+J=1
FFIAYINAT)I 202022
22 CONTINUE
AMN= LA T=1 Y +AR(T)1/2,0
Kol
CONT INUE
RETURN
END

faV

TR KRR RN RN R RS
SUBROQUTINE TO DETERMINE FHNERGY SCALE FROM CALIBRATI
W H N
SPECTRA '
SUBROUTINE SCALE(YKoYBePEAKoHITE)
DIMENSION STAN{2¢30) sPEAK{100) »AXK(1024) eNSTANIL0)
1 sHITE{LIDO) s AY {1080 ) sNAME{ 16)
51 FORMAT{///6BH ##x¥ DETERMINATION OF ENERGY SCALE FR
P21 OM
1CALIBRATION SPECTRA *#%%) '
PRINT %1
2 FORMAT{14/12)
READ 2 sMoNCAL
LEAR=O 0
DO 1 J=1oNCAL
o J TH SPECTRUM READ AND PROCESSED
READ 35¢ (NAME(NZ) oMZ21s16}
35 FORMAT{186A5)
37 FORMATI///01Xsl6AH)
PRINT 37 (NAME{MZ ) sNZ21516)
READ 6skAR
6 FORMATI{12)
DO 3 I=70KAP
NUTS =L KaP+1
FORMAT {F4,008X8F 8063
READ B¢STANEIsNUTSY s STANIZ NUTS)
T NSTAN(I ) =XFIXFISTAN(LoNUTS Y
LKAP =L KAP+KAP
CALL BDAX)
CALL LOCIMpAX o NUMgPEAK sHITESAY)
C SEARCH FOR ENEPGTIES OF DETECTED PEAKS
NUTS=LKAP=KAR+]
DO 8 I=NUTSsLKAP
DO 10 K=l sMUM
AMTK=2 04 {FLOTF(TI) /102402640
IF(ABSE{STANI L 1) =DEAKIK ) ) =ANIK ) 14814010
IF(STANL Lo L )=IPEAKIK =240 310812012
TE(BTANI1 ) =(PFAKIKI42:0) 914514410

IONE WA

R

Fu)
[

67



I STAM{1s1i=PEAK{K!
G0 TO 8
10 CONTINUE
MP=]~{LKAP=~KAR]
16 FORMATI /13H PEAK NUMBER sI2+32H OF CALIBRATION S
¥ % PEC
'TWUM NUMBER

2012021 COULD NOT BE LOCATEDS3EH LOCATION READ IN U

%x* SED

3 FOR CALIBRATION!

PRINT 16:MPsJ

& COMTINUE
PRINT OQUTPUT

21 FORMATHL /32H CHANNEL NQOS. OF PEAKS D

¥ A C‘
10a2e/ )}
PRINT 21 (PEAK{JZY o JZ=1 e NUM)

25 FORMAT(/A//761H STANDARD PEAKS AS PRQCESSED FOR CALIR

ETECTED®s/ /sl
=

)...n

8% RAT

110N SPECTRUM MUMBER

2 s12s//728H ENERGY LOCATION  LOCATIONg/26&H
%42 (M

IEV) BEAD IN USEDs/ /)

PRINT 253J
FORMATIF60295Xs 14sF12525/)
DO 29 KK=1sKAP
KQ=LKAP—KAP+KK
29 PRINT 27sSTAN(29KG) sNSTANIKK) o STANIL 6KQ)
1 CONTINUE
CALCULATE ENERGY SCALE BY LEAST SQUARES
55 CALL LINE{STAMsYK,>YBsLKAP)
42 FORMAT (12H CHANNEL NOosF602s28H =CHANNEL NOa OF ZER
X 0 E
INERGY/ /)
59 PRINT 424Y8
41 FORMAT( 15H ENERGY SCALE =s1PE14,7016H MEV PER
s CHA
INNEL s/ / /)
PRINT 415YK
RETURN
END

@y
-f

630363 2 5 3046 3 3030 M 36 2 232 A48

SUBROUTINE TO SEARCH SPECTRUM LIBRARY FCR COMPOMENT

OF COMPLEX SPECTRUM

SUBRQUTINE LIBSRIAYsAXsMNISO+AUTONsNUMsPEAK oYK aYB oMo
st . NAU

173

DIMENSTION AX{10243sAYL1080 Y AUTONIIOY sPEAK(100)
54 FORMATI{25KH LIBRARY SEARCH RESULTSR¥gr//7)

