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ABSTRACT

Measurement of the secondary gamma ray spectra from the interaction
of a Cf252 fission neutron spectrum with Fe samples of different thick-
nesses and a Th232 sample have been performed at the Tower Shieiding
Facility at ORNL. A 5-in. by 5-in.-diam NaI (Tl) scintillation spec-
trometer was used. The measured or .846 MeV gamma ray from neutron
inelastic scattering in Fe was compared with calculations using the
differential values of cross sections as a function of incident neutron
energy. This is an integral check for those differential cross sections.
Thorium, as far as we know, had not been investigated before for this
fast neutron energy range. Even though a peak at .184 MeV was found it
was felt that the resulting large cross section value obtained made it
highly improbable that the gamma ray came from a fast neutron inter-
action. Search for other possible neutron induced gamma rays was very

difficult due to the high intensity of naturally radioactive gamma rays

from thorium itself.






I. INTRODUCTION

An accurate determination of the secondary gamma-ray production cross
sections for shielding materials is a necessary prerequisite for the de-
sign and analysis of reactor shields. The primary purpose of the experi-
ments described in this report was to provide an experimental check on the
accuracy of these gamma-ray production cross sections. This effort also
represents the first phase of a study to evaluate the feasibility for rou-
tine evaluations of cross section quantities utilizing a californium source.
A sample of iron (different thicknesses) and a sample of thorium were ex-
posed to fission neutrons from the californium source and a measurement
was obtained of the resulting gamma-ray spectrum emitted from the sample.
The number of neutrons incident on the sample and the yield of photons
from the sample were determined absolutely; and since the fission neutron
energy distribution is well known, these results can be utilized to get
an integral check on the accuracy of the fast neutron cross sections for

gamma-ray production,

II. DESCRIPTION OF EXPERIMENTS

A 123 microcurie californium source having an intensity of 2.9 X 108

neutrons per second was utilized in these experiments. The neutrons from
the californium source result from spontaneous fission and therefore have
a fission neutron distribution. The neutrons were collimated by placing
the source in a shield constructed of concrete blocks and paraffin-lithium
carbonate bricks. The lithium carbonate bricks lined an opening in the
shield ~ 18 cm square and 76 cm deep. The experimental configuration is
shown in Fig. 1 and Fig. 2. The distance from the center of the source
to the center of the sample was 117.9 cm and the distance from the center
of the sample to the top of the source collimator was 40 cm. The source
strength at the sample position was determined using a calibrated 4-in.-
diam Bonner ball neutron detector. The count rate from the source was
determined for a 7.62 cm by 10.16 cm grid of points over the sample sur-
face. A contour map of the neutron intensities obtained from the mapping

runs is shown in Fig. 3 and Fig. 4.
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Five samples were utilized in this preliminary experimental study.
The first four of these were iron slabs v .635, 1.27, 1.905, and 2.54 cm
thick and 61 cm on the side. The fifth was a cylindrical thorium slab
that was 30 cm in diameter and 1.27 cm thick. The samples were posi-
tioned at the point where the source collimator centerline intersected
the detector collimator centerline. The slab surface was maintained at
an angle of 45° with respect to both the detector and source collimator
centerlines as shown in Fig. 1. This geometry was chosen to minimize
incidence of primary gamma rays from the californium source on the cry-
stal and to reduce to 0.51 MeV or less. the energy of these gamma rays
scattered by the sample to the crystal.

| The gamma ray detector was a 12.7-cm~-diam X 12.7-cm-long sodium

iodide ng) crystal which was positioned to view the sample through a
collimator in a very large lead and water shield with a beam port lined
with a series of four (10 cm thick) lead irises spaced over a distance
of 130 cm from the crystal. The inside edges of the irises were beveled
to provide a conical shaped collimator 12.7 cam in diameter at the crystal
surface and 31.2 cm in diameter at the outer edge of the last iris. A
Sjcm—thick lithium hydride filter was placed.against the iris farthest
from the crystal to reduce the effect of thermal neutrons on the Nal
(T1) crystal.

Mapping of the detector collimator was carried out using a cobalt
source. . Vertical and horizontal mappings were done to insure that the
axis of the detector collimator intersected the neutron beam centerline
at the midpoint of the slab sample and that the NaI detector solid angle
encompassed the sample area. Mapping results are given in Figs. 5 and 6
and Tables 1 and 2.

