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The date in this report are based on references dated up to
March 30, 1956. However, recently avallable experimental information*
appears to be in good agreement with this data.

#* R. M. Sinclair, Phys. Rev. 102, 461 (1956).

R. B. Day, Phys. Rev. 102, 767 (1956).

T. H. Braid, Fhys. Rev. 102, 1109 (1956).
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INTRODUCTION

In order that fairly accurate thermal stress calculations can be
made on the ART, it is necessary to have a reasonable picture of the
temperature distribution in the reactor. To get the temperature distri-
butions, and to determine cooling requirements in various parts of the
reactor, one must know the heat deposition rates due to alpha particles,
beta rays, gamma rays, and neutrons in all parts of the reactor.

The present report econtains only the basic physical data necessyary‘to
determine the heat deposition rates due to gamma rays.

Neutron fluxes in the core and reflector regions of the ART are to be
obtained fram two-dimensional multigroup calculations (performed by the -
Curtiss-Wright Corporation). These fluxes, in conjunction with the meutron
absorption cross sections, determine the neutron capture and inelsstic
scattering rates in the core and in the reflector. The data in this report
permit the calculation of the mumber of gamma rays originating at various
energles at every point in the core and reflector.

The data are presented in the form of the number of photons at par-
ticulhr energies per event. The photon energy groups were chosen to
correspond to the energies at which it was most convenient to calculate
the energy absorption builldup factors.

A considerable amount of work on the gamma rays resulting from in-
elastically scattered neutrons is included here in some detall, in order
to clarify the reasons for using the values tebulated here for this re-
action. It is recognized that the treatment of the subject given here is
not exhaustive, and may be subject to revision when further experimental
or theoretieal information is available.

The multigroup intervals used by the Curtiss-Wright Corporation in
their calculations of the neutron fluxes in the ART are given (Teble 8).
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PROMPT GAMMA RAYS AND U=-° CAPTURE GAMMA RAYS IN THE FUEL

Prompt Gemma Rays

The prompt gamma-ray information included here was obtained from the
Ph.D. dissertation of Roger Gemble.'
be approximated by

The prompt gamma-ray spectrumm can

e-l.OlE

N'(E) = T.6 photons/(Mev)(£ission).

The expression

1q]'_oE = 0.76 e 1-01E (photons/(100 kev)(fission),

is superimposed on the results of Gazﬁblg's work in Fig. 1 to illustrate
the £it of -the curve with ‘the experimentel data.
The total number of phofons and total energy released per fission
can be obtained as follows: .

1
Np

(¢ o)
f N'(E) dE = T.52 photons/fission,
(o]

(09}
f E N'(E) dE = T.45 Mev/fission.

Eq

These values agree with the respective values obtained by Gamble
(N.i. = T.513 E& = T.46) using the measured spectra.

(o]

Capture Gamms Rays in 0235

Apparently there are no data available on the spectrum of gamma rays
resulting from radiative neutron captufe in 0235. The resulting capture
gemma rays will probably be of spectral type 3, es indicated by a study
of the spectral types of other heavy elements. M:l‘l:‘l:lem:.m2 defines type 3

1. R. L. Gamble, Prompt Fission Gemma Reys from Uranium 235, unpublished

dissertation done at Oak Ridge National Laboratory (Junme, 1955). »
2. P. S. Mittleman, and R. A. Ligdtke, " Rays from Thermal-Neutron

Capture", Rucleonics, Vol. 13,*No. 5, %0 (1955).




photons/(400 kev) (FISSION)

10

10

3 UNCLASSIFIED
2-01-077-FG-3R-1

— NI(E) _ —1.01E
o =076
\\
B /V1(é') —0.96(e O1E

® GAMBLE’'S DATA

2 4 .4 © 8
GAMMA-RAY ENERGY (Mev)

Fig.1. Prompt Gamma Spectrum of U235.

10




-4

capture gamma-ray spectrs as heving many gems rays, no line structure .
below 5 Mev, and with the distribution peaking below one-half maximm
energy.
For a reactor operating essentially on thermsl neutrons the total
energy of the 0235 capture gammas released per fission can be obtained
from

th (U235) .
< 35
B, = —gm 55 X (binding energy of additional neutrons in e ),
o (1F)
where
th
CE: = thermal sbsorption cross section minus thermal fission cross
section.
Therefore

E, = -;%%‘;n‘i x 6.426 Mev’ = 1.18 Mev/fission

for a thermal reactor. (The cross section values were taken from the work
of Hughes and Ha.rvey.!")

In the ART, approximately 40% of the fissions are due ‘to thermal
neutrons and 60% are due to epithermal neutrons ,5 so the variation of a,
i.e., 0;/0}, with energy must be taken into account. This was done by
calculating the ratio of the total number of U23 > captures in the core of
the ART to the total number of fissions. The data used in this caleculation
were taken from the output of multigroup calculations performed by the
Curtiss-Wright Corporation on a spherical model of the AI!r.5
sections used were Curtiss-Wright multigroup cross sections.6 For the calcu-
lation,

The cross

E. The Reactor Handbook, Vol. 1, Physics.
. D. J. Hughes and J. A. Harvey, Neutron Cross Sections, BNL 325 -
(July 1, 1955).
5. He. Reese, Jr., S. Strauch and J. Mihaleczo, Geametry Studz_for an ANP
Circulsting Fuel Reactor, WAD-1901, Fig. 134 (Sept. 1, 195%). .
6. D. L. Kevanagh and C. B, Mills, Neutron Cross Sections for Multigroug

Reactor Calculations, CWR 413 (Sept. 1, 1955).
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6;::[
s FMT
number oi:"U2 capbures = . i X 0.98
number of fissions =~ =~ X7 F *
i i

0.306 captures/fission in U235,

where
' A; = mumber of absorptions in the fuel region in the 4B lethargy
group, :
F; = mumber of fissions in the fuel region in the 18 lethargy group,
Oc = average capture cross section of U23 > in ith lethargy group,
1 :

= i 2 th
Qg = average absorption cross section of in the 1“" lethargy

5 .

group.
The factor 0.98 arises from the fact that 98% of the absorptions in the fuel
region are absorptions in U235. For the ART,

capture Mev Mev 35
0.506 fission 6.426 capture ;'97 FIssion ° v

F";

Since the total energy E'.'I" is small relative to that of the prampt
gamme, rays and probably of spectral type 3, the U25 ° capture gamms-ray
spectrum was assumed to have the same spectral distribution as that of the

prompt gamme rays. Thus, for the ART

-1.01E

N"'(E) = 2.01le photons/(Mev)(fission).

Prompt Gemma Rays Plus U255 Capture Gamma Rays

The spectrum of prompt gamma rays plus the U23 > capture gamma rays
is, by eddition,

"l.O]—E

N(E) = 9.6l e photons/(Mev)(fission).