PRINT 54

68
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et
o~

QY D

O b DN

G2

I

NELIBE=T

DE=G 902

NISO=0 S

N=1

REWIND N

REWIND 3

DO 2 MAD=1 oML IBE

READ TAPE NsAY

TEST FOR AUTO=STRIP

IFINAUT J42482948

D0 8 t=1eNAUT

IFLAUTON{IY =AY {2)35851058

CONT INUE

TEST FOR PRESENCE OF 1SQOTQPE

MCON=0

NUTS=XFIXF{AY(&))

GO 12 I=1sNUTS

PO 14 K=l oNUM
IF(ABSFLAYL{I46 ) =PEAKIK I I={DE+{PELKI(KI/2051%0.0511320
s 14

CONT INUE

GO T 12

MCON=MCON+1

CONTINUE

FORMATE16H PEAKS [MEV)* eF8abs/e{16XsFBabs/te/)
NAY=AY {6 ) 4660

PRINT &0 {AY I JJY o dd=T s NAY)

FORMATIIXeIZ2+36H PEAKS INDICATED IN UNKNCOWN SPECTRU

RE% Me/

10

1773

PRINT 62 ¢MCON

IFIMCON=XFIXFIAY(6)) 3122210518
ELEMENT ABSERT

NUTS=XFIAF{AY(21) =1

FORMATIBX 638595 X p L2H*XRHARSENT# %%,/ /)
PRINT 58 AY{LSJY sl d=294)
IFINUTSIZ e 2064

DO 26 U=l eNUTS t

READ TAPE MNe¢FAKE

GO VO 2

ELEMENT PRESENT

PRINT BH{AY{ Y30 =29e4)

FORMAT{ B Ko BAB 9 SR o Y AHNHHPRESENT ®##4 7/ )
MUTS=XFIXFIAY{Z21 1)

DO 28 1=1eNUTS

IFLI=1)16896870

READ TAPE NsAY

REARRANGE DATA AND ADJUST ENZRGY &CALE
DO 30 J=1M

AXLII=sAY (U+56)

CO 22 J=1956
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32 AY{J+1024 =AY L)

CALL SCADJ(AXsAY=AY{1043)sYKsMsAY{10&0) oY
SUOOTH SPECTRUM

CALL SMOTT(MsAY)

WRITE STANDARD COMPONENT ONTO INTERMEDIATE TAPE
WRITE TAPE 35AY

28 NISO=NISO+]

2 CONTINUE
RETURN
END

N TE DR P B LR AR R
SUBRQUTINE TO STRIP M COMPONENTS FROM COMPOSITE
SPECTRUM AND DETERMINE AMOUNTS PRESENT
SUBROUTIME STRIP{AXsMNsMeCRy MM eMA KoH gAY oG
DIMENSION AX{10241eAYL{1080)sTi20)s86(206203sCR{20) sH
THeTOT(20)INTI2Y)
CALL INTER{Ns INToMINsMAXsAX)
DETERMINE COUNTS IN I TH INTERVAL OF COMPOSITE
SPECTUM =T1[1)
DO 2 I=1eN
T(13=0.0
NFUNZ=INT{I)
NFUNZ2=INT{[+1)=]
Do o2 JaNFUleMFUNZ
2 TEI =TH1Y+AX(J)
PROCESS J TH STANDARD SPECTRUM
REWIND 3
DO 4 J=1eN
TOT(J) =00
DETERMINE COUNTS IN J TH STARDARD SPECTRUM
(MIN TO MAX)
READ TAPE 2sAY
NUTS=MIN1
DO & I=NUTSsMAX
6 TOTLJY=TOTIJII+AY (1)
DQ & I=1sN
CALCULATE COUNTS IN I TH INTERVAL OF J TH STANRDARD
SPECTRUM
PART=0,0
MATT=INT(I)
MITT=INT{I+1)~1
DO &8 K=MATT . MITT
PART= Péqf%mr K
CALCULATE IpJ) TH COMPONENT OF COEFFICIENT MATRIX
4 GUIeJI=PART/TOT LY
OBTAIN SOLUTION OF SYSTEM OF EQUATIONS
CALL SYMEQ(GeH» TN
REWIND 3
DO 10 J=7eN .
OBTAIN RATIO OF COUNTS IN J TH COMPONENT (IMIN TO MaA
%N - Xy

