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ABSTRACT

A method of analysis for complex or comtinuous gamma spectra thaiﬁed
from a 3—in; NaI(Tl) crystal detector is presented. The crystal résponse
wag calibrated with a number of sources. A methbdbof interpolation for inter-
mediate energies was then devised. An IBM TO4 compﬁter program was written to

perform this interpolation and to obtain the incident gamma-ray spectrum by

l‘applying a matrix method. An option is provided in the program to allow

correction for small--gain-drift effects on the spectrum. Though written for
a particular crystal and shield configuration, the program can easily be

modified to accommodste other shielding arrangements and crystal sizes.
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“A. - Introduction

For the detection of gamma radiation, a single WaI(Tl) prystal has
advantages of high efficiency and 81mp11c1ty, yet 1ts response to radlatlon
is complicated by the presence of the Compton tail on the spectrum and by other
nonlinear effects. Discrete gamma lines can be resolved fairly quantitatively
by inspection, if they are not too numerous; but more formal analysis is re-
qulred for spectra contalnlng large numbers of lines or for contlnuous spectra.
This report descrlbes a simple and flex1ble method of analysis in Whlch the
IBM 704 computer is used. '

The Fortran listing of the proggam written for the. spectrum analysis
(or unfolding)'is reproduced at the end of this report. The program can be
modified quite easily to'accommddate‘varying experiﬁental conditions. A change

in shleld conflguratlon from that used here may produce a different response

in the detector, especially as the radiation scat+ered into the crystal is
. affected. Also, the accuracy of the program may be improved if necessary by

- fitting more complex functions to the paraméters describing the detector res-

ponse.
The method described here was developédkfor.an experiment measuring
gamma-ray yields in nuclear reacticns. It was felt that a separate and

slightly more extensive description of the gpectrum analy31s would be useful.

B. Calibration of the Crystal Response

In order ﬁo correct for the non-unique respohse of the NaI(Tl) crystal
fb gamma, radiation, its output pulselheighf_distribution for radiation of aﬁy
energy must be known . Not‘énly the photopeak efficiency but also thé whole
spectrum from a monoenergetic gamma line must be obtained. For arbitrary

energies, the response may be found by interpolation between known responses
4
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of standard sources. The over-all response is a function of the shield con-
figuration. Our arrangement is illustrated in Fig. 1. To reduce the large
backscattering peak resulting from the close proximity of shield and crystal, .

8 2-in.-thick collimator was placed in front of the crystai. The collimator

d

also served to p051tlon the crystal at a reproducible distance from the source
holder. A conical hole, tapering from a 2-in. dlameter at the face of the
crystal to a 1 1/L4-in. diameter at the side neer the source, minimized scat=
tering at the inner edges ofvthe oollimator. To duplicate the conditions
under which the bombardment spectra were obteined, the sources were located
in the target holder, which was kept at the same position relative to the
shielo for each source. |
The-eleotronic equipment used in the caiibration was relativel& simple.
The NaI(Tl) pulses were amplified in a DDé'linear emplifier and recorded on a
Penco 100- channel pulse-helght analyzer Background Spectre were taken efter
each source run. The sources used for calibration are llsted in Table I.
The components into whlch the spectra were resolved included the photo—‘
peak, two escape peaks, the Compton distribution, the scatterlng peak, and the
annihilation peak. The position, height (or area), and width of these compo-
nents were fitted with functions ofAthe gamma energy.
While the response of the crystal may be calculated theoretically, a
strictly  empirical approach was preferred because of possible effects of the
shield and target block on the spectrum. The predicted proportionality of s
the_half-width of the photopeak to the,SQuare root of the gamma energy was o
found to be a good approximation and was retained. The.functional dependences S
were otherw1se derlved empirically. The oomponents of the spectra and the

dependence of their parameters on the gamma energy E are found in Table II.
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Pb \ , Q ~ POSITION OF
SHIELDING ] R CRYSTAL AND
i N ~ COLLIMATOR

§\\ /4—/ FOR‘ 45° RUNS

Pb COLLIMATOR~_

BEAM I 1 1/8" BAKELITE
e Y L1
AXIS LY/'F / g WINDOW
A Z XZ
é ( TARGET
THIN THICK
SCINTILLATORS SCINTILLATOR
2!!
MU=24507

1. Shield configuration: (a) perspective view of shield blocks; and
(b) relation of shield to target block, shown from above.

v
.



Table I
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Sources used in crystal calibration

Source

2h1

ool

Na 22

7,36
2k

Na

;Po-Be

Ep
(Mev)

0.060
-0.122

0.51 (1.28 Mev not used)
1.08 S
1.38

2.75

4. L5

o

YA
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Since accuracy of the response functions on the order of-10% was.
adequate for purpoees of the calculation, no effort was made to derive more .
accurate parameters: It should be relatively easy to -modify the program-to-
incorporate more accurate fuﬁc tionhal dependen ees, shopld_gpeater accuracy be

desired, since this step of the'calculation is handled separately in function

subroutine CURVE.