A plot of 0:961 ¢ 1-0LE photons/(100 kev)(fission) is shown in Fig. 1.
Tabulations of the pertinent information are presented in Tables 1 and 2,

‘and the eqguations used are presen'lﬁd in.-t#e following summary.
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Spectrum:
N(E) = mmber of photons/ (Mev)(fission)
For prampt plus U79° oapture gemme Tays
N(E) = 9.61 e~ LeOLE photons/ (Mev) (fission)

Total number of photons per fission:

Q0
= f N(E) 4E = 9.51 ‘photons/fission
0

By

Total energy per fission:

(¢}

Average energy per photon:

f * E N(E) aE
= 2 = 0.99 Mev/photon

L7 () az

E
7

Average power density in the core:

3.21 ft3 of fuel volume in the core7 = 9,09 x 101‘ cm3

10

(9.42 Mev/fission x 3.1 x 107 fission/secewatt x

6 x 101 watt x 1.6 x 10710 wattesec/Mev)/9.09 x h' cm”.

= 30.9 wa:l;'l',s/cm3 of fuel in core.

7. W. Lo Scott, Jr., Dimensional Data for the ART, ART Design Data Sheet
No. 8-A-3, p 10 (Jan. 27, 1956).

O




Table 1. - Prompt and u25 > Capture Gemma Rays, Energy

Per Fission in Various Energy Intervals

b

Es ; JQ E N(E) dE

a ' b Eab
(Mev) (Mev) (Mev/fission)
0 0.75 1.655
0.75 1.5 . 2.553
1.5 3.0 3.37h
3.0 5.0 ' 1.h72
5.0 7.0 0.3012
7.0 9.0 0.0539
9.0 11.0 0.0090k

Total = 9.42 Mev/fission
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Table 2. Prompt and U-D° Capture Gemma Rays,
Photons Per Fission in Various Energy Intervals

(Photons/fission at E) x E = Es

a ) E ' Photons/fission
(Mev) (Mev) (Mev) at B
0 0.75 0.5 3.31
0.75 1.5 1.0 2.55
1.5 3.0 2.0 1.687 )
3.0 5.0 k.0 0.3680
5.0 7.0 6.0 0.0502 )
7.0 9.0 8.0 0.0067h
9.0  11.0 10.0 0.00090k

¥ chosen to correspond to emergies at 'which buildup factors were
calculated.
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DECAY GAMMA RAYS IN THE FUEL

The fission-fragment-decay gamma-ray spectrum was obtained principally f
from experiments of Peelle, Zobel, and Love, who used a multiple-crystal "
gamma-ray spectrometer and a circulating fuel belt with transit times »
between 1.2 and 2.5 seq; The measured gamma-ray spectrum can be approximated
by

Nl(E) =:9.0 e~1-33E photons/(nev)(fission)f

In Fig. 2 the curve of Nl(!:j) vs E 1s superimposed on the curve experimentally
determined by Peelle et al. for camparison purposes. Integration of this
spectrum between 0.36 and 5.8 Mev results in 4.2 photons/fission and
4,7 Mev/fission, which agree quite well with values (4.2 photons/fission,
4.8 Mev/fission) obtained by integration of the measured spectrum.

The time of irradiation, T, of the circulating fuel belt was 101* sec
(~3 hr), and the fraction of the saturation activity of the long-lived
nuclides measured is 1 - e~ AiT, where }\i is the decay constant of the 1
nuclide. The use of saturation a.ctivity is valid since 500 hr of full pover

operation of the ART would result in 96% saturation of the fission-product-
9

th

decay gamma-ray e€nergy, as indicated by Moteff.” The increase in the decay
gamma-ray spectrum due to the long-lived fission fragments was obtained by
multiplying the photons per fission for each nuclide, given in a compilation
by Blcnmake,:l'0 by the fraction of the saturation activity not measured, and
adding to the measured gamme-ray spectrum given previocusly. Blomeke's
campilation was used 1n preference to similar compilations by Hoteff9 and
cla.rkll because of the larger list of nuclides included. Blomeke's list
includes nuclides having very small yields (10 2 % and above), nuclides
which emit gamma rays with energies down to 0.0l Mev, and nuclides with short

half lives (~ 1 sec and greater).

8. R. W. Peelle, T. A. Love and W. ZObel, ANP Quar. Proso Rep. Dec. 10, 1955,
ORNL-2012, Part I, II, III, p 223-226.
9. J. Moteff, Fission Product Decay Gemme Energy Spectrum, APEX-13k (1953).
10. J. O. Blomeke, Nuclear Properties of U-235 Fission Products,
ORNL CF-54-12-52 (195&).
11, F. H. Clark, Decay of Fission Product Gemmas, NDA-27-3%9 (1955).
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For nuclides having a half 1ife of 1/3 sec, which partially decay
between activation and detection, 85% of the saturation activity vaf.s'
estimated to have been m.e:a.nsured..l2 There 1s experimental evii.d.encé_-l3 -that
there are no fission products with half lives less than about 0.5 seec.

This is in accord with beta-ray theory, vhich predicts that the excitation
energy for middle weight nuclides would have to be greater than the neutron
-binding energy for the half life to be shorter than 0.5 sec. Also, the
short-lived nuclides will not affect the decay gamma-ray source strength for
fuel outside the core of the ART. Since the transit time of the fuel is
about 3 sec, most fission-product nuclides are assumed to be u:iifomly dis-
tributed throughout the fuel volume. : The resulting gama-ré.y sﬁectrum, ‘
without considering purging of the fission-product gases from the- fuel, can
be approximated by

~1.33B

N?_(E) = 10.5 e photons/(Mev)(fission).

This curve is illustrated in Fig. 2. Even though an estimated probable
error of + 20% is assigned to this spectrum, it is interesting to note that
the total energy released per fission is 5.9 Mev and that Wa.yllL estimated,
on theoretical grounds, a total of approximately 6 Mev/fission.

From a knowledge of the saturation activities of the d*enon and krypton
gaseous fission products with purging end without purging ,15 & simple ratio

can be obtained as follows:

saturation activity with purging Ao+ 9y 8,

F saturation activity without purging }\ + 7\ + 0 ;T ’
where
A i = the decay constant of the 11:'h nuclide,
a. i = the absorption cross section of the ith nuclide,

12. R. W. Peelle, private communication.
15. J. E. Brolley, D. H. Cooper, W. S. Hall, M. S. L:Lv:mgston and
L. X. Schlacks, s. Rev. 83, 990 (Sept. 1, 1951).
14, K. Way, Mon P-192 5191?35
15. J. L. Meem, The Xenon Problem in the ART, ORNL CF-54-5-1 (May 3, 1954).

