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ABSTRACT

The d1f¢er entiasl fast Tlux spectrum of the UILR ool
Resesrch and Training Reacbtor cove was determined by si-
multoneons activations of threshold foil detectors by
neut ren-nucleon recections. This represents one phase of
the composite neutron environment et two sample irradiation
locetions end the center of a fuel element during a power
operastion of 200 Xw (th). To accomplish this neasurerient
a senlenmpirical least-sguares approximnation fitting acti-
vaticn data to a theorelical Cranberg U-2£35 fission spectrum

vasS aprlied. This is e technigue designed specificelly for
water nodersted systenms and takes into consideratlion both
virgin and dowvn~-scatter neutrons.

Gamma decey photopeasks were reduced using conputer
code PPRL (Photeopesk unaly51s) end the differential fess
neutron spechtrum vas resolved by computer code RUFF, The
results of the method used in this work were comperead with‘
snegetrum results of a praviously applied welighted ortho-
norrnal method. 4 parancier variaticnal study was mode for
determination cf spectrum eflfectis.

Use wes nade of the Tfollowing resasciions:

In-115(n,n* )} In~11Sm; N1~“8[n p}Co-58; Fe-54(n, b)HJ -543
£1-27{a,p)Kz-27; Fe-56(n,p)in-56; 1i5-24(n,p)Na-24;
£1-27{n, o< Jliu-24; ¥Fe-54(n,o<)}Cr-51; and.In-115(n,2n;In-114,

Tables of uwcuitrcon-nucleon cross—sections for these renctions

ere iancluded,
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I. INTRODUCTION

A ¥nowledge of the differential spectrum of the neuiron
fliux is essential, especielly when the reactor is to be used
for research purposes. The more common reasons why this in-

" formetion is importent are: instrunent caslibration, reactor
experiment monitoring, shielding purposes, and in s field that
is gaining nmore prominence, radiation effects in nmnaterials.

Although there are various meens available for rncasuriag
neutron fluxes and spectra, the activation of metal foils is
one.of the best. Foils are small, simple to use, insensitive
to gamma radiation, gnd affect the eavironnent very little,
rfor the thermal and epithermel regions this is sccormplished
by inducing activity through neutron cspture, but for the
fasﬁ_region, which is what this thesis desls with specifically,
neutron thresihold reactions must trenspire. By using a nuuber
of sultably chosen foils a simultancous measurement c¢an be
accomplisned.

-A‘semiempirical method for determining the unknown spectrs
was used, ‘This approach was ?esigned specitfically for an
hydrogenous system and assunes that the differential form of
the fast flux could be described by Cranberg's thzoraetical
Tission spectra. Teken into consideration are both the virgsin
and down-scattered neutrons. A leest-squares expansion method,
using the foll activation information, wes enployed for the
evalustion.

The technique described is a method for detecrmining the
neutron cenergy distribution as well 2s the flux in a wvater

mederated reactor.



II. PRELIMINARY RESEARCH

The activity obtained in a threshold foil can be ex-

pressed by the following:
A=Jc*(£‘.} P(e) dE
o

where A is the foil activity, o (E) is the absorption cross-
section as a function of energzy, and ¢ (£) i1s the differen-
tigl neutron flux as a function of energy. The foil activ-
ity is corrected for foil weight, irfadiation time, counting
time, decay time, materisl concentration, counting detector
efficiency, and path of decay.

It is important to establish the energy distribution and
absolute flux becsguse certain nuclear properties of the core
depend upon the fast flux, and 1%t is important ian determining
radiation effects in meterials. The problem is not simply
the determinetion of this spectrum but the determination of

it rspidly and conveniently with es few detectors as possible.

4L, Fission Spectrum

The neutron spectrum may be broken up into three sections,
the thermal portion, the epithermsl portion and the fast
portion.

The fast flux determinetion is what this dissertestion
will deal with specificeally, and the fast flux may be con-
sidered to be all neutrons with energies above 0.1l Liev,

| fIn actual practice‘it is difficult to determine the

fast spectrum accurately because foil detectors in general



do not have the ldesl step funchion property and often de-
viate significantly from this ideal situation., As a result,
the spectral shape 1s usually assuned to be a fission
spectrum (1,2)., There have been numerous investigations

of the total neutron fission spectrum from thermal neutron
fission of U-23%5 (3,4,5,5,7). The earlier work has been
sumngrized by B. E. T7att with a convenient formula covering

the energy spechrua from 0.075 to 17 iev (5).

N(E)=~/Zra SINHA\2E e "
where N (&) is the Trasciion of neutrons per uanit energy
enitted per fiscsion and E is the neutron energy in llev.
This is cglled the .Jatt Spectrum.
L., Cranberg et al. has propocscd a similsr equation ex-~
tending from 0.18 bo 12 kev thet gives a better Tit to all

dete in this regioa (7).

N(E)=0.453 e%(’s SINH J2.29€&

There is lidtle differencs bevvecn tie two forrmlas except
for censrgies above 6 ilev, but for all practical purposes
they sre the same. This is called the Cranbzrg 3Spectrum snd
is illustrated in Figure 2.1, A simpler epproximztion has
also been developed by Cranberg which has enjoyed wide
accentence (7). Norms=lized to one neutron per second, the
representetion is

] _
NIE)=0TT6E" = & -T7BE

" This representation is a struight line over the greater part



of the energy renge where 0,776 is the parsmeter thet gives
the best slope. This spectrum is the ons used in this work
and is 1llustrated in Figure 2.2. The msjor drawback to
this approximation is the prediction of too many neutrons

above 9 Liev,

B, Threshold Detectors

Threshold detectors were used to deteriiine the spectreal
characteristics of the fast region of the ﬁeutron flux. They
are materisls which undergo aeutron-nucleon intersction
above a given energy. These reesctions may be of the (n,»);
(n,2n); (n,n*); (n, > ); or (n,fission) type which lead %o
the produciion of rediocactive isotopes. In most cases thresh-
0ld reactions are characterized by low sensitivity; hence,
spectral measurements are usually linited to high intensity
neutron flux fields. OSelf-shedowing of neutrons snd flux
perturvatiocns, wiiich are very serious problems vith the
lover energy aeutron detesctors, are unimportant in the use
of threshold detectors (11).

The essentizl requirement for the use of threshold
detectors is thet the cross-sections versus energy curve
be known with sufficient accurscy. Currently there are
discrepencies in these values (9,30,31). Some of the
cross—-sections safest for use ere: Al-27(n,p)lg-27;
Fe~56(n,p)in-56; £1-27(n, c«)Na-24; and In-115(n,n*)In-215n,
The lowef and higher end of the fast flux renge is adeyuately

’covered by the inclusion of the last reaction.
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The esdvantages of this method of neutron detesction zre:
convenience of insertion in irrsdiation position, the slight
perturbstion of the system by the presence of the foil, in-
sensitive to the accompanying germa redietion, and generally
inexpensive., The najor disadvantage is the unaveilability
of completely accurate cross—section data. The criteris that
(must be met Tfor validity of this techinique are: the purity

/of the metal nust be high, the emijted radiazstion identifi-
eble and countable, the chosen thresholds must be spaced as
evenly es possible and cover as juch of the desired spectrum
as possible, the activity formed nust ve of sufficient quan-
tity, the gezmma »neaks of interest distinguishable from

nuisance pesks, and the reaction cross-section cuxrve as a

function of energy must be known within reasonable accuracy.

B.l 3Sfrfective Threshold Eneragy

-3

he ccincept of "effectlve threshold energy" was intro-
duced by D. J. Hughss (8). The activation cross-sectioan of
an idepal threshold detector should have the following kind
of step-funeticn behavior, nemely, it should be zero below
the threshcld vazlue Eo and equal Tto the plateau cross-
secection oz above this value. The activetion would then Dbe
proportiocnal to the iategrated flux above the threshold
velue. 7The actusl cross-sections exhibit this step function
only in a very rgugh approximation in the vaest nejority of
cases. This is conpensated for by defining a value celled

' the effective threshold eanersy, Esz (9,10,11,12). Then



o o
Ia;_cx (e) &(E) dE = o;f d(e) JE
o ESHF :

or the true reaction rate comes from the plsateau cross;
section,

In this work five types of foil meterial were used, the
chcocice of which was based on the aforementioned criteria.
These are listed in Table 2.1 elong with other described
pertinent information. The letest tabulated values were

used whenever available.

B.,2 Flux Effects on Reaction Products

The foils grouped together during irradiation were
'sﬁrrounded by the thermal neutron absorbent materisl cadmium.
Reasons for this were to prevent burn-up of the product
isotopes, and Yo prevent unnecessary irredistion. This burn-
up is especielly prominent in the Ni- JB(n P)Co-38 reaction
(1,13). Hogg, ueber, end Yeats have shown thet the isomeric
stéﬁe of Co-58 hes an extremely lerge thermal cross-section,
178,000 barns, and therefore must be guarded against or
corrected for (14). This is especially important in facil-
ities where the thermal neutron flux is 1019 or greater.

In spite of what may be considered a drawback for the use
of Ni-5C6 foils, according to Passell and Heath, Ni-58 has
good practical advantages as & fast flux monitor (15).

Very little informetion is avalleble on the other resction
products. No fast neutron-nucleon reactions were found for

any of the product isotones. It was impossible to prevent



Table 2 . 1

Threshold Reactiouns Employed in This Wor

Target Thresh, Effect, Effect Ava, Gamma  Half-1ife Contaminant
Reaction ‘Energy Cross- Thresh, Cress-  Photo 7 1/2 Froducts Refersnces
and £, Section Energy Section Peak P {Threshold and
Product (Mev) Efmb)y gete & (rb) (Mev) \ELTL Half-1ife)
U
(Vav)
Tn~115(n,n" ) Tn~3i15m o335 350G 1.65 171 335 270 *n-lLOM(Rpsonanee 54,1 min) 9,16,24,30
In-1141m (12 mev, 49 day)
113 ~58{n,p)Co=-58 1.10 556 e 100 805 102,672 Ni~57 (2.0, 36 hr) 9,16,24
Fe~‘b/r,p n—54 243 525 3475 53 80 219,040 Cr-51 (2.0, 27.8 cay)
(5,32%) : Yn-56 (5,00, 154 - 8 min) 9
1. OLS
“e-SO\n,p)Tn 56 5.00 115 770 97 845 154,8 Cr-51 (2,0, 27.8 day) 9,24,30
(93.6%) Ho-54 (2.3, 291 day)
Mg=2l(n, p)Na-2l 6,00 201 8.00 1.2 1.368 500
2.75"‘" 9,16'21‘;‘
Al-27(n, ot )Na=-24 5,80 132 8.15 .61 1.368 900
24750 CHMg-27 (2.7, 9.39 min) 9,16,24
T2 ﬂ(ﬂ, =X )Cr-_’)'.; 2.0 110 9»00 537 '320 38,880 I‘in"56 (5.0, 154.8 fnin)
Vn-54 (2.3, 291 day) 9
In-115(n,2n)In-11%m 12.0 13.00 - 191 72,000 In-11ém(Resonance, 54,1 min) 9

Ir-115m (.235, 4.5 hrs)




fest resections with the reaction products, therefore, this

remeins an uncorrectable source of error. N

C. lLiethods of 3pectral lleasursments with Threshold Detectors

LThere are turee dirferent approscihies in deteraining
spectral information by threshold measurements. There are
maothemetical methods, semlenmpiricgl methods, and there are
cases in which the neutron speétrum is alresady xnown gnd
threshold detectors serve to verify the spectral distri-

bution.

C.l lgthematical ilethods

Iethematiczl methods are highly theoretical and assume
nothing ezvout the shape or form of the speotrum..-They
usually use gn expansion technique in terms of the differ-
entiel cross—secfion gnd. the radiocctivity obtained from
the foils., Three technigues in this category are: Lulti-

roup kiethod, Hert.iean's kiethod, and the lieighted Orthonormal

(o

Method.

In the Lultigroup rethod the foll activetion is divided
into & series of energy groups using an average value for the
cross—-sectvions in each enerzy group. J1f there are il thresh-
old detectors then a systen of L linear eguestions is developed
and solved for the unknown flux. Good accuracy is atteineble
only by using a large number of detectors,

Hartmann®s Liethod 1is ver& similar to the previous method
excepy thet it is designed for work with only a few detectors,

and the auxilizary fuanctiion is fitted in a least-sguares sease.
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It has been shown that this method czn sometimes give
negative wvalues in places.

The VWeighted Orthonornel Lieshod assumes Lthe flux 1s
given by e wvieighting function times an expansion of uniknown
functions of energy which are required to form an orthonormal
set (11,16,17,18). As meny coefficients are used in the ex-
pansion as there are folls and thus the coefficlents can be
uniguely determined from the foil asctivetion data. The
orthonormel recuirements add m additional consiraints to the
problenm with m edditional pieces of information. The ad-
vantage of the method 1is thét the expension coefficients are
determined Dy a vest-fit. This method was used by K. L. Cage
to analiyze the fast flux spectrum of the ULRR (18). While
the integral spectrum was a reasonebly smooth curve, the
differeantial speetrum had larzge periodic dips that resenbled
oscilietion. A method similsr to this 1is the wWeighted Orth-
onormal Polynomial Liethod. It is essentially a combingtion
of this method and the polynomial method, and expands the
flux 1n a series ¢f polyhomials which are defined to be
orthonormel {(16). The advaatage of this system is the poly-
nomisgls are smoother functioas of energy, and the tendency

to oscillate is reduced.

C.2 Senienpiricel .iethods

Semniempirical methods assumne that something is already
known about the basic form of the spectrum and without ex-

ception are nore accurate than the purely mavhematical
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methods. In this approach the problem is sttacked in the
followinz manner; san appropriste form of the spectral
shape is asswmed, which hes uaspecified coefficients; the
foll activation cross-section curves are numericsglly in-
tegrated over an energy interval with resprect to the assumed
spectral shape; and the experimentally measured activations
are used to specify the appropriate coeflficients of the
assumed shape and hence specify the measured spectrum. Ex-
amples of this method gre: Polynomial Liethod, Uthe's iiethod,
Dietrich's llethod, Diercikx's iLiethod, and the Itallan Iter-
ative Liethod.

In the Polynomigl llethod the spectral shape is assumed
to be composed of an arbitrary weighting function times a
polynomiel in eaergy (16,19). As meny terms n of the
polynomial are taeken as there are different values from
foils. The resulting set of linear equations is poorly
conditioned which causes small oscilletions cf the flux (20).

in Uthe's Llethod the neubtron spectrum is written so thet
the activation results from thie threshold detectors are best

n the least-squsres sense (1€). If the results

o

]

o

"

O

4
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o
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et
o

Q.
]-h

ere Titted to an existing expression of the fission neutron
spectrua, this method should give good results if enoush de-
tectors ére used, This is similar to Hertnmamm's lLletniod, only
here date is Tfitted to an existing shape.

Dietrich's Liethod was develored specificelly for water-
‘moderated reactors where it could be assuwed that each neutron

produced in fission loses the mejority of its energy in one



collision. Therefore, after one collision its energy will
be reduced so much that it cen no longer contribute to the
ectivation of the threshold detector (16,281).

The Dierckx ilethod assumes the following: the spectral
shape 1s e decreassing exponentizl function of energy, the
total energy range can be divided invo discrete eneryy bands
with a spectral shape assumed 1in each beand, the initial
pert of the cross-ssction curve for escn detector con-

ributes essentizlly all of the acvivetion, snd 1f there
are n fcils there will be n-1 bands (16,22},

The Italign Iterative Llethod 1s essentislly a combin-
ation of thec Diercxx and Effective Threshold llethods and
offers a solution to the problem of curve f£itting in the
former (20). Values are obtained for the coefficients and
then resubstituted to find the next case at which poinyd
thie coeflicients are redetermined. This recursion prweess
is repeated until the spectrum is obtained. This method
is restricted to reactor type spnectra just as the Dierckx

IMethod is.



IITI. THEZ0RETICAL ANALYSIS

This is a semiempiricai approsch for the deterninetion
of the flux spectrun and assumes the Torm to it e Cranberg
Spectrum. Detailed derivetions ol results :recsented here
are given in Appendix A.

The method svplicd was a least-squares expansion for
determining the differentigl flux by foil zctivations (2).
It is an spproximation designed specirfically for water
mnocereted systeuis end taiwes into consideretion not only
virgin neutrons but all down-scetter neutrons. I!eutrons
cean lose 2ll their energy in £ single collision with hy-
drogen, and this fact considerebly sinplifies the esnalyt-
icel problem by reducing the number of neutrons in the
resonance region. vue to the proximity end position of
the foils to the fuel, the hydrozenous medium wves considered
to heve uniformly distributed sources enitting neutrons at
a constant rete. Followiang eiiission, these neutrons lose
energy mostly by elestic collisions. It wes assuwied that
the medium di1d not absordb neutrons, an essunpbtion wvhich is
essentially true except Tor neutrons of very low ener.:y.

The collision density F(i) for hydrogen was deter-
mined by considering the scetteriag of neuirons into and
outh of en energy interval. The neutrons errive in this
intervel directly ffom the source gnd fron scetteriag
collisions a% higher encrgles. Since & ceattering occur-

“ance with a hydrossn nueclei can reduce the ncubtroa enersy

13
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to any velue, it is uncertain how meny collisions the
neutron has before 1t errives at the interval, but this
informetion is of little interest. In steedy state, the
nunb=r of neutrons scattered into en iaterval nust be
equel to the number scettered out. The number of aeutrons
erriving in en enerzy interval dE from gll energies above
is descrived by the trensport of neutrons in energy for an
infinite hydrogenous medium (34).

. .
F (E)=SE) +f F(E)(/:(e:» JE
° “E

Wwhere Eo is tlie source enérgy and ' is an enefgy level
ebove 2., The solution of this egustion as used in this
disesertation is derived in Appendix A. The second term

is cquivelent to the scattered neutrons, and the first

tern represents the neutrons coming from the source. The
(L-p(Z)) multiplier of +the second term indicates the number
of neutrons which survived thelir first collision. The

B{i&) t2rm is the ebsorption of neutrons in veter and is
generelly small so that neglecting this rultiplier is a
'reasonably accurate firs?d app?oximation. Tevelopment of

the traensport equation yields the following forn.
Ea__l/ -bE
F(E)=— f £ e de
E

The sinilarity of this equation to Cranberg's eguation of

the fission spectrum

E
gy _ LE
I=‘jE;E z e df
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suggests using Cranberg's form as the desired spectrum

shape. The followingzg equation was then obtained to deccribe

the flux
$E)=£2 [(bﬁ)""'e:*’E Ve & ENZ (1 - etz )|

rhe data was collected by foll irradiations

A; = f : () qb(E)dEf o5 (2)-2¢ feer dE

where f(E) is the tern in the parenthesis above. This was

fit as well as pcessible by least-squares with parameters

k and ¢, 5

Y[ o Sl <

For q to be & minimum the partisl derivatives of q with re-
spect to k and ¢, must be equal to zero. The derivative

with respect to ¢%_produces the term

Z AL (R = Ch_E IF (k)
I Z

I.(k)= f ""-’-’ dE
E
%

where

e ]

The derivative with respect to k produces the term

AT (R) = ¢ Ik ITh)
Z; ;L Z ) Ik

where

I;(h)=f oﬁfs)i’i)ﬁnz i
E

: -4
| The flux normalization constant is the same for both

terms, therefore,
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The condition sought is

X (R =Y (k)| L€

If convergence did not occur with the originel choices
of k, new values were extrapolated by fitting X(k) and
Y(k) to parabolic curves. The point of intercept of these
two curves being the best value of k for substitution
beck into the spectrun approximation. The problem of
solving these sets of quedratic equations was accouplished
conveniently by setting them up in metrix form. The value
of the radical produced by the solution of the quadratic
equations was not less than zero. This produced only one
value for the exponent. TFor two values of k the one
closest to k3 would have been used.

This approach for determining the differentisl flux
was developed into a computer code cglled RUFF by Dr. D. R,
cdwards. The code.derives its name because it is a rough
spectral epproximetion. Thils code is described in more de-

teil, with a flow diagram end listing, in Appendix B,

16
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IV. EXPERIMENTAL PROCEDURE

A. Reguirements for Threshold Detector l'aterials

There were a number of qualities required in the de-
tectors used for this experiment (11,23). These require-
ments were divided into two categories, those pertaining
to the detector materisl and those pertaining to the

products formed from the detector materiel.

A.1 Detector liaterials

The magnitude of the cross-sections chosen weré moderate
(50 to 500 mb) in most cases. Enough activity to count was
necessary, but too much could cause counting and handling
problems. Both of these situations did occur. '

The cross—-sections for the threshold detectors were
chosen to approximete a step function in most cases and
was the latest information aveilable (24,25,26). These
crcss~sections were chosen so that the effectiveness of
the approximated step functions fell at selected energy
locations cf the spectrun,

The contribution to the measured activity from the
activation of impurities was Xept as low as possible.
Cedmium was used to shield the thermal neutrons, but
resonance neutrons were a nuissnce in the case of In-1195
end precluded the use of Au-197 as a detectar.
g The sizé of the folls was also a factor in the
choice because it was desirseble that the encepsulated

group of foils be thin enough to make them accessible to
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narrowr chsnaels, Also smeller foils deteet a spatially

nore uniform Tflux srectrun.

