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? . Abstract

o .
' A calculation was performed to determlne the high- energy portion of them--|
gamma-ray flux at the surface of the uranlum-aluminum BSF reactor. The flux'
was considered to consist entirely of the uncolllded flux plus the Compton-
scattered flux. The’four sources of‘prlmary gsmma‘rays lﬁcluded in the
calculation were prompt fission gamma rays,.capture gamme rays from alu-
minum, capture gamma rays from uranium, and fiss1on product decay gamma

rays These sources were d1v1ded into four energy groups Although the
assumptlons used to calculate the Compton—scattered flux tended to over-

estimate the actual spectrum, the calculated results were considerably

lower than a preyiously measured'sﬁectrum,
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Introduction‘

The continued requlrements for more refined shieldlng informatlon necessitates
that the gamma-ray spectrum of shield test reactors be known ~The spectrum of the
Bulk Shlelding Facility reactor has previously been determlned experimentally with

a 501ntlllat10n spectrometer,} 2

and calculatlonal attempts have been made to esti-
mate the gamma-ray spectrum .on the surface of the reactor ¢ore over the entire
energy range. . The calculation reported here represents an attempt to determlne
the high-energy end. of th1s spectrum from the known 1ntensity and spectra of the
primary gemma-ray. sources - 1ns1de the core.

Method of Calculatlon

‘ Only . the hlgh—energy end of the BSR spectrum, from 3 0 Mev up, was calculated,
and for this. portlon of the spectrum the main contrlbution to the flux at the
core surface is. the uncollided flux This can be calculated in a straight-
forward manner if the sources of primary gamma rays inside the core are known.
In addition to the uncolllded flux, the Compton scattered flux was calculated’
using two simplifying assumptlons: .(l) 4The “straightahead assumption" which
assumes that the energy spectrum of the scattered gamma rays is glven by the
correct Klein-Nishlna formula but that their direction is‘ the same as the
dlrectlon of the primary gamma rays, and (2) the "one-colllslon assumptlon
which assumes that the scattered gamma rays proceed without further absorption

to the‘surface of ‘the core. It is obvious that the spectrum of .Compton-scattered |

1. F. C. Maienschein and T. A. Love, Nucleonics‘lé,‘No. 5, 6-8 (1954).

2. G. deSaussure, ORNL-2221, p. 347 (classified); W. F. Osborne and
D. W. Montgomery, Babcock and Wilcox, private communication.




-gamma. rays calculated under these assumptions will be an overestimate of the
actual spectrum.

The Primary Sources of Gamma Radiation

There are four sources of primary gamma rays: (1) prompt fission gamma
‘rays, (2) capture gamme rays’from aluminum, (3) capture gamma rays from.
uranium, and (%) fissionéproduct decay gamma rays. ‘There are also gamma rays
produced by neutron capture in water, inelastic scattering of fast neutrons,
decay of A128, and’annihilationwradiationg:but_none of -these sources con;
tribute‘appreciably to the gamma‘radiation above 3 Mev.

Most fissions in the reactor.occur at tbermalAenergies. In this energy
range the spectrum and intensity ofrthe.prompt fission gamma'rays have been

3 -1.01E

investigated by GAmble and can be apprOXimated by N(E) = 7.6e

photons/Mev f1551on

This spectrum of uranlum capturelgamma rays has notlbeen investigated;
however, the total gamma ray energy emitted per capture is known to be
6 43 Mev, whlch is equivalent to the binding energy of an addltional neutron
in U235 The energy dependence of the capture gamma ray spectrum of- U255
. was assumed to be the same- as the one of the prompt fission spectrum (i.e.,
~ve -l OlE). ThlS 1s probably not correct but the. 1ntens1ty of this source

of radiatlon is’ small compared to that of alumlnum capture gamma rays and

it should not affect the results greatly

3. R. L. Gamble, Prompt Fission Gamma Rays from Uranium-235, (Dissertation
presented to the faculty of the Graduate School of the University of
Texas in partial fulfillment of the requirements for the Degree of
Doctor of Phllosophy)
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The gamma-ray source associated with fission-product activity eQidently
depen&s on the past history of the fpei elements of the reactor; however, the
main contributioh is from the'short-livéd-fiséion préducts. The spectrum of
the short-lived fission-prédudt decay gamma rays of U235 has been measured by
Peelle, Zobel, and Love,LL who have réported.a typical spectrum corresponding to
’ about 3 hr of activatiqn. This is the spectrum that was used in the calculétion.