The experimental determination of the absolute response functions
for the detector and comparisons with the results of the Monte Carlo
calculations, description of the interpolation scheme used in formulating
response functions for source energies other than those found experimen-
tally, and a check on these response functions using a relatively well
known complex spectrum are described in Reference 1. It is concluded

that the response functions are accurate to + 157 over the important
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Table 1 Vertical Mapping of Detector Collimator

. D r R m
Detector Location etecto esponse (cpm)

From Centerline (cm) Run 1 Run 2 Run 3
50 75 84 73

45 99 96 99

40 1254 1204 1194

37.5 2066 2051 2015

35 _ 3107 3183 3066

32.5 4319 4376 4334

30 5453 5392 5356

27.5 5854 5804 5902

25 6068 5976 6018

20 6056 6004 6157
Centerline _ - o
-20 6055 6116 6070
-27.5 6006 6021 5965

-30 5743 5637 5731
-32.5 4737 4879. 4701
-37.5 3210 3140 3133

-40 1623 1534 1573
-42.5 668 639 600

=45 146 175 170



Table 2 Horizontal Mapping of Detector Collimator

10

Detector Location

Detector Response (cpm)

From Centerline (cm) Run 1 Run 2 Run 2
42.5 303 274 303
40 1048 1015 -—
37.5 2056 2004 1980
35 3062 3069 3115
32.5 4245 4290 4265
30 5335 5331 5165
27.5 6018 6051 5881
25 6097 6109 5870

5 S 6072 6124 6178
Centerline _ . L
5N 6077 6261 6172
15 6054 6194 6174
25 6074 6093 6033
27.5 5986 5973 6018
30 5431 5564 5622
32.5 4450 4479 4309
35 3449 3556 3547
37.5 2169 2098 2174
40 1180 1093 1185
42.5 359 404 410
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pulse height range. The absolute response functions obtained for eight

source energies are shown in Fig. 7.

The Nal (T1l) crystal was attached to a RCA 4525 photomultiplier tube
that is a matched window type 20MB20/5A-X. Pulses from the photomultiplier
tube were fed through a preamplifier (Tennelec Model 021962), a linear am-
plifier (Tennelec TC-213) into an ADC unit of a transistorized multi-channel

pulse height analyzer type ND-2200 (512 channels).

Before each run an energy calibration of the spectrometer was carried
out using gamma ray peaks from sources of well known energy, Cr51 (.320 MeV),
Co60 (1.17 and 1.33 MeV), neutron capture in H20 (2.23 MeV), and 4.43 MeV
from the C12 gamma ray in a PuBe source. Since the gamma rays of interest
lie below 1 MeV and this energy region would be condensed in a single spectra
covering energies up to 12 MeV it was necessary to obtain spectra for two
energy bites, one from approximately .2 MeV to 12 MeV and another from ap-
proximately .1 MeV to 3 MeV. The high energy spectra is neéessary because
it affects the values in the low energy region in the unscrambling process.
For each sample a foreground measurement and a background measurement for
each energy bite were taken. For iron samples the foreground measurements
were taken with samples and source in position. The background was taken
with the source in position and the sample removed. The difference between
the two measurements is due to the effect of the inelastic scattering pro-

. . 252 ]
duced from interaction of fast neutrons from the Cf source with the sam-

ple. These measurements were repeated several times. The Ferdor Code(z)
was used for the unscrambling of the spectra (i.e. for transformation from
pulse height spectra to energy spectra). The values of the unscrambled
spectra are shown in Tables 3,'4, 5, 6 and Figs. 8, 9, 10, and 11. After
looking at results for iron slabs of thicknesses ranging from 0.635 cm to
2.54 cm, the 1.27 cm thickness was chosen for the final measurements as

the effect of scattering of the secondary gamma rays in the material it-

self was minimized.