Lo ACUivation Proaucts

The helf-life of the rediocsctive products wes a Ffector
teken into coinsideretion. The helf-life had to be loag
enough so that counting could be performed sccurately. This
was not a nmajor problem beceuse of the ﬁroximity of the
Eounting device to the reactor pool. "Yhe shortest helf-
life was 2.839 ninutes. Yor weask reactions long half-life
producis were sought so that 2ll the nuisance peaks could
decay awey leaving the peek of interest uncluttered. But
in ¢=ses where the helf-life was too long the specifie
activity vias smell snd the count rete too low to meke a
significant photopnesak. This was partislly the case in the
b1-27(n,2n)51-88 resction., 4l-26 is netestable with an
extrensly short helf-lite (6.7 scconds) end en extremely
long helf-life (8 x 105 years). Otherwvise %this resction
would have been a good one for the 13 llev renge. Half-

lives of hours tc days ere nost convenient.

N

t W

[

S nscsssary thet the reaction »roducts heve grrma
eziss;cp_as Qgrt of‘its decay becsguse of the detecting de-
vice used. Genmma is nore reliable gnd sccurste to use sad
hes less sslf-absorotion in the Foils (11).

e resction sroduct cross—sections had to bDe as low

as pessible so that they would not burn out as they were



190

being produced. A cese in »noint is the Ji-3€(a,»)Co-38
rezction, which wes discussed previously. The cifficulty
in using the Ti-58(n,2n)i-57 resction wes the main shoto-
peak fell under the sum peek for Co-58, another reccition

product of iii-58.

B, Ioil Prensrztion and Activetion

The foil dimensions were one-hslf iﬁch in distieter =nd
approximetely 0.003 inches thick, with veights ranging from
0.03 to 0.28 grems per Foil. The purity of the metels, as
stated by'the menufacturer, Reactor Zxperinents, Inc., W7ero
ell sbuove $9.%0. <The Toils were cleened snd plsced laside
cediium conteiners in the same sequence for esch irrsdistion.
The order being: nickel, sluminumn, maznesium, snd iron.

The indium roil was sepereited from the rest sc that it could
be lefv in the pool for the In-116 activity to dzecay.
Otherwise the experimenter would bes exposed to excessive
encunts of radiation.

In order to meske es :mch use of the foils es possible,
two or riore reactions were utilized in 211 except mernesiun
and nickel, end three recections were used with the iron
foil. ©¥ine reaciions wvere extrected from the five foils
and the energy renze tested went from 0.335 to 13 Lev.

Other resctions such as 41-27(n,2n;A1-28, Ni-58(n,2n)iii-57,
Vi~51{n, o< )Sc-48, Au-197(n,2n)Au-196, and Au-1¢7(n,p)Pt-197

-

wsre tested to give a detector for the region zbove 13 iev

but for verious reasons they were not acceptable.



Lttention st be given to the thermal flux depression
when n2ssuring the megnitude of the flux specitrun, es-

pecizlly uhea the sesrmpled point is in s fuel slement or at

. |
r

the center of the core, A4 reducivion in the therasl flux
will create & corresponaing reducivion of the fest flux in

the lamediste volune.

L. Countiag Yechaigue

The ©0oil induced getivity wes determmined by counting
the senna ealssicn with duel right angle cylindrical 3" x 3%
sodliunm~iodide thellium-activeted crystels in conjunction
vith g 400 chennel anglyzer, The crystals were adjusteblc
so that tlhey could e closed tlbhﬁ .,y on the foil end
ecsentlally gave &7 counting geonetry. The crystsls were
located in a lead shielded counting chamber,

The Toils were individually counted by plecing each

nd vlacingz it between the crysteals

I,. 1,
on
)
)
Y]
-
I - )
Id
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m
U
cr
Ht
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(63

in the verctical position and bringing the crystals up tightly
azainst it. The major factor determining the order of
counting wes the hslf-1ife of the reaction product, but

also considered wes the induced activity crected by con-
siderinz the cross-sections, The Tollowing counting ordexr
was used: L3z-27, Ln-56, twoe wWa-24, In-115m, Cr-51, Co-58,
In-lldm, in-54. 3Bacliground subvtrection was »erformed on

cech spectrum.  Folls were never used more than once, so
residual 2ctivity remaining in the foils wes never a problen.

The spectrum of each foil was transferved to punch
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tape Irom the pulse height anelyzer, rrom which it wmas
converted to I3kl cards Tfor use in the photopeak analysis
code (PPA) (27). &L flow dlagram and listing of this
computer code is presented in Appendix B, PPA fits a
bicsed Gaussian function to Torm one to five photopeaks
in a spectrum and gives the following informetion sboutb
each fit: +the exact channel location of each peak, the
full width at half meximum of the photopesk (FI/E:I), the
peak couat rete, the integrated count rete in the photo-
pesk, and the integrated count rate in the photopeak
corrected for radiocactive decay to "zero-tine".

mi
A

¢ foill activity determinations by PPA were Ted into

et

the computer program RUFT which is & computer program to
estinate the differentisl fast flux spvectrum from & limited
aumber of foil meszsureuments (2). The nasteriasl as presented
in Appendix L.l and A.2 is what conposes RUFYF, and a flow
diagrea, listing, and further information on this code sre
presented in Appendix 3. Graphs of the differentiel specirum
are given in the results.

The multi-channel ansglyzer was calibrated quelitetively
Tor sssociating the correct reasction product phofOpeaks.

qual.ivative calivration was performed by using xnowm

H
=y
(]

standards, Cs-137, Na-22 and standsrdizing the cenergy
increment per channel. These standzrds produce photopesks
at 0.662 and L.28 lLiev respectively., The photopeesks from
~the foils were then located by channel. Accurate guanti-

tative concentrations were obtained by the comnputer codes



and were printed as part of the output.

Computed efficiencies were used to aphroach, as close
as possiole, ebscolute disintegration rates fro the observed
erea under the photopeak (28). The following correcﬁioné
were cogsidcred: geometry L)L , incident intrinsic efficieancy
€ , and source intrinsic efficiency)¢ . The geometry is the
frection of the total redistion from the source ithich is
incident on the crystal fece. This term was teken o be
unity beceuse of the normel Iincidence and the 4T contact
condition. Yhe incident intrinsic efficiency is the

raction of the nonochromnatic isotropic radiation imoinging
oa the crystal fece which interacts to »roduce a neasursble
geintillation. The source intrinsic efficiency is the
fraction of the tvotel monochronetic isotropic rediavion of
a source incident on the crystel fzce, which iaterecis to
produce a neasursvle scintillstion. Because of the
geometry term these Tactors are equal. Source initrinsic
efficiencies have been calculeted for the dusl rignt
cylindricel sodium iodide crystals with the source ian con-

tact aad are tabulated in Table 4.1. (28).



Table 4,1

Source Intrinsic Efficiencies for Dual Right Cylinder

Sodium Iodide (thallium activeted) Crystals

Ganmma-~Ray mnergies Source Intrinsic

(liev) wfficiencies
0.0089 1.000
0.0237 1.0C0
0.0295 - 1.000
0,0484 1.000
0.0622 1.000
0.081 _ 1.000
0.105 1.000
0.129 1.000
J0.152 1.000
0.212 0.900
0,332 0.870
04545 0.895
L.10 0.774
.59 0.688
3.75 0.625

9.5 0.516

Ay
A
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V. RESULTS

The experiment concerned the following: determination
of the Tast flux spectrun, éstimation of perameters Tor bhest
£it of prosgram code RUFY to Cranberg Spectrum, end choice of
threshold foils fcr greetest spectrum range and eese of use

et power levels of £00 Kw (th).

A. 2iffesrentisl rast Spectrum

Terential fest flux determinations, by threshold foils,
were conducted alt three locations in the UiRR corse et power
levels of 200 Kw, and ectivation time lengths of 30 minutes.
Core loading 31T was uscd for 211 three ¥Tests, and is illus-
tratsd in figure L.L, ‘‘he three positions used were: C-3,

g vopular sesmple activetion location; -7, the cadnium covered

pneunasic irrediation Tfacility; and D-7, between tvwo nlates

of fuel element F-18.

lux Determination

e
}.,.J
I'Jj

2
-
3

activation bestuecn the fuel element plates gave the

k
)
]
&

reatest flux values and position C-3 gave the lowest veclues.
This was due to the vroximity of each position To the aneutron
nrocduction. The same slope parsmeter an@ closeness of fit
were used for all specirsl determinations. Figures 3.1, 5.2,
snd 3.3 are the differentisl fest flux determninetions for lo-
catioas C-&, F~-7, and U-7 respectively., Respeciive energy

ineremeatal Flux tabulations are given in Apneandix x, Tables

)

-

and .35,

]—ila..:., }ll.

A compariscn of these results to those ovtained by



K; L. Cage in a previous similar experiment using orthonormal
methods is illustreted in Figure 5.4. The point stressed by
this compzrison is the similerity of the slopes of the two
methods. The difference in negnitude can ve adjusted by the
flux normalizastion paranmeter, It is seen that the senienpi
ical approach gives a nmuch smoother distrivution. One had

feature in the RUFF epproximetion is the izacregsed values atb

energies below 1 hieve This is discussed later in the results.

A.2. Par=neter Zrifects

There were bthree parameters to consider, b, k, end ¢, .
Tha perameter b was introduced in the Cranberg expression of
the spectrum as a ternm that determianed the slope cf the straight
line rortion of the fission spectrum. The vzlue that gave the
best results was kx=0.77. This was accepiable ocaly out to
9 uiev, Beyond this it proveda insccurate bhecause ¢ the érop~
-0¥T in the spectrum. ‘ )

The parsmeter k determinss the slope of the exverimental
swzetrum. Values giving the best results were the nminimam k
value of 0.600 end the maxinum i value of 0,770, This velue
of k was to be'expected because it pleys the samé w0le in the
emoirical sense as b does in the Ttheoretical. The nesxiaum
value of X is the one that had the ultinmaste eTlfect on the
spectrum, The minimunm velue of k only becenme efrective when
an iteration was nscessary for the determination of k. The
Eest meximuwa value was obteined by =2djusting the experinmental

-

curve to the Cranberg curve. IFigures 5.5 through 5.8 1llus-
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trete the effect of this psrameter on ths slope of the ex-

perinentel curve., 3Brief tebulated results of these plots

§7]

re ziven in Appendix k&, Tables £.4 throuzh L.7. Teble 5.1

*S

coresents the chaage in calculated asctivities, as g function
of the exvonential peararneter. To chtain this opvimum k, velues
were veried from O2.20 to 0.90. & velue of kK of 0.77 gives a
ood it for all ensrgies gobove 1 wev, but gives an upswving
in the spectrum for energies lower than this. This is con-
trery to the form of the Cranberg Spectruwna. The lowver velues
of kX geve a better form to the spectrum in the rezgion below
1 ilev, but predicted a thermel neutroa flux that wes too loiw.
The perzmetsar ‘Q,establishes the meznitude of the specirun,
It is a product of the foll activetions rmlitiplied by the con-
ceniration composing the foll., The values determined were in
thie area 5f what might be coansidered & zZood approximation,
but in view of the results below 1L liev, they are s littie lcw.
The thermel Tlux of the JiHX® 1s approximately 1.9 X 101?
therefore, a fast flux ranging fronm lDlO down to 102 nain-
talns the spectrum continuiiy considaring the gap between the
twvo Tilled oy the epithermal and resvaance region. For the
best oversll results for sll regions the normelization par-

anieter sihwould be changed to produce a spectrum of greater

0o

magnitude and the slope peremeter should be lowered to a

velue between 0.1 end 0.2.

e varameter describing the degree of experimentsl de-—

ey

m
W ¢

vietion was the delta term. <This vslue devigted significantly



for the second of the three determinetions. For the first
ruin 2 velue of ¢ percent vas the best schicevable, for the
second 51 psrceat, 2ad for the Tthird 7.5 psrcent. Three

sets of data were tco } to estavlish the reason for this

aevietion or how to correct it.

3. Activation iessurcuents

There ere two sets of cciivetion usasurements presented,
mecsuraed ones snd oanes cglculasted by computer code RUFTF.
Yhe codz utilized the effective threshold, the Toil nasterisl
coucentration, and the integrsl ol the theoraticel specirum
freiad the effective thresiiold encrygy to the ltexinun neut
ensrsy, TOo 4eteriaing a csleuleted Toil activevion. The idesl

case would occur vhen the relaved eagsured velues and celcu-

lated velues verse cegusl., Reacticn results in dscreesiang order
of clossness vere: In-115(a,n')In-115n; HNi-58(a,p)Co-58;
21-287(n,n)us-£7; Fe-56(n,plin-56; z-24(n,plila-24; . =

41-27(n, o )Ha-24; TFe-5%(n, & )C»r-3l; Fe-54(n,p)in-54; znd
In-115(a,8n)In-114m, The chi~-square value is a licasure of
the discrepancy =2xistving between the empiriczl and cglculeted

values., For an exact ggreeniecnt this term would be egquel to

ck
pr
1
]
C«

ZEro, ana ithe larger this value the grea

®

discrerency.
The degree of freedom in all ceses Vwes seven. Lhe rTesults
obteined for the three measureinenits are presented in Tables
5.2, 5.3, and 5.4.

Included with the origingl criteria for choosing threshold

reactions should be the degree of sinilerity between exyirical



and calculasted velues. Reactions heviag srest dissin-

ilerities should be discerded. OF course, tlis ialforieiion

will not ve mnown until afver the data is teike: end recuccd.

Q

UT the lower accuracy resctions the Fe-31(n,plln-34 could bve
remnoved because the eflfective erea in which it f<lls could
partially be covered by the Wi-58(n,»)Co-53 end
A1-27(n,p)uig-287 reactioans. The Fe-54(n, o¢ )Cr-31 and
In-115(n,28n)In-114m are also poorly matched, but they are
effective in the higher energy arecs and csniaot be renoved

without egliteriang the spectrum.

28
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Table 5.1
Calculatvad Activity for fxponent Porameter
Variabion of Position D.7 Resulis

Reaction Meagured Knin=0,1 Kidinz= 0,2 Kmin = 0.4 Kmin=0.3

Product Aetivity Kox =042 Fmax =044 Kmox = 0.6 Kmox= 0.9
n-115m 0.237x10° 0.269x10° 0,222:10% 0.272¢10% 0.271x10°
Co-58 0.568x106 0.249x105 0, 2282105 02072105 0.177%10°
M54, 0.141x10° 0346107 0511107 0. 277%10% 02297107
Yg-27 0.162c10° 0.10310° 0.886x107 0.75210" 0.577x10"
16056 044342107 0. 442:10° 0.360x10° 0.290x10° 0.205x10°
(¥g) Na=2h O 463210° 0.440%107 04350105 0,275%107 0,187x107
(A1) Na-24  0.481x10° 061310 0. /36x10 0.380x105 0. 257%105
Cr-51 0,108x10% 0.168x10° 0.150x103 04133x103 0.111x10°
In-11/m 0.648x10° 06562102 04807102 03452102 0.206x10%

)
(1]



(K“min 3006 ’

Table 5.2

Data et 2-23

K-max =0.75

Measured Calculeted

asctivity Activity Chi-square
Reection (dis/min) (dis/min) Brror
In-115(n,n')In~-115m 0.1420x107  0.1280x10’  0.9840x107°
Ni-58{n,p)Co-58 0.7910x10° 0.8176x103
Fe-54{n,p)Mn-54 0.2810x10% 0.3308x10%
A1-£7(n,p)iz-24 0.1300%x10% 0.2736%x10°
Ye~-56(n,p)ln-56 0.1700x108 0.1096x10°
Ke-24(a,p)Na-24 0.9070x1.0° 0.9566x10°
A1-27(n, ~ )Na-24 0.7850%x10° 0.1299x10%
Fe-54(n, « )Cr-51 0.2820x10% 0.3660x10%
1n~115(n,3n)xn—114ﬁ 0.30¢0%x10% 0.2523x10~



(K-min= 0.6 ,

Table 5.3 .
Data Set 3-6

K-mex= 0.75 , Delta=0.51)

Liegsured Calculeated

Activity Activity Chi-square
Reaction (dis/min) (dis/min) Trror
In-115(n,n')In-115m  0.1220x107 0.4241%107 0.3035x10~°
Ni-58(n, p)Co~58 0.2840x10° 0.2929x10%
Fe-54(n, p)lin-54 0.4850x10% 0.4348x10%
AL-27(n,p)¥g-24 0.9700x107 0.9957x10%
Te-56(n,p)kn-56 0.1020x107 0.%716x109
Mg-24(n,p)Na~24 0.2000%x107 0.3538x10%
A1~-27(n, ~ )Na-24 0.2300x10° 0.4727x10%
Fe-54(n, ~ )Cr-51 0.1210x10°  0,2098x10°

In-115(n,2n)In-114m

0.8380x10%

O.éSS?xlOl
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Table 5.4"

Uata cet 3-8

(K-11in=0.60 , Y-mex=0.75 , Delta = .08)

lieasured Calculated

sctivity Activity Chi-square
Resction (dis/min) (dis/min) Error
In-115(n,n’)In-115m  0.2270x108  0.2718x108  0.1684x107°
Ki-58(n,p)Co-58 0.5680x10° 0.1919x10°
Fe-54(n,p)lin-54 0.1410x10° 0.2523x10%
41-27(n,p)Mg-24 0.1620x108  0.6602x107
Fe-56(n, p)kn-56 0.4240x107 0.2444x106
Kg-24(n,p)Na-24 0.4680x10° 0.2877x1.0°
A1-27(n, o )Ne-24 0.4810x108 0.3132%10°
Fe-54(n, « )Cr-51 0.1080%109 0.1217x10°
In-115(n,2n)In-114m  0.6480x106 0.2673x10%
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VI. CONCLUSIONS AND RECOLIIENDATIONS

Conclusions reached as a result of this work fsll into
two categories; conclusions dezling with the results and
those regarding the method.

The results obtazined may be classified as good con-
sidering that analytical foil sctivetion metlhiods are nct ex—
tremely precise because systematic errors ere inherent.
Comparing the results of this work to those of a technigue
previcﬁsly eprlied at the UMRR illustrates smoother con-
tinuity and gregter plsusibility in this semicmpirical
approach. “The chi-squere error is a spectral consistency
indication and depends on the validity of the hypothesis
regarding the assumed spectral shape. It gives no infor-
nation about the accuracy of the flux magnitude, for which
experience and knowledge of other rezgions of the spectrun
magnitude aid in extrapolating this estimate. Results Ffrom
the three locations sanpled ccmpared very well.

“While it is conceded that none.of the anslytical foil
activation methods are accurate to a great degree, this semi-
empirical least-squares aporoximation is as good as, if not
better than, most methods available., A disadventage of this
approach is its restriction to water moderated reactors and-
its unadaptability to other speqtrums. The computer code
RUFF, which wes déveloped to perform the necessary calculs-
tions,-is easy to use agnd produces g graphical plot of the

results of each computstion along with tabulested quantitics,



and a set of calculated activetion velues for all naterials

used that ere in the code library. These activation values

are compared to the measured results. A distinct advanteage

of this method is its ebility to produce results regpidly..

Time delays while doing this work occurred in cbtaining

computer results. ith computer priority access, e minimum

tinme estimate for tangible results would be 30 to 38 hours.

An important feature to this method is the insensitivity to
sporadic inaccurate data, a festure that esllows the accurate

data to be undisturbed by the Tfaulty data, provided it is sparse.

The threshold detectors applied in this werk wsre used
so that information could be extrscted Trom as many reactions
es possible. There were Tive foils of individual materiels
with nine threshold resctions. Of these only the
Fe-54(n,p)lin-54 reaction could be excluded. An inherent
source of error in using foils 1is the uncertainty of resction
cfoss—sectiOﬂs for fission neutrons.

The euthor suggests the following reconmendations for
future work: other threshold reactions be studied for appli-
cation as detectors to extend the spectrum investigetion
renge both et the high and low ends., Reection suggestions

are: Rh-103(n,n?)Rh-10%n (E =,k 0.04 ilev); Cu-63(n,2n)Cu-62

eff
B = 11 Mev); Au-1S Au-196 (E =. 13 Llev);
(Jeff 11 lMev); Lu-167(n,2n)Au-196 (Beff 13 llev); end
Al-27(n,2n)Al-26 (Ee%% 16 l.ev). To gein inTormation of the

differential neutron flux below 2 llev, fission threshold

detectors should be utilized producing a (n,f) reaction.



