B.A.R.C.-279

B.A.R.C.-279

JNDC (yNDYF 2R

GOVERNMENT OF INDIA
ATOMIC ENERGY COMMISSION

EVALUATION OF NEUTRON CROSS SECTIONS ON THE
BASES OF OPTICAL AND STATISTICAL MODELS. 7
‘ : - by ) .
* S. B. Garg, K. Balasubramanian and-V. K. Shukla
Reactor Engineering Dlvision,

R . - Tren,
P o~ .
B =
. L - P
: N +
N - 2
o - wuyy o L
= Vi H
POR S CiEy
EAL 3
Y / Y
: >,
Nz i
g Ak &
N ¥

BHABHA ATOMIC RESEARCH CENTRE
BOMBAY, INDIA .
1967






B.A.R.C.~279

AT OF INDIA

ATCHIC EV“PG COMMISSION

B.A . R.C.-279

BYALTATION OF NEUTRON CROSS SmCTIONS OF THE
BASES OF OPTICAL A”D STATISTICAL HMCDELS ..

by
Y

3.B. Carg, ¥X. Balasubramenian and V.X. Shukla
Rezctor Ingineering Division

BHABHA ATOMIC RESBARCT CENTRE
BOMBAY, IMDIA
1867






-
(I

CONTENTS

Title. Page

Abstract
Introduction 1
Theory 1

Hauser Feshbach statistical

motel 5
Cglculgﬁiogg, 6
7178 ang 7180 6
Cr-52 8
Th-232 and U-238 9
Conclﬁsioﬁs 10
Acknowlédgements 11

References ‘11






TABLES

Table No. : Title of the table - _ Page o,
T Total, elastic and inelastic cross-sections IRT
for Cr-52 =13
2, Calculated cross-sections for neutron exci- 1415
' tations of Cr-52 ~h2
3 Differential elastic cross-sections of Cr-52 16-17
4, Total, elastic and inelastic cross-sections 18-19
for Ni-58 g
5. Célculated cross—sections for neutron exci-
tations of Ni .58 20=21
6. Differential elastic cross-sections of Ni-58 22-2%
7. Total, elastic and inelastic cross-section
for Ni.60 24
8. Calculated cross-sections for neutron exci-
tation of Ni.60 25
9. Differential elastic cross—sectidns of Wi-60 26
10. Total, elastic and inelastic cross-section
for U-238 27
1. Calculated cross-sections for neutron execi-
tations of U-238 28
12 Differential elastic cross-sections for U-238 29
12 Comparision between measured and calculated
inelastic cross—-sections at BQ45 Mev. 20
14, Total elastic and inelastic cross-~sections for
Th~23%2 A 31
15. Calculated cross—sections for neutron exci-
tation of Th-23%2 32

16. Differential elastic cross-sections for Th-232 323






ABSTRACT

In order to produce accurate calculation of the neutronics of rezctors,
precise knowledge of inelastic and‘elastic-brossvsgctions and their angulsr distri-
butions is desired. Optical model and Hauser-Feshbach theory.have been usged to
compute total, elastic and inelastic cross sections of several materials which sre
of special interest from the point of view of a reactor physicist. These ealculat-
ions also serve to test the validity of these two nuclear models which are frequen-
t1ly used in the continuum energy region. In general, the calculated total cross
se¢ti0n agrees well with the ﬁeasured one. The data presented herein will be in-
corporated into multi-group computer codes for reactor analysis. Strength functions

can alsc be calculated on the basis of optiéal model .,






DPTRODTCTION

Uptical model was developed by Feshbach et al(2> to explain the giant
regonanses in total neutron cross sections of a large number of nuclei observed

4 . . . . .
( ) The broad maxima in cross sections cannot be explained on

by Barschall et al
the basis of compcound nucleus mechanism since the compound nucleus states are long-
lived thereby necessitating narrow resonances and small widths. The shell model,

which reduces the many body interaction between the target and the projectile to a

two- body one through a real potential, predicts widely spaced resonances and slow
change of the cross sections with energy quite contrary to the experiment. The optical
modsl combines in it the merits of strong coupling model (compound nucleus) and weak
coupling model (shell model) and falls in between the two. Here the intersction
potential is given by .

V(z) = ~Ve(r) - 0(x) - 1 w(r) - vso(r) N G D)

Where Ve(r) is the Coulomb potential, usually taken to be that due to a uniformly
charged sphere of radius R, for neutrons it is zero. U(r) and W(r) are the real and
imaginary parts of the central potential and account for refraction and absorption
of neutrons in the target nucleus. The imaginary part leads to the formation of a
compound ﬁucleus and its magnitude determines the width cf resonance. Véo (r) is the

spin orbit potential and is responsible for the polarisation of the scattered particles.

This model is valid when the interaction averages over a large number of
resonances in the compound system. In practice this occurs when the energy of the
incident particle is high enough for there to be many energy levels. At lower energies,
where the interaction goes through one or a few resonances, or when one inrelastic
channel dominates the interaction, the model is not wvalid.