C.  Method of Analysis

‘The non-unique responee of the NaI(TL) crystal complicates the analysis
of & cemplex specﬁrum; An‘effieiency cerrectionvcannot be apﬁlied separately
to each interval of the spectrum because each contains Compton events from
nigher-energy gamma rays. It is‘neeesSary ih any method of analysis te have
a spectrum going nearly to zero at the high-energy end. Otherwise there will
be contributions of uncertain magnituda'from.higherAenergy photons to the
portion of the spectrum being analyzed Extrapolating the-spectrem to one
addltlonal~channel.\can prov1de an approximate correction for a small number
of counts above the upper energy limit. The namber of counts in this channel
is then subtracted from all the cnanaels eelnd analyzed

A stripping technlque is the 51mplesm metnod for unfoldlng a complex
spectrum. Pulses in'£he highest energy interval are assumed to constitute a
photopeak. Then the remainder of the pulse Aelg]b distribution associated
with a lobopeuk'of that size and energy is calculated. This distribution is
subtracted from the initial spectrum and the process is repeated with the
remainder until all the channels have_beeﬁ %reatea.‘ A disadvantage,of this
wethod is that efrors accumulate in ﬁne lo»ef -energy channels.

Accordingly, matrix methods have been developed to unfold, of correct,

2,3

15aT(TL) gamma spectra. In such procedures, the crystal response to gamma
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radiation is represeﬁted by-a matfix. One dimension provides_the_eqprgy"iﬁ;
tervals and the other the pulée—height intervals.&.The rowétheﬁ‘denotexpulse,
height distributions corresponding to the incident energies.{ This response
matrix is inverted and miultiplied by the vector representipg-the obsefved
pulse-height distributioh, to -obtain the incident=-energy distribution. Such
a method was found satisfactory by Hubbell and Scofield in. analyzing contin-
uous hbréhméstrahlung1spectra.3_

The matrix may be derived.frém the'res?bnse-functions.as follows:
We denéte'the résponsé of the counter'invcounts per photon by R(V,E),>éifunction
of bothvgémma.energy E and pulse-height voltage-Vé if the inéident,spéctrgm
of the photoné_is,N(E); ﬁhecobServed Pﬁlseeheight distributionﬁis |

o«

¢ =17 R (@5 ¥ (B

In the matrix formulation, this equation appears as

’ -6 = §‘X -ﬁ )
vhere
; v, o
R,, =f '~ R (V, E,) av
13 fvi_l (v, J,) ’
R (V,E,) ~f[:9 R (V,E)AE / E, - E,
B 2 J ij—l ’ | v J Jn“’l’
_ v,
¢, =, c(V)av,
S -l
and

E,
N, =[p NE) .

 In theory, inversion oﬁ_ihexmatriiiﬁ,ieads’ﬁg thelinifial spectrum:

T-rtxcC.
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While mathematically exact, this method 1is ﬁnsuitable where there are
statistical fluctuations in the data and inaccuracy in the response functioﬁ.»
It was found to fail completely with the experimental spectra. Presumably
because of poor statistics at the high-energy end of the spectrum and the
presence of discrete peaks there, large fluctuétions between_positive,and
negative values were seen in the unfolded spectrﬁm.A |

In order tb évoid such difficulties; an. iterative method had been
developed by Scofied; who replaced the matrix>inversion by an iterative pro-
ced}lre.LL EQen'inbthe face of the unfavorable conditions mentioned above, it
was found té work weil.on experimental'spectra.

vIn the iterative method, the vecﬁor repfesenﬁing the observed spectrum
is multiplied by the response matrix to obtain a doubly folded speétrum.' Fach
channel or element of the observed spectrﬁm is individually corrected by a
factor equal to the ratio of the original to the dqubly folded valﬁe of that
element. The corrected spectrum vectof.is multipliéd by the response matrix
and the ratios are again féund, element by element. Thesé ratios are applied
as corrections to the originally obserﬁed spectrum (EQE to the first’corrected
spectrum). The procesé is repeated; applying correction factors each time
to the original spectrum; until the desi%ed degree of convergence ié obtained.

If we denote the original observed.épectruﬁ by Eg, the corrécted
observed spectra by Ei’ andrthe_approximatiops to the'incigent ganma Spectrum_t

by 'ﬁi, then
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In practice,'ﬁo iterations give cOnvergencé within one part in lOu.'

A comparison of the spectfum'Of the 2.75-Mev gamma, ray of Nazn;ﬁith
the éorrespondiﬁg row of’theigeneratédvrespOnSe;matriX iébproVidedvih.FngEZf
The lower-energy gamma ray of Na.ZLL at 1.38”Mév is'subtfactedlfromlthe:exﬁeri_
mental spectrim for purposes of the comparison. The peakskvisible'afe;'in
order of increasing energy or chanhel"number, the scattering péak;-;nnihilation
peak, two escape peaks, and the photopeak.