Exemples being: U-2Z5 (Eeff::O.S Liev); Wp-237 (B

U-236 (Eeff:=0.7 liev); Th-232 (Eef =1,3 Llev; and

i

U-258 (B 1.3 iev).

eff
2 detailed parameter study using the program code AUFF

?0 obtain optimum velues would be helpful in meking this

code more effective. Only token stbtempvs along these lines

were taken, This parameter study would correct the spectrum

below 1 klev, and the ovsrall megnitude.
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APPENDIX A
DERIVATION OF, EQUATIONS

A.1 Derivetion of Differentiel Flux Spectrum

The reaction rate or collision density of fission
neutrons slowing down and arriving in the energy interval

-

dE from 2ll energies sbove = is

d6+5d5

O

F(E)dE= f (1-8(8)) F(E")JE’
> A0 S

where Eo represents the source neutrons and E' the neutrons
having energies higher then E other-than the source. The
first term on the right side of equation 1.1 is the down-
scatter source end the second term is the fission source.

The (1-B(E)) multiplier of the down-scatter source term in-
dicates the number of neutrons which survive their first
collision. The B(E) term is generally small in a water mod-
ereted system so that non-sbsorption is a reasonably eccurate
Tirst approximation. Cancelling the dE terms from both sides
of the equation and not distinguishing between the source

term and the down-scatter, equation 1.1 is reduced to

o= o

A.l.a
Differentiating with respect to E gives
dF(E) __F(e) . S
dE E E' _ﬂxclog

This equation is exsct in en infinite medium and could be
solved if S end F(E') were known. After rearrangement the

following equation is obtained
d(E FCE)) =-5(E) dE
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The source term may be approximated by the following
—bE
—S(E)=afE e "~ | A.1.5
Upon substitution and integration the following form is

ooteined

E, Iy = E

F(Ej==*'€%ij. E“%e b JdE
E £ ﬂ..l.ﬁ

The fission spectrum suggested by Cranberg is of the

form (5)
fo v, _bE
I=-af E™* ¢  JE ‘
s £.1.7

This is very similer to equation 1.6 developed for a water

2

11oderated system. Setting E=y® and integraeting by parts

yields \[25- ,
Tl S8 a (V& by,
="p € I € 9y
= Asl.8

E

Setting Jt=\}bfj and substituting in the source term gives
bﬂ‘iz
I=_SE)_ _a I %
b b%ﬁ £.1.9

The error function, which is denoted by erf(x) is de-

fined by the integral

()"' x'di'
er‘-F)(-___._.......l e
v f

o

The total area under the curve from T equal zero to t equal
infinity is unity. Applying the error function to equation

1.2 and substituting for the upper bound gives

= SE) _ d‘\/;[/ = er#(\/zS_E)]

b 2b"
From eguations 1.5 and 1.6

A.1.10

Let I = -EF(E)+ S(&)
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then eguation 1.10 becomes

F(E) =—! FS(E) + S(bE) & a?_wfzr;?- [I- erﬂﬁg)]} o LR ]

F(E) =¥ (E) $(£)

then

P(E) =

ETE:(Q > b%é

Resubstituting for the source terns and letting the normal-

Es(s) + Sf)+ avr [I- emm)}] T

ization constant be

-
o bafz
idgquation 1,12 then becones
A.1.13
—br:'.

b (E) = + AVBE é'bE.;_ _a_lf.’_;r:_[;_ erF('ﬁJ—E_)]]

EZS(E) [ = E)

wnen deeling with an hydrogenous system the following approx-~

imations can be niade.

k
| Ls
and .
’ k
¢ ”’Z:(E;)tzo 43
The form of the equetion describing the 4ir ntial ensrgy

spectrum of the flux in a pool resctor is

¢(E)— F_ [(bE}/'2 b_Eh/BF_ ébE+*——“£T[:}—erF(1fb_E')]]

Since El"k is & parameter set by the experimenter, for case

of calculation this cen be set to Ek, nroducing the finel

resulﬁs (2) S S T 7 &
$E=23-{(b oE) e B E & L [1-ere i)




>

AL.2 Least-Sgquares Approximation for Best Fit of
Parenmeters ¢, and k

To determine the exponcnt perameter x gnd the normal -
ization constant ¢ , a least-squares Tit to the data is made.
Date came in as foll radiocactivity and was fit as well as

,poséibla by a least-sguasres fit of parsmeters X and ¢’° by-

2 |
0 ;
ot JE] s 3.2.1
éi l:A‘ ‘[Ei i % EE) %
- where:
Y bE -bE 7 -

'P(E):((bg) € -+ e + _____.._;' [1—- erf (-yl‘bg:)] A.2.2
and q ranged from 0,075 %o 0.5, Ior egquation 2.1 to be a
ninimum the pertiel derivatives of q with respect to k end d’o

must equal zero. These equations were then solved for ¢

and set equal. The partial derivative of q with respect to

q')o is:

A E 2 feE _
7Aoo 5] [ 2]
A 1 -
let
o0
(A) = : E) AR sd
L(4) jo— £(8 de
then

[ ALK =¢ ) 12k)
A A
and solving for q‘)o

y WNAG
° ) I2(k)

1]
AV
L]
>

-



‘‘he derivative of q with respect to k is:

o _1__ ME
dkh ER T T FFR
_ [ feEe e
. [A} QEL(MJ[ J,E) £k ]
let
l::(k)-—- ‘F(E.)iV‘E- cl:: AieaD
Ej
and solving for 4% ”,
>, AT
: 4L A.2.6

ZI(h)I (R)

The Fflux normalization constant 4g should be the seme for
both equations £.4 and 2.6. hen this is the case
e
S ALKR) 2 AL (R
2 o (R (k)
Z;I; (k) g.l;( )I; (k)

and the paranmcter X cen be solved for exactly. Ln praectice
such good results generally do not occur; therefore, the

following procedure was used.

o= 2_ AL (R)

3 4 A2.7
;1;-(&)
A; I (k)
YR = 4 = £.2.8
2 LI (k)

4
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The results sought were:

X (k) =Y(R)

where € was sonme arbitrarily small value. If convergence

L€ Le2 9

did not occur in three iterations, a new value of k was ex-~
trapolated by fitting Y (R) and Y (k) to parabolic curves
and then obtaining the point of intersection as the bvest

choice for the velue k. TIor example

X(R) = AR} 8k, + s

and
Y(R) =AyR; +Byk;+Cy
which were solved by matrices. The intercept of the two
paraboles Dbeing
Z . zd‘ §
AR +Bk +Cx= Ayk +th +Cy
from which was obtained
- 2
(A= AJK +[B,-B, )+ [C4-Cy]=0

and solving this by the quadratic fornula gives

b — (8,8, V (BB~ 4 (A ANGG)
2 OAX'Aﬂ)

The radical could not be less then zero but for best results

was close to zero on the positive side. This yielded only
ons answer Tfor the exponent. If two values of k existed the
one closest to ks was used, and this was substituted into the
original equations to mske sure they were satisfied.
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APPANDTS
COLIFUTLR CODES USED IW DL& iRwINING THE
DIFFERSHTIAL SPECTRUIL
Two conputer codes were used in deteriiining the

differential fast fission spectre. First e cocde naned
Thotopesk Analysis (PPA) reduced the gemna spectra to in-
dividuael foil ectivities. This informetvion wes then used
in computer code RUFF to tebulete and plot the resulting

specirumn.

R,1 Photopesk Anslysis (PPA)

The garnns spectrun of each threshold foill was analyzed
using a modified versicn of the computer code PrA(Photo-
peak Anelysis). The code was originsglly developed by
H. i: rarphy, Jr. of the Air Force ‘ieapons Laboratory and

vity results reduced

|—h

modified by Dr. D. R, Zdwards. The act
by PPA were inserted into the computer code RUXF which de-
veruined Lhe differential fest flux specctrun. PPA fits |
photopeaks with a Gaussien (Hormel) distribuition function,
conteining a linesr bigs term through the use of an iterative,
least-sguares technique. The following informstion was pro-
duced by the code: +the exact channel locetion of the photo-
reak; the width of the photopeak at hall meximun height;

the pesx count rete; vhe integreted photopeak couat rate with
an optionel decay correction. Figure 3.1 is a schemstic

flow diasgren of PPA's maein progrsii,



NO

If Ihotopeak

TEST

is Found

Read Number of Channels,
Background, Control Data
Spectrun Scmple

A

!

Computes Met Gount Rate,
| Search and Locate Gamma
Fhotopeak

TaST
I Goussisan
Pit is K

Print Approximate
Location of Gemma Peak

4

Torml Tunction is Fitted
“o Gaussian Distribution
with ITteroative Lecst-
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Compuve Integzral

Resolution

Print Amptitude,
Location, and Intensity

1

Corpare Fit to Inmput
Spectrum

HO

4

Print Results of Fit
Compasrison

TEST
If Iast Peak

STCP

Figure B.1l Schematic Flow Diagram of PPA Moin Program
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PDA, {(PHOTAPEAK ANALYSTIS), FITS A GAIJSSTAN FUNTION T0O SFLECTED
PHOTOPEAKS FOR DFTERMINATION 0OF COUNTRATE UMNDER THE PEAK

DTMENSION RK{40C),Y(4C0),PK(5),HORR(15),HO3T(15),HCAX(15) ,HZR(4),
2UNR(4)

COMMON HODE(2C),KONE(2C) yAT(3,5) 3 ANV(3,3)

READ (1,55%) H7R,HNR

READ (1,74) HODF,,KODDE

READ (1957) ({AT(T1,J),T7=1,2)4,J=1,5)
READ (1,7%) ((ANVI(T,0),1I=1,3),J=1,3)

#*RELOAD AND START,

1 READ (1,%4) NC
TE(NC)4S 45,2
2 IE(NC—401)3,45,45

*7ERNAB

2 DN 4 I=1,NC
4 8K{I1)=0
NN Q04 T=1,4
904 HORR(I)=HZA(T)
N 5 I=5,15
5 HORR(I)=0
XAF=0

READ INPUT DATA,

6 READ (1,55) HORX
J=JTEST(HAORX (1))
G TO (7437341243, 3,1,406),J

READ UMKNOWN SPECTRUM,

T RAEAD (1,55) TX,7TZ,T12,PK

READ {1,557) (Y(TI),.T=1,NC)
557 FOARMAT{(S(4A4X4,FE.ON)

J=1
CT=vY(1}/100.
TFICT)&,9,9

2 CT=1l.

S [F{KRF)I0,12,10

10 DN 12 I=1,NC
Y{I)=(Y{IY/CT)—-RBK(I)
IF{Y(I))il,12,12

11 Y{1)=0C :

12 CONTINUE
GN TO 15

13 DN 14 I=1,NC

14 Y{IL)=Y(I)/CTY

15 DT=TX-TZ
IF(T12)16,16,17

16 Cr=1.
GN 10 21

17 IFIDT)YL?,16,19

18 DT==DT

19 CFEYXP=0.6931471E23xNT /T12



20

21

22
23
24
25

27

28
22

£ 2
31

53

[F{CFXP-R8,)20,16,16
CE=EXP(—-CFXP)

FIT UNKNOWN SPFCTFUM AT P(K).
WRITE (2,59) HOPR

WRITE (3,%8) HARX

WRITE (3,60) TX,T77,D7T,CF,T12
WRITE (2,61) CT

WRITE {(3,62) PK(I)
[B3=0.90%PK(J)
IT=(1.10%=PK{J))+0.5
IF(5-TR}23,23.22

I3=5

IF{IT-NC125,25,24

IT=N{

D=PEACHI{Y,I2,IT,NC)
IF(D)4T7T,47,26

WRITE (3,63) D

DND=D

CALL DREPK (Y 4NC,AsR,C,DLE)

IF(C)48,48,27
SIGHMA=SQRT{-1./{F+£))
TOATX=2,506628*%STIGMA=C
TOTZ=TNTX/CF
RES=235,02%STGMA/D
WRITE (2,658) C,Nn

WRITE (3,46) SIGMA,L,RES
WRITE (2,67) TOTY,,TAOT?7
WRITE (32,468)
IF(TR) 2%, 28,29

13=1
IT=(D+3.xSTCMA)Y+C.S
IF(IT=-NC)31,31,30
[T=NC

SY=0

SG=

COMPARE RESULTS NF FIT WITH ORIGINAL NATA.

DN 24 =18, IT

X=1

DIX=DN-X
YO=CHEXPL{EXDI X*DTX)
YF=A+DxX+YG

SY=SY+Y (1)

SG=SG+YG
TFI{KRF)32,32, 33
TBK=0

GO TO 34

TRK=0K (1)

WRITE (3,69) IyTRK,,Y(T)eYFsYGyeSY,SG
J=Jd+1

IF(J-A)364+6,6
IF(PK(JY)6,6,21

*3ACKG



37 READ (1,55) HCEBR
READ {1,57) (BK(T),I=1,NC)
CTr=RX(1)/1C0. '
I={CT1Y32, 38, 3¢

38 CT=1.

36 00 40 I=1,NC

40 BKOI)=BK(I)/CT
KBF=1
GO TO 6

#NORAC

NN 42 I=1

HABRT(I)=H
42 HORR{(I)=0D
; PO Q42 I=
Q42 HIOBR(T)=H
GO TN 6

%R FCAL

43 KRF=1
DY 44 I=1,15

44 HOBR{I)=HORT(T)
GO TO 6

ERFOR DIAGMOSTICS.

45 WRITE (3,70) NC
46 WRITE (3,72)
CALL EXIT

PROGRAM EXIT.

NO PEAK COMMENTC

47 WRITE {3,64) PKI(J)
GO 70O 35

LIST INPUT DATA N WHICH éAUSS FAILED TO CONVERGE.

48 WRITE (2,73)
[B=0C,85%DDN
[T=1.15%DND+0,5
TF{IR)42,49,50

49 18=1

50 [F{TIT-NC)1B2,52,51

51 IT=MC

52 DO 53 I=1I8,1T7

53 WRITE (3,62) T,RK{I),Y(T1)
G713 7O 35

=—==== FORMATS ===

54 FORMAT (13)

55 EORMAT (15A4)
56 FORMAT (8BFlC.4)
57 EORMATITIOER .0
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S8 FORMAT (K] PPA 2X 15A4/71X)

5C¢ FHORMAT (11X 15A4/71X)

60 FOOMAT (66X 4HTX = F10.4,3X 4HT7 = F10.4,3X 4HDT = Fo.4/6X 18HTHF T
2ECAY FACTOR = Fl32.R,3X 6HMTL/2 = FS3,.3,5H NDAYS.)

A1 FORMAT {(6X 1I7HTHE COUNT TIMF IS ©7.2:9H MIMUPTES.)

62 ENRMAT (AX 21HTHE PEAK IS EXPECTED TN CHANWNEL F7.2,1H./31HC S
2ART PHOTDPEAK ANAI YSTS./1X)

63 FIORAMAT (AX 35HTHF PFAK APPEARS T BF NFEAR CHANNEL F7.2,1H.)

54 EIRMAT (3I3HO MO PFAK EXISTS NEAR CHAMNNEL F7.2,1H.) ’

65 FIIRMAT (27HO THE PFAK AMOLITUDE IS F£2.2,19H CPV¥/CH AT CHANNFEL
2ET7.2,1H.)

A6 FORMAT (6X 25HTHFE STAMDARD DEVIATINN IS FA.2,12H CHANNELS, ( F6.2,
2154 PERCENT FWHM)L)

67 FOIRMAT (6X 27HETHE PHOTOREAK COUNT—RATE IS F9.2429H CPM AT TX, WHIC
2H CORRESPONDS/6X 1RHTO A COUNT-RATE OF F11.4,11H CP™ AT T7.)

68 FORMAT (9HQ I 6X 4HP{I) 565X 44Y(I) TX 3HEIT 5X SHGAUSS 6X 4HS
204y 88X 2HSG/1¥X)

63 FORMAT {S5X T4,4710.2,2F10.1)

70 ENAMAT (42H1 THF NUMRER OF CHANNELS IS INCORRECT./6X 44HNC = I4
2/1HG) '

72 FORMAT (25H0 END OF COMPUTATICN./L1HL)

72 SARMAT (9HO I 6X 4H2(I) 5X 4HY{1)/1X)

T4 FORMAT {20A4,/ 2013)
75 FNORMAT (4E15.8)

END

FUNCTION JTEST(HARD)

FUNCTTON JTEST TESTS THF WNRD HARD TQ SEE TF IT IS A SPECTAL
CAONTROL WORD.
CAOMMON HODE(2C) 4 KCDE(20),AT(3,5),ANVI(3,3)

2 DN 4 I1=1,20
ITF(HARD-HONE(T)) 4,2,4
3 JTFST=KODE(T)
GO TN 5
4 CIONTIMUE
JTEST=1
5 RETURN
£ND
FUNCTICN PEACH({Y,N3,NT,NC)

FIINCTION PEACH LNCATES THE PEAK (IF ANY) IN THE BAND NRB-NT 0OF THE
SPFCTRUM Y, THE QUTPUT IS FLOATING AND NNT TRUMCATED.

DIMENSION Y({4C0),VY(5),VNI[3),C(3)
COIMMNON HODE(2C) 4KCDF{27),AT(355)ANVI3,3)
FAUIVALENCE (C{3),C3),{(C(2),C2),(C{1),C1),(VY(5),VY5])

START AND INITIAL TFSTS.

101 IF{5-NC)1,1,17

[F(1-NRB)Y2,7,17

TF{NT-NC)3,3,17

[F{NR+4—-NT)5,5,4

N3=NR-1 _

NT=NT+1 3
50 TO 1

£H W™=



5

10
11

12

13

L%

15

16

56

NI.=NR-2

NY 6 J=2,5
K=NL+J

VY {I)Y=Y({K)
81GY=0
RIGX=0
NL=NT-4

MAIN TTERATION STARTS HERE.,
070 16 I=NR, NL
PIUSH WINDOW DOWN AND FNTFR NEXT Y VALUE IN TO® LOCATION.

N9 7T J=1,4
VY (JI=VY(J+1)
VYS=Y{I+4)

PRE-MULTIPLY WINDOW BY TRANSPOSE MATRIX TO OBTAIN NORMAL VECTOR.

nMa < J=1'3

SUM=0Q

DO R K=1,5
SUM=SUMFAT (I, K) ¥VVY(K)
VN(J)I=SUM

PRE-MUILTIPLY NORMAL VECTOR RY [NVERSF MATRIX 7O OBTAIN SECOND-
ORDER POLYNDRTAL CIOMSTANTS.

N0 11 J=1,3

SUM=0

DA 10 K=1,3
SUM=SiIMFANY {J , K)XVN(K)
ClJ)=SUM

TEST SECMND DEPRPIVATIVE.

IF(C32)12,16,16

EVALUATE PEAK LOCATION T DETEX2MINME TF IT IS IN WINDOW LIMITS.
XP=—(2/{C3+C3)

[F{(1.-XP}13,14,16

[F{XP-5.)14,14,15A

EVALUATE PEAK AMPLITUDRE TN SEF IF IT IS A MAXIMUM,
YP=([C3=XPY+C2)xNP+C1

TF(YP-BIGY)16,16,15

RIGY=YP

XT=0[~1

RIGX=¥P+XI

COMNT INUE

END MAIN ITERATINN AND FXIT.

PEACH =RBIGX
RETUHRN
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18

VIR

~N > u,

o7

ERPOR RFTURM,

WRITF (3,18) NB,NT,NC
PEACH=-1,

.

RFETURN

FORMAT (18HO PEACH FRRNR ,/AX 4HNR = I4/6X 4HNT = 1476X &HNC =
214 /140)

FAID

SUIRPRUTINE PRREPKIYZNC,;A»8,C4DyE)

THIS ROUTINE FITS A MODIFIFD GAUSSIAN FUNCTION TN PHOTOPEAKS
DOATAINED OM A SCINTILLATION POLSE HEIGHT ANALYZER,.

FIXe Ay By CyDy EY=AIREXFCHEXP{ER{D-X) %%2)
DIMENSTION Y{4CO),,YWI1CO)Y 4 XWU10D) 4 YF{100) 4X{(100,5),AA(5,6),ARQWI(E)

EQUIVALENCE (AA(1,A),DA),(AA(2Z2,6),D3),{AA(3,6),DC),(AA(4,6),DD),
?2(A2(5,6),DE)

START AND INTTITAL GHESSES

N=1.F6

I=D+N.5

JIG=0

A=0

R=0

C=Y(1)
SIG=0.323+0.0314%

F=—0.5/7/(SIC*SIG)
CCC=¢

ono=n

ELE=E

7=1

ISIG=SIG+SIG+0 .5
IF(ISIGY2,2,3

ISIG=1

[A=1-3

IT=1+3

I=1S1I6G
F{IBX(NC-IT))41,41,4
I3R=7TR-1

ITT=IT+1
IF(Y(IR)-Y{IRR})ER, ", 6
[F(Y{ITY)=-Y(ITT))8,8,7
183=1RRB

IT=ITT

I=1-1

IF(TI)IRB,8,4%

LNOAD X AND Y WINDOWS AND PREPARE FIRST TWO COLUMNS 0NF MATRIX X.