The inelastic scattering of neutrons is treated by Hauser-Feshbach theory(1>
which is based on statistical model of the compound nucleus. The compound elastic

scattering contributions are also obtainable by this method,

Theory :

Only the outline of the broad features of optical and statistical models

would be given below.



The imeginary part has a Cfaussian fom

and the spin dependent part has a Thomas form
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{2} The shift factor 5325 which gives a measure of the level shift

due to extra-nuclear interaction.

(
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) The penetration factor CTiLS which gives a measure of the probability
of ‘the f'ﬁ\xxutial wave penetration of the centrifugal anguler momeutunm
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The quantity > is the essential feature of reaction cross section
9 :

[

calculations, it alsc completely determines the shape elastic scattering cross section
9 .

throuwh the well-known relatlonshlp.
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BEqn. (11) is employéd in optical model analysis in which the primary cbjective is

to determine the optical model parameters which best fit experimental data by numeri-~
cally solving the radial wave equation, thereby determining the logarithmic derivative
-fii and hence wlﬁj . The criterion to obtain the best fit is to determine best para-

meters which minimise the function.

R
2 G"' (8:) - sz/s( ) e e e 02’)
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where G@A)Ib the theoretical differential cross section snd A LQKP( )is an

experimental error.

Optical model would predict total, shape elastic and compound nucleus

formation cross sections.

_ T~ L . e e e = == (13
F = T + 7, (13)

Hauser-TFeshbach Statistical Model

(1,5)

all states of the compound nucleus which are accessible on the basis of conservation

53

The Hauser-Feshbach model is based on the statistical assumption that



u osnergy, angular momentum and parity do participate, but that formatloa and decay
tuke place in sn incoherent manner. A consequence of this is that all angular
distributions «f scattered particles are symmetric about 90°. The extent to which

thig is. satisfied by the data is a measure of the validity of the assu.mption;

Hauser and Feshbach considered Ta’E) to be a function of 4, only. The total
cross section for the scattering of neutrons of incident energy E by & nucleus with a
ground state having spin IO and parity 77'0 to produce outgoing neutrons of energy E/
leaving the residual nucleus in a state with energy E(.?/ having spin Iq‘/ and parity

T,

is given by :

e ) D€y T ()T
(e, g) =T Z“ (£) Z f:»zjwﬁt)g.ﬁ,,)e;; L
> - — =
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Where the sum over b in the OenOT.ﬂlndtOI‘ is taken over all accesslble levels EP E
including the ground state E, (EP =£- Eh) theé and Z sums run over all

values which lead to final states consistent with parity conservation.
/ ' ¢
e/ Q ? - A~
O Ty =) Ty, )T =) T
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The anguler distribution has the form
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0 - “ s - z 3 - . ¢ .
of Blatt 2nd Bieden-haxn. If dependence of transmission coefficient on 2 ig accounted

- —-(15)

for and the chammel spinr nofation is dropped in favour of one which considers the total

neutron angular momentum, expressions analogous to (14) and (15) are obtained as
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Compound elastic scattering contributions are obtained by letting £ = %
9
and Trcl/ = Tg in equations (14.a) and (15.4). .
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Calculations

We have made optical model analysis of neutbrcuns having energy between
0.1 and 4.0 MeV and elsstically scattered on Cr-52, Ti-H3, Hi-60, Th-232 and U=-233
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ve bzen teken either from DI

in the dsta since thess messurements

were made about = The loecal optical model parsmelers T, Wy, Vi.s Ty 2 2nd
b are adjusted to glve the best fit to the mezsur iffeveutial olssbic sostd sering

cross sectlion and these are then utilized in the prediction of the ‘total cross-ssetion.

The caliculetzd total cross—section is then directly compad:

In the present analysis we heave varled /A o

(34

keeping all other parameters fixed. To tewt the accurscey of the model and computer
£
( . - .
code ABACUS-2' ) we heve used the parameters of Moore and ¢ caleoulate the
G , 2.1 L 2 d-E'U Coaniaia :,"1._:. ¢, O EDE g2 Ly 1 il :. “? 2 ‘JI.‘:L v"‘"/’)kl . e LJ Ve
total and dif ntial elastic seztiering civss sechions of Th-232 and U-27%8 We have

N

issued tsbles of differential elzsitic cross sections at various encigies so that they

can be used to compute ﬁ*,mu%ﬂ aversge cosine of the scattering

in the laboratory
system and hence the transport cross sectlon whichi is required in dilffusion theory
calculations of reactors.