"Thé'éhélysiS’éf'a bomplei.épéctfum by the'programiis démonétraﬁéd_in!
Fig. 3. A spéctrum'bf'séveral sources is shown before and,after'unfolding.'
A1l the lines except those at 1.38 aﬁd 1.55 Mev are well resolved with 50
channels. Thé”aécurécy-of.fhe'matwix is fairj' the_afeas of all.the'uﬁfolded'
peaks ére'lo%"higher'thah the source strengths as'ﬁeasu:ed indiViduélly with
‘& standardized crystal. The matrix fails t6 allow sufficiently for the first
escape peak of Nazu, with a remainder:ofq5% of the unfolded p'hotoﬁeék° Also;
_ the valley between the Cs 3" and RbOP peaks does not fall as low as would be
desirable. The peak at 0.35 Mev may result from contémination originaﬁing iﬁ
the feactor production of the Rb86 and Naz&.

Another check on the validity cf the ﬁpfolding procedures was made
by unfolding a known spectrum. A spectéum of gamma fays in fast coincidence
with the fission of Cf252 was unfolded, and the results compared with those

of Smith, Fielde, and Friedman;5 the average gamma energy was found to be
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= l I 1 I 7
- ]
[ 000000000 -

] | ] I

-0 10 20 30 40

Channel number V
MU-24116
: 24
Comparison of the spectrum of the 2.75-Mev gamma ray of Na

with the appropriate row of the 50-channel response matrix.
The spectrum of the 1.38-Mev gamma ray has been subtracted
from the experimental spectrum shown.
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e

I ,I l 7]
Na?* oNa?* 7]

'K42 )
‘Unfolded -
“spectrum ]

4
) y -
| Observed ::
pulse- height
specirum _ : ]
10° | e I I |
O.l O . - 2.0 - 3.0 4,0 - 5.0,
E, ( Mev)
: MU=-24118

3. Comparison of observed and unfolded spectra for a mixture of
sources.
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0.78 Mev, in excellent agreemeht with the published value of 0.80 Mev. Both
spectra showed a peak at about 0.3 Mev, with‘the main différence being'ab
greater yield in the published spectrum at higher energies. The two are com-
pared in Fig. k4. -

Another possible source éf error in the analysis of spectra lies in
the statistical fluctuations. The procedure of unfolding ié similar to
differentiation, and fluctuations in the input spectrum are magnified in the
product. To reduce sgch random effects, vérious types of smoothing Wefe em-

ployed. One was smoothing by the computer -according to the formula

vt_ ’
Y o= 1/h Yoo * 1/2 Yo+ 1/4 Yo

either before or after unfolding, or both. Since this formula does mot take

the better statistics at the'low-energy end of the spectrum into account,

hand smoothing was tried on all input channels with fewer ﬁhan'lOO counts.

Al]l combinations of the threeltypes of_smbothing were tried on a test spectrum
from the bombardment of 0059 with O particles, for'both fifty and twenty
channels. The results from certain of the smoothing cpﬁbinations are shown

in Figs. 5.and 6. In all caseé the average energies were within 3% of each
other. Statistical fluctuations caused the unsmoothed 50-channel analysis

to generate spurious peaks, whereas a smoothed spectruﬁ appeared fo Ye handled
adequately by éO channels. Hand smoothing alone was selected for use in our
experiment, because if did not eliminate structure in the spectrum where the
statistics were good. Options remain in the program tb cover all combinations

of smoothing and number of channels.

D. Computer Program GAMSPEC

The IBM program that performs the gamma spectral analysis is written

in Fortran as a main program and three subprograms. The computation



©

yield per unHmenergy

o
)

- Relative

0.00]

, _ 5
4. Comparison- of unfolded fission gamma-ray spectrum of Cf

-13-

|

el

/

IHXIIIIH

3 "3

MU-24105

that obtained by Smith, Fields, and Friedman (Ref. 5).
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10° . ; — ;
- - Cota:E*=46 Mev ]
L -o- Unfolded: hand smoothed 4
before unfolding
-—A—-Uﬁfolded: hand and machine
|O5 smoothed before unfolding
E 20 - channel analysis 3
P L
T L
3
3 - 4 j
10 L ‘
B \
\
- Ay
A
| l 1 t
| 2 3 4 5
E, (Mev)
‘MU -24515
<
SpeCfrum unfolded with various smoothing options; 20 channels.
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6
10
- *
; Co®+a:E =46 Mev
i —©- Observed pulse height spectrum 3 1000 —
=4~ Unfolded: ‘no smoothing ] g
> i --0-- Unfolded: hand smoothing ] S
| = : ) . ] O
S 10k 50-channel analysis .
K F 4 f-
(8] s 8.
i i c
2
" A . 3]
‘g 1 (&
4 E
g 10 - | 3
L Z
2 [ 3
S - 110 . &
o - (@}
(=
S |
0 | 2 3 4 © 5
Ey (Mev)
MU -24516

6. Spectrum unfolded with various'smoothihg,options;

‘50 channels.
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proceeds as follows:

To correct for gaiﬁ drift Observed in a spectrum? subréutine GAINAJ
may be called in té afpl& a corfectioﬁ. The response ma@rix ﬁa& fheh bé; “
read from a tape or generated for the’fequired eneégy range by.subroufine.