J=0

N a9 [=18R,T7
J=J+1
¥WiliJdy=T1 -
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11

16
17
18
19
20
21

22

YN {)=Y(1}
X({dy1)=1
X{J,2¥=XW{J)
ITMAX=J
IPASS=]

MATN TTEPATION STARTS HERE.
PREPARE LAST THPELD COLUMNS OF MATRTX X AND
LEAST SOUARFE SOLUTICN FOR CQOPRECTINON TERMS,

N 11 I=1,IMAX

NITX=D-XW{I)
EXPON=EXPLEXDIXFNIX)
X{T,3)=EXPQON

X{T4H)=2 %EXCHDIXHEXPON
X{(I,5)=CH=DIX=DIX&FXPQON
YE(IN=YW{T)—(A+R%XW(T)+C*F XPMNN)

PREPARE NORMAL EOQUATINNS IN MATRIX AA.

NN 15 I=1,.5

DN 13 J=1,5

SUM=0

DD 172 K=1,IMAX
SOM=SUM+ XK, T ) EX(K,J)
AA(T,Jd)=SUM

SUM=0

DT 14 K=1,TMHAX
SUM=SIUMEXIK,TI=YF(K)
AA(T ,6)=SUM

SAOLVE SYSTFER 0OF LINFAR NORMAL EQUATIONS BY
ALGORITHM,

DN 24 1=1,5
RIGC=ARS(AA(I, 1))
KRIG=0

DO 17 K=1,5
T=ARS(AA(K, I))
IF{T-RIG)IL17,17,15
RIGC=T

K3IG6=X

CONTINUE
IF{RIC)1,38,18
IF(XBIG)1,21,19
DN 20 Jd=146
Tzf\ﬂ{I!J}
AALTZJ)=AA(KRIG,.J)
AA(KBRIG,J1=T
T=1./7AM{ IrI]

D 22 J=1,56
AROW(Y)I=T*AA{T,4)
017 23 K=1.5
T=AA{(K,1)

DN 23 J=1,6
AA(K,J)I=AAK,,J)-THFAROW( D)
nn 24 J=1,6
AA(T,JY=ARONTT)

END OF LINFAR EQUATTION SOLUTTONM.

o8

ILOAD VECTOR YF FOR

MEANS OF THE JORDAN
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28

29

30
31
22
33
34
35

= 4

38

39
40

41

473

DO D s
moioinow
s e Ne Ne R

59

APPLY CORRFCTIOMN TERMS TN A,B,C4N, ANND E, NKXSERVING SIGN
RESTRICTIONS.

A=A+ {(DAXZ)
R=R+(NR*7)
C=C+(NC*x7)
[F{C)25,26,26
C=0
N=D+(DD*7)
IF(D-1.)27,2R,28
N=1
E=E+(DEX*Z)
[F{F})30,30,29
E=0

TEST RELATIVFE CORRFCTION TERMS FOR CONVERGENCE.

IF{ARS{A/Q)-ARS(DA)) 36,36,31
IF(ARS{R/D)I-ABS(DR)) 36,365,332
[ {ARS(C/D)—-ABS(DC)) 36,36,33.
[FLARS(D/N)-ARS(DOD)) 36,36,34
IF(ABRS(F/Q)-ARS(DF)) 36,36,35
WRITE (3,42) JPASS

RETURN

NOT YET CIONVERGFD, INCREMENT IPASS AND TRY AGATIN.

TPASS=1IPASS+1
IF{IPASS~33)16G+3 7Ty 37
ITPASS=IPASS-1

WRITE (3,43) IPASS
RETURN

INCONSISTENYT FQUATIONS. RESFT CONSTANTS FOR A SECOND TRY.

[F(J16)41,39,41
IE(IPASS)4L,41,40
JIG=1

A=0

R=0

C=CGL

N=nNND

E=EEE

2=0.5

WRITE (3,45) IPASS
T9ASS=0

60 Ta 10

INCONSISTEMT CORRECTION FOUATIONS ERROA RETURN.

TF (3;&4)

(7
gl
=

FORMAT {(6%X 12,12H ITFRATINRNS.)
FNRMAT [ 66X 4OIHWARNTNGL CHIRRMIITTIAME CANISS NTN MAT CrOMUCDCC acTrn



60

25,1720 ITTEPATIONS,)

44 FOARMAT {4 2HD SURRAOUTINE GAYSS CANNDT OJBTAIN A SCLUTINN FOR THI
2S DATAL/TX)

45 FORMAY (&£X 20HSURROUTINE CGAUSS FATLED AFTER [3,12H ITERATIONS./6X
POOSHTHE CMIVERGENMCE RATE HAS REEN RFTAROEDR FOR A SECOND TPY.)
END
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B.2 Snectrum Code dUE?'

RUTXF was used in determining the differentisl fast
flux spectrum. It is a computerization of what was pre-
sented under Section III, (Theoretical Anelysis) and
Appendix 4. (Derivation of sgquations). It was written
by Dr. D. R. mdwards in sortran IV G. A flow diagres of
the progrem is illustrated in rigure B.2.

There is a cross-section library for nine reactions
extending in energy from 0.1 tc 20 lev, in 100 Kev incre-
ments. The resction cross-section velues were the latest
available, and are given in Tables C,1 thru C.9 (31).

The reactions and seyuence used were: In-11l5(a,n')In~l15m;
Ni-38(n,v)Co-58; Fe-54(n,n}in-54; Al»Z?(n,p)mg—E?;
Fe-58{n,p)sn-56; Lig-24(n,plNa-24; Al-27{n,= )Na-24;
Fe-54(n, «)Cr-51; snd In-115(n,2n)In-114m,

There is @& simple plotter routine built into the RUFF
code that plots the log of the flux as & function of ensrgy.
The encrgy uvnits are lineer and extend glong the abscissa
from O to 2C liev, The Tlux extends along the ordinate axis
eight cycles whose esrea of coverege can be raised or lowered
easily by changing two I3il cards, the CALL ORIGIN, aad
CALL YSCALRE..

The program code RUFF hes the following features:

(L) It ellows the differentiel rlux spectrun to be

obtained by use of nine foils. This caa be in-
creased by merely adding the desired cross-section

Libraries.
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(2) The degree of.fit for the flux spectrum cen be
set by the experimenter. The code iterstes until
this accuracy is achieved or the mexinum number
of 100 iterations is exceeded. 4 chi-square
error is produced.

(3) It provides a calculated sctivity and compares it
with the measured activity for each roil.

(4) It tabulates and plots the flux spectrum.

The sequence of operstions was conteined in the following
steps.

(1) 7F(I) was determined as a function of energy. F(I)
is the calculated differential energy spectrun,
equation 2.2.

(2) The nunmber of Toils and the cross-section library
es 2 function of energy vwere read in,

(3) Date necessary for the determination of the activ-
ity concentration CON(I), was reed in. Specificelly
these values are A(I), W(I), TIR(I), PC(I), PA(I),
EP(I), GED(I), THALF(I) and 4(I).

(4) The minimum and maximum energy exponent psremeters
were read in.

(5) Subroutine INTHEGER was cglled for the calculation
of integrels, equetions 2.2 and 2.5.

(6) &4 least-squares approxination was made to deternine
the best fit of the exponent parsmeter and the -

- nornzlization parameter,



(7) Iteration cccurred until the criterie for a best
fit was setisfied. Then the flux as a function
of energy was printed out.
ihe deata informetion read into the progrem were: NFOIL
(The number of reactions used, the number used was 9. As
many as desired ere possible); DELTA (the best fit criteria
for the least squares approximstion); SIG (cross-sections as
a function of energy); A(I) (foil =activations which are ob—.
tained from the progrem PPA); W(I) (Foil weight); TIR(I)
(irradiafion tine); PC(I) (percentage concentration of the
tarzget celement); PA(I) (percent sbundance of target element);
BP(I) (efficiency of the detector as a function of gamua
enerzy); GPD(I) (gammas per disintegration); TEALF(I) (the
helf-life of the reaction product isotope); Z(I) (the atomic
weight of the reaction produced isotope); EX(1l) and EX(2)
(the lower and upper linits of the energy exponent parameter
0.5 and 0.75 respectively). The velues A(I), TIR(I), end .
“(I) are variables thet change with each irrediation and new
set of foils. 1he values PC(I), PA(I), EP(I), GPD(I),
THAL(L), and Z(I) are constant once the foils and reactions
are chosen, and are listed in Table B.l.
The informetion printed out is:
(L) the number of iterations
(2) +the energy ¢xponent
(3) Intvegral A

(4) Integrel B



(5)
(&)
(7)
(8)
(o)

Calculatéd Activity
Chi-Sgquare error
Degrees of freedom
Tabulated flux spectrum

Grep hical plot of flux spectrum

o4



Table B.l

Constants for RUFF Activity Concentration

Foil PC(I) PA(I) EP(I) GPD(I) THALF(I)  Z(I)
(min)

In-115(n,n')In-115m .100EOL 258200 970500 .100E0L .270E03 .115E03
Ni-58(n,»)Co-58 .10CE0L .878E00 .835E00 .990E00 .103206 .580E02
Fe-54(n,p)in-54 .100E0L .063E00 .835E00 .100EOL .419E06 .540E02
A1-27(n,p)Hg-27 .100E0L .100E0L 775E00 .100E0L 900201 «270E02
Fe-56(n,n)kn-56 .100£01 .917E00 .814E00 .100%01 .155E03 .560E02
Mg-24(n,p)Na-24 .100E01 ."786E00 .688E00 .100E0L .900E03 .240E02
A1-27(n, o< )Na-24 .100E01 .100EO1 .B88E00 .100F01 .900E03 .240E02
Fe-54(n, o< )Cr-51 .100E0L .100E01 .970E00 .090E00 . 589205 .510E02
In-115(n,2n)In-114m .100E01 .958E00 .100EOL ,965E00 .708E05 .114503



Resd: nurher of
Cross~seciulons
& Cross-—sectilions

Calculate:
FSIG=F*3IG

66

Read:

IC; PA; EP, GID;
THATF; Z; TIR; W; A;
DELTA, K1, K2

K=1L

IDEX =TiDRL+ 1

==

0]

K= K2+ 1
OoN=K -1

First =K s Y1=Y
Which Time X=X ; ¥2=K
Third
or V) e - —
tore Second | 2TH 3 X2EX || mper- & mie rerpax
AR I o (S ER AT ES W,
Yo=Y pola'be
E No
Replace K1 or K2 '
K ‘thichever TIDRX
<o He is Farther Awzy »| too 11X~ 00
lX(ml Include X; Y L
Yes @-‘_\
EI‘I‘OI‘ nge
Yes Cross—-
. ~ Sections
Caleculate: Ai ?—_| E
)A [A;(D"‘* a)-A; ((ak_)] ¥ore Data Yes
Chi-Sguare Brror . gew
% T OSS—
,.,.\n;\o @‘_ Scctions
AN

Figure B.2

Flow Diagram of Compuber Code RUFF
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RIUFF——A PROCRAM T ESTIMATE THE TAST FLUX SPECTRUM FROM A LLIMITED
NUMPFR OF FATIL MEASHREMENTS

DIMENSION E(200),F(2C0),SIG(200,10),FSIG(200,10),A(1Q) ,THALF{10),
27010) 3 TIRIIC) yWIIC)H,PA{LC) ,PCILC),FP(10) GPN{LC)LEX(2),X{(3),Y{3),
BCAON(IQ), ENT(IO),ENTPL1IC) ,PHI(220),PHIT(200)

CALL PENPOS{'TILL,HENPY',10,0)

B=0.775 '

PI=3.14159

SPI=SORT(PT)

PN 10 1I=1,2C0

EfI)=0.1%7T

RE=DR%E(1)

FIT)=SORTIBE) *(1.+BE)%EXP(—-RF)I+SPIX(1.-ERF{SORT{RE))) /2

10 CONTINUE

READ CPOSS SECTIONS AS PRFPARED 8Y 'CROSS?

20 READ(1,1000)
WRITF (3,1000)
RFAD (1, 1010) NFOTL,MORE
NN 20 J=1,NFNOTL _
RFAD (1,1020) (SIC{(T,J),1=1,200)
D) 2% I=1'2OO
FSIGII,J)=F(I)%xSIG(T,J)
25 CANTINUE
30 CONTIMUE
GO TN 50
40 RFEAD (1,1000)
WRITF (3,1C00)
READ (1,1010) MFODIL,MORF
50 DN 60 I=1,NFOTL
REAN{1,1030) PC(I), PA(I), FP(I), GPD{I), THALF(I), Z{(1),
2TIR(IY, W(I)y A{TI)
CON(T)=W(T)=EPA(TI%PC(I)XEP(TIR(1-FXP(=.£93%xTIR(TI/THALF{II))/{Z(1)
2%6GPN(T))
60 CONTINIUE
2EAD (1,1020) DELTA
READ (1,103C) EX{1),EX(?)
FXMIN=FX{1)-1
E7=FX(1)
1MDEX==2
EMAX=FEX(2)+1
WRITF (3,2000)
7C INDEX= INDEX+1
XA=0
CALL INTEGR(F7,FSIG,E,NFQIL,FNT,ENTP)
XA=A{1)*CON(1)ZENT (1)
XB=(CON(L)=FNT (1)) *%2
YA=A(L)SCON(T1)IXENTP( 1)
YR=CON{1)%%2%[NT({1)*ENTP(1)
DY RO [=2,NFOIL
XA=XA+A(T)%CON(T)IHENT(T)
X3=XR+{(CNN{ T)HENT{T) )*==x?
YA=VA+A{ T)*CON(T)RINTP ()
B0 YR=YR+CON{I)E%2HEMT(T)XENTP(T)
XA=XA/XB
YA=YA/YB
WRITFLER.217Y YA
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217 FARMAT(E12.6)
WRITFE (3,2010) INDRFX,E7Z,XA,XR
IF(INDEX} QC, 100,110
S0 EX(1)=F7
X{T)=XA
Y{1l)=YA
E7=FEX{2)
GO TN 70
10C¢ EX(2)=E7
X{2)=XA
Y{2)=YA
G0 TO 70
110 I=(ABS{1-YA/XA)-DELTA) 200,200,120

REPLACEMENT OF CGNE X,Y,AND £X VALUE FOR NEXT INTERPOLATION
THE VALUE CLOSEST TO EZ IS REPLACED

12C IF(ABRS(EX(1Y—-FEZY=-ABS(FX(2)-F7)) 130,130,140
130 EX{1)=F7Z '
X{1)=XA
Y{l)=YA
50 T 150
140 FX(?2)=EZ
X{2)=XA
Y{2)=YA
P50 IFUINDEX-1ICGC) 1709,17C,160
160 WRITE (2,2620)
G TN 23C
170 CE7={EXLL)H(Y(2)-X{2M)=FX(2)={Y{(L)=XC1 ) ZAlY{L)Y=Y{(2)-X(1)+X(2))
=/=F£7-0.1
[F{F7—FMAX) 180,704,190
180 T=E{F7-FMIMY 192C,70,70
130 EZ=INDREX/LICC.,
G TN 70
220 PHIZ=(XA+YA)/2
CHI=D
WRITE {3,2030)
NN 210 I=1,NFOTL
AP=PHTZ=TON(T)IXENTI(T)
CHI=CHI+I{{AP/A{T)-1}=%2)Y/A(T)
210 WRITE (3,2040) I1.,2{(T7T),AP
MN=NFOQIL-2
HWRTTE {(3,205C) CHI NN
Ny 220 I=1,200 ’
F(T)=0.1%I
PHI(TY=PHIZEFI{I)Y/(E(L)*=F7)
220 LIONTINUE
URITE (3,206&C)
HWRITF(3,207C) (FUIVY,PHI({I),1I=1,200)
DD 237 1=1,20¢C
237 PHITI(I)I=ALOGLC(PHT(I))
CALL NEWPLTL1.0,1.5,8.0)
CALL ORTGIN{(Q.Q,2.0)
CALL XSCALE{Q.D,20.046.0)
CALL YSCALE(2.0,10.0,8.0)
CALL XAXTS(1L.Q) '
CALL YAXISI{1.0Q)
CALL XYPLT(E,PHTIT200,1+4)
CALL ENDPLT
230 [FIMORF) 20.4C.240
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240 CONTINUE
CALt LSTPLT
CALL EXIT

FORMAT STATFMENTS

1000 FIRMAT (¢
2 ")

1010 FORMAT (1015)

1020 FORMAT (5F12.4)

1020 ENRMAT(6F12.3) _

2000 FORMAT (1'0% 7X VITFRPATION?' 77X 'EXPONENTTY 8X 'INTEGRAL-A? 7X 'INTE
PRAL-PY /)

2010 FAORMAT {(8X I5, 3(fX F12.6))

2020 FORMAT {10! 4% TNUMAER NF ITERATIONS EXCESSIVET')

2030 FORMAT ({'11 123X 'FOILY 2aX *ACTIVITY'/ 13X 'NUMRER®' 15X 'MEASURER
2 16X 'CALCULATFD!' /) -

2040 FORMAT (11X [%, 18X FlZ.6, 13X E12.6)

2050 FORMAT ('0' 4X 'CHI-SQUARFD =' F12.6,/ 5X '"DFGRFES QOF FREENOM =!
213) :

2060 FNORMAT {/ 4(3X YE' 8X '"PHI'S5X) /)

2070 FORMAT (4(1X FS.1,2X E12.6))

END

SURRDUTTIMNE INTEGRI(EZ,FSIG,E4NFOILLENT,FNTP)
CALCULATES INTEGRALS FCR RUFF
DIMENSION FSIG({200,10),E(200),ENT(10),FNTP{10)

DN 20 I=1,NFOIL

ENT(T)=0

ENTP(I)=0

DO 13 J=1,199,2

X=FSIGIJ, 1) /7LE(D)S%RET)

Y=FSIG(J+1, 1) /{E{J+1)*¥%F7)

ENT{TI=ENT{T) +4FX+2%Y

ENTP{II=ENTP{ I} +4xXHALQGIF{J) ) +2=YXALNGIE(J+1))
10 CONTINUF

X=E{2)-E(1)

ENT(OI)=(ENT(I)=Y )=X/3

ENTP{I)=(ENTRP(T)-YRALNG(E(L2CC) ) I*:X/3
20 CONTINUE

RETURN

FND

FIJNCTION ERF(X)

10 IF{ABSI(X)=3.7) 30,2C,20
20 FRF=1
GO TN 55
30 XX=ABS(X)
[F{XX—1.E=5) 40,4C,50
40 ERF=1.172838B%XX
’ G TN 55 -
50 FRF=]a—=1a/l1e+XX%(o14112821+XX%{.0RBH402T+XX%(.027T43349+XX%
2(—-.00030446+XX* ., C0328975)))) )%%R
55 [F(X} 60,70,70
650 ERF=-FRF
70 RETURN



EMD
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CROSS—=SECTICN LIRRARTES USED IN PROGRAM CNODE RUFE

LIRRARY

-~

CROSS-SECTION LIRRARY

«0000F00
«150CED]L
«5000FQ02
«1860F03
«23H0F03
«3TS50F03
«35N0F 03
« 3O0DQE03
«2900E(C3
+2900E03
«2490FE03
«2200ED3
«20T7T0OEN3
.1750E03
.153CF03
«1280F03
«1C70EQ3
«R200EQ2
«5000€E02
«3200FEQ0?
«00NCEQO
«000CEQO
LO0CO0END
«.CGODENO
L0QND0ENOD
- COD0EQD
«23J00CEQD
«C0QOCFO0
+CGONCECO
«0O00END

.000CECQO

«00G0OEQND
+QOGOEQD
+COO0ENO
«00D0END
«.0000EQO
.C0O0DNEQD
«.0ODROEQD
«Q000FCO
. CONCEQO

CROSS-SECTINN

. 00NCECO
.CO0OCFOO0
. 00C0OFO0O
. 1800EC2
«50NCEQ2
- 1000E03
.2300E03
«18300EQ03
.3700EQG3
«458CFC3

ENMPGY RANGE

.O0COEQC
L4 0C0F Q0]
.1200F03
.1920F02
.2RE0F03
«3780FC3
«340CF03
« 3200F 02
< 2920F03
- 28C0F03
. 240C0F03
.2170E03
.1950E03
. 1700F03
« 1450FC3
«1250F03
« 1040FC3
+TCCOEC?
+4500EQ2
«2000FEQ?
. COCOEQO
. COCOEOD
LCOCCECE
.COCNEQC
.COCNEQRC
.00COFOC
L.OQCOEQNC
.O0COEQCD
.O0CPOEQCC
MalelalslXale
.0CCOFECO
.Q0CDECC
D QCCECC
«CQCCECC
.00CRECC
. ODCOECD
COCBEDNG
.00COFQC
.CNOQEQC
LO00COECH

«00COFOC
LOQCREQC
«S500CEQ1L
« 20CRED2
+L6000EQ2
. 1200F£03
«2 L BOFEC2
+2100F03
«IFEQALE03?
“LT50F03

C.1 THRU

LTIBPARY

20 4RV,

IN TNCEMENTS OF 100 KEV

FOR JINLILIS(N,N'")IMN115M REACTION

.00COE 00
.1105E£02
.1320F03
.2270F03
.3150F03
.3700EQ3
.3350F03
.3400F03
.2950€03
.2 T&0EG3
.2300F 03
.2140C03
.1900E03
.1650E03
.1350F03
.1200F03