Y
Ay




the neutron flux -

purging constant = 8.3 x 10"3 sec T A5

A=
o
L}

Ap
With the exception of Xe'>?, o, § will be negligible and the ratio will

reduce to

N
Aot A
The decrease in the decay gamma-ray spectrum due to purging was readily
found by using the above ratio and the saturation activities of the gamma-

emitting xenons, kryptons and the deaughters of xenon a.nd k_i’yyton.lo The
final resulting decay gamma-ray spectrum at steady state can be approximated

by
N(E) = 10.0 e 1*57F photons/(Mev)(fission) ,

which is illustrated in Fig. 2.

The long-lived fission fragments increased the total energy per fission
of the measured spectrum by about 1T%, and the decrease in the total energy
per fission due to purging is approximately 5%. A sumary of the pertinent
decay gamma-ray information is given in the followlng equations and Tables
% and b.
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A
Spectrum:
N(E) = number of photons/(Mev)(fission)
N(E) = 10 e 1*3%F photons/(Mev)(fission) |
Total mmber of photons per fission:

n-m
N, = f N(E) dE = 7.52 photons/fission
b _

Total number of photons per fission per unit volume of fuel:
% .
NT/‘V = 7.52/2.45 x 10° = 3.07 x 1072 photons/(fission)(mn3)

Total energy per fission:

los)
Ep = / E N(E) dE = 5.65 Mev/fission
(o]
Total energy per fission per unit volume of fuel:

-.—-2-‘—6—5—— - 2.31 x 1077 Mev/(ﬁ.ssion)(cm3)
2.45 x 107

Average energy per photon:

[0 o)
_ f ~ E N(E) aE
E = 2 = 0.75 Mev/photon

7 fOoo N(E) aE

* Aversage energy per photon per unit volume of fuel:

’ 0.75

s = 3.06x 1078 Mev/(photon) (cn?)
2.45 x 10

1]

* J. Foster, .Oa.k Ridge National Laboratory, private ccammunication.

Sy ;
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FPhotons per second per unit volume of fuel:

(6 x 107 vatts x 3.1 x 10°0 fission/sec.vatt
x T.52 photon/fission)/e.hs x 10° cm’
- 5.7 x 10%7 photons/sec/cn’
Power density in the fuel:
13

5.7 x 1043 photons/sec-cm3 x 0.75 Mev/photon x 1.6 x 10 -~ watt.sec/Mev

= 6.84 watts/am® of fuel
Power density in the heat exchanger:
6.84 wa.tt/c:m3 x 0.335 =>2.3 wa.tt/an3 of heat exchanger

volume of fuel in heat exchangerlé

0.335 = Yolume of heat exchanger

16. Calculated from ART Design Memo No. 8-J-3, Rev. 1 (Dec. 2, 1955).

.)"
‘."
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Table 3. Decay Gamma Rays, Energy Per Fission

in Various Energy Intervals

b

E, = ja' E N(E) 4B
o b E, Eab/cm5 of Fuel Volume
(Mev) (Mev) (Mev/fission) (Mev/fission-cm)
0 0.75 1.486 6.07 x 1070
0.75 1.5 1.864 T.61 x 1070
1.5 3.0 1.781 T.27 x 1070
3.0 5.0 0.466 1.98 x 10'6
5.0 7.0 0.0505 2.06 x 1077
7.0 9.0 0.00u484 1.98 x 10‘8
9.0 11.0 0.000426 174 x 1077

Total = 5.65 Mev/fission
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Table 4. Decay Gemma Rays, Photons Per Fission
in Various Energy Intervals

(Photons/fission at E) x E & E,

a b E Photons/fission Photons/fission/ e
(Mev) (Mev) (Mev) at E of Fuel Volume
0 0.75 0.5 2.972 1.213 x 10~°
0.75 1.5 1.0 1.864 T.61 x 107
1.5 3.0 2.0 0.891 3.6h x 10'6
3.0 5.0 4.0 0.1165 .76 x 1077
5.0 7.0 6.0 0.00841 3.43 x 1078
7.0 9.0 8.0 0.000605 2.47 x 1072
9.0 11.0 10.0 0.00004:26 1.7% x 10710

E chosen to correspond to energies at which buildup factors were
calculated.

5

L
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CAPTURE GAMMA RAYS

Data for capture gamms rays have been compiled for sodium, beryllium,
copper, Inconel, NaK, iron, Blo, chramium, and nickel for several energy
groups. The data are presented (in Tebles 5 and 6) in the same way as that

for the prampt and decay gammas, i.e.,

Eab =f

E X(E) @E ,
a .

vhere N(E) = the number of photons per unit energy per capture.

The numbers of photons per unit energy per 100 captures (100 K(E))in
the interval fram 3 Mev to maximum energy were obtalned from a series of
‘papers by Bartholomew, Kinsey, and Walker. 721 xo attempt was made to
~ approximate the spectrum by an analytic function, as was done in the two
. previous cases. However, a graph of E N(E) as a function of the energy E
was plotted for energies greater than about 3 Mev. The area under the curve,
found by graphical integration, is proportional to the energy emitted above
3 !‘Iev.a"2 Since practically no informastion is available on the spectra of
the low-energy cepture gammas (O to 3 Mev), just enough area was added in
this region for the total area from zero to the maximum epergy to account
for the total binding energy of the additional neutron. It was added in -
such & way that the energy range from 1 to 2 Mev was responsible for slightly
more energy than either of the O- to 1-Mev or 2- to 3-Mev ranges. There is
no physical reason for doing this. However, it is felt that the gemma-ray
heating is quite insensitive to the particular distribution chosen for gemms
rays of these low energies as long as there is an appreciable number of
’ gamma rays of higher energy. In most cases used here, a large percentage of
the total energy available is emitted by gamma rays wi'bh energies in excess

lg. Bartholamew, Kinsey and Walker, Phys. Rev. 83, 519 (1951).
18. Bartholomew and Kinsey, Can. J. OF Phys. 31, 49 (1953).
19. Bartholomew and Kinsey, Phys. Rev. 89, 380 $1953 .
20. Bartholomew and Kinsey, Phys. Rev. 89, 375 (1953).
2l. Bartholomew and Kinsey, Phys. Rev. 85, 1012 (1952),.and Ref. 2.
22, Bartholomew and Kinsey, Can_Jt of l¥ 31, 537 (1953).
L