. RESPON, gsing thé values of thg,responsé-functién R(V,E) generated.in fugctioﬁ
subroutine CURVE. | | -

Spectra may be processed by the program in batches haﬁing the éame
energy limits and number of pulse-height intefvais or'éhanneis. A gain)ad-
Justment factor ié specified for each spectrum individually. The qata cards
for the_sgectrum arevpreéeded by a card spgcifyiﬁg_the followiné consﬁanﬁé:

(a) MESH — the number of channels in the spectrum and the
o dimension of the response matrix; '

(b) NRUNS— the number of spéctra in the batch;

(¢) THRES-— the lower gamma-energy limit; énd

(da) EMAX ——.the upper gamﬁa-energy limit.

| The data cards then follow, with each spectrum preceded by the factor
GAIN by which the energy scale is to be multiplied. For example, to move a
peak from 25 volts to 26 voits pulse height, GAIN is set equal to 1.04. For-
mats for the cards are given in'thg listing reproduced in the appendix.

If the value of GAIN is not unity, the program initiallycalls in
subroutine’ GAINAT to'appiy the correction. This'subfoutine—finds the corrected
spectrum by interpolating linearly between the points of the input spectrum
and chrééting for changed channel width. In extrapolating at either end
when neéeSsary, it assumes-an exponential”dependénCe;on'pulse height. This
approximation was reasonable for the specfra studiedf> ThevcorreCted input

spectrum is written on tape 3. - -
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The response matrix may be geherated in eubroutine RESPON or read
from tape 5. The use of the sense switches in exercising the Varidus options
is su&marized in Table:III. After the responee matrixvhas been delivered te
the main program, tne'gainsadjusted input spectrumgisgmmothed if required;
then the spectrum is unfolded according to the iterative scheme. The suc-
cessive approximations are optionally listed on tape 3. The spectrum may
be smoothed after unfolding, if desired.

Ae a check after the analysis hae been COmpleted, the resultant
incident spectrum vector is multiplied by the response matrix, and the pro-
duct written on tape 3. If the number of iterations is sufficient, the pro-
duct is equal to the input spectrum ccrrectedvfor gain. The unfolded spectra
are written, smcothed and unsmoothed, on tape 3.

In the unfolding, 50 iteratione are specified, but ,the successive
approximations to the incident spectrumnare checkéd for divergence after each
iteration. Hoﬁever, in our calculation, no early exits from the iteration
loop because of divergence were observed.

In writing the response matrix, subrcutine RESPON selects the energy
and pulse-height intervals according to the specified values of MESH, THRES,
and EMAX, The pulse~height intervals are divided.into 10 subintervals, the
respouse of the crystal calculated innfuncﬁion@subﬁ@utiﬁéﬂCUBVEgdand ancaver-
age taken over the. 10 values.

The runnlng tlme for the evaluatlon of the response matrix is about

3 mlnutes for 20 channels and 18 mlnutes for 50 channels. 4Afterqgeneratlon

of the matrlx, or 1f 1t 1s already on the tape themrUnnlngﬁﬁimefﬁer spectrum

qg-less than 3@ SeCOndS for 20 channels and‘sllghtly over I mmnute for 50

channels.
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©%.Table IIT.

. Sense-switch options.

Switeh * - wPosition’ © - 7 777" ~Result
17 == hoype” i Nosmoothing -before unfolding.
Down Machine smoothing applied before unfoldlng.
2 o | Up No smoothing after unfoldlng
o © " Down- Maclhiine - smoothing ‘applied.after unfolding.
3 Up Successive approx1mat10ns are not listed.: :
' Down _ Successive approximations listed on tape 3
Lo Up No correction to geometry.
Down Correction factor of 2.25 applied to product
' spectrum for second experimental source
position.
5 Up Response matrix read from-tape 5.
Dowm Response matrix generated and written on

tape 5.
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PROGRAM BLOS FOR ENERGIES OF DEFORMED ROTATING LIQUID DROP

DIMENSION BSTEP({40) s INTGAM(40) sy SURFE(40+40)y ECOUL(40040)
XEROT(40040) sETOTAL(G4U40)sW(6)y 2(6)s PSI(6)
READ 10s XSTARTs XSTOP, RSTARTy RSTOPs ISTEPS» JSTEPSs KSTEPS»
XLSTEPSe XFIXED, RFIXED : . .
FORMAT (4F 844 s41492F844)

READ 139 (W(l)el3106)9{2(J)ednlrb)

FORMAT (6F129 )

DO 200 J=1sISTEPS

8 = 1

BSTEPS = ISTEPS

BETA = (8%140}/BSTEPS

BSTEP(I) = BETA

DO 200 J=1sJSTEPS

G=

GSTEPS=JSTEPS )

GAMMA = IZUQQ+((6“100,*6000,/(65TEP5‘1‘0’
INTGAM(J) = GAMMA

Plz 3414159265

GAMMA = GAMMA/5702957795

CANG=COSF ( GAMMA)
bANGttOSP(GAMMA+(2oU*PI)/3.0)

AANG=COSF{GAMMA = (2C%PI}1/3.u)

ASQ= EXPF ((2U%BETA)*AANG)

BSQx EXPF ({2+U*BETA)}*BANG)

CSQ= EXPF ((2.0%BETA)*CANG)

ALPASQ= (ASQ-CSQ)/ASQ

DLTASG= (BSQ-CSQ)/BSQ

TSQ=s DLTASQ/ALPASQ

Tz SQRTF{TSQ)