Four runs, one foreground and three backgrounds were necessary to
define the inelastically scattered ray peaks in thorium. The thorium

sample was contained in a special plastic bag to prevent spread of



ORNL-OWG 68-6337R
T )
'O| — 24Nu i -
(.38 MeV) 24y, - S W S
5 H L(2.76 MeV) _- S A SR
$ ] (222mev) ; T g
3 .29 T LOCUS OF TOTAL ABSORPTION PEAKS : ; :
r % .2 70 ! 1 :
T 2 n / Po-Be . : |
s 5.4 44‘-L\\- (4.43 MeV) o ; : ;
B 10° : JAN — (6.43 MeV)' ' Pb — : S
S ~ 7 nN— A T (7.38 Mev) = TR e T
I 71 1 \ H
£ s ST 1 144 X \ Y N —— A1 (930 MeV) ——~— (083 Mev) |
-] 1 WANRYE B AY T N T 1 T N\ 135 / {1\ / N\ /\ / \ L |
2 \ J N | ] L\ ] 130 P4 ] \e8 7 \v/ \25%
£n U~ } v
b3 v .«’, !
> —— \
£ 10" e, —— \ -
5 = — e ! |
© -— o == !
1
5 T
1
1
\
2 | \
L}
102 1
1 2 3 a 5 6 7 8 9 10 Y

DEPOSITED ENERGY (MeV) |

Fig. 7. Absolute Responses for a Shielded and Collimated 5 X 5-in. Nal with 2-in. Borated
Polyethylene Neutron Shield Covering the Collimator

[A!



13

Table 3 Gamma Ray Spectral -Data for .635 cm Fe

174" FE¥, RUN 846

E1 r2 INTEGRAL ERFCR
(MEV) (MEV) {(G/SQCM/SEC.) (G/SQCM /SEC.)
0.205 0.300 4.9129E-01 ~ 1.6492E-03
0.200 ¢. 400 3.3998E-01 1.4992E-03
0.400 0.500 1. 2816E~01 1.0491E-0123
€.50C 0.600 5.1375E-02 7.4619E-04
0.600 0.700 1. 2708E~02 £.72z9CE-04
£.700 0.800 6.6624E-03 5.U846E-04
0.800 0.900 4, 3209E-02 6.2392E-04
(.900 1.000 4,.7693E-03 4.52408-04
1.000 1.100 2.9892E-03 4.0827R-04
1.100 1.200 2.3623E-03 4.6326E-CU
1.200 1. 300 5.4990E-03 2.8967E-04
1.300 1.400 3.9874E- 03 3.8024E-Gu
1.400 1. 500 2.9300E~C3 z.4841E-04
1.500 1.600 1.6910E-03 1.9136E-04
1.600 1.800 5.8631E-03 3.,5284E-0U
1.800 2,000 3.77C7E-03 3,07M1E-C4
2.000 2.200 4,0558E-03 32.1€0€E-04
2.200 2.400 2.6314E-03 4.3270E-04
2.400 2.600 2.%391E-03 4,1951E-04
2.600 2.800 2.2632E-03 3.9897E-CU
2.800 3.000 1.3893E-03 3.889CE-04
3.000 3.500 4.7447E-03 9.4629F-04
3.500 4,000 3. 5987E-03 €.5729F-04
4.00C 4.500 2.6001E-03 9.4196E-04
4,500 5.000 7.9898E-04 S.0617E~-0U4
5,000 €.000 2.9131E-03 1.7736E-073
€.000 7.000 4, 1119E-03 1.5495E~03
7.00C 8.000 6.7300E-03 9.7964E-0U4
8.000 9.000 3.4071E- 04 3.,8193E-04
9.000 10.000 3.7928E-04 3.3313E-04



Table 4

14

Gamma Ray Spectral Data for 1.27 cm Fe

/2 IN. FE + 252CF, RUNS 8S51A-854A

E1
(MEV)

0.205
0.300
0.400
0.500
0.600
0.700
0.800
0.900
1.000
1.100
1.200
1.300
1.400
1.500
1.600
1.800
2.000
2.200
2.400
2.600
2.800
3.000
3.500
4.000
4.500
5.000
6.000
7.000
8.000
9.000

E2
(MEV)

0.300
0.400
0.500
0.600
0.700
0.800
0.900
1.000
1.100
1. 200
1. 300
1.400
1.500
1. 600
1.800
2.000
2.200
2.400
2.600
2.800
3.000
3.500
4.000
4.500
5.000
6.000
7.000
8.000
9.000
10.000

INTEGRAL

(G/SQCM/SEC.)

7.8004E-01
6.2537E-01
3.0844E-01
2.1709E-01
3.8156E-02
1.9094E-02
7.9014E-02
1.9340E-02
1.5646E-02
1.0536E~02
1.4934E-02
9.9187E-03
6.1329E-03
4.0826E-03
1.0777€-02
7.3490E-03
7.9115E-03
4.0007E-03
5.4116E-03
3.4836E-03
2.7262E-03
8.8787E-03
4.4888E-03
3.5372E-03
2.5228E-03
7.3397E-03
5.0409E-03
8.6273E-03
8.9093E-04
1.7130E-04

ERROR

(G/SQCM/SEC.)