Nisa and Ni60

53 , N 60

5 + o 4,\.11'
Ni constitutes 67.85% and ¥

A

s T} EJ e - PRSI | e 2 S 5 8 <y
20.22% of natural nickel, It is laperetive

<

i
to know the nucleer behavicur of esach of these two isotopes since nickel 1s one of the

Q

onstituents of stainless steel which finds a frequent usage as a structurel material
in nuclear mzactors., The parameters U = 45.0 MeV; a = 0.5 fm 2nd V. = 0 were kept
fixed in the. whole resnge 0.1 %o 4, O MeV which is sub-divided into the following four

parts to obtain the best values of mwaJ

(0.1 £ B L5 Wev) W= 18,0 YeV;
( EL 1.5 YeV) W= 5,0 MeV;
(1.5 < EL3.5 MeV) W= 5.0 MeVy
( 4.0 MeV) W= 4,0MeV;
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These parameters were used to calculate differential elastic =nd total cross section
Saxon~Woods form of central potential was used both for real and imeginary paris. The
measured and calculeted total cross sectiong have been compared in Tsble I. In the

y : I . .58
energy range O.1 to 0.5 MeV the total cross section of Ni”~ shows some fluctuations



Lo it rs oot always possible to obtain sufficiently energy-averaged data to make

@l wodel onloulations which are meaningful in the fluctuating regions. However,

oie zalovlstions represent the general trend very well if viewed on the average basis

in the range 0.1 to 0.5 MeV. The agreement between measured and calculated total cross

5 - s - -
zections is almost complete in the vange 0.5 to 4.0 MeV. In the energy range 0.5 = 5;
7.5 MeV, we studied the effect of variation of W on the total cross section by keeping
the fixed &t 1.35 im and found that total cross section increased slowly with W but

did not show an agreement with the measured cne. It indicated that a slight increase

in the cross section was due %o the factk that more pronounced levels were included

while talking the aversge but to account for all levels which had[7hhj)it was necessary
to vary fp . Variation of /z did improve the agreement. As the ensrgy of the incident
beam of neulrons increases,; the levels of the compound nucleus tend to form a continuum
i.e. /7 >’E). In this region variation of /4 does not make = significant contribution

and both 4 and W can be suitebly adjusted %o give best results.

To determine compound elastic and inelastic scattering cross sedtions we have

taken thé\igglgwiﬂg/g;ergy'levpLs, their sping and parities Trom the nuclear data sheets.

Ni-58 Ni-60
Energy level JTr’ Energy level JTT

(HeV) (MeV)

0.0 of | . 0.0 ot

1.452 2% 1.332 ot

2.458 47 (27) 2,158 ot
2.502 4t
2.627 ot
3,130 ot
3,523 ot

The exact predicticn of inelastic scattering cross sections is dependent on
the precise knowledge of the energy levels, their spins and parities. If any energy
level iz not resolved, it would affect the calculated result. Thus in the case of
Ni-58 inelastic cross sections above 3.0 MeV should be taken qualitatively rather than
quantitatively. We have calculated inelastic cross sections of 2.458 level with jJT as
4+ and 2 ot and found that cross section for 2+ was higher. It is so because it is easier
to excite low J levels. Compound elastic cross section should decrease with an increase

in energy since the number of channels increase. The calculations support it. Also

since the scattering takes place only after the formation and decay of compound nucleus



aatio, it hes o be symmetric about 90° in the centre

vhencmens have been well wepresented in the czleulations.
easured from cress section point of view. Our caleula-
information to those who are involved iu nuclear data work.

YR VR [P R T, PO W TN QTN M Tenrs 4 o
or these two lsotopes zre tebulcoted in Tables 1 to

(93

steel and 23 guch needs a baltitey repre=

The ontical molel parvametere U, a and V,. have

for Wi ond the energy vange 0.5 to 4.0 MeV has been broken

\ s 0 LR T E s
i) (B = 0.5 MeV) W= £,0 MeV; Jo= 1,45 fu

4.0 MeVs Ji= 1.45 fu
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We bhave not atisempied T calcwlate cross sectiong below 0.5 MeV since there
ayre large fluctuations and thelr represeniation would be mors difficult on the basis
of optical model. The caliculsted and meesured crosg seciions are recorded in Table 7
and 1t can be :

calculated results are within the experimental error.

£
[

v e PRy 2 £ . ; B . - R gy -
We have studie on of Fp and W oon the total cross section and

(LI

found thet it was not very sensitive to ihe changs in W but the changs in Amade signi-

ficant differences, Themss studies iundicanle that fitiing of parameters to data for one
nucleus or even perhaps for a few nuelel can herdly give a potential which is adequate
to describe data for a large number of nuclei. Thig is expacted since the observed

differences in parameters ought to corrslate with the details of nuclear structure,
ich as the nucleasr zize and shaps, the texture of the surface, the effects of closed

ghells and ¢f nuclesr spin,

We have used the following energy levels to compute inelsstic scattering

cross sections.



Energy level J
(MeV)
0 r+
.46 ot
2.4% a*
2.965 ot
5,112 6

o : 0
The shape of angular distribuiions is dependent on UR™ and Wb and sc an
agreement can slways be sitruck by varying either U or R and keeping all other para-~

-

b in such & way that Wo

meters fixed; or by varying W and constant. The change

of nuclear surface diffusences has & marked effect on the shave of sngular disgtridbutions.
Thus various possible combinations can he worked oubt which fit in the mezsured elastis
distributions. The only disadventage of such a process sonetimes is that one has to put
Torwerd & new sci of paramsiers for each eunergy point but it is alwsys possible though

laborious to optimisze 1t

rameters which give a good representation

of scattering vhencmena in a ceriein energy r= . The calculated results are shown in
Tables 7 to 9. Figs. 6 and 7 represent the variation of Cﬁ; with energy and /4  at a

fixed W respectively.