ALPHA= SQRTF(ALPASQ)

CHI= SGRTF(1e0=ALPASQ)

PHI = ATANF(ALPHA/CHI)

RHO=SQRTF (1. 0-DLTASW)

CINVER= EXPF(~-BETA#CANG)

CALL ELLIP (PHIs» Ty We Zs E» F)
BSURFz 0e3#CINVER® (RHO®CHI+(100/ALPHA=-ALPHA)#f+ (ALPHA®*E) )

NOW CALCULATE BCOUL AND BROT

EPSLON = SQRTF{1e0/(ASQ~-CSQ))
TAU = EPSLON # SQRTF(ASG-BSQ)
CALL ELLIP(PHI, TAUs w, Zy Ev F)
BCOUL = EPSLON®F

BROT = 2.0/(ASQ+8SQ)

SURFE(IsJ) = BSURF=1e0
ECOUL{IsJ) = BCOUL=1,0

EROT(1sJ} = BROY

WRITE TABLES OF SURFACE AND COULOMB ENERGY AND BROT

WRITE OQUTPUT TAPE 15210
FORMAT(22H] SURFACE ENERGY CHANGE)

WRITE OUTPUT TAPE 15212» (INTGAM(J)sJ=14JSTEPS)

FORMAT ( THOGAMMA= 1418)

WRITE OQUTPUT TAPE 15214

FORMAT (5H BETA}

DO 215 I=1s ISTEPS

WRITE OUTPUT TAPE 10216s BSTEP(1l)s (SURFE(IsJ)s J=1». JSTEPS)
FORMAT (1H F5¢3¢ F10e5s 13F845)

WRITE OUTPUT TAPE 1230
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FORMAT (22H1COULUMB ENERGY CHANGE)

WRITE OUTPUT TAPE 19212s (INTOAM{J) »Jd=19JSTEPS)
WRITE OUTPUT TAPE 1214

DO 236 I1=1918TEPS v
WRITE QUTPUT TAPE 19216 BSTEP(L)s (ECOUL(IsJ)s J=1s JUSWEPS)
WRITE QUTPUT TAPE 15,240

FORMAT (27H1ROTATIGNAL PARAMETER BROT )

WRITE QUTPUT TAPE 19212s (INTGAM(J) sJd=14JSTEPS)

WRITE OUTPUT TAPE 1214 : .
DO 246 1=1,1STEPS
WRITE OQUTPUT TAPE BSTEP(I)s (EROT (Isd)s JSTEPS)

10216 J=1s

OPTION FOR SINGLE X AND R VALUE
IF (SENSE SWITCH 3) 2489255
DO 250 1=1, ISTEPS '

DO 25U J=ls JSTEPS

ETOTAL(T9J)=SURFE (19J)+2e0%XF IXEURECOUL (Lo J)+RF IXED*EROT (15 J)

GO TO 287
COMPUTE ENERGY TABLES FOR MESH OF X AND R VALUES

DO 285 K=1+KSTEPS

XSTEP = K~1

XSTEPS = KSTEPS-1

X = XSTART + XSTEP#(XoTOP=XSTART}I/XSTEPS
DO 285 L=19LSTEPS

RSTEP = L-1

RSTEPS = LSTEPS-]

R = RSTART + RSETEP*(RSTOP-RSTART)I/RSTEPS
DO 275 I=1s1STEPS

‘DO 275 J=19JSTEPS

ETOTAL(I19J)I=SURFE(1oJ)+2,0%X ¥ECOQUL(ToJ)+R #EROT(1»J)
WRITE OUTPUT TAPE 1» 280

WRITE QUTRUT TAPE 1s 277s X» R :

FORMAT (2BHUFISSIONABILITY PARAMETER X= Fb5e3»

F543) : :
FORMAT (51H1TOTAL
WRITE OUTPUT TAPE
WRITE OUTPUT TAPE
DO 285 I=1sISTEPS
WRITE OUTPUT TAPE
GO TO 299

CONT INUE

WRITE QUTPUT TAPE 1,
FORMAT (S51H1TOTAL
WRITE QUTPUT TAPE
WRITE OUTPUT TAPE
DO 295 I=1,18TEPS
WRITE OQUTPUT TAPE
CCNT INUE

END (Usl90s0Usl})

19212
19214

(INTGAM(J) 9=l JSTEPS)
15216y BSTEP(I) o {ETOTAL(L»J)s J=1p JSTEPS)
280

12212,
19214

{INTGAM(J) s J=1,JSTEPS)

102169 BSTEP(1)s(ETOTAL{IsJ)s Jzls JSTEPS)
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SUBROUTINE ELLIP (PHIs» Tv We 29 Es F)
DIMENSION W(6)s Z(6)» PSI(6)

DETERMINE THE NUMBER OF ITERATIONS

IF{T=0e55) 10910915
N=1

GO TO 30

IF({T=0e85) 17917920
N=2

GO TO 3G

IF{T=0e95) 22922925
N=3

GO T0 30

IF (T=0e99) 27 927929
N = 5

GO TO 30

E = SINF (PHI)

DIFFE = (1e04E)/{1e0=~E)
F = 0.5%LOGF (DIFFE)
GO TO 91

PSI(1) = 0e0

DO SUMMATIONS TO FIND E AND F

DO 35 I=lsN

FLT = |

FLN = N

PSI{1+1) = FLI®PHI/FLN

F = 040

E = 040 .