- .1000F03

«6500QF 02
«4100F02
«.1500EC2
LO0COF 00
+D0COF 00
«0000E00
«.D000F00
«000DQOF 00
LO0N0EQD
«NOCCEDND
.COGQF00
+OOCCE DO
« Q0QOQ0FCC
LODCOF 0O
«0000F 00
+.0O000FCO
.0C0O0EQC
alelelelzgole)
. C000F QO
+L2000E0Q
.OCCOECO
+LQCCGOF 00
.0000FN0

.0N0O0FNO
. 1900E02
« 1400E03
«2R20F03
«3320E03
«3600E03
«3250€03
«3200E03
«2930E03
«2740EQGQ3
+2310ED3
.2120F03
. 1230ED3
- 1600EN3
« 1330E03
«1150E03
«3500E02
« H500CED2
+«+3Q00F02
- 1200E02

-.COCOEQNQO

«20QOEQ0

+0000EQ00

- COQ0ECD

- 0000EQ0

. 0002EQ0D

«.QD0DEQO

«CONOECO

.0000ED0

OCOOECH

. DC0OFCO

- 0000F00

. Q0N0EOO

.00002FN0

.0N0OFCO

«.00COHFOO

+.000DF00

Q000500

L 0D02EDD

«.00COFQ0

.000CEQD
« 32 00E02
.1540F03
«27Q0CE03
- 3400ED3
«3540F03
« 3150F03
. 3050F03
«295CE03
«2580F0Q3
«230CF03
« 209003
«1820EQ3
.158CE£03
«1320E03
«.1100CE03
«900CEN2
.5700ED2
s 200 0R02
. 7000FD1
.OCOCEQQ
«CCCOEQD
.ONCCEND
+.NQ00EQQ
«2000£00
.0000EQD
«OCOCEQD
«NQ00OECO
.0N0O0EOO
.0000FCO
.COCOECO
-C0O0CEOQO
.0N0CEQO
«Q00NREDNN
.CCOQFO0
L0CCCEOQ
.20CCEQD
+N00CEO0
.00C0EQO
.CORCEDO

FOR NISRB(N,P)ICNO58 REACTION

.0D00E N0
.0000F 00
.0500E 01
.2500E 02
. 7000E02
.1500€ 03
.4550F 03
.1950F03
.4100E03
AN 0OF N

.J000DEQO
.N0320F00

«5000E01

«3CQ0F02
«3000F02
«2000E03
«3450E03
«3200E03
«4300F03

S SENANENT

.0000EOOD
.0000FQCO
. 10COFC2
«4000EQ2
« 20Q0EQ2
«2h0CEO3
«30C0EQ3
«.35C0£03
+4£00EQ3

sSl1ancn



«HZ2H0EN3
«3RACFN3
JHBZ200F03
«H4GOTEDR
£HAL40E0R
«HGQOFOR
«+H450EN3
s HAN0EDT
«+A300F03
AZHOFO3
«H120F03
«H0NDED3
«59NCFC3
«55650FN3
«5600E03
« S4DCED3
«5S?00EN3
«+9H0CEQ3
s 4550FN3
LA0D0F03
. 3T7TOHODEODS
«310GFO03
2600 FE03
«180CEQ3
«F0NCEQ2
4 570FQ2
«D0D0F02
L4500E02
«40N0DENZ
+40N0EQ2

CROSS—-SFCTION L IRRARY

«+NBONEQNO
.0000EDNC
+.0020EQO
.0000ECO
«.0092CEC1
«HIOONEQ2
«1250E03
+ 2000EQ3
«235QE03
«3550E03
«4200E03
«4TQ0F03
«5120F03
«B3300EQ3
«5450F03
«5500E03
«5500E03
«5500FC3
«5500€£03
«e54%400£03
«535CF03
«5200F03
«5100F03
«4950E£03
+G4750EQ3
L46D0F02
- 42350E03

« 4 00FC3
«HSCOFC3
«AH250F03
«6450EN3
«E420F03
«BLO0T03R
«6E450F03
« 54 C0OEQZR
«H300EC32
«HZ210E03
HINOECT
LEQCOE0R
.58COEQ3
« 56 40ED3
«5575E03
«5378F03
«515CEO3
« 4300FQ0R
+4400ED3
395003
« 36C0OEQD3
« 20C0DEO2
«2400F03
. 16C0OFE0O3
+BOCOFQ?
< L6CNEC?
L4900EC2
cA44CNOFQ2
«39C0FQ2
«4OCQED?

+C0COR00
.Q0COEQGO
.COCOEQC
«.00COFEQQ
»DOCOEC]
« 7TO0COEO02
« 1350E03
«2150E03
«3000F03
«3TODEDS
«4250F03
«4T750EO03
«515CFQ3
«5350E03
+ 5450E03
+B5C0OEQ3
«55COF 03
«5500F03
«S450EQC3
«.54C0EOQ3
e 53C0OF03
«5120EO03
«S050CEQ3
«423COFC3
»4T30E03
«4550F03
«43C0OEQ3

552503
.H000F03
<AICOFO3
«H450EQ3
«HA4GDEO3
«6400EMN3
. H450F03
-« Hh4Q0ENTA
+2H2T95EN3
+H180F03
«.60R0OE03
.59R0OEFD3
+57TA0F03
« 56520EQ03
«.5500E03
. 5325£C3
«5100EQ3
+4850E03
+430C0F03
« 39C0EC32
«. 3500503
+ 2900EN3
+22C0EQ3
«1400F Q3
+70Q0OF02
4 TO0F (02
+.4800FC02
«4300E02
« 3800F 02
LA100F0Q2

LH65CE03
«6100EN3
. A35GRE03
«H460503
«64D0EG3
«6450E03
«5400E03
«H63ITSED3
+H2TS5EDND
«H1H0EN3
. 5050803
«5350F03
«HTO0OEQ3
«5620F03
« 5475803
«5300E03
«S050E03
«4T750E03
« 4200103
+ 38B50F03
«3490FQG3
« 2800503
«+2100F03
»1200EQ3
«.H000F02
«48300FE02
«ATOOF02
«4200F02
«3900EN2
«4150EQ02

71

.B575CE03
«H150F(03
<E3RCEO3
«HGH0ECT
«640C503
« 645003
» 6400503
»H325E03
«6250E03
«6140E03
«A02C0EC3
«H5A20E03
+D68CFC3
+5610E03
«5S450E03
«5250C03
«H000E03
LAH50F03
L.4100F03
«. 383C0EQ3
«3200E03
.2700EQ3
+2000EC3
. 120G=03
«5200EQ2
4 900E02
GHHCOFG2
«4100QFEQ2
«3900ED2
427200F02

FUR FES54{N,P)4N54 REACTION

« C0CO0EQO
-.O0QCOEODO
«0COOELQQ
».0000E00
«3500E02
- B500E02
«1500E03
«23C0FC3
“3100E03
-.38C0OEDQD3
«4450E03
<4800t 03
«5200E0C3
«5350E03
. 5450803
«5500E03
«5500EQ3
- 5500EQ03
+5450F03
«5350E03
.5280503
«5170E£03
« 5000503
«4850F03
«4T0C0E03
«4500E03
«4250F N3

.0000F00
.NOO0FNO0
. JQ00ENQ
.O0C0EDD
LA40N0DEN2
.1000E03
.1650£03
.2500F03
.325CF03
. 3953F03
L4500E03
.4R50E03
.52N0ED3
. 5400E03
«5450E03
. 55900603
.5500F03
.55N0E03
«5450E£03
« 5250F(G3
+.5250F03
+5150F03
4330503
.4830£03
46501503
445003
«47230F03

«OQ0CEQD
.QODCEDQQ
.OQO0ENOD
«.00COECD
. 500CEQ2
.1L150EC3
L 1900103
«2650F03
«345CE03
«4100F03
+4550EQ3
.5000EQ3
«5250FE03
« 540003
+ 545003
«.550C0F03
«5500E03
«5500E03
« 5400503
.5350F03
«+5240F03
.5120E03
<49T0EO03
+A4BC0OEQ3
LA4630E03
4400203
~4200FN03



«4150EN3
«3900E0C3
=35 50EGR
«34J0E03
«3150E03
«235QE03
«2H60CECG3
«230CF03
«2050F03
«10730E03
« 50D0EO2
«G02NFO1
«4500FE01

CROSS—-SECTION LIBRARY

«0000OFQ0
«DDJDEQQ
«O00CENQ
«0020FN0
«0ND0OENQ
«0DJDEOO
L200CEQ1
«1300EN2
- TOR0EC]
«1700CEN2
«2020F02
«3600F02
«465CF02
«5350F02
«5900E02
« 7T250E02
«.8150F02
«3600F02
< 902002
«920NGFQ2
2a95J0QEQ2
«100CEDR
«101CEOD3
»F300E02

<RTEQED?

L TGINEQO2
«T5350F02
« T230FD2
LEH450F02
«.H2O0F02
+600CEQC2
+5525E02
«5250E02
+48TSEQD2
+4500EG2
4125802
«+3T750EN2
«3525E02
«35100ED2
«3250EN2

CROSS-SECTION LIBRARY

~NO000FQ0

«41COEQZ
<« 2R50F03
«2ACOEC3
+3BTCOF02
«.31C0F03
«ZBCOER3
«2550F03
«2250F03
. 2000F02
«2CCCEDZ?
&4 QCOF02
«20GCOED]
«4DCOEDT

«00COECO
.QOCOEQN
LOCOCOEQQ
.COCOEGO
+CCCONECO
LO0COER0
« 250CGENL
«E0D0QQEQL
« TOGOEQL
«22COEQ2
L.2600C02
«3RCNHFQ2
.4 BCCQEQ2
« 5S4 00DED2
+H6350EQ2
. I500EN2
L R3COEN2
«RACQEQCZ
. ONCOF02
« 925CEQ?
+9TCLRER2
«.1010FO03
- SA0NEQ2
. S2COF0Q2
+26COFEQ2
s TI00EQ2
« TSCOEQZ
«718CEQN?
dEHCOECR?
«E1TSEQ2
.B825E0N2
« 54 C0EQ?
«B5175E02
+4RCOF0?
<G44 2HF 02
L4 0G50EQ?
«.3725F02
« 36COED2
«3450E02
« 22CQOEN2

SO0CO0F0O0

«4050F 03
«3R0O0OEO3
» 2550FC3
- 3300F023
«3050F03
« 2750F 03
«2502E03
«2200EN3
«1500F Q3R
+.B80Q0EQ2
+3CCOED2
« TOCCEOQL
«3500£01

FOR ALZT7{N,P)IMG27 REACTI

.00C0F00
.GOCOEND
.G0O0F 00
.0000EN0
.00COE 00
.1500F01
.2500£01
.Q000F 01
. 1000€02
.20C0F02
.2 700E 02
. 4000F 02
.4950E02
«5450F 02
. 655002
. 7600F02
. 8450ED2
<RTO0OE02
.9100F 02
.9300E02
. 9800F 02
.1020F03
.9T00EN2
.Q000F 02
.2500E02
«7T750E02
.750Q0EC2
.5950E02
.6350FE02
.6100EC2
.5800F02
.5350E02
.5100EC?
<4725F02
<4350E02
.3975F02
.3700F02
.3575E02
.34COEQ2
.3150F02

«40CD0FEN3
+3750£03
«3500EQ073
» 3250103
«3000F03
«2700FO03
« 245NE03
.2150503
«1250FD3
« 7TO000E02
«2000E02
«.6000F0O1
«3000E01

.0000FN0
.0000E00
.00DOF 00
<0000EQ0
<0090F 00
. 1500E 01
.3500E01
. 7500£01
.150CF 02
.1600E02
.3500E 02
. 4200E02
.5200E02
.5500F02
.6750E02
. 7850E02
.8500%F02
.9900E 02
.9150F02
.9350E02
» 9850202
.1030F02
. 9500F 02
.BO00F 02
. 8200702
. 7750502
. 7400F 02
. 6T50F02
.6300F02
.6C50F 02
.5725£02
. 5300E02
.5025€02
L4650E02
LA2T5E02
.390CE02
.3675E02
.3550E02
.3350002
.3100502

72

.395CF03
.3700E03
. 3450%03
.320CE03
.2950F03
.2650E03
«24D0F03
.21C0E03
.1100E03
.60COEQ2
.10007:02
.S000EO01
.25C0E01

ON

.0DO0EQD
+.0000EQ0
00O0C0E00
.COO0EO00
.CO00FO00
«1BCoEOL
.5000F01
. TOOCEDL
.15C0EC02
.175C%02
«3550FQ2
+4500£02
«5300£02
«58C0E02
» ITD0CFO2
.BOCQFEO02
»2600E02
«2950E02
«2200£02
«3%40CF02
«@90CED2
+.1030EN2
«940CE02
.R750F02
«8B000EN2
« T600ED2
«T250E02
«H65G0EQ02
.6250FEC2
«&000EQ2
«5600E02
.52751002
«+4950E02
<46H00F02
«A200F02
.3825€02
«3650EQ2
o B225E£02
«3300E02
.300CEQ2

FOR FFS56(N,P)MN56 REACTION

ND000F 00

~_N0ONOFN0

-nNnnoENN



LODOOEQO
LOOGOEOQ
. 00D0EQD
LCOT0FEDD
-« 0DDOELD
L0070F00
.000CFO0
+O0GO0EQCO
LODD0FCO
. 2000FC1
~1I0D0EG2
+1400EQ2
L2200€E02
«3100EQ2
«390CFQ2
L4800EQ?
«5420F02
H20CEQ2
LH6900F02
« THADEQ2
" WS300E02
+2050FE02
ZJAE00EQ2
. 1030E03
«109CED3
«1140FEQ3
«1157E03
«1120E03
+LOSEEDS
+ORIOFEC?
+Q000NED2
«2130E0G2
s THRNEQ?
«+ TODCEOZ
+6500EQ2
LE6000EG?2
«SSCO0EQ2
+S1O0EG?
+48D0EQ2

CROSS-SECTION LIPRARY

«C0OCEQD
+000CFGO
-.00DGED20
LO0O00F00
.0020E2Q
L0050F00
»0000F00
.00 0FGO
LOCHDCEND
«000CEQO
.CODDEQD
.0020F0C0
«125GE01L
« THSICEOQL
«3720ED2
«52030E02
«.1130FEC3
«1255E03

+.O0COF0O0
«NQCOFQC
+COCOFOO0
.0CCOEQCC
LD0CCENO
. COCOENC
+CCCOEOQ
«QCCCEDRC
+LOCCCEQQO
- 20CCEOD1
+12CCEQ2
. 15CCED2
«240C0EQ2
«33COEC2
«40C0T02
«48C0FO02
«56COEQ2
«6350E02
- 7100EQ?
. {7C0EQC?
«845CEQ?
«91E0EQ2
«9TCCEQ2
«1G45E03
«1100F03
«1140E03
«1153E03
«1110EC3
«1030F03
«9650EQ2
+8BCOEN2
«BQCOEDN2
- T5CCEG?
«.6S9C0EQ?
«64C0EQ2
«59C0E02
«54C0F 02
«HGE0EQ2
«+4T50EQ2

«GQCOECQCO
.00CCEDQ
«OCCCEQO
LODCOFCH
+.O0OCOEQQ
LCGOCFO0
LO0COEOC
.COQOFO00
+COCCEQOD
«20COECO
«Q0OCCECO

LCOCREQO |

.1250E01
«1L1ICCEQ?
«42COEQZ
.A0C0EQ?
«1170E03
.1255E03

+.0300EDD
.0Q0CE OO
.00C0OEQO
«3000E00
«0QCOF 00
«.CGCOF 00
+.00COFO0O0
«ONCOF QO
«CO0CE D0
+4000FE 01
«130CE02
«1800EQ2
+.2600EC2
«3500E02
«4100E02
«50C0E02
«2700EQ2
LH650CF 02
«7300F02
« T3COEQ2
«R3500FQ2
«93LO0ED2
«F7CQEQ2
«.1C0A£0EQ03
.1110E03
«1145E03
.1150E03
«1100E0Q03
«.1010E03
- 85QCEQC2
«2600E 02
« 790CFO02
«. T400FE02
.68C0OF02
«H300ED2
«5R00EQ2
«5300E02
«5000E02
<4 7T00FO02

FR MG24(N,PINA24 REACTI

+CCQOEQRD
.QC00F00
.QOCOECC
.QC0CO0R00
.00CCEOQO
.0DCOEQD
~COO0FECO
.COCOFOO0
.0CCOECO
+COCOEQO
.COQCEDNC
.000CFOO0
«.2000E01
.?5C0F G2
«5000EQ2
. T75CEQD2
« 1200EC3
+ 1255E03

.0000F 00
.0000F Q00
.0CO0F 00
.0000END
- 0QQOEDO
.0000EQC
.0000E£00
.0000EDO
.00D00ECOD
«.6000E01
- 1300202
«1900£02
.2 700F 02
+3600F02
«4600F02
«5200EQ2
«580306E02
«66N0EQ2
« T400EQ2
.3000F02
«3750F02
- 2450E02
« 3800F0O2
«1O75E03
«1120E03
115003
«1L140F03
- 1090EQ3
«2900ED2
- 9350E02
- 8400E02
« T300ED2
« 7300EQ2
-.6700E02
«H200F02
+5700F0D2
«5250F02
«4925EC2
«4600EQ2

«.0000EDQO
.0CO0EDQ
.0000F00
. 00NOFO0
.0000F00
.0000E00
.0000€E00
. 00Q0EQO
.0000EQOQ
.0000F00
.0000EQO
.000N0END
.2500FE01
«4100F0D2
. 5000ED2
«10TOED3A
» 1230F03
.1255E03

73

-.0D0C0EOD0
.0000E00

«000GECC

»000CEQD
- COCOEQO
-.COOCGEQO
.0QCGEQD
«C0CCEDD
.COCLEDD
-.80C00CFEO01
«1350€£02
«2000EG2
«2900EC2
» 3800EC2
+43C0E02
«53C0E02
«59%50E02
+6800F02
« 7SCCEQ2
+810CEQC2
.8900EQ2
« 3500EQ2
.1000E03
«1080£03
«1130F03
«.1153E03
-1130E03
«1070E03
«98C0EO2
«2200E02
«2200£02
«770R0ED2
« 7100202
«EH00EDN2
.6100£02
«5600E02
+«5175E02
- 485CEQ2
«4500E02

ON

.CO00EQO
»00CCEDO
. CO0CEGOD
. COD0EQO
«C0COEQCO
- 00CCEQQ
.0N0CEQCO
. C000EGO
. COQOEQO
. CO00EODND
.0000FO0Q
.0OCOEGO
.4000E0L
« 370CEQ2
. 50CGCED2
.1115E03
. 1250£03
.1255E£03



.1255F03
< 1320803
L 1480E03
15907 03
S 1610F0N3
.175CF03
.135CF03
.1920EC3
.201CEN3
< Z2040F03
.1910E03
.1730F03
«16D0FE03
.1520F03
.1450EN2
.1350E03
L1250F03
.1175E073
.119Cr03
.1050F03
«G5NNEN2
.36N0E02

CROSS—SFCTION LIRRARY

L00D0OFC0
«C02DEDD
Slelakalbiiele)
LO000EQO
LQO02CECO
.0000CFO00
«0C0NETO
«Q00CEND
-.00OCEDD
«00D0EDQC
«000CEDD
«.000CF00
«2000F01

cHONOEOL

«1700F02
T« 2800E0Q2
«4300ED2
«5600EQ2
« TONOEN2
«800CEC2
«30D0F02
«1N0CFO3
»100EDR
« 1150603
» 1272CEO3
«1200F03
«1330F03
- 12800

« 1240E03
«1180GEQD3
«110CED3
«1000£03
«.23N0EG2

-2000EQ2
L TANNEND

«1270F03
«13T7TOFC3
+15CCEC3
« 16C0EOD3
« 165003
« 1765503
« 1R60EQ2
« 1930EC3
» 20N20E0D3
«200CEQR
. 1880E03
«17C0CEQ3
« 1520FC3
«1510£03
« 1420F03
+1320E03
«1240F072
«.1160E03
.« 10°0E03
« 1030FEQ03
«O3C0EC2
+85C0FC2

.CCOOFQOC
.OCCCEQO
LDQCCEQC
+QOCOEQT
«0DCOEGC
«D0COECC
«COCOEQCO
.O0CCOEDO
.00COEQC
.00C0F Q0
«CCOOEQD
+00COEQO
«3000F01
+6CCOEC]
. 18C0EQ2
«300Q0EC?2
«44C0F0C?
«HTCOFO02
« T2C0QE02
«82C0EQ2
«92C0F02
«1010E03
«11C0EO03
«1165EC3
«1240E0C3
«.1310F03
«1330€03
«1270QF03
. 1220F03
«1160F03
« 1080EC3
e 92QCEQ2
. Q2C0EN2
- 8B050QEDN?