1.4919E-03
1.3888E-03
1.0233E-03
7.6628E-04
4,9114E-04
4.8057E-04
5.5182E-04
3.596 1E~-04
3.2380E-04
3.2231E-04
2.7570E-04
2.3290E-04
1.5919E-04
1.2863E-04
2.4200E-0U4
2.04U44E-0U4
2.0185E-04
1.7530E-04
1.3440E-04
1.2330E-04
1.2213E-04
3.1318E-04
3.2692E-0U4
3.6726E-04
3.2596E-04
5.758 1E-04
4.9108E-04
3.0608E-04
2.5455E-04
2. 1709E-04



Table 5

3/un PE, RUN 848

F1 52
(MEV) (MEV) (s
0.205 0. 300
0.300 0.400
0.400 0.500
0.500 0.600
0.600 0.700
N.700 0.800
0.800 0.900
0.900 1.000
1.000 1. 100
1.100 1.200
1.200 1.300
1.300 1,400
1.400 1. 500
1.500 1.600
1. 600 1. 800
1.800 2.000
2.000 2.200
2.200 2.400
2.400 2.600
2.A00 2.900
2.800 3.000
3.000 3.500
3.500 4.000
4.000 4,500
8,500 5.000
5.000 A.000
£.000 7.000
7.000 R.000
6§.000 9.000
a.000 10.000

15

TNTEGRAL
/SQCM/SEC.)

6. 7823E-0%
5.4166E-01
2.5370E-01
1.2232E-01
4.2287E-02
2.U4552E-02
9.4904E-02
1.5322E-02
8.9278E-03

5.4199E-03

1.5106E-02
1.0999E-02
8. 5806E-03
5.0747E-03
1.3003E-02
1. 1132E-02
1. 0987E- 02
5.66U6E-03
4.8658E-03
6.0196E-03
3.5873E-03
1.0011E-02

8.8952E-03 -

4.u4811E-03
4.1019E-03
6.9731E-03
8.4310E-03
1. 3106E-02
9.3356E-04
9.2695E- 04

Gamma Ray Spectral Data for 1.905 cm Fe

ERROR

(G/SQCHM /SEC .)

2.6786F-03
2.5713F-03
1.8255E-03
1.2537E£-03
9.2148E-04
8.846TE~0 U
1.0862E-03
€.5232F-014
5.7299F-04
6. 104 UE-0U.
5.5309E-04
5.0946E-0 4
3.6263E-04
2.9168E-04
5.4349E-0U
4.7389E-04
4.6523E-004
4.086 1E-0 U
3.6166E-0U
3.4986E-0U
3.4137E-04
8.3694E-04
8.639 2E-0 4
9.0553E-04
8.4990E~04
1.5764E-03
1.3875E-0 3
1.03585-03
7.8630E-04
7.4747F-04



Tabl

1"

F1
(MEV)

0.205
0.300
0.400
0.500
0.600
0.700
0.800
0.900
1.000
1.100
1.200
1.300
1.400
1.500
1.600
1.800
2.000
2.200
2.400
2.600
2.800
3.000
3.500
4.000
4,500
5.000
6.000
7.000
8.000
9.000

e 6

FR, RUN 849

£2
(MEV)

0.300
0.400
0.500
n.600
0.700
0.800
0.900
1.000
1.100
1.200
1.300
1. 400
1.500
1.600
1,800
2.000
2.200
2.400
2. €800
2.800
3.000
3.500
4.000
4.500
5.000
6.000
7.000
8.000
9.000
10.000

16

INTEGRAL

(G/SQCM/SEC.)

5.6915E-01
4.8514E-01
2.5083E-01
1.2621E- 01
4.9232E-02
2.9706E-02
1.0280E-01
1. 7129E-02
1.0Q03E-02
6.6823E-03
1.6 142E-02
1. 2259E-02
1.0102E-02
6.5434E-03
1.4764E-02
1. 3285E-02
1.1916E-02
6.8760E-03
6.6075E-03
7.0929E-03
4.1156E-03
1. 1736E-02
1.0191E-02
5. 4150E-03
4.9320E-03
8. 7286E-03
3.6639E-03
1. 4151E-02
8.0782E-04
9.1662E-04

Gamma Ray Spectral Data for 2.54 cm Fe

ERROR

(G/SQCM/S EC.)