‘Table 5. Capture Gamma Rays, Emergy Per Capture
in Various Exergy Intervals

o - Lrm

. b Egp (Mev/capture)®

(Mev) - | (Mev)| Na Be | Cu Inconel |Nak Fe 3% | er N

0 0.75 0.37 0 0.32 0.03 |0.17 0.15 0.h45 | 0.125 0
0.75 1.5 0.75 0 0.60 0.27 0.59 0.53 0 1.26 0.09
1.5 3.0 1.70 0 1.36 0.42 2.58 0.96 0 1.12 0.26
3.0 5.0 2,44 1.72{ 1.08 0.60 2.20 0.92 0 0.32 | 0.60
5.0 7.0 1.7k 5.10 | 1.26 1.50 1.0k 1.20 o] 0.96 1.62
7.0 9.0 0 0 3.04 5.36 0.32 3.60 o] 4.56 5.60
9.0 11.0 0 0 0 0.30 0 0.30 0 0.80 0.20 -
Total? 7.00 | 6.82]7.66 8.48 7.3 | 7.66 | 0.445%] 9,145 8.37
Binding -
Energy 6.96%| 6.819 7.66°| 8.458 [7.3% | 7.698 9.158 | 8.408

®The indicated references for these elements and many more for other elements are
given in Ref. 2. A

bD:Lsc:«:'e;pa,nc:Lexs between total energies and binding energies are due to round off
errors in Egy. '

°F. Ajzenberg and T. Lauritsen, Rev. Modern Phys. 2k, 321 (1952).

dBartholomew, Kinsey and Walker, Phys. Rev. 83, 519 (1951).

©Bartholomew and Kinsey, Can. J. of Phys. 31, 49 (1953).

fBartholomew and Kinsey, Phys. Rev. 89, 380 (1953).
€Bartholamev and Kinsey, Phys. Rev. gg, 375 (1953). '
holamev and Kinsey, Phys. Rev. 85, 1012 (1952), and Ref. 2.




Table 6.

Capture Gamma Rays, Photons Per Capture

in Various Energy Intervals

(Photons/capture at E) x E

E

ab

Photons/capture at E

(M:G)(sz) (Mgv) o |'Be | cCu Inconel | NaX Fe 50 Cr Ni
0 |0.75] 0.5 |0.Th | O | 0.64 0.06 |[0.34 | 0.30 | 0.89 [ 0.25] O
0.75{1.5 | 1.0 Jo.75 | 0 | 0.60 0.27 ] 0.59 | 0.53 0 1.26 | 0.09
1.5 |3.0| 2.0 [0.85 | 0 | 0.68 0.21 | 1.29 | 0.48 0 0.56 | 0.13
3.0 5.0 | 4.0 |0.61 | 0.43 0.27 0.15 | 0.55 | 0.23 0 0.08 | 0.15
5.0 {7.0 ] 6.0 {0.29 | 0.85] 0.21 0.25 0.24 0.20 0 0.16 | 0.27 |
7.0 |9.0] 8.0 O 0 | 0.38 0.67 | 0.04 | 0.h5 0 0.57 | 0.70
9.0 [11.0 {10.0 | © -0 0 0.05 | © 0.03 0 0.08 | 0.02
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o
of 3 Mev, end the distribution above this energy is fairly well known.
Thus, the error in the gamné.—ray' heating introduced by this arbitrary
assignment of energy in the low energy region should be quite small.
Graphs of E N(E) as a function of energy are shown in Figs. 3a through 3e.
The solid lines represent values taeken fram the work of Bartholamew et al.,
while the dashed lines represent the extrapolation needed fo account for
the binding energy of the additional neutron.

The total energy for each energy interval, obtained by graphically
integrating the curve of E N(E) vs E over the interval, was then divided by
the average energy chosen for that interval to obtain the number of photons
per capture for that particular energy. The energy intervals and the
average energy chosen for each interval are the same as those chosen for the
prompt and decay gamma rays.

Since no graphs of N(E) vs E were available for sodium, values for
the number of photons per capture were determined fram data given by
Bartholomew et al. ,17 Bra:!.d,23 and Motz.ah

The capture gemma-ray date for compound materials, such as Inconel,
were taken as the weighted sum of the data for each element in the material.
The weighting factor used was the ratio of the macroscopic theEnna.l absorption
cross section of the element, in’ the material, to the total thermal absorp-
tion cross section of the material. Thermal cross sections were obtained
from the compilation of Hughes and Harvey.h

A similar weighting factor was used in calculating the binding
energies of the elements made up of a mumber of isotopes. In this case the
cross section data and isotopic binding energies were taken fram the listed
papers by Bartholomew and Kfmx—sey.l'r"22 The cross sections from these papers
are consistent with those from the report of Hughes and Ha.rvey.h

e M
P

22. J. Te Braid, Phys. Rev. 90, 355A (1953).
o, H. T. Motz, Fhys. Rev. 90, 3554 (1953).

v,-
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GAMMA RAYS DUE TO INELASTIC SCATTERING OF NEUTRONS

The problem of ccamputing the gamms rays due tb the inelsstic scatter-
ing of neutrons is complicated by the lack of sufficient data. Although &
great deal of data on the inelastic cross sections of various elements and
materials has accumulated within the last five years, there is comparatively
1ittle information on the energy spectra of gamma rays resulting from in-
elastic scattering. ,
Graphs of the inelastic cross sections of the varlous materials which,
it is believed, will contribute to the gemma heating in the ART are presented
in Figs. ba to bk. Also, Table T gives the average inelastic cross section
for the energy groups used in the multigroup neutron calculations (see
Table 8). The references used are indicated on the curves.
In the cases of sodium and fluorine a theoretical formula25 for the .
cross section for campound nucleus formation, G,» Was used over most of
the energy range. For high energies, where the capture.elastic, fissidn, . -
and radiative capture cross sections are usually small, the inelastic cross
section approaches the cross section for campound nucleus formation. Fortu-
nately, for fluorine, which is the major contributor in the fuel, there are
data available on the inelastic cross section up to 2.2 Mevs above this
energy G; is a reliable approximation.
The cross sections for iron, nickel, and chromium were obtained fram
the report of Hughes and H’arvey,h which gives, for each of these elements,
separate cross section curves for each of two energy regions which are .
roughly from threshold to about 3 Mev26 and from about 3 Mev to 14 Mev.27
At about 3 Mev the curves do not join together, so the curves presented here

25. J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics, Wiley,
New York (1952).

26. R. M. Kiehn and C. Goodman, Phys. Rev. 95, 989 (1954).

o7. He L. Taylor, 0. Lonsjé and T. W. Bonner, s. Rev. 100, 174 (1955). .
Je R. Beyster et al., Phys. Rev. 98, 1216 519555. -
E. R. Graves and R. W. Davis, Phys. Rev. 97, 1205 (1955); etc.
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Table 7. Average Inelastic Cross Sections