[
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C TO COUNTS 1IN J TH STANDARD SPECTRUM (MIN TO-MAX)
CRUJI=H{J7TOTV LY
C STRIP J TH CUHDONLKT CUT OF COMPOSITE

READ TAPE 32AY
DO 10 I=1eM
1C AX{I)=AX{I) =AY (T}IRCRJ]
18 FORMAT{////920H RESIDUAL SPECTRUME® /77 )

PRINT 18
CALL PRNT{MsAX
RETURN
END
C HRHREHARH IR R A RER AR
C SUBROUTINE 7O CALCULATE AMQUNTS OF ELEMENTS PRESENTY

SUBROUTINE QUANT{Hz:NAYsDATASCR)
DIMENSION H(20) sAY{1082) sDATA{20:20) s CR{20}
FORMAT{4F1068)
READ 2sPOWsTReT1sT2
=T 1472

REWIND 3
DO 4 1=19N
C READ ENTRY FROM INTERMEDIATE TAPC

READ TAPE 3sAY

DO 30 K=1¢3%

30 AYIK)=AY(K+1024)

C LOAD DATA MATRIX

DO 6 J=ls4

& DATA{T oJ) =AY J+1]

DATALT5)=0,69315/AY{(18)
DATALT eH)=AY(20)
DATA{T sTi=AY{21}
DATACL 2B Y=AY{(19)
DO B J=9912
DATATT oY =AY {J+23)
DATALTal3)y=CRI( T}
DATAL{ T 914 )=H(1)

e

0

C CALCULATE AMOUNT OF ISOTOPE AND STANDARD DEVIATION
CRRAT=CR(T)%( (EXPEF (=DATA(Is5)®AY (33} 1=EXPEF (=DATAL
Bw% Is5

LYXAY (54Y)) )/
ZUEXPEF{=DATA(T 6518 T1 )= APEF{~DATALI s} ®RT2) 1)
DATACT o181 =DATA( T8 ) HCRRATH{ (1 4 0=EXPEF{=DATALIs5) %4
12033/ 0 el
ZEXPEF(~DATA{I oD ) #TR)YFIHAY(35) /POW
CATALL s 18 =2DATALT 15 #AY (20}
4 DATA(T 1 7)=ABSF{DATALI 16 /SARTF{ABSF{HNLTIIIY)
PRINT ISOTOPIC ANALYSIS
10 FORMATI{ZO0H ISOTOPIC ANALYSIS®¥o// /29X e OHCOUNTS INel
TOMAMOUNT INe

2/11Xs THISOTOPE s 12X ¢ BHSPECTRUM¢ 10X s 14HSAMPLE {GRAMS)
%3 s/ )

)



SRR

YOy

PRINT 10 :
12 FORMATI6X 8345914 :5XNs1PEGs26BXes1PEGeZ 4H +/=31PEBeLs
R A
DO 14 I=1sN
NUTS=DATALT984)
14 PRINT 120{DATAL T4 eJdule3 ) s NUTSeDATAIT o 4 sDATAIISL
45 51
IDATALTIS1T
CALCULATE ELEMENTAL ANALYSIS WITH STANDARD ﬁFVTATI
FrEps NS
AND PRINT DUTRPUT
15 FORMATI{//72//}
PRINT 15
16 FORMATIZ21H ELEMENTAL ANALYSISH%,/7//29Xs9HCCUNTS INs
1 THAMOUNT IN
29/ 10Xy THELEMENT s 123X s BHSPECTRUMs 10X 2 14HSAMPLE (GRAMS
wRE Yo/
3/
PRINT 16
18 FORMATI{ERX9B3AS S X SIPE G2 98X 1PEQs2 o4 +/=21PEB8osls//)
i=1
20 NUYTS= I+XFZXF(DATA(I»7})N1
HW=060
HW2=0,0
DO 22 J=I1sNUTS
HiW=zHW+DATA{ I 14 ) /DATA{S915)
MWZ2=HY24+HW/0ATA{Js15)
WE=HW/HW2
DELWE=SQRTFIABSF{1.0/HW2Y)
SUMH=0.0
DO 24 J=T1oNUTS
24 SUMH=SUMR4+DATA(Je14 )
PRINT 182({DATAlIT s ) s dx103) g SUMHWEDELWE
I=I4+XFIXFIDATALI 7))
IF(I=N}20s20026
2& FORMAT(//7#//7T7T0OH “RROR GIVEN ARE STANDARD DEVIATIONM
K 3% 5 B
LASED OMLY ON COUNTING STATISTICSs/ /771
26 PRINT 28
RETURN
END