232 238

Th and U

We have checked the calculations of Moore and Auerbach using the same para-
meters and energy levels and found that our adapied code was correct. We studied the
effect of variation of gpin orbit term in potential and concluded that this part of
the potential mainly affected the polarizations without mesking any significant contri-
bution to the total and reaction cross sections. The energy levels and parameters.

used in calculations are given below s-



232 - 28

T=41.5 MeVy W=7.28 MeV; U=39.8 MeV; W=6.9 MeV;

T =T-0 HeVs ¥ = 1.32 B Ve 15,0 Me¥; T = 1.32 Fms

g o= 0.47 Py b = 1.0 Pm., & = 0.47 Fm3 b = 1.0 Fn.

il m
Energy level J Energy level J
{(MeV) (Me V)
0 ot 0 ot
0,05 ot 0.045 ot
0.16% 4" 0.148 4t
0.730 5" 0.308 &t
0.725 o ’ 0,651 - 1”
0.775 o* 0,710 5"
0.786 ot 0.728 57
0.838 3" 0.935 ot
0.875 N 0.056 ot
1.045 17 v 1,03 2"
1.095 3" 1.11 5t
1.13 4"
1,17 4t

Tables 10 to 16 record <§; T

s L.

sy U, 4 differential elastic scattering
and neutron excitation cross-—sectionsg to different levels.

<

COMCLUSIONS

Te have used spherical optical model with local potentiasl to calculate these
rather few cases and based on this meagre dsta we conclude that it is possible to find

average parameters which contain structural information of the interacting nuclei and

give good fits fto the measurements. These parameters can then be employed to predict
ributions, total and reaction cross sections in those energy regions where

no measurements have been made. By fitting the data at a number of energy points the

dependence of parameters on energy can be approximately known and the data can then be
extra-polated or interpolated to compute cross sections at other energy points. This
type of calculation gives results within 10% or 15%. However, to get very reliable

0
regults 1t is better o switch over to non-local optical medel potentials and deformed



riical model in the case of deformed nuclides and include the effects of width distri-

hutions. We propose to uﬁdertake these studies in the future.

Hauser-Feshbach theory with a resonable set of level assignments reprdduces
the general experimentai features quite weil. We would be able to say more about these

two models in future when we have exteﬁsi#eiy uSed them.
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B, (Mav) : : : g (® | Tn®
KFK = 120 Calculated -

01 | ,7;'86 + 10% 5,07 | 5007 | | -
2| S5 2108 | duid | 4w | -
..-,003 . 5,9 4_;. 10 | 4.2 | 4e25 -
04 | 2558108 | -4._05‘ ] aes | -
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Tabie 1 continued

Ni-58

T

En_(MeV) :
:  KFK --1207 Caleculated B

240 o 3,21 2108 5.22
2.5 . ‘ 3.2oi~1'o% - 3.32
- 5.-01 1 5.333_# 1 334
'7._3.5_;" | '3".39‘;10%' | '3.35_'

40 | 345 £ 107 " 3447

* Corresponds to 2.458 (2°) level,



T (®) Ta®)

| 2069 R . 0853
2.64  0.67

S »
2457y 2s50 | 0,77, 0.84
2,50, 2,43 | 0,86, 0.93"
2460, 253 | 0.67, 034"




Table 2

Ni~58

Caleulated Cross-Sections (barns) for Neutron Excitation of Ni-58

Excited lévels (MeV)

B, (MeV) Compound Elastic
- 1,452 2.458

0.1 1,871 - -
0.2 1,527 - -
’0.31 - 1,447 - -
0.4 1,382 - -
0.5 1291 - -
0.7 10493, - -
0.8 10485 - -
1.0 1.419 - -
- 1.043 O.é93 -

15

T



Table 2 continued

- oy e e £ 2 . 7 \ < s e o
Caloulated Cross-Sentions (haZﬂS) fTor Neutron Exeitation of Ni-58

o : A Excited levels (MeV)
E (32av) , . Compound Elastic —
) : 1,452 ' 2,458
3 266 _ Onm ' | 09530' | . =
2.5 0,661 0.674 1.
o ' | : = # ®
3.0 ' 0:5364 00460 0,740, 0.628 0.031, 0,218
' ' _ » . : » 2
. 395 ’ 06426, 00351 : 007559 00640 001619 00292
# * »
a‘}eQ ‘ 0.338, 0,273 ( 0,718, 0.603 }0,154,, 0.334

# Qorresponds t0 2,458 (2°) level.




Table 3

Hi-58
Differentisl Blastic Cross-Sections of Ni-58 Zb"ﬁ'gni)
cos ¢ Energy (MeV)
Calle - -
| 0.1 0.2 003 004 0.5 0.7 0.8 1,0 1,5