TOoONMNCNMND

«.12R0E03
. 14007073
+1550E 03
«160CF03
«1620E03
« 1790E 03
«.1830£03
«1950F 03
«2030F. 03
«.1270KE03
«183CFE 03
«.1682CEQ3
«1580E03
«1490C£03
»1390£03
+131I0E03
«1220E£03
«1150F03
.1080FE0C3
«1010F03
«9100E02
«8400EO02

«.1290F03
.1420F03
2 1550F 03
«16400FN3
«17D0F03
«.1810EO03
«18730EDN3
«197HEND3
+ 2040E03
«18960E03
1L 77003
«1A650F03
«1560FE03
«1480%03
«1330F03
- 1290E03
«.1210F03
- 1140F03
.1070FEQ3
«9900FQ2
+ 8000F02
«R350F02
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- 1300F03
«143CE03
«15GCEDN3
«.1A10CE03
«1730E03
»1830€£03
«1910E03
«200CED03
«.705CF03
« 1950F03
«175CEQ3
«160CEQ3
-« 154CE03
« 146003
«137CEO3
«1270F03
- 119CF03
. 1130E03
+1060E£03
«@700E02
« 2700E02
. 8250E02

FOR ALZ27{N,ALPHAINAZSLG RFACTION

- CO0Cr 00
«000CF QO
+O0O00F 00
LOCC0OF0O0
»O0COEQO
« OQCOE 0D
«.Q0COEQQ
«ODO0EQO
»0000E00
«.CO000OF 00
.00CGOEOCO
- 0000F 00
-4 0CCEO1
-« 70CNEO1L
«20C0EQ2
« 340002
<45C0E02
«HOCOEOD2
« 7T400E02
- 84C0EQ2
« M4 COF02
.10720FE0C3
«1200E03
«1175€03
«.1260F 03
e SR IR o B
»1320E03
.1276CEQ3
.1210E03
-1140E03
.1060F03
«78C0OEQ2
.2000F 0?7
20007 02

T L AN Ay

.0Q00ECO
.0000EQ0
«0000EQC
.000CEQO
.QC0CF00
«0000FO0C
«00Q0EQCO
.C00CEDD
«.000QEOC
«0CNCFOO
LO00N0EQD
.D0D0F0C
«5000E01
- 1020EQ2
- 3200EQ2
«38NCE02
«49020FQ2
+65DCEQ2
. 7600E02
«8600FEQ2
+ 9600F02
«1040EQ3
».1130E£03
«119003
«1280F03
«1320E03
.1310E03
«1250FEA03
«1200F03
.1120E03
« 104003
« 97N0EON2
. 8800E02

~ « 7800FE02

T L AT AT

.CO000FQ0
- QQ0OQECH
. 0ONQOECD
- CQOQFEQO
«000QE00
- C00CEQD
« 0Q00EQO0
.NQCOEQOD
. 0COEQD
. 0000ECD
«NOCCE0C
Sslslofat~tels;
. 5000F01
«.1200F02
«2500EQ?2
-4100EQ2
«"300E02
«6TQOQFOQ2
+ TRCOFD2
« PB800EQ2
. 2R00EQ2
» 1060F03
« 1140F03
«1200EQ3
. 129CEC3
« 132503
- 1290E03
. 1245E03
«.119CF03
. 1100FO03
.1020F03
» C500F02
+.8000F02
« THO0EQ?

b R e W e i e ]



«7T120ED2
«H6DQED2
«STOCFO2
«5200F02
s4500EC2

CROSS-SFCTICN LIRRARY

+OO0D0FO0
.0000EQD
.C000EQO
+000QQEQO
«3000EC1
«300CEOY
«4000CEOL
«H50NCEDL
«+600CEDY
« TQD0EQ]L
. O9000EODL
- 1000EQ2
«1350F02
«1650F02
«20N0OFQ2
«2500F02
«300CFQO2
«3500EQ2
«4100E02
«4800EQ2
«5300EQ2
«5300F02
«64Q0F02
«63D0E02
« T4DJ0EDZ
« 7350E07
«830CEQ2
«8TDCED2
+Q0D0EQ2
«Q350FED2
dATOBDED2
«1000FO03
.103CED3
+1055E03
» 108CEQ3
«10°8EQ3
«1120E03
«1140F03
«1T150F03
«1182E03

CROSS—-SECTION LIRRARY

.CO000EQD
+CO0CEND
+O00N0EQGD
«0O0GCOEOD
«»000CFQC
elaisisl=aele
.QO0N0ECO
«0D0O0EQO
+D000EQD

. TCO0EC?
6500102
«5650F02
«S100F02
o 5{“".1‘_:02

.00COEQC
.00CDENQ
.O0CCOEDD
.COCOENQ
«30C0EQ]
.30C0F01
.40C0F01
.S000EQ]
.AH0COFO01
. 70C0E01
.90C0F01
. 1050EC2
.1350F02
.17C0F02
«21COEC2
.26C0EQ?
.31C0FQ2
«27C0E02
.43C0EQ2
. 49C0F02
.5400E02
.60C0F02
.6500F G2
.7000F02
. 750CF 02
. 7900€C2
«R400FC2
LBRONDFO2
LO100F02
.9400F02
< OTSOFC2
. 1010F03
.1n35F 03
.1060EC3
.1085FQ3
.11C00FC3
1125603
.1145E03
1165603
.1184£03

«Q00COFOQ
. 00CORCO
.00COroo
.O00GCOFCO
«00COEQD
«00COFQ0
.COCNECO
.COCOECO
L OD0ONEO0

LE6TQOEQ2
«59C0EN2
«5500FE02
«4900EQ2
<4400 02

«H400F02
.6350F02
«5350E02
«4200EN2
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«6B50E02
«SR00E02
«5250E02
«4700F02
«ANCOE02

FOR FES4(N,ALPHAICRS]1 REACTION

LO0D0NEQO

.« 200Q0OF 00

« 00CCEQO
.0NCOE0O
«3C00QEO01
.30G0EC01
«4000E 01
.5000E01
«+6000EQL
+ T500E£01
«2500E Q]
«1100E0Q2
«14C0O0EQ2
«17COEQ2
«22C0FED2
«270QQF 02
«320CGE02
.3800EO02
+4400EQ2
«50C0CEN2
«5500EQ2
6100802
«HEQQED2
« 72C0EC2
L T600FE02
+.ROCOFO02
«B500E02
«8850FC2
«22C0F Q2
«I500F 02
«9300F.02
«.1015F03
«1040F03
- 10A5FE03
.1090F 03
«110SFC3
«.1130£03
«1148E03
«1170E03
.1185E£03

FOR TM1IS(N,

.Q0COECQO
.CO0QOECO
«NCO0ENOD
- CO0COF 0O
~0CO0OF Q0
«0000OEND
LOGOREQD
AR ATaTAM ~Natal

.0C0O0EDO
«OCDOF00
.0000F00
.0000F00
«3000F01
«3500E01
«4500E01L
«95500E01
«6500E01
. 83C00E0D1
«9500E01
+ 1200E02
«1500E02
«180D0EG2
«2300E02
«+2800E02
«3300E02
«4Q00F0C2
< 4600502
«5100F02
« 5600E02
«H6200E02
«HTO0ED2
« 7300E02
» 7T700EQ02
.3100E02
«8600F 02
«8900E£02
=« 9250E02
«600F02
«9850F02
« LO20E D3
+1045E03
.1G7CF 03
«1093E03
.1110503
+ 1L 13FEOD
+1150E03
-1175F03
«1190E£03

.00CO0FQ0
«2000EQ2
.00COEN0
.C0O0CECQO
« 200001
«400CEOQL
«4500E01
.55C0OE01
+6500EQ01
«8500E01
.100CEQ02
«1300E02
« 1600502
«190CCFEO02
«2400E02
«2900EQ2
« 2400EQ2
«40S0E02
+4ATOCEQ2
«5200EQ2
«57T00CFQ2
.H300E02
+6800EQC2
« 7350EQ2
« 7TB00FQ2
«8200EQ2
«.B650£02
«89%50EQ2
.G3C0E02
«9A50E02
«9900£02
. 102%E03
+1050EQ3
L1075€03
«1095E03
.1115E03
«1135E03
1155503
«.11R20EQ3
«119CED3

2N)IN]14M REACTION

.0000EQO
+O00DCENOD
.0000500
.0000EQ0
0000500
-.0C00EQ0
L00N0EQD
.000N0C00

aXalatai=Natse

-.0Q00EQO
«.0000EQD
. 000GEOO
.00CCENO
.0200CEQD
. CO0CEOQO
«.COOCFOO
.DDCOFO0

el aTala Xl



LO0D0FON
LOOQ0FQ0
LONN0EQC
LO0020EDC
SNONDEQD
JONDOEND
LODNREND
«200QFN0
.O0QNJFON
«000CEQOD
LO0000FO0
LO00NCEQC
+OOQCEDD
O0D00END
+ODNOEQCO
«10A0EN3
«1240E03
+133CEC3
«14ANEDND
«152CGED3
«19540F03
+ 154CE03
« 153CEQR3
«1520EN73
« 1500QEQ3R
e L4RCENT
« LA4S0ENS
«1420F073
« LANQEDR
«1370ED>
. 1340F03

LL0200ECQ
«CCGCOFCC
+CCOQOEDC
« COCOENC
. CONOEQD
+OCOOFCC
»ONCOECe
+OQODECC
LO00C0EO00
.0CCQEND
«COCOERD
LQCCOECD
«COCOEOO
L.COCGFCO
«OOCOECD
« 1060E03
. 128CEN3
«14CG0OED3
« 147CEQ3
»153CFC2
«1540EC3
. 1540FQC3
« 1520EQ3
. 1510EQC3
« 15CCEQC3
» L4TOEDD
« 1440EC3
« 1420503
« 1390ED3
« 1360E03
« 1320EC3

LCDOOF QO
LONCDFCO
L0000F N0
LDA0QF CO
LO0Q0DEQN
e eralol=Nals]
LDOC0DEON
D000EQC
Rekslelpi=Xele
LCCNOF GO
NistsTolelXele
LO00COF 00
LONCOECO
L00D00ECO
LOC00OF 00D
«11A0FEC3
« 13C0DF03
« 1420FE03
1420503
L 1540EQ3
. 1540FE03
.1540F 03
. 1520F03
«1510F03
«1490FN3
«1460F03
« 14405073
«1410FQ3
. 13R0NEQ3
«13A0F03
1320503

.00N0F Q0
LO0N0EDD
L20N0S00
LQ0Q0FQD
LOCN0EQNO0
LO009FQ0
L0COQr 0o
.QC00F00
«2COCEQD
L0000EQO
«000CEQOD
L0000% 20
«INDNENOD
LO000E00
.0000EDQ
« 1 200503
« 1240FE03
. 1440503
«1500E0Q3
+1540F0G3
«1540F03
«1540F03
«+1520F03
. 150GF03
1490503
« 1450703
- 1440E03
. 1400F03
.13830F03
«1350F0G3
.1310F03
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.Q00CE0D
.COQ0T0N
.NOQCLEON
«COQCEDN
«000QEDQ
.COOCEQD
«CN0CEOD
.CNOCEQCD
.Q000EQ0
+0C00E00
.O00CEDND
.0QOGENQD
«COCOFEQOD
+CQACCEQD
.CCOCEOQD
. 122C0EQ3
«136CED3
14560503
«151CEO03
« 1540E03
.1540F03
» 1540103
. 15720F03
.150CEO03
« 1480703
«1450F03
«1430F03
«.1400F03
+1380¢03
«1340€03
+1310E03
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APPENDIX C
CROSS-BECTION AND DECAY INFOR.WATION

-

1 Cross Sections

Program code RAUTFY counteins a library of threshiold cross—
ctions for nine reactions which rsnges from 0.1 to 20 lev
100 EKev increments. The following order sequence was used:
-115{n,n")In-115m; Ni-58(n,p)Co-58; Fe-54(n,p)Ln-54;
-27(n,pliizg-27; TFe-56(n,p)in-56; I1g-24(n,p)Na-24;
-27(n, o< )Na-24; Fe-54(n, o¢)Cr-51; and In-115(n,2n)In-1l4.
Yles C.1 through C.9 are tabulated values of these threslhiold
>ss-sections (24,25,26,30). There are the values that were
3@ in determining the differentiel flux. All energies
wresponding to zero cross-section velues vere deleted.
ures C.,1 through C.9 are graphical illustrations of the
vective tables to aid in visuelizing the shape of the in-

iduel cross-sections (9,24,25,28).

Galuna 3Spectra and Decay of Resction Products

Gemme spectra of the reaction product decey are illus-
ted in Figures C.10 through C.15. The genne energy 1is

endsd along the abscissa and the reletive count rate along

ordinate., These spectrs were produced by dual 2" diameter
" thieck right cylindricasl sodium-iodide (thelliwm activeted)
stels

in conjunction with a 400 channel pulse height
tyzer, and were expanded along the abscissa to give a Dbetter

7 of the peaks.
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Included with the decey gamae spectira sre nuclear
transformetion energy level disgrams conbtaining the iden-
tifying ganms transitions and enerzgies. These schematics

are illustrated ia Iigures C,1l8 through C.23. Gamna transi-
tions are deaoted oy verticel dommward arrows, negatron
gmnission by arrows slanted dowmweré to the right, and posi-
tron and electron cépture by arrous dirccted dowawerd end 1o
the left. Double arrows drawn from tvhe ground stete to a
iigher level of the nucleus indicate thet the higher level
1as been coulomb excited. The figures to the right of the
iorizontal linss desiguete the energy levels and those to

she left the spin or quantum numbers (29,32).
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Table C.1
In-115(n,n*)In-115m Library

E (lev) o (nmb) £ (Mev) o~ (nrab) 5 | o (mb)
+9 1.50 Se 7 340,00 6.9 158.00
.0 4,00 3.8 320.00 7.0 153.00
o7 11.05 Se9 305.00 Tl 145,00
.8 1¢.00 4,0 290,00 7.2 135.00
.9 35.00 4.1 292,00 7.3 133.00

1.0 50,00 4.2 295 .00 7.4 132.00
1ek 120.00 4,3 298,00 7.5 128.00
L8 132,00 4.4 £95.00 7.6 125.00
1.3 140,00 4.5 290.00 Tak 120.00
l.4 154,00 4.6 280.00 T+8 115.00
1.5 186.00 4.7 276,00 7.9 110.00
L6 198.00 4.8 274,00 8.0 107.00
147 227 .00 4,9 258.00 < P 104 .00
1.8 282 .00 5.0 248,00 8.2 100.00
1.9 270,00 5.1 240,00 8.3 95.0C
2.0 286.00 0.2 230,00 8.4 80.00
el 286,00 5.3 231 .00 8.5 82.00
2.2 315.00 S.4 220,00 8.6 70.00
2 332.00 5.5 220.00 8.7 65.00
2.4 240,00 5.6 217.00 8.8 60.00
29 375.00 > O 214.00 8.9 57 .00
Z2eB 378.00 5.8 212.00 8.0 50.00
oL 370,00 9.9 209.00 S.1 45.00
2.8 360,00 6.0 207 .00 S.2 41 .00
2e9 354,00 6.1 165.00 " 3 39.00
S .0 350,00 G.2 190.00 9.4 35.00
O'eik 340.00 6.3 188,00 9.5 52 .00
Sel 335.00 6.4 182 .00 9.6 20.00
343 325,00 55 175.00 Ce? 15,00
Stk 315,00 6.6 170.00 8.8 10.00
) 300.00 6.7 185,00 9.9 7.00
3.6 320.00 6.8 160,00 :



Table C.2

Ni-58(n,p)Co-58 Library

E (¥Mev) o (mb) E (Mev) o (mb) E (Mev) g (mb)
1.1 5,00 4,3 450.00 7D 640 .00
g 5.00 4.4 460.00 7.6 640,00
g S 5.00 4.5 488.00 7.7 640 .00
1.4 10.00 4,6 475.00 7:8 645,00
£ 18.00 4,7 490,00 7.9 645,00
IS 20.00 4.8 503:00 8.0 645,00
1.7 25.00 4.9 516.00 Bl ©45.00
T8 30,00 5.0 525 .00 8,2 645.00
1.9 40,00 s el 540,00 8.3 640.00
&0 50.00 5.2 552 .50 8.4 40,00
24l 80,00 Bed 565.00 8.5 640.00
2.8 7C.00 5.4 575 .00 8.6 640,00
Eed 80.00 DeD 580.00 8.7 640,00
2.4 90.00 Dub 580.00 8.8 637 <50
2eD 100,00 D'l 600.00 8.9 632 .50
2.6 120,00 DB 610,00 g.0 630.00
2wl 150.00 5.9 615.00 g.1 30,00
2+8 200 «00 6.0 620 ., 00 9.2 627 .50
2.9 260,00 6.1 625 .00 9.3 627 .50
3,0 220,00 6.2 630.00 9.4 625.00
Sal 215,00 6.3 635.00 9.5 625.00
Se2 455,00 6.4 638.00 9.6 621.00
He 245,00 6.0 640.00 9.7 618.00
3.4 300,00 6.6 645,00 9.8 616.00
SeD 180,00 6,7 645,00 9,9 614.00
E.6 210,00 8.8 646,00 10,0 612 .00
D7 185:00 6.9 645,00 10.1 610.00
3.8 320,00 7.0 644,00 10.2 8608.00
3.9 390,00 ZeX 642. 00 10.3 605,00
4,0 370,00 7.2 840,00 10.4 602 .00
4,1 385,00 Pl 640,00 10.5 600.00
4,2 410,00 7.4 640,00 10.6 600 .00



5 {ilev) o (mb)
10,7 598,00
108 5¢5.00
10.9 592.00
110 590.00
11.1 580.00
11.2 573.00
11.3 570.00
11.4 568,00
12.0 565.00
11.6 564,00
11l.% 563.00
1.8 562.00
11.9 561.00
1850 960,00
8 45 ) 937.50
12.2 550.00
123 547.50
12.4 545.00
12.5 £40,00
12.6 537.50
12.7 532.50
12.8 530.00
12.9 525,00
13,0 520.00
13.1 D15:00
18.2 510.00
15.3 505.00
13.4 500,00
13.5 495,00

S.6 490,00

1&.7 485,00

Table C,2

Ni-58(n,p)Co-58 Continued

Z (lev) _o (mb) E (Mev) o (mb)
13.8 475, 00 16.9 100,00
13,9 465. 00 17«0 20.00
14,0 455.00 192:% 80.00
4.1 440,00 17.2 70.00
14 .2 430.00 17 .3 60.C0
14.3 420,00 17.4 50.00
14,4 410.00 175 45,00
14.5 400.00 17.6 46,00
14.6 395. 00 179 47,00
14,7 390.00 17,8 48,00
14.8 385.00 17,9 49,00
14,9 380.00 18.0 50.00
1540 370,00 8.k 49,00
15:1 360,00 18.2 48,00
15.2 350.00 18.3 47,00
193 340.00 18.4 46,00
15.4 320 .00 18.5 45,00
15.5 310.00 18.6 44,00
15.6 300.00 18.7 43,00
1547 290.00 18.8 4%z ,00
15.8 280,00 18.9 41,00
15.9 270,00 19.0 40,00
15.0 260.00 19.1 39.00
15.1 240,00 19.2 38.00
158.2 220 .00 19.3 39.00
1643 210,00 19.4 39.00
16.4 200.00 12.5 40,00
1.6 5 180.00 18.5 40,00
16.6 160,00 1957 41 .00
16,7 140.00 19.8 41.30
16.8 120,00 1.9 42 .00
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Fe-54(n,p)iin-54

Table C.3

o (mb)

Library

E (Mev) o (mb)
2eb 35.00
2.3 40.00
2ol 50.00
2.9 60,00
2.6 70 .00
2e'7 85,00
28 100,00
2.9 115.00
3.0 125.00
Sel 135.00
3.2 150.00
3.3 165.00
3.4 130,00
3.5 200.00
3.6 215.00
S 230,00
3.8 50,00
3.9 265,00
4,0 285,00
4,1 30G.00
4,2 310,00
4,3 325.00
4.4 345.00
4,5 305.00
4,6 370,00
4,7 380,00
4.8 395.00
4,9 410.00
5.0 420,00
5 425.00

CUNVNNNNNNNNNGOOOOOCoGoUIUUUO O —

L I TR TR T TR TR TR T TR DN TR T TR T T TR T TR TR TR TR RO S R T

HFOOUONOoOUPQMFOOONOUPWMFROOEX~IOU P LI

445,00
450,00
455.00
470,00
475,00
480,00
485 .00
500,00
510,00

- 515.00

520,00
520.00
525.00
230.00
535.00
533.00
540.00
940.00
545.00
345.00
945,00
545.00
545.00
350,00
550.00
550,00
950.00
550.00
550,00
550.00

E (lev) o (mb)

L] L] L] - L] L4 - L] L] - L4 L] L]

530 .00
350.00
550 .00
530.00
550 .00
530.00
550.00
550 .00
950,00
945,00
045.00
545,00
540.00
540.00
540,00
535.00
535.00
535.00
535.00
330.00
528.00
525.00
524.00
520.00
519.00
517,00
515,00
512.00Q
510.00
505.00