& (varns) 5 (en™t)
Group
¥ | Fe Zr F Cu M Fe cr Inconel Fuel
1 4.0 0.900 1.70 0.830 1.65 1.50 1.40 1.32 04129 0.060
2 4,0 0.949 1.61 0.885 1.62 1.48 1.3 1.22 0.126 0.062
3 4.0 | 0.98 | 1.33 | 1.08 | 1.17 | 1.3 1.26 | 1.39 || 0.118 0.065
L 3.37 | 0.982 | 0.893 | 1.65 0.593 0.735 0.91% | 0.726 || 0.066 0.085
5 1.58 | 0.864 | 0.481L | 1.45 0.191 0.029 0.hk31 0 0.00k0 0.070
6 0.888 | 0.403 0 1.30 0 o 0 o 0.058
7 0.558 | © 2,84 0.12h
8 0.327 3.79 0.166
9 0,086 0.525 0.025
10 0 0 0




Teble 8. Multigroup Intervals for Neutron Flux Calculations

Lethargy ILimits

Group Group Width Erergy Limits
(u) (&) _(ev)
1 0 - 0.5 0.5 100 - 6.065 x 10°
> 0.5 - 1.0 0.5 6.065 x 10° - 3,679 x 105
3 1.0 - 1.5 0.5 3.679 x 105 - 2.231 x 106
i 1.5 - 2.0 0.5 2.231 x 108 - 1.353 x 106
5 2.0 - 2.5 0.5 1.353 x 105 - 0.8208 x 10®
6 2.5 - 3.0 0.5 0.8208 x 106 - 0,4979 x 106
7 3.0 - 8.5 0.5 0.4979 x 106 - 0.3020 x 10
8 3.5 - k4.0 0.5 0.3020 x 10 - 0.1832 x 106
9 k.0 - 7.0 %.0 0.18%2 x 106 - 0.009118 x 106
10 7.0 - 10.0 3.0 9118 - L4sh.,0
11 10.0 - 11l.h4 1.k ksh,0 - 112.0
12 1.k - 12.6 1.2 112.0 - 33772
13 12.6 - 13.4 0.8 33372° - 15,15
1k 13.4 - 13.8 0.4 15,15, - 10.16
15 13.8 - 14.6 0.8 10516 - L.564
16 .6 - 15.8 1.2 hs6h: - 1.375
1 15.8 - 16.2 0.4 1.375 - 0.9214
ik 16.2 - 16.6 0.k 0.9214 - 0.6176
19 16.6 - 17.0 0.4 0.6176 - 0.41ko0
20 1700 - 17‘)"' 00)"' 0-""’1’4‘0 - 002775
21 17.% - 17.6 0.2 0.2775 - 0.2272
22 17.6 - 17.8 0.2 0.2272 - 0.1860
23 17.8 - 18.0 0.2 0.1860 - 0.1523
2h 18.0 - 18.2 0.2 0.1523 - 0.1247
25 18.2 -~ 18.4 0.2 0.1247 - 0.1021
26 18.4 - 18.6 0.2 0.1021 - 0.08358
27 18.6 - 18.8 0.2 0.08358 - 0.06843
28 18.8 - 19.0 0.2 0.06843 - 0.05603
29 19.0 - 19.2 0.2 0.05603 - 0.04587
30 19.2 - 19.h4 0.2 0.04587 - 0.03756
31 19.% - 19.6 0.2 0.03756 - 0.03075
32 19.6 19.8 0.2 0.03075 -. 0.02518
Thermal Group Lethargy , Temperature;, ( °F) Ene ev)
25 18.4 1672 - 0.1021
26 18. 1283 0.08358
31 19.6 183 0.03075
32 19.8 66 0.02518

‘||i|||'ﬂt
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are approximately an average value of the experimental pbints in this
region. Very recent work on iron by Beyster and Walt28 in the energy
range from 1,75 to T Mev gives experimental points which are fairly close
to the curve presented in Fig. 4i, The maximum difference is at 2.5 Mev
where their value is about 25% lower then the curve.of Figs hi. ~The in-
elastic cross section curve:rfor:copper.was.alsb-tekeh from the work of
Hughes and Haa.rvey.l+ ‘

The threshold values for inelastic scattering were obtained from the
work of Way et al. ,29 and Ajzenberg and Ia.uritsen.5 0 The graphs of the
macroscoplic inela.stic cross section of the fuel and of Inconel as functions
of the incident heutron energy were obtained by suming the macroscopic

Qross sections of the constituents of each.

Discussion

- Inelastic scattering of neutrons is a two-step process. ,“First, the
incident neutron is captured into one of the levels of the ta.fget nucleus
forming a compound nucleus which then decays, by neutron emission, léaving
the nucleus in an excited state from which it decays to the ground state
by the emission of one or more gamma rays. The emergent neutron has an
energy essentially equal to the incident neutron energy minus the excitation
energy of the residual nucleus. This assumes that the kinetic energy ac--
quired by the nucleus (recoil enmergy) is negligible and thus that inelastic
neutron heating can be neglected for all but the lightest elements (A < 12).

We:‘l.ssko;pf3 1 showed that the spectrum of the inelastically scattered
neutron can be represented by |

-En/T

F(En) dEn = C En e aE_

28. J. Re Beyster and M. Walt, Bulletin of the American Phys. Soc. Series II,

1, No. &, 176 (1956). i
29. XK. Wey, R. W. King, C. L. McGinnis and R. van Lieshout, Nuclear Level

Schemes, TID-5300 (Jume, 1955).
30. F. Ajzenberg and T. Lauritsen, Rev. Mod. Phys. .24, 321 (1952),. A

3l. V. F. Weisskopf, Phys. Rev. 52, 295 (1937).

-
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where

En

F(E n) dE_

inelastically scettered neutron energy, Mev,

i

fraction of neutrons scattered into the energy interval
between En and En + d.En,

T = nuclear temperature.

Welsskopf's statisticel model is appliceble under the conditiomns that
the inéid.ent neutron energy 1s large compared with the level spacing of the
residual nuclel and that the incident neutron emergy is distributed among
all the mucleons of the target nucleus. This model neglects the effects of
spin and perity of the various excited levels of the compound nueleus and
assumes continuously varyling energy density of the levels in the residual
nucleus. Thus, this model should not be used for light elements (A < 12)
or low incident neutron energies (Eo { ~ 3 Mev). For ineident neutron
energles smaller then 3 Mev, the average neutron energy loss per inelastic
collision (E - 'ﬁn), has been obtained in most cases from experimental data.
(In the preceding sentence, E o = incident neutron energy, 'ﬁn = average
energy of inelastically ecattered neutrons.)

Derivation of Formula for High Incident Neutron Epergies

Let
E E -« E
s I Fo By
B1n(Eprh) = g ¥’
) o
where
Erb = total gamma-ray energy emitted (the average photon energy
o 'ﬁ,, may be considersbly less),
and let
T(EO,A) = puclear temperature.
As
-En/T
F(E))dE = CE_ e aE_
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where
2 'Eo/T -

c = T[l-(l+Eo/T)e ,
since

E

/' o
F(En) € =1.