+1,0 0.499 | 0,515 | 0.563 | 0.599 | 0.633 | 0.6T8 | 0,718 | 0,739 | 0.948
0.9 - 00484 | 0,491 | 0,525 | 0,550 | 0,573 | 0.578 | 00601 | 0.648 | 0.721
0.8 0470 | 04459 | 00431 | 0.508 | 0,519 | 0,495 | 0,505 | 0,526 | 0.543
0.7 0457 | 0c448 | 00460 | 0.466 | 0.471 | 0427 | 0,427 | 0.428 | 0,406
0.6 00445 | 00430 | 04430 | 0.430 | 0.429 | 0.371 | 0,363 | 0.350 | 0.303
. 0e5 0.434 | 0,410 | 0.404 | 0,397 | 06391 | 0.325 | 0,312 | 0.290 | 0,228
0.4 0.424 | 0.393 | 0.380 | 0.368 | 0.357 | 0.288 | 0,272 | 0.245 | 0.176
0.2 0.405 | 0,363 | 0,338 | 0.319 | 0,301 | 0,236 | 0.217 | 0,18 | 0,121
0.0 00390 | 0,337 | 0,305 | 0.280 | 0,258 | 0.204 | 0,185 | 0,158 | 0,107
=02 0,378 0.316 0,279 0,250 0,226 0,188 0,172 0.150 0.114
0.4 0.370 | 0,301 | 0.260 | 0.230 | 0.207 | 0.185 | 0,173 | 0.157 | 0.129
0.5 04367 | 0,295 | 0.254 | 0,223 | 0,201 | 0,190 | 0,179 | 0,166 | 0,137
«0.6 0.364 | 0,290 | 0.249 | 0.219 | 0,198 | 0,198 | 0,190 | 0,179 | 0,147
«0,7T 0,363 | 0,286 | 0.247 | 0,218 | 0,199 | 0,212 | 0,206 | 0.198 | 0,158
| -0.8 0,363 | 0,284 | 0,247 | 0,220 | 0,203 | 0,253 | 0.229 | 0,223 | 0,172
«0.9 00363 | 0,283 | 0,250 | 0,226 | 0,211 | 0,261 | 0,260 | 00257 | 04191
=1,0 0,364 | 0,283 | 0256 | 0,235 | 0,224 | 0,298 | 0,301 | 0,302 | 0,217

ai 3



baimns \
O cen, /

 Differeniial Blastic Oross-Sections of Ni-58 (¢ ==
cosg | | Energy (NeV) |
Qe Tie .0 75 5.0 55 T
#1,0 0,969 1047 10297 1,454 1,682
0.9 0,750 0.850 | - 0.929 0,99 . | 1.118
0.8 - 0,574 . 0.619 0,648 0,656 0,708
0.7 | 0.434 0.441 0.438 0,420 | 0.432
0.6 0,325 0.308 C0.287 | 0.258 0.249
0.5 | 0241 | 0.2t 0.18t 0,152 0,134
0.4 0,178 0.142 0144 0,086 | 0,067
0.2 0,099 0.067 0,044 0,031 0,024
0.0 0,083 | o0.43 0,035 | - 0,029 0,030
0.2 0,053 | 0.044 0,043 0,044 | - 0,050
<04 . | 0,063 0.058 0,057 0,058 |  0.060
=0.5 - | 0,074 0,069 - 0,064 0.062 0,080
0.6 0.09% ©0.083 | 0.07 0,066 | 0,057
0.7 {0113 | o.00 0,084 0070 0,055
=0,8 , 0,743 _ 0,125 . 0,100 0,076 h 0,087
«0.9 0,183 | 0,159 0.124 0,089 | 0,068
=10 | 0234 | 0,205 0,160 0,112 0,095
.

2Ll -




Pable 4

60
B (wer) T () o (b) )
0. 543 513 -
0.2 455 4.55 -
" 003 4,30 4.30 -
0.4 411 4_.1'1 ‘ -
0.5 3.96 3.96 -
0.7 .66 3.66 -
| 0.8 '3.56 5456 -
C 1.0 340 341 -
3,25 2,80 0,43




Table 4 continued

60

B, (meV), 7, () -‘ o (b)
2.0 3029 2467
2.5 337 2.54
3.0 339 2,42
3.5 3439 2,35

350 2;46-

4.0




7 en®)

 0.62
0.83
0.97
1,04
1.04

s 6L 3



- Xi=60
Caleculated Cross=Sections (ba'msri‘i for Neutron Exc'i'taticn of Ni-&0
: _ Excited levels (MeV)
: En(}dev) ) Compound Elastic - :
10332 | 24158 | 2,502 2,627 3,130 | 34523
0.1 R : | I —- —_ ] -
0.2 1,532 | - - — - - -
- 03 1.454 -— - - | - . -
04 | 1.390 B S R - .
0.5 1349 = - - - - -
0.7 1.442 | - - - | - | - -
0.8 _ 1.410 — | - - - | - -
1.0 - N P B - | - -
1.5 0.846 04431 - - - - -