Table C.3
Fe-54(n,p)iin-54 Continued

5 (Liev) o (mb) & (liev) o (mb) E (lev) o (mb)
11.2 500.00 14.2 380,00 17.1 225.00
s 498,00 14.3 375,00 17:8 220,00
11.4 497.00 14.4 370,00 17.3 215.00
e 495,00 14.5 365. 00 17 .4 210.00
11.6 490,00 14.6 380,00 17.5 205.00
117 485,00 14.7 355.00 17.6 200.00
11.8 483.00 14.8 350.00 17.7 150.00
148 - 480,00 14.9 345.00 17.8 125.00
12.0 475,00 15.0 240.00 17.9 110.00
181 473.00 15,1 835,00 18.0 100.00
12.2 470.00 15:.8 330,00 18.1 90.00
12.3 485,00 15 .5 325 .00 18.2 80.00
12.4 453.00 15.4 320 .00 18.3 70.00
18.5 480,00 15 .5 315 .00 18.4 60.00
12.6 455,00 15.6 310.00 185 50 .00
12.7 450.00 8.7 305.00 18.6 40.00
12.8 445,00 15.8 300.00 18.7 30.00
12.9 440 .00 15.9 295. 00 18.8 20.00
13.0 435,00 16,0 285,00 18.9 10.00
13.1 430.00 16.1 280.00 19.0 9.00
15,2 425,00 1642 27500 19.1 8.00
13.3 423,00 16.3 270.00 19.2 7.00
13,4 420,00 16.4 265.00 19.3 6.00
13.5 415.00 16.5 260,00 19.4 5.00
15.8 410.00 16.6 255,00 19.5 4.50
15.7 403,00 18.% 250.00 19.6 4,00
13.8 400,00 16.8 245,00 19.7 3450
13,9 395,00 16.9 240 .00 19.8 3.00
14.0 850.00 17,0 220 .00 1$.9 2.50
14.1 385,00



Table C.4

A1-27(n,p)Mg-27 Library

E (Mev) o (mb) E (Mev) _o(mb) B

f—x

Mev ) o (mb)

2.7 1.50 Oe.7 40,00 8.7 87 .00
2.8 1.30 5.8 42,00 8.8 89.00
a9 1.50 5.9 45.00 8.9 89.50
3.0 2,00 6.0 46.50 9.0 80.00
3.1 2.950 6.1 48.00 S.1 90.00
3.2 2«90 6.2 42.50 8.2 91.00
3.3 3.50 6.3 52.00 8.3 21.50
3.4 5.00 6.4 93.00 .4 92.00
340 10.00 6.5 53.90 9.5 92.00
3.6 .00 6.6 54.00 9.6 92,350
Se7 9.00 6.7 54. 50 9,7 93.00
3.3 7.50 6.8 55.00 9.8 93. 950
3.9 7.00 6.9 58,00 8.9 94.00
4.0 7.00 7.0 5¢.00 10.0 95. 00
4.1 7.00 7.1 63. 50 10.1 97.00
4.2 10.00 7.2 863.50 10.2 98.00
4.3 15.00 7.3 67 .50 10.3 98.50
4.4 15.00 7.4 70.00 10.4 99.00
4.5 17.00 7.5 72.90 10.5 100.00
4.6 22,00 7.6 75.00 10.6 101.00
4,7 20,00 7 76,00 10,7 102 .00
4.8 16.00 7.8 78.950 10.8 103.00
4,9 17.50 7«9 80 .00 10,9 103 .00
5.0 20,00 8,0 "~ 8l1.50 11,0 101.00
S.1 26.00 8.1 85.00 11l.1 99.00
Del 27.00 8.2 84.50 11.2 g7.00
D.3 55.00 8.3 85,00 11.3 95.00
5.4 335,50 8.4 86.00 1l.4 94.00
5e3 26,00 8.5 86.00 11.5 93.00
5.6 38.00 8.6 86.00 11.6 92.00



Table C.4

Al-27(n,p)Mg-27 Continued

E (Mev) g~ (mb) E (Mev) o (mb) E (llev) o (mb)
11L.7 20.00 14.5 62.00 1L7.3 42,75
108 89.00 14.6 61.75 17.4 42,00
11.9 87 .50 14 .7 61.00 1%7.5 41 .25
12,0 87:+50 14,8 60 .50 17.6 40.50
12:1 86.00 14.9 60.00 17.7 39 .79
1842 85.00 15.0 60,00 17.8 32 .00
12.3 82.00 15.1 59.25 17.9 a8+ 25
12 .4 80.00 15,2 58,00 18.0 57«50
12.5 79.00 195.3 D7 « 2D 18.1 37 « 29
12.6 79.00 15.4 56 .00 182 57 00
187 7750 15:h 55.25 18.3 36,75
12«8 77 .50 150 54.00 18.4 36,50
12.9 76.00 i 0 P 53.50 18.5 56,25
13.90 7690 15 .48 53,00 18.6 36,00
13,1 75,00 15.9 D2.75 18.7 35.75
13 .2 7500 16,0 52.50 18.8 35.50

Sad 74.,00 16.1 538 W 18.9 35.25
13.4 72 .50 16.2 51.00 18.0 35.00
138 72,00 16.3 50,25 19.1 34,50
13.6 71.50 1l6.4 49,50 19.2 34,00
137 69.50 16.5 48,75 19.3 33.90
13.8 87.50 16.6 48,00 19.4 33.00
135 65.00 16.7 47 .25 19.5 32 .50
14 .0 64,50 16.8 46,50 19.6 32.00
14.1 64,00 16.9 46,00 19.7 31..50
14.2 £3.50 17.0 45,00 19.8 31.00
il £ 63,00 j 5 44 .25 19.9 30.00

14.4 62 .50 17 .2 45,350



Table C.5

Fe-56(n,p)n-56 Lidrary

E (Mev) o (nb) E (Llev) o (mb) E (Llev) g (mb)
5.0 2.00 7.5 38.00 10.0 76.00
Dads 3.00 7.6 40.00 10,1 77 .00
5.2 4,00 Vo'l 41 .00 10.2 79.00

. Ded 6,00 7.8 4£6.00 103 80.00
D.4 8.00 7.9 48,00 10.4 81.00
549 10.00 8.0 48.00 10.5 83.00
S.6 12.00 S8.1 48,00 10.6 84,50
D7 13.00 8.2 50.00 107 86.00
5.8 13.00 8.3 52.00 10.8 87 .50
5.9 1350 8.4 33.00 10.9 89.00
6.0 14 .00 8.5 54.00 11.0 90,00
T & 15.00 8.6 56.00 1ll«d 81.50
6.2 18.00 8.7 57.00 1l.2 93.00
563 19.00 8.8 58.0C 1143 94.50
6.4 20,00 8.9 59.30 11.4 95. 00
6.9 22 .00 9.0 62,00 11.5 96.00
6.6 24,00 9.1 63 .50 11:0 87 .00
6.7 26,00 9.2 65 .00 B g7 .00
6.8 27 .00 9.3 66.00 11.:8 $8.00
6.9 23,00 9.4 68.00 11..9 100.00

‘7.0 31.00 3.5 69.00 12.0 103.00
0 § 33.00 9.6 71.00 12.% 104.50
7+3 35.00 07 73.00 122 106.00
L I 36.00 0.8 74 .00 1863 107.50
7.4 38.00 9.9 75.00 12.4 108.00



i (Mev) g (mb)
12.5 109.00
12.6 110.00
12 .7 111.00
12.8 112.00
12.9 113.00
13.0 114,00
13.1 114.00
13 .2 114,50
13.3 115.00
13.4 115.30
13.5 115,70
1d.0 115.30
187 115,00
18 114,00
13.9 113.00
14.0 112.00
14,1 111.00
14.2 110,00
14,3 109.00
14 .4 107.00
14,5 105.00
14.6 103.00
14.7 101.00
14.8 98.00
14.9 28,00

Fe-56(n,p)lin-56

Table C.5

Cont inuved

L (Mev) g (mb) E (ev) o (mb)
15.0 98.00 1?5 65.00
15.1 96.50 17.6 64,00
158 95.00 AT 7 63.00
15.3 93.50 178 62,00
15.4 22.00 17.9 61.00
15.5 90.00 18.0 60.00
15.6 88.00 18,1 59.00
157 86 .00 18.2 58,00
15.8 84.00 18.3 57.00
15«9 82 .00 18.4 56,00
16.0 81.00 18.5 55.00
16.1 80.00 18.6 54.00
18,2 7¢.00 18.7 53.00
18.3 78.00 18.8 52,50
16.4 7700 18.9 51.75
16.5 76.00 19.0 51.00
1646 75.00 19,1 50.50
16.7 74 .00 19.2 50.00
16.8 73 .00 19.3 49.25
16.9 71.00 19.4 48,50
170 70.00 19.5 48,00
17.1 69.00 19.6 47,50
1742 68.00 19.7 47.00
17..8 67 .00 19.8 46,00
17.4 66.00 19.9 45,00
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10,6

1.25
1.25
2.00
2,50
4.00
750
11.00
25.00
4} .00
37.00
37.00
42 .00
90.00
50.00
50.00
52.00
60.00
77.50
107.00
111.50
113.00
117.00
120.00
123.00
125.00
125.50
125.50
125,50
J.25.50
125.50
125.50
127.00
128,00
128.00
130,00
120.00
137.00
140.00
142,00
143.00
148.00
150.00
155.00
155.00
159.00
159.00
160.00

Table C.6
Mg-24(n,p)Na-24 Library

E (Mev) g (mb) B (ifev) o (mb)
10.7 160.00 15.4 154.00
10.8 160.00 15.9 152.00
10.9 161 .00 15 .5 151.00
130 161 .00 157 149.00
§ i 2 165.00 15.8 148.00
1l.8 168.00 15,9 146,00
11.3 170.00 16.0 145.00
11.4 173.00 16.1 142,00
i i < 175.00 16.2 139.00
11.6 176,50 16.3 138.00
L7 172.0Q 16.4 137.00
1.8 181 .00 16.5 135,00
11.9 183.00 16.6 133.00
12,0 185.00 187 131.00
8.1 186.00 16.8 128.00
2.0 185.00 16,9 127.00
183 188,00 120 £25.00
12.4 181.00 171 124,00
12,5 192,00 17.2 122,00
l2.6 193. 00 17.3 121.00
12.7 195.00 17 .4 110.00
12.8 197 .50 179 117.50
12.9 200.00 17.6 116.00
13.0 201 .00 1%7.% 115.00
131 202 .00 17 .8 114.00
13.2 203.00 17.9 113.00
13.3 204 .00 18.0 1.10.00
13.4 205.00 18.1 108.00
1345 204,00 18.2 108,00
13.6 '200.00 18.3 107.00
157 197.00 18.4 106.00
13.8 186.00 18,5 105.00
13.9 195.00 18.6 103.00
14.0 1$1.00 18.7 101.00
14.1 188.00 18.8 299.00
14,2 1.83.00 18.9 97.00
14.3 177 00 19.0 25.00
14 .4 175 .00 19.1 93.00
14.5 17300 19.2 21.00
14.6 17000 1.3 8¢.00
14,7 168.00 19.4 87.00
14.8 165 .00 9.5 86.00
14.9 160,00 19.6 85.00
15.0 160.00 19.7 84.00
15.1 159.00 19.8 83.50
15.2 158.00 19.9 82.50
15.3 156.00
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Table C.7
Al-27(n,~)Na-24 Library

E (liev) o {mb) E (llev) < (mb) E (liev) o—{(mb)
6.0 2 .00 107 102.00 15.4 102 .00
6.1 3.00 10.8 104,00 15.5 100.00
6.2 4,00 10.9 106.00 15«6 g9.00
6.3 6.00 11.0 108.00 157 98.00
6.4 6.00 11.1 110,00 15.8 97.00
6.5 6.00 - 120.00 15.9 85.00
6.6 6.00 11l.3 113.00 16,0 93.00
6.7 7«00 1l1.4 114.00 16.1 292.00
6.8 10.00 11.5 115.00 1l6.2 20.00
6.9 12.00 11.6 116.50 16.3 88.00
70 17.00 11.7 117 .50 16.4 80.00
7.1 18.00 11.8 119.00 16.5 80.00
7.2 #0.00 1l.9 120.00 16.6 80.50
7.3 32 ..0G 12.0 122.00 186.7 80.00
7.4 25,00 121 124,00 16.8 78.00
75 28.00 12.2 126.00 16.9 76.00
7.6 30,00 12.3 128.00 17,0 76.00
77 34,00 12.4 129.00 17X 78.00
7.8 38.00 12.5 130.00 17.2 76.00
7.9 41,00 12.6 121 .00 17.3 74,00
8.0 43,00 B & I 131.50 17.4 72.00
8,1 44,00 12.8 132 .00 175 71.00
8.2 45,00 12.9 132.50 1% <6 70.00
8,3 49,00 13.0 133. 00 L7 % 67,00
8.4 55.00 Bl 1335 .00 17.8 64,00
8.5 56,00 13.2 132 .00 17.9 68.50
8.6 5700 135.3 131.00 18.0 656,00
8.7 60.00 13.4 129.00 181 65. 00
3.8 65.00 13.5 128,00 18.2 59.00
8.9 67.00 13.6 127.00 18.3 63.50
9.0 70,00 13.7 126,00 18.4 58.00
9.1 72 .00 13.8 125.00 18.5 57 .00
92 74 .00 13.9 124 .50 18.6 56.50
9.3 76,00 14,0 124,00 18.7 55,00
Q.4 78.00 14.1 122.00 18.8 53.50
9.5 80.00 14.2 12} .00 18.9 52.50
9.6 82 .00 14.3 120.00 19.0 52.00
9.7 84 .00 1l4.4 1192.00 19.1 51.00
g.8 86.00 14.5 118.00 1g.2 49,00
9.9 88.00 14.6 116.00 19.3 48.00

10.0 90.00 14,7 114.00 19.4 47,00

10,1 22.00 14.8 112.00 19.5 46 .00

10.2 24 .00 14.9 110.00 19.6 45,00

10.95 96,00 15.0 110.00 1.7 44,00

10.4 898.00 19X 108.00 1.8 42.00

1545 100.0Q 15.2 106,00 19.9 40,00

10.6 101.00 15.3 104,00



Table C.8

Fe-54(n, «)Cr-51 Library

g {mb) Z (liev) g {mb) E (tev) o (mb)
2,0 3.00 5.0 3.00 8.0 30.00
Z.1 3.00 5.1 g.00 8.1 31.00
2.8 32.00 5.2 9 .90 8.2 32.00
Ced 2,00 5.3 3.50 8.3 33.00
2.4 &.00 5.4 10.00 8.4 34.00
249 3.00 5.0 10.00 8.5 35.00
2.0 3,00 H.6 10.950 8.6 37.00
2.7 3.C0 5.7 11.00 8.7 38,00
2.8 3.50 5.8 12.00 8.8 40,00
2.9 4,00 5.9 13.00 8.9 40.80
3.0 4,00 6.0 12.50 2.0 41..00
3.1 4,00 6.1 13.50 8.1 43.00
3.2 4 .00 6.2 14,00 9.2 44,00
3.3 4,950 6.3 15.00 G.3 46,00
Se4 4,50 6.4 16.00 9.4 47 .00
3.0 5.00 0.9 16.5Q 9.5 48,00
3.6 5.00 5.6 17 .00 9.0 49,00
3.7 5,00 0.7 17.00 9.7 50.00
3.8 5.50 6.8 18.00 ¢.8 $1.00
3.9 5.50 6,9 15.00 G.9 52.00
4.0 5.00 7.0 20,00 10.0 53.00
4.1 5.00 7.1 21.00 10.1 54.00
4.2 .00 7.2 22 .00 10.2 55.00
4,3 6.50 7.3 23 .00 10.3 56,00
4.4 6,50 7.4 24,00 10.4 57.C0
4.5 7.00 70 25.00 10.5 285,00
4,6 7 .00 7.6 26 .00 10.6 60.00
4,7 7.50 747 27.00 10.7 61.00
4.8 8,00 7.8 28 .00 10.8 62.00
4.9 8,50 7.9 29,00 10.9 63.00



B (Mev) g (nb)
11,0 64,00
i 2 ey 3 65.00
11.2 66,00
11.3 67.00
11.4 68,00
11.5 68.00
11.6 70.00
B 72 .00
138 75.00
11.9 73.50
3.2.0 74,00
rL2.1 75.00
13+:8 76.00
12 .35 77,00
12.4 78,00
12.5 78,50
12.6 79.00
12847 80,00
12.8 81.00
12 .9 82,00
13.0 83.00
135 84.00
13.2 85,00
13:3 86,00
13.4 86.30
13.5 87.00
13.6 £8.00
1&.7 88.50
13 .8 8%¢,00
1859 89.50

Table C.8

Fe-54(n, o« )Cr-51

£ (liev) < (mb)
14,0 90.00
14.1 91.00
14.2 gz .00
14.3 g2 .50
1l4.4 93 .00
14.5 03.90
14.6 94,00
14,7 95.00
14.8 S6.00
14.9 96 .50
15,0 87.00
15X S7 .50
15.2 98.00
15.9 98.50
15.4 98.00
15.5 100 .00
15.6 101L.00
189 101.50
15.8 102.00
15.9 102.50
16.0 103.00
16,1 103.50
16.2 104 .00
16.93 104.50
16.4 105.00
16.5 105,50
le.6 106.00
1647 106.50
16.8 107.00
" 16.9 107.50

Continued

E (liev) o (mb)
17.0 108.00
171 108.50
17.2 109.00
L7 S 109.30
17.4 109.50
j O 5o 109.80
17.6 110.00
L7.% 110.50
17.8 111,00
17.9 111.50
1840 112.00
181 112.50
18.2 112.00
18,3 113.30
18.4 113.50
18.5 114,00
18.6 114.50
5 - T 114 .80
18,8 115.00
18.9 115,50
19.0 116.00
19.1 116,50
19.2 117.00
18.3 117.50
19.4 118.00
19+5 118.20
19.6 118.40
187 118.50
19.8 119.00
19.9 119.00



Table C.9

In-115(n,2n)In-114m Library

B (liev) o (mb) E (kev) o (mb) E (Kev) o (mb)
12.0 1060.00 14,7 1540.00 17.4 1450.00
121 1080.00 14.8 1540.00 175 1450.00
l2.2 1160.,00 14.9 1540.00 7.8 1440.00
185 1200.00 15,0 1540.00 177 1440.00
l2.4 1£220.00 15.1 1540.00 17.8 1440.00
129 1240.00 15.2 1540.00 17.9 1430.00
126 1280.00 15.3 1540.00 18.0 1420.00
YEeT 1300.00 15.4 1540.00 18,1 1420,00
12.8 240.00 15.5 1530.00 18.2 1410.00
13.0 1380.00 15.7 1520.00 18.4 1400.00
1&eL 1400.00 15.8 19520.00 18.5 1400.00
13 :2 1420,00 15,9 1520.00 18.6 1320.00
L Ji T 1440,00 16.0 1520.00 18.7 1380.00
13.4 1460.00 1841 1510.00 18.8 13&0.00
13 .5 1460,.00 16.2 1510.00 18.9 1280.00
13.6 1470.00 16.3 1500.,00 12.0 1370.00
13.7 1480.00 16.4 1500.00 19,1 1260.00
13.8 1500.00 16.5 1500.00 19.2 1360.00
13.9 1510.00 16.6 1500.00 19.3 1350.00
14.0 1520.00 1647 14%0.00 19.4 12340.,00
14.1 1530.00 16.8 1490.00 19.5 1Z40.00
14.2 1540.00 169 1480.00 19.6 1320.00
14.3 1540.00 17.0 14280.00 197 1320.00
l4.4 1540,00 1%:Y 1470.00 1¢.8 1310.00
4.5 1540.00 X ot 1460.00 19.9 1310.00
14.6 1540.00 2 5y LS 1450.00 20,0 1300.00
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APPENDIX D

DESCRIPTION OF FACILITY AND EQUIPMENT

D.1 IRtegctor Yacility and Core

The University of liissouri at Rolla Reactor is a
200 Kw, heterogeneous, thermsl, pool-type, research and
training reactor. The pool of the reasctor is 9' wide,
12' long, 27' deep, &end holds gpproximately 32,000 gallons
of high purity demineralized wester.

An aluminum tower is suspended from a bridge which
spens the pool. At the lower end of this tower is a heavy
aluminum grid plate with holes to receive the nose pieces
of the fuel elements which form the core of the reactor.
The dbridge structure and core are wheel mounted on tracks
located parsellel to the long axis of the pool along the pool
top. The bridge can be moved along its rails for e distance
of spproximately 6' from its normal opersting position, thus
providing maximum graphite reflection when desired. The
overall size of a Tuel element is 3" x 3" x about 36", A
standard fuel element has 10 plates spproximately 1/16" thick,
and each plete is an aluminum-urenium oxide-aluminum sand-
wich with 17 grams of Uranium-235. The control elements are
composed of six of these plates with & space slong the vertical
axis of the element so that they cen receive one of the three
boron-cerbide, shim safety rods or the stainless steel regu-
leting rod.

Experimental facilities of the UMRR include a thermsl



104

column for irradiations reguiring low energy aeutrons, a
beerl tube for experinments which reguire a collimeted Dbean
of neutirons et the externsl Tface of the reactor, and
ectivations can e perlormned in or negr the core by direct
insertvion or via the vneunatic injection systen.