Let

EO
f AE F(E)dE_=E_ -E
3 n n

&8 = o) n ’

(o]

. -EJT
5 = XE_e (1 + 2T/Eg) + 1 - 2T/Eg
1n‘Eo" -E /T ¢

1-(1+E/T) e
For EO/T > 5, this expression esséntially reduces:too

&

g =21 - 2T/E

and ﬁl = 2T.

At sufficiently high incident neutron energies two neutrons mey be
emitted. This (n,2n) reaction can be considered as a double inelastic
scattering. When the surplus of incident energy Eo , over the threshold
of the (n,2n) reaction becomes large, the cross section for the (n,2n)
resction, & (n,2n), will approach the cross section for the formation of
e campound nucleus, g, The effect of the (n,2n) reaction will be to
reduce &, and 'ﬁy . Paul and Clarke " have measured o (n,2n) for a number
of elements and showed that there was good agreement with the calculated

32, E. B. Paul and R. L. Clarke, Can. J. Phys. 31, 267 (1953).

Y
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values of O (n,2n) obtained by using Weisskopf's fornmlaa.:25

- -(E -
c(n,2n)=~c, |1 - 1+-E-9-T-E-"i>e (°Eb)/T,

where
T

B

temperature of residual nucleus after emission of first neutrom.

threshold for (n,2n)cresction (essentidlly equal to binding
energy of the second neutron). ‘ ’

Graves and Rosen3 5 .measured the inelastic neutron spectrum for the
interaction of 1lli-Mev neutrons with a number of elements whose (n,2n)
thresholds are about 10 Mev or higher. For li-Mev incident neutrons the
maximm energy of the residual nucleus after emission of the first neutron
is usually high enough so that the energy of the second emergent neutron
will have a Maxwellian distribution characterized by a temperature
T(E, - Eb). Thus the inelastic neutron spectra will be represented by the
sum: of two exponentials, the relative proportions of each being determined
by the cross sections of the (n,n') and (n,2n) reattions. Although none of
the elements investigated showed evidence of a second exponential, both
exponentials are probably present for the heavier elements, i.e., U23 > ’
and Graves and Rosen stated that the resolution in their eiperiment was
probably not good enough to separate the two exponentials.

Alistof B, © (n,2n), and the non-elastic cross sections for 1lhi-Mev
neutrons ‘for the different elements in the fuel, Inconel, and beryllium
are given in Table 9.

From Teble 9 it can be seen that the (n,2n) reaction is important
only in the case of U23 > and Be9. The effect of the (n,2n) reaction, of
course, 1s to reduce the energy that appears in the form of gamma radiation.
In the case of U235, the (n,2n) cross section is a small part of the total -

33, E. R. Graves and L. Rosen, IA-1532 (1953), Secret.

Ay
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Table 9., Values for Ep(n,2n), 6(n,2n), and
Non-elastie Cross Sections for li-Mev Neutrons

‘ J(Non-elastic)

s | M) | R |
7o 1100 0.060° 0.75
a2 12,8° 0.020% 0.82
220 12.5° 0.080° 1.70

£ 5,40 0.4 + 0,35778 4.0

5170 11.9° 0.0k0° 1.50
Fe56 11.5° ~ 0.0k from Ni 1.ho
cr’? 11.8° ~0,04 from Ni 1.k

Be” 1.'85b 0.3 - o.sh 0.40

Cu 10,4 0.55 st

a'Vza.lv.e.ls taken fram C 4p curves.

h‘1':‘.b(:|:1,2n) =4 Z 1 (binding emergy® of last neutron in target nucleus).

€, B, Paul and R. L. Clarke, Can. J. Phys. 31, 267 (1953).
daloulated Prom Welsskép® formule.

©B. T. Feld et al., NYO-636 (1951).

fVza.lue of 0238 used for that of 025 5 .

€Reactor Bandbook, Vol. 1, Tebles 1.2.3, 1.2.16 (1955).

h?reliminary average value, threshold to 1k Mev. Private commmication
fram P. Byerly, University of California Radiation Laboratory, to
A. MO er'yn

iD. J. Hughes and J. A. Harvey, Neutron Cross Sections, ENL-325 (July 1, 1955).

. A
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inelastic cross section. The effect was taken into account by arbitrarily
doubling the nuclear temperature characterizing the emitted single neutron
spectrum, thereby reducing by a few percent the energy available for geamms
radiation. Fortunately U255 is not a major contributor to the total gamma
ray source strength from inelastic scattering in the ART.
As there is no true inelastic cross section for Be9 in the energy range

of interest, an (n,2n) cross section was obtained by subtracting 6 (n,a) from

0 (non-elastic). The available experimental data for the Be” (n,2n) reaction ®
indicate that for Eo<< 6.8 Mev, the principal reaction appears to involve a
cascade process [Be9 (n,n*) Be9-——% Be8 + n"|. Apparently:for 6. 8<('E < 10 Mev,
the exclted state of Be9 can also result in alpha particle emission

[ (n,n*) Be9———) He’ + cz] As Be8 breaks up into alpha particles end He’
into an alpha particle and a neutron, the two main (n,2n) reactions apparently
result in the same end products as follows:

8

Be” + n"—> 20 + n"
Be? + n—>n' + Be? Be9*<:::::
He5 + 0 —>20¢ + n"

Thus, there appears to be very little possibility for gamma radiation from
a Be’ (n,2n) reaction below 10 Mev, and in fact, no gemma rays have been
reported below 3.2 M.ev.Bh

Weisskopf, on a theoretical basis, obtained the following expression

g \1l/2
- ()"

where a 1s a function of the atomic number. This eXpression assumes an
exponential level density and that the incident neutron energy is distri-
buted among all the nucleons of the target nucleus. The available measure-

33535

for the nuclear temperature

ments on the spectra of inelastically scattered neutrons show a nuclear

3h. v,jE. Scherrer, B. A. Aliison and W. R. Faust, s. Rev. 96, 387 (1954).
i35. F. BE. Bjorklund, LRL-84 (1954). , =’