=3 02




Table 5 continued

Celeculated Cross Sections (barns) for Neutron Excitation of Wi=-60

Excited levels (MaV)
| Compound '

,Bn (1eV) ' Elastic 1332 2.158 2,502 2,627 ,35130 34523
20 | o5 | o9 - - - e ]
255 - | o.51 0.631 | 0.202 | - - - -

3.0 - | 0.7 0,558 | 0,261 | 0,019 | 024 | - | =
5.5 . 0.242 0,465 | 0.272 | 0.060 | 0.169 | 0015 | -
40 - | 0.5 0,365 | 0.254 | 0,080 | 0,75 | 0,102 | 0,058

-5 12 s




Table &

i

- M1=60
Dﬁ%ﬁﬂﬁhiEkﬁﬁﬁCﬂﬁ&ﬁ%ﬁhmsabeﬂ)ﬁﬁgg)
F
cos g Energy (MeV) |
‘@éMo : -
, 0.1 002 003 0.4 0.5 0.7 0.8 1,0 1.5
+1,0 0506 | 0523 | 00575 | 0.609| 0.644 | 0.686 | 0.722| 0,797 | 0,906
0.9 00491 | 0,499 | 0.534 | 0.559| 0.583 | 0.586 | 0.607| 0.648 | 0,691
0.8 0.476 | 0,476 | 0.498 | 0.514 | 0.528 | 0.504 | 0,511 | 0€.528 | 0,521
0.7 00463 | 0,455 | 04466 | 0.473 | 0.479 | 0.435 | 0,433 | 0.431 | 0,390
0.6 00451 | 00435 | 0.436 | 00436 | 00,435 | 0.379 | 0.370 | 0.354 0,292
0.9 0.439 | 0,416 | 0,409 | 0,403 | 0,397 | 0.333 | 0,319 | 0,294 | 0.220
0.4 0,429 | 0.399 | 0.385 | 0.373 | 0,362 | 0,296 | 0.279 | 0.249 | 0.169
002 0,410 | 0.367 | 0,342 | 0.323 | 0,305 | 0.243 | 0,223 | 0,191 | 0,117
0.0 0.394 | 0.341 | 0,308 | 0,283 | 0.261 | 0,210 | 0.192 | 0.163 | 0.104
0,2 0,382 | 0,320 | 0,281 | 0.252 | 0.229 | 0.194 | 0.177 | 0.155 | 0.1
<0e4 0,373 | 0.304 | 0.262 | 0.232 | 0,208 | 0.190° | 0,178 | 0.161 0,124
| -0.5 0,370 | 0,297 | 0,256 | 0.225 | 0.202 | 0,194 | 0.183 | 0.169 | 0.131
- | 0,6 00368 | 0,292 | 04257 | 0.221 | 0,200 | 0.202 | 0.193 | 0,181 0,137
Qs - - 0.366 | 0,289 | 0,249 | 0,220 | 0,200 | 0,215 | 0,208 | 0,198 0.144
| 0.8 0,366 | 0,286 | 0,249 | 0.222° | 0,205 | 0.234 | 0,229 | 0.221 | 0.152
0.9 0.367 | 0,285 | 0,252 | 0.228 | 0.213 | 0.259 | 0,257 | 0.251 | 0,162
~1,0 00367 | 0.285 : 0,258 | 06237 | 0.226 | 0,293 | 0,294 | 0,291 | 0,175




Differential Flastic Cross Secticons of Ni-690

Table 6 zontinued

ha
(

mea

&3

33

el
Ao

)

oS o Energy (MeV)
- Qolle "
2.0 25 340 3¢5 4,0
1,0 1,007 1,178 1,322 1.474 1,712
0.9 04769 0852 0.934 0992 1,117
0.8 0,580 0,617 0,640 0.646 0,700
0.7 0,431 0.431 0.423 00403 0,416
0.6 0.317 0293 0.268 04239 0.230
0.5 . 04230 0.194 0,162 0,133 0.114
0.4 0,166 0.126 0,093 0.058 0,049
0.2 0.089 0054 0,031 0,019 0,010
0.0 04057 . 0,036 0,025 0,022 0.026
~0.2 0,052 0,041 0,039 0,040 0.048
=0.4 0,064 0.056 0,052 0.052 0.056
-0.5 0076 0065 0,057 0,054 0,053
«0.6 0.091 0.076 04062 0,054 0,046
=0.7 0,113 00091 0.068 10,052 0,038
-0,8 04141 04110 0,077 0,052 . 0.032
0,9 00179 04136 0,092 0.056 0,035
«1,0 0,227 0,173 0e162 0.069 0.053

=8 €2 3



Tabls 7

5

Gt

]

.
' En()‘&ev) :
: ¥easwred Calculated
KK - 120
05 3,27 £ 106 327
0.8 2,80 + 1% 3.01
1,0. 2,76 2 10 3.1
1.5 3.10 2 108 338
2,0 4414 & 104 3.52
2.5 3.6 + 108 3455
3.0 3.7 2108 3.54
345 . 3,76 & 10% " 3.49
4.0 3.80 + 107 3.43