The energies and intensitieé'of“aluminum capﬁure gamma'fays have been
investigated and tabulated by Kinsey, Barthplomew, and Walker.- |

When combined, the spectra of thése four soufces of primary gamma rays gave
an almost qontinuéus spéctrﬁm éf'radiation.A Foripurposes of calculation,bthé:
spectrum from 3 Mev to_il‘Mev wdé divided inﬁd;four 2-Mev‘wide grbups? and the
total energy emitted by the various.soﬁrces‘in éaéh‘of fhéienerg& groﬁpé was
computed. For,conveniénce; ﬁhé-fotai ehergy emitted in each gfoup was divided
by a "representative énérgyd inside‘the‘groﬁé‘to cbnvgrt it into an equivalent
number of phoﬂons of the repreSentativé'énergi; The‘results of this calculation
are tabulated in Table 1. |

The numbers‘presented in Tablé lAWére<obféined_in the following manner.

The prompt fissionvgamma-ray‘spectrum was approximated by:

.nf(E) - 7.6é-l.0¥$

photons/Mev-:fission
Since the total source is known to be:

m . ) . .
Ep = [ En(E)ME = 7.45 Mev/fission

4. R. W. Peelle, W. Zobel, and T. A. Love, Appl. Nuc. Phys. Ann. Prog. Rep.,
Sept. 10, 1956..0RNL-2081, p. 9k. A '

5. B. B. Kinsey, G. A. Bartholome&; and W. H. Walker, Phys. Rev. 83, 519 (1951).
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Table 1. Number of Photons per Fission in the BSR Core for Various Energy Intervals

Enerey B, E_ E vI(E) ¢ WME) - w(E)
Group (Me¥) (Mev) (Mev) (photons/fission) (photons/fission)  (photons/fission) (photons/fission)

I 3.0 5.0 k.0 0.3 L " -0.10. T 0.07 ‘ . 0.51
11 5.0 7.0 6.0 0.066 o 0.002 - .  :ffﬁx 7o.o21 T 0.069
I . 7.0 9.0 8.0. '0.006 ‘~~P; .0 o G - 0.03%6 - . 0.0k2

v 9.0 11.0 10.0 = 0.0008 - . 0. .. . .0 ' - . 0.0008
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the capture gamma-ray spectrum of U255,'assumed to have the same shape as the
prompt fission spectrum, can be given by:

c 6.43 -1.01E fiand
n (E) =. . T.6e photons /Mev.fission
T:45 - |
R - -' 235
The prompt fission spectrum plus the capture gamma-ray spectrum of U is
then:
U o S, 6.43 \. . o -1.01E _
n(E) =(1+=2 245 7.6e - photons /Mev.fission
= ) " - pho /

where o,/df, the ratio of the microscopic .capture and fission cross sections
of UQBS,'iS 0.l8ﬁiﬂ Solving,

nY(E) = 8.8e ~ photons/Mev/fission N

The number of:photons per fissibnvin”eqch grbup is then.obtéined as follows:

ge"L-018

<
(=
~
=
~r
]
o] W o
[=]
—~~
=
<
23}
]

dE photons/fission -

where E; and K are‘the'enérgy limits qf thé‘group and E ié;the répresentative
energy. | . | |
| The number,of fission-pfbduct decayggamﬁa rays per fission is obtained in a
similar fashioﬁ:. | -. ‘ €‘1. o
Eb .

nF(E) E 4B

-

vPE) =
.Ea
where nP(E)'is‘the number of_photohs of energy E per Mev per fission measured

)

experimentally.”