—
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temperature lower than the theoretical value. It appears therefore that
the 1evei density near the ground state increases more slowly with energy
than is indiceted by the exponential, while at higher energies the level
density tends to increase faster than the exponential. The combined effect
is to decrease the dependence of the nuclear temperature on incident neutron
energy. Graves and ]'Rosen33 have obtained the nuclear temperature T, for
14-Mev neutrons, for a number of elements, by plotting
F(E,)
En
As shown in Fig. 5, T depends rather weakly upon the atomic welght, A.
This fact, combined with the observation that the penetrability of the
nuclear surface is almost unity if E, > 10 Mev,2? indicates that the meutron
probably leaves the compound nucleus before it has shared its energy with
all the nucleons. Bjorkﬂ.und35 found that T does not vary as \/ﬁ; and, in
general, is relatively insensitive to E_. | )
Since sin can be obtained below Eo = 3 Mev for a number of elements
from experimental data, and an upper limit of 8, at 14 Mev is k:a.crwn,33 -
sin was obtained between 3 and 14 Mev from the formula based on the statisti-
cal model and by extrapolating where necessary to give a smooth fit with
experimental data. Where experimental dats were not available at low energies,
the curve based on the statistical model was extrapolated to the lowest in-~
elastic scattering;threshold. The values of 5, as a function of E  for the
various constituents of the fuel, Inconel, and copper are shown in
Figs. 6a through 6e. On the basis of the data presently availsble on nuclear
temperature and the known extremes of sin vs Eo’ T was assumed to be inde-
pendent of E o? and the values of T used were obtalned from the curve of T v‘s.‘ A
(determined at 14 Mev) for the elements with mess mmbers between 12 and 210.
In the case Vhere T is assumed to be dependent on Eo and has been obtained
Por those few elements whose inelastic neutron spectra have been measured
and found to be Maxwellian at E = 3 Mev, the resulting &, would be 10%
higher at Eo = 3 Mev, which represents the worst condition, than the sin

; obtained by assuming T to be independent of Eo. As an example, T of tungsten

1n

vs E_ .
n

an'
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is approximately 0.5 Mev at Eo =3 M’ev,5h vhile at 14 Mev, T of tungsten
is approximately 0.61 Mev,32 which results in a 8, that is 8% higher for
the energy dependent T at Eo = 35 Mev.

An sverage 8, for the fuel, B, was obtained by weighting the 8, '8
of the fuel constituents by thelr respective inelastic cross sectioms. A
similar procedure was followed for the Inconel. The Ezn's for the fuel and
the Inconel can then be used directly with the respective macroscopic cross
sections when estimating the inelastic gamma-ray source strengths in various
fuel and Inconel regions. , |

The gamme-ray spectra from the interaction of 1li-Mev neutrons with a
mumber of elements have been obtained.>0 For the elements used the
aBsorption and (n,2n) cross sections are small relative to the ineigstic
cross section. Thus the gamma-ray spectra obtained should be reasonably
represenﬁative of those fram the inelastic scattering of 14-Mev neutroﬁs.
The average photon energy increased with atomic number from 1.1 Mev for
A =12 to 1.6 for A = 60 and then decreased with increasing A to 0.8 Mev for
A = 208. This agrees with another observation 231 that the relative number
of observed gamma rays with energies greater than 3-Mev increases with atomic
number up to A = 60 and then decreases. 'This can be explained by the fact
that (n,2n) reactions have higher cross sections for heavier elements and

comprise a greater portion of non-elastic cross sections than for the inter-
mediate elements. Since the camputed heat gereration rates are relatively
insensitive to the average photon energy used, the gamma rays fram inelastie
gscattering are assumed to have an energy of 1 Mev in the heating calculations.
Tablg 10 gives the average value of Au Sin Eo Z:in in several lethargy
groups for the materials which it is believed will give contributions to the
gorma~ray heating of the ART due to gamma rays from inelastically scattered

36. V. E. Scherrer, R. B. Theus and W. R. Faust, Phys. Rev. 91, 1476 (1953).
37, H. L. Taylor, O. Lonsjo and T. W. Bonner, Phys. Rev. 100, 17k (1955).
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peutrons. In Table 10, Au = width of the lethargy-interval, and, given the
flux, ¢1, in lethargy group i, the product
P * 3
Bu, ( 8y, By Zyp )i ¢i = total gamma ray energy/sec.cm” originating

at a given point due to neutrons in the
1%h 1ethargy group at that point

3

number of 1-Mev gamma rays/sececm
originating at a %%?en point due to
neutrons in the i

that point.

lethargy group at
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Teble 10. Values of Au x Ojp Bo o, 4n

Lethargy | Mu x m for

Group N Cu Inconel Fuel
1 0.5 | 0.05432 0.4379 0.4200 0.1827
2 0.5 0.02886 | o.19%2 0.1928 0.09277
3 0.5 0.01506 0.06588 0.08757 0.03605
L 0.5 0.00777L | 0.02677 0.04169 0.01517
5 0.5 | 0.004535 | 0.0077H1 | 0.002091 0.007386
6 0.5 0.001832 0 0 0.005005
7 0.5 0 0.009030
8 0.5 0.009422
9 3.0 0.006157
10 3.0 0
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BUILDUP FACTORS

The basic approach to the calculation of gamma-ray energy absorption
thet has been adopted in this work is to assume straight exponential
absorption of the gamma rays, with narrow beem absorption coefficients,
and to multiply the results so obtained by a bulldup factor to account for
the accumulstion of lower energy gamms rays in the beam due to compton scatter-
ing (but not those due to bremsstrablung and ennihilation radiatiomn, which
are considered to be of very minor importance in the photon energy range of
interest here).38 .

The energy a.bsorptioh buildup factor for the materlals in the ART is
represented by the expression
B, = A - 1) + 1,
where ur is the mumber of mean free paths. This approximation for the build-
up factor is a simplification of the double-exponential form suggested by
Taylor3 9 and seems to be qulite adequate for distances less than 5 mean free
paths. The values of A and @ were found from the data given by Goldstein
and Wilkins38 in the followlng manner,

For compound materials (i.e., those consisting of more than one element)
an equivalent atomic mumber Z was found by compering the energy dependence
of the gamma-ray absorption coefficieﬁts calculated for the mixture with
that for pure materials. The data for this was taken from work by Mbteff.ho
Sihée the garma-ray absorption coefficient at any one particular energy is
a slowly varying function of the atamic number, the equivalent Z can be
determined to within * 3. This is not a serious error for the intermediate
and high Z materials, since in these ranges the variation of the buildup
factor with atomic number is small. This could lead to serious errors in

38, He Goldstein and J. F, Wilkins, Jr., Calculation of the Penetration of
Gemma Rays, NYO-3075 (1954).
39+ Je. Je Taylor, Application of Gemms Ray Buildup Date to Shield Design,
WAPD-Memo RM-Z17 (Jan. 25, 195h).
%0, J. Moteff, Miscellaneous Dats fpr Shielding Calculations, APEX-176 (1954).
] 3
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the 'buildup fector for compound materials with a small equivalent 2.