To(®) T (b)
st -
3.01 -

3.5 -

38 0,25
2.83 0,69
2.74 0,81
P
2.60 0.89

257 0.86




Table 8

falsulated Cross Sectious (%}&Tns‘) for Neubtron Exsitaticons of Cr-52

Excited levels (MeV)

B, (5eV) Compound Elastic _
1046 2043 2.965 | - 3.112
0.5 . 1,402 - - - -
6.8 | 1,447 - - - -
1.0 1514 - - - -
1.5 1405 0226 | - - -
2.0 - 0.897 0.685 - - -
2.5 0.633. 0.811 - - -
3.0 0,446 0.811 0,052 - -
3.5 0.2%0 0,620 | 0,104 | 0,67 -
4.0 0.212 0,497 0.137 0,226 0,002

8 ¢g 3



‘Differential Blastic Cress

Seotions of Cr i~

" cos 9’4' Energy (MeV)

Colle, 045 0.8 1,0 15 2,0 2,5 | 3.0 | 35 440
1.0 0.525 | 0.629] 0.744 | 1,020 | 1,216 | 1.412 | 1,583 | 1.697 | 1.788
069 C0.471 | 0.530]  0.607 | 0,730 | 0.885 | 0,991 | 1,068 | 1,412 | 1,142
0.8 Cod24 | 0.448| 0,436 | 0.591 | 0.632 | 0.673 | 0.693 | 0.697 | 0.595
C 0.7 0,383 | 0,380 0,406 | 04445 | 0.440 | 0.440 | 0.429 | 0,413 | 0,357
0.6 0,347 | 0.325{ 0.334 | 0.534 | 0.299 | 0.276 | 0.251 | 0,227 | 0.207
0.5 0,317 | 0.,280| 0.278 | 0.251 | 0.200 | 0.166 | 0,137 | 0,114 | 0,096
- 0.4 0,290 | 0.243| 0.233 | 0.191 | 0,134 | 0.097 | 0,071 | 0.052 | 0,040
0.2 0:246 | 0.189 | 0o1T1 | 04122 | 0,069 | 0.043 | 0,030 | 0.022 | 0,020
0.0 0.213 | 0,154 | 00136 | 0,094 | 0,053 | 0.048 | 0.046 | 0.047 | 0,051
0,2 0,190 | 0.134 | 0.119 | 0,092 | 0,058 | 0,068 | ©0.072 | 0.075 | 0,078
~0.4 0.176 | 04130 | 0.122 | 0,106 | 0,085 | 0.082 | 0,083 | 0.082 | 0.081
-0.5 0,173 | 0,136 | 04132 | 0,121 | 0,096 | 0,086 | 0,082 | 0,076 | 0,072
=0.6 0.174 | 0,148 | 0.149 | 0,142 | 0,108 | 0,089 | 0.077 | 0.065 | 0.058
=0.7 0.178 | 0,167 | 0,176 | 00172 | 0.125 | 0,094 | 0,072 | 0,053 | 0.042
<0.8 0,187 | 0,195 | 0.214 | 0,214 | 0,149 | 0,104 | 0,070 | 0.043 | 0,029
. =09 0,201 | 0,235 | 0,266 | 0,27% | 00183 | 0,122 | 0,076 | 0,042 | 0,026
=140 00221 | 0,289 | 00335 | 00349 | 00233 | 00955 | 0,097 | 0,057 | 0,042

ny
(e



Table 10

4.0

6.01

. — T
B (Mev) ¢ (b)' ‘ "
| ENL = 325 | Calculated
0.475 746 + 10% 6.60
0457 Te2 + 10% 6455
0.60 Te1 + 107 6455 -
0.65 7.0 % 10% 6055
0.72 6.8 + 10% 6.56
0.T7 6.7 + 10% 6.58
1.10 | 6.5 + 10% 6473
117 6.6 + 104 6.77
1.50 - 6.70+ 10% 6,94 .
2.0 6.9 + 10% 7.02
2.5 7.0 + 10% 6.99
3.0 7.5 + 10% ' 6,79
3.5 7:8 + 10% 6.44
ToT ¢ 107




Ta (b) §A “in (b)
s

R |
5409 151
4.97 1.58
4,96 1.59
4.96 1459
4,98 1.58
5,02 1056
50 27 1.46
536 1.41
5072 1422
6.04 0.98
6,07 0.92
5.86 0.93
5051 0.93
5.08

0.93

=3 LZ S



i : - - w dood ceye ("} 2y s o = 5 a3 o FoS ey s &
(aluuiaied Cross-Seckions (barns) for Neutron Excitations of

Table 11

r

U=2%

Excited levels(MeV)