The use of any of the above experiiental Tecilities or

the movement of the core position in the »ool could change

ot

he rezctiviiy and fissicn spectrun,

Some of the more imporitent characteristics of the reactdr
are tabuleted in Teble D.1 (33).

During the course of the experiment, the reactor core
loading wes designated as 31T, Fizure D.1 is g diagrem of

this losding. A key to the fuel prefixes is:

F Stendard Elements
C Control lements
HF Lelf Front Llenent
ER Eelf Rear Ilenent
i Core iccess mlenment
IP? Tsotope Froduction Slemeatd

Sgource Ilolder

L63]

D.2 Zgulnment

The detectors were two RIDL iiodel 10-9 IZzrshew Integrsl

7
ct

Line Detectors in hermetically sesled sscsenmblies which include

L

the Thallium-activated Sodium Iodide crystels and mating photo-

miltiplier tubes., This was connected into a RIDL Liodel 10-17



[
o}
(W]

two transistor préamplifier and a stendard cylindricel housing.
The design is such as to provide extremely low noise and per-
nits the complete detector-preamplifier to be used in reasure-
ments of low energy rediation. The dusl detectors ere
centrally located in a 23" x 51" x 23" steecl-lead combination
shield container. Bzcxground radiation inside the counting
chamber ranged'from 3 to 5 cpm/channel with the reactor
operating at 20C kKw. The purpose Tfor hoting the effect of the
reactor power level was because the detector and shield
essemnbly are situated in the reactor room, with the multi-
channel analyzer iun an adjacént rooiln,

The ¥uliti-Cheanel Anelyzer is conposed of the proper
conmbination of instrument modules in the Iluclear-Chicago
todel 34-27 3Seientific Analyzer System. The memory unit
being a RIDL llodecl 24-2 400 word memory. The choice of
gpectrun cutput is: I8l Typewriter, Tally Tape, ox Plotter

Assanbly.
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Table D.1

Characteristics of the University of Lissouri

-at nolla Keactor

Type: Swimming Pool (modified BSR-type)
Core: Heterogeneous—urenium, aluminum,
water

Al/Héu Volume Ratio: D7 £ 05
Lioderstor: Light Viater
Reflector: Light Water and Graphite
Coolant: Light water with Iree convection flow
Biolonglicel Shield: Light water and aormal concrete
Critical liass: 2.7kg U-235 for water reflector
Power Level: Up to 200 Kw.

s 12 2 o
Aversge Thermal Flux: 1.6 x 10~°n/cm® - sec at 200 Kw

with an H20 reflector.



Figure D.1

visgram of UkiRR Core Loading 31T
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APPENDIX E
DIFPFERENTIAL FLUK TADULATED RESULTS

Tables E.1, .2, and E,3 ere the teabulated results of
determinetions at core positions C.3, ¥.7, and D.7 respectively.
The energy iancremenyv correspoading to the values is 100 Kevw,
the seme increment us=d for.developing the grephs in Figures
5.1, 5.2, and 5.3.

Tables 2.4 through .7 ere the tebuleted results for
veriation of the slope parameter. TYhese velues correspond +to
grapns in ¥igures 5.5, 5.5, 5.7, and 5.8, and the energy in-

crenent is 200 Eev.
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Table 1.1

Tebuleted Results for Differential Flux et C.3

b Hiux B Flux n Flux ot Flux
0.1 0.135x10° 0.2 0.813x108% 0.3 0.605x108 0.4 0.492x108
0.5 0.418x102 0.6 0.266x108 0.7 0.326x10% 0.8 0.294x108
0.2 0.267x102 1.0 0.245x10% 1.1 0.226x108 1.2 0.209x108
.3 0,194x108% 1.4 0.180x108 1.5 0.168x108 1.6 0.156x108
1.7 0.146x10° 1.8 0.1%6x10% 1.9 0.127%x10% 2.0 0.119x108
2.1 0.112x108 2.2 0,104x108 2.3 0.978x107 2.4 0.916x107
2.5 0.858x107 2.6 0.804x107 2.7 0.753x107 2.8 0.705x1.07
2.¢ 0.561x107 3.0 0.619x107 3.1 0.580x107 5.2 0.543x107
3.3 0.509x107 3.4 0.477x107 3.5 0.446x107 3.5 0.418x107
3.7 0.%91x107 3.8 0.266x107 3.9 0.343x107 4.0 0.321x107
4.1 0.300x107 4.2 0.281x107 4.3 0.282x107 4.4 0.246x107
4.5 0.230x107 4.6 0.215x107 4.7 0.201x107 4.8 0.188x107
4,9 0.176x107 5.0 0.1864x107 5.1 0.154x107 5.2 0.144x107
5,3 0,134x107 ©.4 0.126x107 5.5 0.117x107 5.6 0.110%107
5.7 0.102x107 5.8 0.956x10% 5.9 0.8¢3x10% 6.0 0.8234x10°
6.1 0.779x10°% 6.2 0.727x10% 6.3 0.679x10% 6.2 0.834x106
6.5 0.552x10° 6.6 0.552x10% 6.7 0.515x10% 6.8 0.481x10°
6.9 0.445x10% 7.0 0.419x10% 7.1 0.391x10° 7.2 0.384x10°
7.3 0.340x10° 7.4 0.317x10% 7.5 0.296x10% 7.6 0.276x10°
7.7 0.257%10% 7.8 0.240x10° 7.9 0.224x10% 8.0 0.209x10°
8.1 0.194x10% 8.2 0.181x10% 8.3 c.169x10° 8.4 0.157x10°
8.5 0.147x10% 8.5 0.137x10% 8.7 0.127x10% 8.8 0.119x10°
£.9 0.111x10% 9.0 0.103x10% 9.1 0.951x10% 9.2 0.895x10°
9.5 0.834x10° 9.4 0.777x10° 9.5 0.724x10% 9.6 0,874x205
$.7 0.628x10° 9.8 0.585x10° 9.9 0.545x109 10.0 0.507x10°



Table 2.1 {ccntinued)

‘Tabulated Results for Differentisl Flux at C.3
E flux Tlux Flux Flux
10,1 0.472x10° 0.440x10° 0.409x10% 0.381%10°
10.5 0.355x10° 0.330x10° 0.208x10° 0.286x10°
10.9 0.267x10° 0.248x10° 0.231x10° 0.215x10°
11.3 0.200x10° 0.186x10° 0.175x105 0.161x10°
11.7 0.150x10° 0.140x10° 0.150x10° 0.121x10°
12.1 0.112x10° 0.105x10° 0.973x10% 0.906x10%
1£.5 0.842x10% 0.784x10% 0.729x10% 0.678x10%
12.9 0.631x10% 0.587x10% 0.546%x104 0.507x10%
13.3 0.472x10% 13.4 0.4235x10% 0.408x10% 0.280x10%
13.7 0.353x10% 13.8 0.329x10% 0.305x10% 0.284x10%
14.1 0.2684xL0% 0.245%x10% 0.817x10% 0.760x10%
14.5 0.706x10% 0.657x10% 0.610x10% 0.158x10%
14,9 0.1.47x10% 0.137x10% 0.127x10% 0.118x10%
15.3 0.110x10% 0.102xz10% 0.950%10% 0.885x109
15.7 0.821x10° 15.8 0.763x10° 0.709x10% 0.659%x10°
16,1 0.612x10° 0.569x10% 0.529%10% 0.491x10°
16.5 0.457x109 0.424%10% 0.394x10% 0.366x10°
16.9 0.340x10° 0.516x10° 0.294x10% 0.273x10%
17.3 0.254x10° 0.236x10% 0.219x10% 0.203x10°
17.7 0.188x10% 0.175x10% 0.162x103 0.151x10°
18.1 0.140x10% 0.130x10% 0.121x10° 0.112x1.0°
18.5 0.104x10° 0.968x10% 0.899x102 0.835x10>
18.9 0.775x10% 0.720x102 0.669x10% 0.621x1.0%
19.3 0.577x10%2 0.536x10% 0.498%10% 0.462x10°
19.7 0.429x10% 0.340x10% 19,9 0.370x10% 0.344x10°%
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Table E.2
Tabulated Results for Differentisl Fiux at F.7

is Flux B Flux B Flux E Flux
0.1 0.485x10° 0.2 0,291x10° 0.3 0.217210° 0.4 0.176%10°
0.5 0.150x10° 0.6 0,131x10° 0.7 0.117x10° 0.8 0.105x109
0.9 0.958x10% 1.0 0.878x108 1.1 0.809x10% 1.2 0.748x108
1.3 0.693x108% 1.4 0.644x108 1.5 0.600x108 1.8 0.560x108
1.7 0.522x108 1.8 0.488x108 1.9 0.456x10% 2.0 0.427x10°
2.1 0.400x108 2.2 0.374x108 2.3 0.350x108 2.2 0.328x108
2.5 0,307x108 2.8 0.288x108 2.7 0.270x10% 2.8 0.253x108
2.9 0.237x10% 3.0 0.222x108 3.1 0.208x108 3.2 0.195x108
5.3 0,182x108 3.4 0.171x108 3.5 0.160x10% 3.6 0.150x10%
2.7 0.140x10% 3.8 0.121x10% 3.9 0.123x10% 4.0 0.115x10°
4.1 0.108x10% 4.2 0.101x108 4.3 0.942x107 4.4 0.821x107
4,5 0.824x107 4.6 0.771x107 4.7 0.721x107 4.8 0.674x107
4.9 0.520x107 5.0 0.589x107 5.1 0.551x107 5.2 0.515x107
5.3 0.481x107 5.4 0.450x107 5.5 0.420x107 5.6 0.392x167.
5.7 0.267%x107 5.8 0.342x107 5.9 0.320x10°7 6.0 0.299x107
5.1 0.279x107 8.2 0,260x207 6.3 0.243x107 6.4 0.227x107
6.5 0.212x107 6.6 0.198x107 &.7 0.185x10° 6.8 0.172x107
6.9 0.161x107 7.0 0.150x107 7.1 0.140x107 7.2 0.131x107
7.3 0.122x107 7.4 0.114x107 7.5 0.106x107 7.6 0.988x10°
7.7 0.921x10% 7.8 0.860x10% 7.9 0.801x10% 8.0 0.747x10°
2.1 0.696x10% 8.2 0.6295x106 8.3 0.605x10% 8.4 0.564x109
8.5 0.526x10° 8.6 0.490x10%® 8.7 0.457x10% 8.8 0.425x10°
8.9 0.396x10% 9.0 0.369%10® 9.1 0.324x10% 9.2 0.321x10°
9.3 0.299x10% 9.4 0.278x10% 9.5 0.259x10% 9.6 0.241x10°
9.7 0.225x10% 9.8 0.209x10% $.9 0.195x10% 10.0 0.182x10% -



Table R.2 (continued)

11z

Tabulated Results for Differeatial Flux at 7.7
B Flux B Mux E EYug B Flux
10.1 0.169x10% 10.2 0.158x10% 10.3 0.147x10® 10.4 0.137x10°
10.5 0.127x10% 10.5 0.118x10® 10.7 0.110x10% 10.8 0.103x10°%
10.9 0.955x10° 11.0 0.889x10° 11.1 0.827x10° 11.2 0.770x10°
11.3 0.717x10° 11.4 0.687x10° 11.5 0.521x10° 11.6 0.578x10°
11.7 0.537x10° 11.8 0,500x10° 11.9 0.465x10° 12.0 0.433x10°
12.1 0.403x10° 12.2 0.375x10° 12.3 0.349x10% 12.4 0.224x10°
12.5 0.302x10° 12.6 0.281x10° 12.7 0.261x10° 12.8 0.243x10°
12.9 0.226x10° 13.0 0.210x10° 13.1 0.195x10° 13.2 0.182x10°
15.3 0.169x10° 13.4 0.157x10% 153.5 0.146x10° 135.6 0.136x10°
13.7 0.126x10° 13.8 0.118x10° 13.9 0.109x10° 14,0 0.102x10%
14.1 0,945x10% 14.2 0.879x10% 14.3 0.817x10% 14.4 0.760x10%
14.5 0.706x10% 14.6 0.657x10% 14.7 0.610x10% 14.8 0.567x10%
14,9 0.528x10% 15.0 0.490x10% 15.1 0.456x10% 15.2 0.424x10%
15.3 0.392x10% 15.4 0.366x10% 15.5 0.%40x10% 15.6 0.316x10%
15.7 0.294x10% 15.8 0.273x10% 15.5 0.254x10% 16.0 0.236x10%
16.1 0.219x10% 16.2 0.204x10% 16.3 0.189x10% 16.4 0.176x10%
16.5 0.184x10% 16.6 0.152x10% 16.7 0.141x10% 16.8 0.131x10%
16.9 0.122x10% 17.0 0.:113x10% 17.) 0.105x10% 17.2 0.978x10°
17.3 0.909x10° 17.4 0.844x10% 17.5 0.785x10° 17.6 0.729x10°
17.7 0.673x10% 17.8 0.625x10% 17.9 0.581x10% 18.0 0.540x10%
18.1 0.501x10% 18.% 0.466x10° 18.3 0.433x10° 18.4 0.402x10°
18.5 0.373x10% 18.6 0.347x103 18.7 0.322x10° 18.8 0.299x103
18.9 0.278x10° 19.0 0.258x10° 12.1 0.240z10° 19.2 0.223x10%
19.3 0.207x10° 19.4 0.192x10° 19.5 0.178x10° 19.6 0.166x10°
19.7 0,154x10% 16.8 0.142x10% 19.9 0.153x10° 20.0 0.125x103



Table E.3
Tabulated mesulits for Differentisl Flux et D.7

B Flux 5 Flux 0 Flux B Flux
0.1 0.221x10°° 0.2 0.193x101° 0.3 0.124x101° 0.4 0.117x10%°
0.5 0.993x10° 0.6 0.868x10° 0.7 0.773x10° 0.8 0.598x10°
0.9 0.655x109 1.0 0,582x109 1.1 0.5%6x10° 1.2 0.496x10°
1.3 0.460x10°2 1.4 0.427x10° 1.5 0.398x10° 1.6 0.371x10°
1.7 0.346x10° 1.8 0.324x109 1.9 0.3203x10° 2.0 0.285x10°
2.1 0.265x109% 2.2 0.248x109 2.3 0.232x109 2.4 0,218x10°
2.5 0.204%102 2.6 0.1¢1x109 2.7 0.179x10° 2.8 0.168x1.0°
2.9 0.157x10° 5.0 0.147x10° 3.1 0.136x10° 5.2 0.120x10°
3.3 0.121x10°% 3.4 0.113x10° 3,5 0.106x10° 3.6 0.992x108
3.7 0.929x108 3.8 0.570x108 3.9 0.814x10° 4.0 0.762x10°
4.1 0,713x108 4.2 0.667x108 4.3 0.624x10% 4.4 0.584x108
4.5 0.546x108 2.6 0.511x10% 4.7 0.478x108 4.8 0.447x108
4,9 0,418v10°% 5.0 0.391x108 5.1 0.365x108 5.2 0.341x10°
5.3 0.319%x10% 5.4 0.208x10° 5.5 0.279x10° 5.6 0.250x108
£.7 ¢.245x1.08 5.8 0.227x108 5.9 0.212x10% 5.0 0.198x108
6,1 0.185x108 5.2 0.173x102 6.3 0.161x10°% 6.4 0.151x108
5.5 0.140x108 5.8 0.131x108 6.7 0.122x108 6.8 0.114x10°
€.9 0,107x108 7.0 0.994x107 7.1 0.928x107 7.2 0.866x107
7.3 0.807x1C7 7.4 0.753x107 7.5 0.702x107 7.6 0.655x107
7.7 0.611x107 7.8 0.570x107 7.9 0.581x107 8.0 0.495x167
8,1 0.452x107 8.2 0.420x107 8.3 0.401x107 8.4 0.374x107
8.5 0.349x107 8.6 0.325x107 8.7 0.303x107 8.3 0.282x107
£.¢ 0.263x107 9.0 0.245x107 9.1 0.289x107 9.2 0.213x107
9.8 0.1¢8x107 9.4 0.185x107 9.5 0.172x107  %.6 0.160x107
9.7 0.149x107 9.8 0.189x107 9.9 0.129x107 10.0 0.120x107
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Table

E.4
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Jariatlon of Positicon D.7 Results

¥min =0.1 , Kmax = 0.2
o Flux B . Flux B Flux B Flux
0.5 0.299x10° 1.0 0.342x109 1.5 0.292x10° 2.0 0.244x10°
2.5 0.198x10° 3.0 0.1568x10% 5.5 0.124x10° 4.0 0.961x108
4.5 0.735x10° 5.0 0.557x108 5.5 0.418x108 6.0 0.312x108
6.5 0.251x108 7.0 0.171x108 7.5 0.125x10% 8.0 0.914x107
8.5 0.665%x107 $.0 0.482x107 9.5 0.349x107 10.0 0.251x107
10.5 0.181x107 11.0 0.1%0x107 11.5 0.927x10® 12.0 0.662x1.0°
12.5 0,2472x10% 13.0 0.336x10% 13.5 0.235x106 14.0 0.169x10°
14,5 0.120x10° 15.0 0.848x10°% 15.5 0.599x10° 16.0 0.423%x10°
16,5 0.898%x10° 17.0 0.210x10° 17.5 0.148x10° 18.0 0.103x109
18.5 0.724x10% 19.0 0.508x10% 19.5 0.356x10% 20.0 0.249x10%
Table E.5

Sxponent Parameter Varietion of

Position D.7 Results

Kmin = 0.2 , Imax = 0.4

B Flux & Flux o Flux B Flux
0.5 0.563x10°% 1.0 0.420x109 1.5 0.331x10°% 2.0 0.261x10°
2.5 0.203x109 3.0 0.156x10° 3.5 0.119x10% 4.0 0.894x108
4.5 0,668x108 5.0 0.496x108 5.5 0.365x108 6.0 0.268x108
6.5 0.195x168 7,0 0.1242x108 7.5 0.103x108 8.0 0.741x107
8.5 0.532x107 9.0 0.382x107 9.5 0.273x107 10.0 0.195x107
10.5 0.135x107 11.0 0.985x107 11.5 0.699x10% 12.0 0.495%10°
12.5 0.350x10% 13.0 0.247x10% 13.5 0.174x10% 14.0 0.123x10°
14.5 0.862x10° 15.0 0.606x102 15.5 0.425x10° 16.0 0.298x10°
16.5 0.209x10% 17.0 0.146x10% 17.5 0,102x10° 18.0 0.711x10%
18.5 0.496x10~ 19.0 0.346x10% 19.5 0.241x10% 20.0 0.168x10%



Table &,6

Exponent Parameter Variation of Position D.7 Results

de

Kmin = 0.4 , Xmax = 0.6

i Flux O Flux A Mlux E Flux
0.5 0.782x10° 1.0 0.509x109 1.5 0.370x10° 2.0 0.275x10°
2.5 0.204x10°9 3.0 0.152x10° 3.5 0,112x109 4.0 0.820x108
4,5 0,599x108 5.0 0.435x108 5.5 0.314x108 6.0 0.227x108
6.5 0.163x108 7.0 0.116x108 7.5 0.831x107 8.0 0.531x107
8.5 0.420x107 9,0 0.298x107 9.5 0.211x107 10.0 0.149x107
10.5 0.105x107 11.0 0.738x10% 11.5 0.519x106 12.0 0.364x108
12.5 0.255x10% 13.0 0.179x10% 13.5 0.125%10% 14,0 0.875x%105
14.5 0.811x10° 15.0 0.427x10° 15.5 0.297x10° 16.0 0.207xL0°
16.5 0.144x10% 17.0 0.100x10% 17.5 0.699x10% 18.0 0.482x10%
18.5 0.335x10% 19.0 0.233x10% 19.5 0.161x10% 20.0 0.112x10%

Table H.7
Exponent Peramever Varistion of Position D.7 Results
Xmin = 0,8 , Kmax = 0.9

B 3lux 5 Flux E  Flux B Flux
0.5 0.125x10%% 1.0 0,662x102 1.5 0.428x10° 2.0 0.290x10°
2.5 0.202x209 3.0 0.142x109 3.5 0.998x10% 4.0 0.703x10%
4.5 0.496x108 5,0 0.349x108 5,5 0.245x108 6.0 0.172x108
6.5 0.121x108 7,0 0.844x107 7.5 0.590x107 &.0 0.412x107
8.5 0.287x107 9.0 0.200x107 9.5 0,139x107 10.0 0.969x10%
0.5 0.873x10% 11.0 0.2467x10% 11.5 0.324x10% 12.0 0.225x100
2.5 0.156x10° 13,0 0.108x106 12.5 0.746x10° 14.0 0.516x10°
4.5 0.356x10° 15.0 0.248%x10° 15,5 0.170x10° 16.0 0.117%10°
16.5 0.809x10% 17.0 0.558x10% 17.5 0.385x10% 18.0 0.264x10%
18.5 0,182x10% 19.0 0.125x10% 19.5 0.860x10% 20.0 0.592x103
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