A8
(38

R B - ol R B I R
R GRS LR RS L H NS
START
DIMENS ITOR MNAME{18)9AX{10245sAY{1080) PEAK(IQO)
19CRI20) aMi20) a6 {20820 1o HITELLOOY ¢ AUTONILO)
M=
O FORMATUZ/7/sF204hs//)
DG 7 J=138
READ TAPE NaAN

72
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54
1
i

o<

Av )]
(83}

W
o0

26

PRINT 94AN

DETERMINE ENERGY SCALE OF UNKNOWN SPECTRUM
USTNG STANDARD SPECTRA ‘

CALL SCALE(YHsYRsPEAK eHITE S

FORMAT (11}

READ 24 eNCYCL

DO 26 MATZ=1sRCYCL

NUTS=040

READ MNO» OF CHANNELS IN SPECTRUM AND SPECTRUM
DESIGNATION

FORMAT(I4/16A5)

READ 2aMs (NAME({IYsT=1916)
FORMATL//7/7/713H ANALYSIS OF sl&6ABs///)
PRINT 4s{MAME(T} s1=1s16)

READ UN(NQWA SPECTRUM AND STORE ON TAPRE
CALL RD(AX

REWIND 12

WRITE TAPE 12sAX

LOCATE ALL PEAKS IR UNKNOWN SPECTRUM
CALL LOCIMasAXsNUMePEAK»HITE s AY)

Y
FORMAT(// /34 PEAKS FOUND IN COMPOSITE SPECTRUMs//3

THCHANNEZL NQa

96X o VZMENERGY (MEVIs///)
PRINT 54
FORMAT{IXeF10a2el11XeFTabel/ /)
PO 58 Ju 1 o NUM
ETEMP=YIK#{PEAKJJ)=YB)
PRINT 56 PEAK(JI) ETEMP
PEAK(!‘)“kFEMP

READ IN ELEMENTS TO BE STRIPPED AUTOMA
FOPMﬂT’I?)
READ 6oNAUT

FINAUT 14814816
DO 8 J=1NAUT
READ Y109 AUTON{ )
FORMAT{AB )

—4
e
8]

i
&
o~
—<

SEARCH LIBRARY FOR COMPONERTS ONM BASIS OF PEAK

ENERGIES

CALL LIBSRIAYsAX=NISOsAUTON ¢ MUMaPEAK s YK s YD oMo NAUT )

STRIP COMPONENTS FROM UNKNOWN SPECTRUM
REWIND 12 :
READ TAPE 12sAX

)71““’6
MAX=M

CALL STRIP{AXeNISOoMeCReMINIMAXsHsAY 1 G)
CALCULATE QUANTITATIVE ANALYSIS

CALL QUANTI{H«NISOsAY oG IR

CONT INUE

sStTop

END
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The standard isotopic spectral library consists of a series of
nonformated records on magnetic tape.
spectrum along with all related information and has a length of 1080

words. Each of these records or entries is characterized by an entry

APPENDIX B

SPECTRAL LIBRARY FORMAT

number which is the first word in the record.
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Each record contains one isotopic

The following is a list of the information stored in one library

entry along with relative locations within the tape record

10.

11.

12.

13.

Entry number (1)

Name of element (2 - 4)

Mass number of isotope (5)

Number of standard peaks (6)

Energiés of standard peaks (7 - ll)

Relative heights of standard peaks (12 - 16)
Energy scale (MeV/channel) (17)

Haif—life (18)

Mass of éample of standard element (19)
Fractionél abundance of isotope (20)

Number of isotopes in library of this element (21)

Entry numbers of other isotopes of this element (22 -~ 31)

Irradiation time.(32)



14.

15,

16.

17.

18.

19.

Time count started (33)

Time count stopped (34)

Reac£or power during irradiation (35)
Threshold channel number (36)‘

Number of channels in standard spectrum (56)

Standard spectrum (57 - 1080)
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