However, since the equivalent Z of water has been determined guite aecurately
by Goldstein and Wilkins and sodium (Z = 11) end Be (Z = 4) are not compound
meterials, the only bothersome material in this study is the th. However
this is composed of two elements whose atamic numbers differ only by one,

and therefore the error in the equivalent Z must be less than % 0.5. Thus,
for all the compound materials dealt with here, there is very little error
introduced into the buildup factors by the choice of the equivalent atemic
numbers.

From the data of Goldstein and Wilkins ,38 plots were made of the energy
absorption buildup factor for & point isotropic source as a function of the
stomic mmber Z for several energies and three different values of .gexma, -ray
path length (1, 2, and 4 mean free paths). From these graphs the buildup
factor for any Z can be found at any one of several energies snd path lengths.
By using the equivalent atamic number for compound materials, it is possible
to plot the energy absorption buildup factor as a function of path length
for a particular Z and a particular energy. A two-point fit to this curve
was used to obtain the constants A and & in the equation given above. This
is adequate for the present purpose, since in the gamma-ray energy deposition
calculations short path lengths are, in general, of greatestiimpoitance.

The values of A and ¢ given in Table 11 -yield values of the bulldup
factor which vary less than 5% from the graphical values for distances less
than 5 mean free paths. ’

Values of the equivalent Z, A end ¢ are given for the following
materials:

Fuel (5 mole % UF),, 52.5 mole % NaF, 42.5 mole % Zth)
Inconel (75 wt % Ni, 16 wt % Cr, 9 wt % Fe)'*t
NeK (56 wt % Na, 4 wt 4 K)*2

41. T. J. Balles, ART Design Deta Sheet No. 10-B-1 gAug. 12, 1955).
k2. T, J. Balles, ART Design Data Sheet No. 10-E-2 (Mar. 6, 1955).

maw'
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O A

Table 1l. Formuls for Energy Absorption Bulldup Factor

a

B = Ale - 1) + 1%
Energy (Mev)
Material Z
: 0.5 1 2 4 6 8 10
Be 4l A 2.66 4,16 T+33 | 59.0 -24.5 18.6 -6.73
@ 0.46 0.25 0.11 0.01 | -0.02 0.02 | -0.05
Na 11 .52 4,98 8.03 | 56.4 1.2 21.0 [-26.8

31 0.21 0.10 0.01 0.01 0.015 | ~-0.01

NaK .\513 5e 6,57 6.70 | 21.k4 53.5 [|-12.7 50.5

0.26\\ 0.17 0.115} 0.025 0.0074H -0.025 0.005

Q » Q P

Incomel ' | 27| A | 12.8 ) 7.18 | 8.08 | 6.19 | 3.k | 1.99 | 1.25
’ '}k“ 0.13 \q.ls 0.09 | 0.07 | ©0.09 | 0.10 | 0.12
Heat 32 ‘A\ 17.8 8.78 | 8.08 | 5.43 2.00 | 1.48 | 1.22
Exchanger ‘
o | 0.09 | 0.125| 0.09 | 0.075| 0.125| 0.12 | 0.12
Fuel L8 | A :59.8 43.8 7.85 | 2.19 1.31 | 1.025| 0.616
@ | -0\025 | 04025 | 0.09 | 0.15 0.15 | 0.1k | 0.17
Boron 5.5 | A 2;77 4,64 | 7.2k | 58.7 | -B7.0 [-10.1 | -6.51
Carbide ‘
| Oubk | 0,23 | 0011 | 0.01 | -0.01 |-0.0k |-0.05
H0 Te5 | A 3439 | 5.03 | 8.13 | 38.5 87.2 | -9.60 | -L4.93

a 0.385 | 0.215 | 0.10 0.015 0.005 | -0.040 | -0.065

#* This formula is good up to about five relaxation lengths.
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A

Heat exchanger (33.5 vol % fuel, vho.8 vol % KaK, 25.6 vbl % Inconei)w
Boron Carbide (35 wt % C, 65 vt % B)“’
Sodium

Beryllium

Water

LINEAR GAMMA-RAY ABSORPTION COEFFICIENTS

The linear total and energy absorption coefficients for gama-ré,ys are
given in both tabular and graphicel form &s a function of enmergy (Tablesl2
and Figs. Ta through Th). Values are given for all the materials comprising
the ART. They were calculated fram the u/p values given by Moteff.

For campound materials ‘'such as fuel, the density of each element in
the compound was calculsted first. Then p(em ') was calculated from the
n/p values for this\element at various energies. The p for the compound at
each energy was then obtained by adding the u's of each element at the energy.
The densities were determined at the operating temperature of the ART for all
materials except Inconel. The u/p values for nickel and iron were used for
those of Inconel and éta.inless steel, respectively..

43, Calculated from data in ART Design Memo No. 8-J-3, Rev. 1 (Dec. 2, 1955)
4y, Caleculated from Specification No. JS-P3-22.

—
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Table 12, ILinear Gemma-Rey Absorption Cross Sections for the ART

Cross Sections (cm-l)

Boron | <
. - Heat Carbide ' Stainless
Energy Fuel . Exchanger Layer Inconel Na Be Cu Steel

Total Absorption Cross Sections, Fep

0.5' o.3oh‘ 0.308 . 0.169 0.695 0.06k 0.,13% 0.713 0.618

1.0 0.198  0.215 0.128  0.512 0,047 0.095 0.496 0.443

2.0 0.136  0.150 0.085 0.360 0.033 0.068 0.359 0.322

3,0 0.117  0.128 0.068 0.305 0.027 0.053 0.309 0.273

4.0 0,107  0.117 0.058 0.280 0.023 0.045 0.283 0.249 .
5.0 0.101  0.111 0.052 0.271 0.021 0.040 0.272 0.238 ?
6.0 © 0.099  0.110 0.04T7 0.267 0.020 0.036 0.266 0.230

8.0 0.095  0.109 0.0b41 0.267 0.018 0.030 0.267 0.225
10.0 0.095  0.106 0.037 0.263 0.017 0.027 0.270 0.227

Energy Absorption Cross Sections, 'pE

0.5 0.133  0.121 0.057 0.267 0.023 0.04h 0.270  0.231
1.0 0.094  0.100 0.053 0.229 0.021 0,01 0.228 0.197
2,0 0.075 0.084 0,046 0.197 0.018 0,036 0.196 0.173
3.0 0.073  0.079 0.040  0.186 0.016 0.031 0.191 0.168
4.0 0.073  0.080° 04037 0.190 0,015 0.028 0.196 0.168
5.0 0.07h 0.081 0,03k 0.196 0,014 0.026 0.200 0.171
640 0.075  0.085 0.031 = 0.212 0.0l% 0.024 0.209  0.17k
8.0 0.078  0.088 0.029 0.222 0.013 0.021 0.219 0.183
10.0 0.080 06090 0.027 0.225 0,013 0.020 0.233 0.192

i 2
-
- €
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