DO 90 I=14N

FSUMJ = 040

ESUMJY = 0.0

DO 75 J = 1»6

OMEGA = (PSL(I+1) - PSI(I))#w(J) + PSI(I)
SINOM = SINF(OMEGA)

CN = SQRTF{1e0=TH#T#SINOM#SINOGM)
FTERMJ = Z(J)/CN

"ETERMJ = Z(J)*CN

FSUMJ = FSUMJ + FTERMJ

ESUMJ = ESUMJ + ETERMJ

CONTINUE '

FTERMI =FSUMJR(PSI(I+1) -~ PSIt(I))
ETERMI =ESUMJ*(PSI(1+1) - PSI{I1))
F = FTERMI + F

E = ETERMI + E

CONTINUE

RETURN

END(U9slsUs00l)
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'

GAMMA SPECTRUM ANALYSIS =~ PROGRAM GAMSPEC

UCRL-9748

DIMENSION R(50950)s F(50)sH(50) 8(50950)' X{50950)sD(50950)
XW{50s80)s SUM{S0)s ESUM(50)s E(50)» RESID(50)s DIF(50450)

X Y{(50+50)

READ S5+ MESHs NRUNS» THRESs EMAX

FORMAT (2159 2F10e3 ) L

WRITE OUTPUT TAPE 313

FORMAT (14HLINPUT SPECTRA )

DO 35 JS=1» NRUNS

READ 12+ GAINs (F(l)y I=1sMESH )

FORMAT (7F10e3)

WRITE OUTPUT TAPE 3s 93s JSs (FlJ)e JmlyMESH)
CALL EFM (0»0)

ADJUST GAIN IF REQUIRED

"IF (GAIN=140) 2030520

CALL GAINAJ (Fy Hy MESH» GAINs THRESs EMAX)
DO 25 Isls MESH

B(1sJS) = H(I)

GO TO 35 -

DO 34 K=ly MESH

B(KsJS) = F(K)

CONT INUE

FLMESH = MESH

DO 36 J=1l» MESH

EINDEX = J

E(J) = ({ EMAX-THRES)/FLMESH) ® (EINDEX-0e5) + THRES

GENERATE RESPONSE MATRIX OR READ IT FROM TAPE

IF (SENSE SWITCH 5) 40,47
CALL RESPON ( MESHs EMAXs THRES» R )

" WRITE OUTPUT TAPE S5» 45+ ({R(1sJ)s I=1sMESH)s J=ly MESH)

FORMAT (1P5£1849)

END FILE 5

REWIND 35

GO TO 48

READ INPUT TAPE 55 459 ((R(IsJ)y IB14MESH)» July MESH)
REWIND 5

CONTINUE

OPTIONAL SMOOTHING BEFORE UNFOLDING

IF (SENSE SWITCH 1) 50,58

DO 55 N=1,NRUNS

MINUS = MESH - 1

DO 53 L=2s MINUS

X(LsN) = 0s25#B{L=19N) + 0eS#B(LoN) + 0e425%B(L+1sN)
X{MESHsN) = 0¢25% BI(MINUSsN) + 0e75% B(MESHsN)
X{1oN) = Oe7S#B{1sN) + 0425% B(2sN}

DO 55 L=1s MESH

BlLeN) = X{LoN}

UNFOLD BY SUCCESSIVE APPROXIMATIONS

DO 140 N=1sNRUNS
DO 110 I=ls MESH
"DO 110 J=1,50
DIF (IsJ) = 040
DileJ) = 040
WilsJ) = Uel
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. DO 115 I=1yMESH

115 WiIsl) = B(IsN)
DO 120 I = 1y MESH

. DO 120 J = 1s MESH

120 D(Is1) = R(IsJ) # WlJel) + D(Is1)
DO 130 L= 1449
Lle L+l
DO 122 I=1s MESH

122 WlIoL#1) =(W(Isl) / DCIsL)} % W(lel)
RESID(1) = 040
RESID {LL} = 0.0
DO 125 J=1ls MESH )
DIF(Jsl) = W(JsL+1) = W(JsL)

125 RESID (LL) = RESID (LL) + DIF{Jsbl] * DIF(JsL)
RESID (LL) = SGRTF (RESID(LL))
IF (L=2) 127+1279126

CHECK FOR DIVERGENCE OF APPROXIMATIONS

126 IF (RESID{LL) —=RESIDILL~1) ) 12792304230
127 DO 130 I=l, MESH
DO 130 J=1lp MESH
130 DUIsL+1) = R(IoJ)IEW{Jol+1) + D{IoL+1)
GO TO 131
230 ti=LL-1
131 DO 132 I=le MESH
132 X(IoN) = W(lsLL)