2.4748E-03
2,4395E-03
1.7938E-03
1.2465E-03
9.3777E-04
9.1153E-04
1. 1014E-03
6.516 1IE-04
5.7029E-04
6.1148E-04
5.5552E-04
5.0324E-04
3.6526E-0U
2.9930E-04
5.528U4E-04
4.894 1E-04
4, 74T74E-00
4.2205E-04
3.7459E-04
3.5957E-04
3.4993E-0U4
8.6394E~-04
8.9374E-04
9.4806E~-0U
8.8118E-04
1.6189E-03
1.4111E-03
1.0297E-03
7.7665E-04
6.5977E-04



174" FE, RUN 846
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radioaétivity. In the first run the thorium sample and szsz source were
used. In the second run the Cf252 source was used without the thorium
sample but with a plastic bag of equivalent thickness to that containing
the thorium in order to account for any gamma rays generated in the plas-
tic. Since the thorium is a radioactive material and hence maintains a
high gamma background, a third run was necessary with the sample and no
source. Its natural radioactivity makes itbdifficult to distinguish its
peaks from those related to the neutron interaction in the sample. Never-
the less, a peak at 0.186 MeV has been distinguished in the case of thorium
as shown in Fig. 12. The unscrambling of the Th232 spectrum is shown in.

Table 7. The fourth run was without source or sample.
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'Table 7

Gamma Ray Spectral Data for 1.27 cm Th232

23

RUN 8%56,7 - 232TH SAMPLE+252CF SOURCE

F1 E2 INTEGRAL ERXOR
(MEV) (MEV) (G/SQCM/SEC.) (G/SQCM/SEC.)
0.205  0.300 8.8677E-02 6.060 3E-0 3
0.300  0.400 1. 1784E-02 1.7760E-03
c.u00 0.500 1.8608E-02 1.674 1E-03
0.500 0.600 2. 1900E-02 2.8393E-03
¢.600 0.700 2.1958E-02 2.2449E-03
0.700  0.800 1. BU49E- 03 2.3622E-03
0.800 0.900 -1.0185E-03 2.9578E-03
0.900  1.000 2.9579E-03 2.8328E-03
1.000  1.100 3.0514E-02 9.7777E-04
1.100  1.200 -2.3376E-03 3.4268E-03
1.200  1.300 -4.u843E-03 3.7221E-03
1.300 1.400 -4.4182E-03 3.4475E-03
1.400 1.500 -2.8139E-03 5.3946E-04
1.500 1.600 -3.9578E- 03 1.1849E-03
1.600  1.800 2.0689E-02 1. 154 7E-03
1.800  2.000 1.4592E-03 8.5U34E-0U4
2.000 2.200 -1.9387E-02 1. 243 3E-013
2.200  2.400 -1.4889E-02 9.8806E-0U
2.400  2.600 9.6675E-03 1.6307E-03
2.600  2.800 9.3224E-02 1.6298E-03
2.800  3.000 4.12U40E-03 2.4943E-04
3.000 3.500 2.3942E-03 5.378 1E-04
3.500 4.000 1.2195E-03 4.9U6B8E-0U
4.000 4.500 8.4008E~- 04 4.6631E-04
4.500 £.000 3.6723E-04 3.9978E-04
5.000 6.000 6.6331E- 04 7.0291E-04
6£.000 7.000 6.4079E-04 7.5262E-04
7.000 8.000 2.6375E- 04 6.157T4E-04
8.000  9.000 -2.8440E-04 8.2578E-04
9.000 10.000 - 4. 1438E- 04 1.1029E-03

Sample
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Calculation was made of the number of photons/cmz/sec for the inelastic

scattering peak for Fe (0.846 MeV) to compare it with the area under the

same peak obtained by the unscrabmling of the measured spectra.