... 883 007
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Al —
Finally, the number 3/ (E) of aluminum capture gamma rays per fission for

each energy group was obtained by multiplying the number c;) (E) of aluminum

'capture photons per neutron capture in aluminum by the ratio of the macroscopic

capture cross section of aluminum to the<macroscopic’fission cross section of

AL 25 ' Al
uranium (i}a /i;f ) in the core material. .The value of w (E) was obtained
from the measurements of Kinsey, Bartholomew, and_Walker:h{ _ .
L ,

1

Al = 1 | < -
(E) - . AME') B
100 E j22>
_ EaéEPALFb? .

where ME') is the number of'photons of energy E' per 100 captures. Values of

Aco (E) for the four energy groups are given in Table 2. The macroscopic capture

cross section of aluminum in the reactor coregmaterial was obtained by multi-
plying the number of aluminumfnuclei.per cubic centimeter of the reactor core
(2.47 x 1022) by the microscopic capture-cross section of aluminum for thermal
neutrons (c:*Al = 0.20k4 barns), optaining & “value of O. 00504 cm'l for ZLAl

The macroscopic fission cross section of the. U255 in the core was obtained
s1milarly by multiplying the number of U 235 nuclel perlcubic centimeter of ‘the
reactor core (0.94% x 10 ) by the microscopic fission cross section of Ue55
for thermal neutrons (6'i5v= 512 barns), Obtaining-a value of 0.0481 cm™t

for 2125. It is 1mplicitly assumed in the calculation of the number of.

aluminum capture photons per fiss10n that the ratio of the number of thermal
neutrons absorbed in U235 to that in aluminum is proportional to the ratio of

their respective macroscopic.absorption Cross sections. This may not be ‘ -
strictly true because of self-shielding.and flum depression eﬁfects’ihwtne
heterogeneous fuel plates.A However,‘this has been determined to be a small

effect6 that could not affect the absorption ratios by more than L.

6. E. G. Silver, private communication.

689 008
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" Table 2. Number of Photons per Neutron Cepture in
Aluminum for Various Energy Intervals.

Egigig (ﬁ%v) R "'(ﬁgv) : o (Mev) (Phg%opg/gapture)

I 3.0 "5.9 w0 T ouTer
II - 50 . 7.0 .. 6.0 0.2
I 70 0 90 . T 80 0.3k

o 907 . 1.0 - 10.0 0

- 689 (09

’
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The Uncollided Flux

In the calculatioﬁ of the uncollided flux it was first assumed that the
thermal-neutron flux was the same throﬁghout thg reactdr core. Later corrections
were made to take into'acéount the actual shape of the thermal-neutron flux (see
below). If the flux is the same tﬂroughout fhéfégre; the number of fissions per
cubic centimeter per.éecond in the core is obféined-by dividihg the total number
of fissions per second by the volume of the core.

The experimental measurem,eritsl Qere normalized ﬁo 1 watt of reactor power,
which correspoﬁds fo 3.1 x lOlO fiésioné/séc. The totallvolume oflthe;feqctor
core for the experiment was 1.15 x lO?'cc (BSR .Loading 22A). Thus, there were
2.7 x 105 fissidns/sec.watt.cm3.' These‘same conditiong‘were assuméd fOr’fhe
calculation. | ‘

The uncollided flux at the éﬂrface'of the reactor core in a direction
normal to the core surface is related té the ééurcg stréﬁgth per unit volume

of the core by the relation:

P n(E)dEaRep®r 2

[(E,f) dE'dQ = n G- ~ . r°ar
. : Ihﬁra - o

. nE)arafl | 1.-epEL.
by “P(E)L'
where 4
0, — :
[ (E,)) = uncollided flux of energy E in the direction () per square

centimeter per steradian,

n(E;)

number of gamma rays of energy E per cubic centimeter of-

reactor core,



[
[}

length 6f the core in the direction ., cm,

linear absorption coefficient of the reactor core material for

-
1}

radiation‘of energy'E;‘Cm-
Thus the uncollided flu# eo the'eorfece~of the reacfor, in tﬁe directioh de-
termined by the'ceﬁterline; per-square cenfimeter per SteradiahAper Mev per
watt per second is related to the total number of. photons per f1551on‘J(E

by the relatlon

o) = @M 2(E)
pm) - boePER
- pER
where - ‘
f(E) = dlmen31onless functlonuof the energy and the length of the core,
taklng 1nto account the attenuation of the radlatlon of the core,
K = 2.7 X 10,5'.'x'.h_'ﬂ_"a_.'E
= h 83 b4 lO5 fis31ons/watt sec cm2 steradlan Mev,
L = length of the reactor’ core on’ the centerline hS cm,
AE =

width of each of the energy groups = 2 Mev.
The metal- to-water ratio in the BSR is about O 7, therefore, the llnear ab-

.sorptlon coeff1c1ents p(E) for each energy group is deﬁérmlned as, follows.
P(E) = o.ul }JAI(E) + o\.'»59 PHQO(E)»
where PAl(E){andeHéo(E)_ére'the linear absorpfionycoefficients of aluminum

and water, respectively (the.volume occupied by uranium was neglected). Table 3
lists the values forAP(E),.the productlp(f)L and the.fonc%lonlf(f) for each of

the four energy groups.