OPTIONAL WRITING OF APPROXIMATIONS

IF (SENSE SWITCH 3) 133,140
133 WRITE OUTPUT TAPE 3+ 134
134 FORMAT (28H1 SUCCESSIVE APPROXIMATIONS )

PO 135 JU=1e25 °
135 WRITE QUTPUT TAPE 3 » 1369 NoJo(W(lsJ)e l1alsMESH)» RESID(J)
136 FORMAT (4HORUN 129 3H JUm1291P10E10e3/(1PE21e391P9E10e3 )}
140 CONTINUE

GEOMETRY FACTOR FOR 45 DEGREE RUNS

IF (SENSE SWITCH &) 1429150
142 DO 146 N=z1los NRUNS

DO 146 I=1s MESH
146 X(IeN) = X{(IsN) ® 2625
150 DO 69 J=1oRRUNS

COMPUTE SUM OF COUNTS AND AVERAGE ENERGY

SUM (J) = 0.0

ESUM (J) = 040

DO 68 L = 1, MESH

ESUM (J) = ESUM (J) + E (LY®X(LsJ)
68 SUM (J) = SUM (J) ¢ X (LeJd)
69 ESUM (J) = ESUM (J) / SUM (J)

WRITE SMOOTHED INPUT SPECTRUM AND UNFOLDED SPECTRUM

90 WRITE OUTPUT TAPE 3, 92
DO 91 J =1+NRUNS
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WRITE QUTPUT TAPE 3s 93y Js ( B (IsJdly I = ls MESH )
FORMAT ( 41 HO SPECTRA ADJUSTED FOR GAIN ANL SMOOTHED )

FORMAT ( 11HORUN NUMBER 12,1P1CE1043/(13H 1P10E10.3)
FORMAT (26H TOTAL COUNTS F1lUel » 15H AVERAGE ENERGY
X F8e3 )

WRITE OQUTPUT TAPE 3s 96

FORMAT (2S5HUUNFOLDED GAMMA SPECTRA )

DO 95 J = 1s NRUNS -

WRITE QUTPUT TAPE 39 939 Js» (X (lsd)s I=1s MESH )
WRITE OUTPUT TAPE 3+ 94 5S5UM (J) » ESUM (J)

MULTIPLY UNFOLDED SPECTRUM BY RESPUNSE MATRIX TO CHECK

WRITE OQUTPUT TAPE 39320

FORMAT (14HOCHECK SPECTRA )

DO 325 N=1sNRUNS :

DO 324 1=1s MESH

DO 324 J=1s MESH |

Y{IsN) = Y{IsN} + R(lsJ) #X(JsN) )
WRITE OQUTPUT TAPE 3» 939 Ns (Y(IsN)s I=1s MESH)

OPTIONAL SMOOTHING AFTER UNFOLDING

IF (SENSE SWITCH 2) <J4Uy» 97

WRITE QUTPUT TAPE 3» 250

FORMAT (26H SMOOTHED UNFOLDED SPECTRA )

DO 350 N=1»NRUNS

MINUS = MESH ~ 1

DO 340 L=2y MINUS g

YELoN) = O0e25%X({L=~1sN) + 0e5%X(LN) + 0e25#X{L+1sN)
Y{MESHIN) = (¢25% X(MINUSsN) + 0e75% X{MESHeN)
Y(1eN) = GaT75#X{1eN) + 0a25% X(29N)

DO 345 L=1eMESH

X{LsN) = Y{(LoN)

WRITE OUTPUT TAPE 39 93 Ns (X{IeN)s 131sMESH)
CONT INUE ‘

END FILE 3

REWIND 3

END { O919Gs0sC )

SUBROUTINE GAINAJ (FsHsNBOXESsGAINs THRESs EMAX)

DIMENSION E(50)s EA(50)s H(30G)y G(50)s F(50)

BOTE = THRES % GAIN

TOPE = EMAX % GAIN

DO 10 N=1s NBOXES

BOXES = NBOXES

PeN -

E(N) =(((TOPE~BOTE )/BOXES) * (P-=0e5))+ BOTE

GIN) = F(N)/GAIN

EA{N)= ({ (EMAX~THRES)/BOXES) # (P=0e5))/ + THRES
IF ( GAIN = 140 ) 60Us60914

GAIN TO BE INCREASED

A1) = G(1) ~ (G(2)=G{1)I#(E(L)=LA(L})/(EL2)=E(L))
DO 50 N=2sNBOXES

DO 30 L=2sN
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M=N-L ‘
IF :ﬁA(N)«E(M») 30930945
30 CONTINUE ‘ :
45 HIN) =G(M) + (G(M+1)=G(M) ) #(EA(NI~E(M))/LE(M+1)~E(M))
50 CONTINUE
55 GO TO 99

GAIN TO BE DECREASED

6u DO 80 N=1sNBOXES
NLESS = NBOXES - N
DO 70 L=1lsNLESS
MzN+L _
IF (EA(NY =E(M))_T75+75,70
7¢  CONTINUE
72 HIN) = G(NBOXES) #(G(NBOXES)/G{NBOXES=1))#%({EA(NI-E{NBCXES)}/
X {E(NBOXES)-E(NBOXES=1)) } .
GO TO 80 ' .
75 HIN) = G(M) —(G(M)=G(M=1)) % (E(M)=EA(N))}/Z(E(MI-EIM~1))
80 CONTINUE :
90 RETURN
95 END (UGslolsUel)