A. Calculation of the average cross section (0) for the 0.846 MeV

inelastic gamma ray production in iron using a californium fission

neutron spectrum:

E (MeV) A$(E) o (E)*
0.8 - 1.0 0.0623595 0.0173
1.0 - 1.5 0.1473782 0.0398
1.5 - 2.0 0.1329588 0.0517
2.0 - 2.5 0.1151 0.08435
2.5 - 3.0 0.0936329 0.090344
3.0 - 4.0 0.1142322 0.100355
4.0 - 5.0 0.0617977 0.107563
5.0 - 6.0 0.0299625 0.11928
6.0 - 7.0 0.0168539 0.12291
7.0 - 8.0 0.0074905 0.125845
8.0 - 9.0 0.0037453 0.12119
9.0 -10.0 0.0018725 0.117335

10.0 -11.0 0.0018725 0.11517
11.0 -12.0 Zero 0.11846
5-ZL2b¢ ((B).0(E)} dE

JA ¢ (E)dE

12 MeV

considering /S ¢(E) dE

. 846

= 0.0589891

Therefore: < =

z

A¢(E).o(E)

O O O O O O O O O o o o o

0

.0010788
.0058656
.0082035
.0097941
.0084591
.0114637
.0066472
.0035739
.0020715
.0009425
.0004538
.0002197
.0002156

Zero

.0589891

= 1 (since only those neutrons above
.846 MeV can generate inelastic

gamma ray)

= 0.0589 barns/steradian

Where A$(E) is the fraction of neutrons with energy (E) for the californium

(3)

fission neutron spectrum

, 0(E) is the cross section for the 0.846 MeV

inelastic peak at energy E (differential cross section for the incident

),

neutrons of energy E

*
Barns per steradian.
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The average attenuation factor of the Fe slabs for the 0.846 MeV
inelastic gamma ray peak was obtained by dividing the slab into
equal thickness intervals, calculating the attenuation from the

center of each interval.

For example, using this technique the 1.27 cm thick Fe slab was

divided into 5 regions of .,254 cm thickness each.

(1) For the first region the attenuation factor Tl for

t = .127 cm becomes
-.127
Tl _ efut - e 707 X 7.84 X .0648
= .91278
.127 .
where t = 307 - average Fe thickness for gamma ray
' to travel
Il = mass attenuation coefficient X density
(2) For the second region t = i%g% and
= _Ut=—ﬂ =
T2 e 207 X 7i84 X .0648 . 76050

Using this procedure the average attenuation factor

for all five regions is .65494,

In sequence, then, for all four samples of Fe used in

this experiment the average attenuation factors are:

.635 cm Fe - .8039
1.27 cm Fe - .6549
1.905 cm Fe - .5469
2.54 cm Fe - .4628

The attenuation of the 0.846 MeV inelastic gamma ray peak due
to 5.64-cm-thick LiH filter in front of the detector collimator
and for 237.5 cm of air from sample to detector were calculated

to be 0.753 and 0.98 respectively using the same procedure.
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The number of neutrons reaching the center of the Fe sample

was calculated by

n = No where, No = the source
c 2
4m Rl

strength at the time of the measurement.

Rl= the distance from center of source to center of sample.

2.6 x 10°

¢ 12.56 X (117.9)2

= 1,489 X 103 n/cmz/sec

the count rate at position L on the sample using
4" Bonner ball.

Let NL

AL = the area associated with position L.

T = total neutron/sec reaching the Fe sample.

4
N, = count rate at center of sample (4.0 X 10" c/m).
L N
T—ZL=1 N—L nCAL
c

= c L=1 L
where L = an individual area 10.16 cm X 7.62 cm = 77.42 cm2
36 R 4
ZL=1 NL = 49,35 X 10 c¢/m
77.42 X 1.489 X 10° 4 6
T = . - 4 X 49.35 X 10" = 1.42 X 10  n/sec
4,0 X 10

The number of photons at the detector can be calculated by

¢Y PT/R; (photons/cmz/sec)

where P

= the probability per steradian per slab thickness
@ 459 of a photon being generated
= n/sec reaching the sample
R2= distance from sample to detector

= 237.5 cm
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P = slab thickness (gm/cmz) X o (cmz/atom)
X atoms/mol * Mol wt sample (g/mol)

For the 1.27 cm saple thickness

b _1.27 X 7.84 . .0589 X 107°* X 6.02 x 10”°
.707 56
= .008917 .
- 6
Then ¢_ = -008917 X 1é42 X100 0.2245 photons/cmz/sec
v (237.5) ‘

Applying a correction to ¢Y for the attenuation in the Fe

sample, LiH, and air,

o) 0.2245 X .6549 X .753 X .98 photons/cmz/sec

Y

.109 photons/cmz/sec

by

The gamma ray spectra shown in Fig. 9 gives a value of .0747
photons/cmz/sec for the 0.846 MeV gamma ray peak. Using this
procedure for all four thicknesses of iron the results from the

calculations and measurements can be listed as follows:
¢. (photons/cm?/sec)