Table 3. Values of (E),:y(E)L, and f(E)

for Various

Ty Groups

Energy 'E-}’ P(-l_?_:l ‘ c o

Group -~ (Mev) (em™) p(E)L £(E)

I k.o ‘070554:i' 2.48" 0.37

od K 6.0 0.046"" 2.09 - 0.k2

I 8.0 ooz 1.885 0.bk
0.45

v . 10.0 .

;. 0.039.

1.77
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The results of the calculations of the uncollided flux for all of the energy

groups are -tabulated in Table 4.

The Compton-Scattered Flux

Since; as mentioned above, the.Compton-scattered ganma-ra& flux was calcu-
lated under "straightahead" and “"one-collision" assumptions,jonlyvthose gamme.
rays_tnét originated'from Compton scattering of.primary gamma,rays that were
moving in the direction of the detector oefore their collision- were considered.-
The total number of prlmary photons that were orlglnally mov1ng in the direction
of the detector was obtalned by setting y(E) 0 [EF f(E) =1/ in the equation
for the uncollided flux. fThe dlfference between thls number and .the actual un-
collided flux is the number of. photons that had orlglnally been moving in the
direction toward the surface of the core but were. removed by ebsorption or
‘scattered in the core.material.‘ The portlon that was Compton scattered was ¢

X '\f(E) [i - f(E)] pe(E)
p(E)
where PC(E) is-tne linear absorption‘coefficient'for Compton scattering alone.

If a primary photon of energy E makes a Compton scattering there is a probability

p(E)E')aE = L. 3%(E)  gp )
oo(E) -~ - d(E") .

given by the Klein-Nishina law, that the scattered photon will have an energy

between E' and E' + dE'. Since thetenergy spectrum for this calculation has

been divided into four regions, it is possible to calculate the probability that

L th

a photon of energy ﬁi will be scattered into the energy group by the equation,
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Teble 4. Gamma-Ray Flux at the Surface of the BSR,
Assuming a8 Flat Thermal-Neutron Flux

g pe(E) -

' Flux.(photons/cme-sécoMev-watt?steradian)

Energy Al ‘ Compton- .
Group - (Mev) P(E) - Uncollided Scattered Total
I 5,00 - 0.889 9.2 x 10 2.8 x 10" - 1.2 x 10
TI 6.0 0.805 - Lhx10* 2.9x10° 1.7x 10"
I1I 8.0  0.728°  9.0x10°  6.9x10°. 1.0x 10"
v - 1.8 x 107 7.0 . 1.9 x 10°

10,0 - 0.658
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1

ok ddn(E ’) '
| . i
oe(By) o |
where )
Eax> Bpx = energy 'limits of the k' group,
E : S th
E; = representative energy of the i group.

‘The values of a4y for each. of the four ehergy grouos“are listed in Table 5.

The Compton spectrum can then easily be'calculated as

r (Ek) KZ . ﬁ(Ei) ):1 - f(E )] Fel®i) S oy
"The. results of the calculatlons of the Compton—scattered fluk, along w1th values

of the ratio PC(E)ép(E), and the uncollided_flux,,are<g1ven in Table L.

Correction for the Thermal-Neutron Flux Shape

For th1s calculatlon of the gamma-ray flux at the surface of the BSR 1t
was assumed that the thermal-neutron flux was constant throughout the reactor
core. This of course, is not correct, gold foil measurements hav1ng shown ‘

that the average value of the £lux along the reactor centerline (¢ ) is

11.23 x lOlo-neutrons/cm .sec while~the‘average valuefof the.flux throughout

the core (F) is 7.36 x lOlQheutrons/cm?fsecf”tBefore“any:combarisonacan be’
made w1th the . experlmental resultsl a correction must'he made for the shape~
of the flux. 1In the experlment the detector colllmator was pointed toward
the center of the'core; therefore, the experimental results could be ex-
pected to indicate a greater‘intensity than the calculations. In order to

correct the calculations,- the calculated values of the gamma -ray flux.given in
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Table 5. Coefficients for Compton Scattering