SUBROUTINE RESPON (MESHs EMAXs THRES,R)

DIMENSION R{50s50) » E(50)
FILMESH = MESH

LOCATE ENERGY INTERVALS

DO 12 J=1s MESH
EINDEX = 4

10 EtJ) = ({ EMAX=-THRES ) /FLMESH ) # ( EINDEX- 0«5 ) + THRES
D0 12 K = 1» MESH

12 R (JsK } = Qa0

LOCATE PULSE HEIGHT INTERVALS

15 DO 60 J = 1y MESH
DO 50 I = 1, MESH
ELEM = (OeC

AVERAGE RESPONSE OVER 10 PULSE HEIGHT INTERVALS

DO 25 L = 11U

XINDEX = 10% ( I-1 ) + L

X = {{ EMAX-THRES) / (FLMESH¥10,0})) * (XINDEX-0e5) + THRES

ELL = L :

IF (X~ 1.25%E(J)) 25425955
25 ELEM = ELEM =~ + CURVE(E(J)eX)
50 R (IsJ) = R (1sJ)} + ELEM /10,0
55 R (Isd) = R (Iod) + gLEM / ELL-
60 CONTINUE ' )

DO 70 I=1,MESH

DO 70 J=1e¢MESH
70 R{IsJ) = R(1lsJ) # 10000/ FLMESH

RETURN ‘

END (09190sCsl)
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FUNCTION CURVE (E#X)
PHOTO AND ESCAPE PEAKS

PHOT1 = C.0

PHOT2 = 0.0

PHOT3 = Ca0

C = 0e361

U = 0,0815% ((E)®##%C45)

CONSTANTS FOR 10 PERCENT RESOLUTION AT 0«66 MEV

"IF (E=0e65) 59797

HITEl = 000459 * E*#(-0,033)

GO TO 8

HITEL = 0400253 * Ew##( ~le46}

PHOT1 = HITEl # EXPF(—-(X-E Y RR2,0/ (CRUR¥2,0) )
IF (E=1e75) 119999 . :

HITE2 = 1e437#HITEL®LOGF(E/1e75) /24303

HITE3 = UeS569#HITEI®LOGF{E/1e75) /2303

PHOT2 = HITE2 % EXPF{-(X~E+0.51 )##2,0/ (C*U¥%2,0))
PHOT3 = HITE3 % EXPF(~(X- E+1~02 JRR2,0/7 (CRUHE2,0))
IF (X-0e4) 1051025102

IF (X-0e6) 103,103,510

ANNIHILATION PEAK

ANNHT = 1e2% (HITE2 + HITE3)

ANNIH = ANNHT * EXPF(={X=0451) %%2,0 / 0-00122 )
GO TO 11

ANNIH = 040

IF (E~-1e0) 14912912

COMPTON DISTRIBUTION

COMPEJ = E~0425

GO T0 20

IF (E-0e¢5) 17915915
COMPEJ 3 Ue9%*E ~ 0,15

GO TO 20

COMPEJY = 0eb6 * E

CONTINUE

COMAR = 040077 = 04001806 / (E+04235)
COMPHT = COMAR / ((E+COMPEJ ) ® 10.0 }

SCATTER PEAK

IF (X=0e5) 22921921

SCATR = 0.0

GO TO 24

SCATHT = 0e455%#COMPHT

SCATPS = 0el145 + 0s0675%E

SCWID = 0408

SCATR = SCATHT # EXPF (~(X=SCATPS)##2,/(C#SCWID*%2.0))

COMPTON DISTRIBUTION WITH ESCAPE PEAKS

A
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T e 24 IF (E=1e75) 25925930
ind 25 IF ( X=COMPEJ) 26926927
2 26 COMPT = COMPHT
GO TO 50
27 IF (X-E ) 28128429
.28 COMPT = COMPHT % (E~ X)'/ (E~COMPEY)
GO TO 50 '
29 COMPT = 060
© GO TO 50
30 IF {(X~E+1e22) 31931634
31 COMPT = COMPHT
32 GO TO 50
D 34 IF (X=E+UeB7) 354938238 .
35 IF (HITE2 = COMPHT) 31431y 13)
135 COMPT = COMPHT+ (HlThZ—COMPHT)*((X‘E*l 22)/035)
36 GO TO 50
38 IF {X=E+Ue51) 39942962
39 COMPT = HITEZ
40 GO TO 50
42 IF {(X-COMPEJ) 43945945
43 COMPT = HITEZ + (0Oe1%®COMPHT) *((X‘E*OcSl)/(COMPEJ’:+O.51))
44 GO TO 50
45 IF (X-E)46548.48
46 COMPT = (HITE2 + 0ol * COMPHT) # {E=X) / (E-COMPEJ)
47 GO TO 50U
48 COMPT = U0
50 CONTINUE
55 CURVE = PHOT1 + PHQTZ + PHOT3 + SCATR + COMPT + ANNIH
RETURN
END (QOsloUs0nl)

P
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