Y
Sample Thickness Calculation Measurement
.635 cm Fe 0.0667 0.0422
1.27 cm Fe 0.109 0.0747
1.905 cm Fe 0.136 0.0899
2.54 cm Fe 0.154 0.984

This is about 307 lower than the calculated value. There is
some reason to believe that the Fe cross section is not cor-
rect. Neutron attenuation in the iron has not been taken
into account here, but the feeling is that elastic scattering
in the iron tends to compensate for any attenuation, partic-
ularly with samples of this thickness. The agreement between

measurement and calculation for four different thicknesses
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used here tends to corroborate the assumption. There is also a background
of scattered neutrons from the collimator which are not included in this
calculation. This background will be accurately evaluated at a later date;
however, existing measurements indicate that the magnitude of this back-
ground is about 10%. This would increase the calculated value for the
0.846 gamma ray by roughly this amount, depending in detail on the spec-

(6)

trum of the background neutrons. Very recent results obtained after
this work was completed indicate that the 0.846 MeV inelastic gamma ray
yield from iron is anisotropic so that these calculated results should be
multiplied by a factor of 0.81.

The'Th232 slab used in the measurements was in the form of a circular

disc 30 cm in diameter and 1.27 cm thick enclosed in a plastic bag 24 mils
thick for safe handling. Four different meésurements were required to ob-
tain gamma spectra from neutrons interacting with the thorium. In the
first measurement the background of the sample was taken without the source

Th232

as is a radioactive material. The second measurement was taken for,

the source on and the Th232 slab at 45° to the inersection of the axis of
the detector collimator axis with the neutron beam centerline. The third
measurement included the source and an equivalent thickness of plastic to
that surrounding the sample. The fourth measurement was of the background
of the detector shield with source or sample so that it could be added to
the foreground to compensate for a double subtraction in the previous two
measurements for the background. The unscrambled spectrum for Th232

shown in Fig. 12. As the unfolding method did not go below 0.2 MeV the
inelastic peak for Th232 or 0.186 MeV is not totally unscrambled. It can,
however, be estimated from the analyzer spectrum. The high intehsity gamma
radiation background from the natural Th232 sample itself makes it difficult
to distinguish other possible peaks due to interaction of neutrons from the

californium source with the Th232 sample.

To our knowledge a measurement or calculation of the integral or dif-
ferenpial cross sections for gamma ray production in thorium from inelas-—
tically scattered neutrons does not exist. Thus, the purpose of this meas-
urement was an attempt to generate an integral cross section using a Cf252

source.
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(5)

Theoretical calculations as derived by E. M. Oblow , can be reduced

to a simple expression for determining such a cross section.
Uk
Z = ..____r.__.___
ny . 707 kn

where Zn = the integral cross section for the production of
¥ gamma rays from inelastically scattered californium
neutrons.

J = attenuation coefficient for gamma rays in thorium

(17.05 em~1).
kY = number of gamma rays/sec produced in the sample.
kn = number of neutrons/sec incident on the sample.

The value .707 is inserted into the expression to convert the

current to flux.

The values of kY and'kn can be calculated as follows:

K = counts 1 g Ro

Y sec e

where counts/sec number of counts in gamma ray peak = 46.4

e = efficiency of Nal crystal = ~ 1.

Rj = radius of Nal cr?stal = 6.35 cm.

Ry = distance from sample to detector = 237.5 cm.
kY = 2.60 x 105 gamma/sec.

kY must be corrected for attenuation in LiH (1.85) and air

(1.035).

2.60 x 10° x 1.85 x 1.035 = 4.98 x 105 gamma/sec

Therefore: kY

U 17.05 Cm_l

Using the same method as described previeusly for the iron sample,
number of the neutrons incident on the sample becomes

3
77.42 x 1.489 x 10° 34 95 4 10% = 8.91 x 10° n/sec

kn - 4 x 10"

-1
Then 5 = 17.05 x 4.98 x 1055»= 13.5 cm
"oy .707 x 8.91 x 10
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This cross section value, when converted to barns, is considerably
higher than should be expected when compared to the total cross section.
Further measurements will be made at a later date to determine if this .
discrepancy was due to an error in the experimental procedure or if some

phenomena other than neutron interaction with the sample is responsible.
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