E, =4 Mev- E

Gk

y By 6 Mev' Ei,

1
]

8 Mev Ei.= 10 Mev

10

0.165 -~ 0.20k  0.159 0.0
0 ©0.096 0.139 ~ 0.110
o o . 0.6 0.0

S - T 0.050




ils_
Table 4 were multiplied by the_ratio a;/a; Thelcorrected calculeted values for
the flux on the centerline at the surface of the reactor are shown in Table 6.
donclusion _

The corrected celculated‘gamma-rap spectrum is plotted in Fig. 1 along

. with theAexperimentalwspectruml‘endﬁthefspectrum determined in & previous
calc'ulation.2 The two caiculations give almost-the same results; this cen be
attributed'to the fact thet the uncollided flux in both calculations was ob-
talned in the same way, and. the different methods of calculating‘the Compton-
scattered flux ‘had little effect on the high energy end of the spectrum where
the Compton-scattered flux is small compared to the uncollided flux.

It should be pointed out that the experlmental values plotted in Fig. 1
do not represent the exact values reported prev1ously 1 In re-examining. the
experimental data for the BSR gamma.- ray spectrum, it appeared. probable that
/the'error due to leakage through the collimator side walls used for this

!

'particular experiment was appreciably greeter'than the 20% quoted when the
data was originally published Applicatlon of a recent form.ula7 to the
geometry of this experiment indicates’ that the effective solid angle should
be increased by a factor of 1‘7 Therefore, the gamma-ray flux plotted in
Fig. 1 was reduced by this factor

It is surprising.that-the calculation performed.ebove gives a much
lower intensity for‘the'spectrum than the‘one measured; in spite“of"the
fact that all the assumptions made in the calculation were made inma di-

rection that would tend to overestimate the flux. This seems to indicate a

discrepancy between the eXperimental datal and the capture gamma-ray

7. Robert L. Mather, Gamma-Ray Collimator Penetration and Scattering
Effect (unpublished). .

* This experimental data was corrected by F. C. Malenscheln and reported
" to the author by private communication.
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‘Table 6. Calculated Gamma-Ray Flux on the Centerline
at the Surface of the BSR Core

E Total Flux

Energy Eg, = E ' .
Group - (Mev) (Mev) . (Mev) _A(photons/cmaaseq-Meviwatt-steradian)
1 3.0, 5.0 4.0 | 1.8 x10°
IT 5.0 7.0 6.0 . 2.6 x 10"
III 7.0 9.0 3.0 1.5 x 10"
9.0 1.0 10.0 .. 2.9 x 10

Iv
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spectrum of a}uminum reported by Kinsey, Bartholomew, and Walker.5 The error
in the experimental data is uncertéin but it'would appear to be less than the
markedAdiscrépancy between the experimént and the calculation. Further ex-
perimental work is plaﬁned as soon ag the new Model IV spectgometer and

positioner are available.

8. R. W. Peelle and T. A..Love, ORNi.-251+0;;Part,5 (classified). -

&y
C‘K’);
@
D
bt



UNCLASSIFIED
2—01—058—0-204

108
5
1
\.
2
LEXPERIMENTAL
. [CORRECTED.VALUES FROM
10 \INUCLEONICS 12, 5, 6 (1954)]
, \‘\
5 N o

\

e

A

o
[o)]
7

[&)]

N

(@]
[6)]
T
1
1.7
A
4 )
]
: '
H

T, GAMMA RAY FLUX (phofoné/cm.z-sec-Mev-W's‘rerad ian)
3

AN BZN
> PREVIOUS - Fz==-Fr--1
" [CALCULATION 7 _
, (ORNL-2221, p 347)] - ’
10® e
PRESENT CALCULATION
5 \
2
103
5
2
102

o - 1 2 3 4 5 6 7 8
E/., GAMMA RAY ENERGY (Mev)

.9

10

114

Fig. {. Comporison of Calculated and Experi-
mental Spectra of Gamma Rays at the Surface of the

Bulk Shielding Facility Reactor.

633

e

s

<.

0