, .} Compound . 14« ' g— ' | - 3 rg | ; g ,M».;
E, (ev)] SOm29UBd & o 0451 0,148 §0.308 | 0.651} 0,71} 0,728 §0.935 {0,956 § 1503 § 1611{1413 | 1.1
475 | 14155 1415 093 = | = | = | = |- | |« |-}~ |-
o570 | 0964 | tesde| az8| < | - | - | = |- | | = |- |- |-
60 | 0.910 | 1444 43| = | = [ o | o |- |~ |- |=]=|>=
.65 | 0.851 1.428| .58 = - | - | = - |- I
W72 | 0.749 12345 | 169 | =~ | 0s063| 0.007| - - - - | - -
77 | 00698 | 1.306| 17| - | 067 | 01 - - |- S S D
1410 314 661 o118| - | .062| 027 0.002[0178 |22t |a195) o [ | -
117 | .27 o565 | +100| - | .050 | .029 0.003{.169 |.230 [ .209| - |- | -
1.50 | o147 o324 | .075| .002 | 052 oo:; 0.008|.131 |[.235 | .221 [.093 [.024 | .028
2,0 .075 76| .052| .004| ,047 | 053 .016].084 |.181 | .180.104 |,041 | ,040
2.5 .054 .132) 056 013 | .047| 077 .088.058 |.157 | 413705091 [.044 | 044




Differential Elastic Cross-=Sections of U-238

Terle

12

(barns)
S

.'cg?m? ‘ . I;‘1'11.-( Hev) _
0.475 | 0,60 § 0,65 § 0.72 § 0.77 § 1410 § 117 1'1.50 -1 2,0 1 2.50
1.0 1,328 [1.640 |1.768 | 1.938 | 2,074 |2.825 [2.980 | 3.637 | 40297 | 4.789
0s9 | 14058 {1,242 {1318 | 1,418 |1.498 |1.923 [2.009 | 2,326 | 2.608 | 2.662
0.8 0.836 [0,925 [0.963 | 1,012 11,053 [1.254 [1.294 | 1.415 | 1,498 | 1.449
0.7 0.656 | 0.678 [0,690 {0,705 |0.718 |0.774 |0.786 | 0.804 | 0.797 | 00749
0.6 0.514 |0.491 0,486 | 0,478 | 0,475 |0.448 [0.444 | 0,417 | 0.380 | 0.348
0.5 0,403 {0,353 |0.338 0,319 | 0,307 |0.241 |0.231 | 0.193 | 0,156 | 0,133
0.4 0.321 {0,258 [0.239 | 0,215 |0.200 |0.125 {0.115 | 0.083 | 0.060 | 0,041
0.2 | 0.225 |0.161 |0.144 [0.124 | 0,113 |0.072 [0.070 | 0,067 | 0,072 | 0,071
0.0 0.196 |0.149 |0.140 |0.131 [ 0,128 | 0,136 |0.142 | 0,161 [ 0,179 | 0.194
«0.2 | 0,211 |0.183 [0.180 [0.180 | 0.183 |0.214 {0,223 | 0.248 [ 0.261 | 0,259
0.4 | 0.252|0.234 |0.233 |0.234 | 0.236 |0.252 [0.256 | 0.270 | 0.265 | 0,239
=0.5 | 0.278 {0.260 [0.258 [0.256 | 0,255 |0.243 [0.248 | 0.250 | 0.235 | 0.209
=046 | 04306 |0.285 |0.280 |0,273 | 0.268 |0.232 {0,226 | 0.212 | 0.187 | 0,168
‘=0T | 00335 (04309 |0.300 {0.284 | 0.274 |0.203 [0.191 | 0.160 | 0.129 | 0.116 -
=0.8 04365 | 04330 |0.315 |0.292| 0.275 | 0,167 {0,149 | 0,102 | 0.074 | 0.063
<039 | 0.396 [ 0,351 |).330 |0.297 | Do273 |[(.129 [0.107 | 0.050 | 0.042 | 0.052
=150 00427 | 04372 |0.344 0,301 | 0,270 | 0.096 [0.073 | 0.019 | 6.060 | 0,212

Y a2
065 Q=



Table i3

Jomparison Between Measured & Calcdulated Inelastins X-Ssodlons
A

AL
T 045 Mew

&

in (barns) in (varas)

E_ (Mev)
n (Measured) v (Calculated)

- ) D D D ) €D )

475 1432 £ .10 | O 1.42
«570 - 1.44. % .06 1.45
.60 | 1026 + 410 I 7 S N
650 1,20 £ 410 143 ;
T S 1.14 £ .10 | S 1.31
1,40 0.64 % .16 0.66
1,17 | 0.75 £ .18 | 0.57

T T T T

I+




Table 14

Th - 232

E, (Mev) % T (b) g e (b) % “"in (b)
§ BNL = 325 | Caloulated é E

0056 7.9 + 104 Godi 5037 104
0,70 To33 + 10% 6418 5015 1.03
140 6.80 + 103 6,08 4098 1,10
105 5,60 + 107 6032 504G 0,92
200 6470 + 105 6050 5.73 0677
2.5 7.0 + 10% 6,59 5082 077
340 7.3 * 10% 6054 - -
345 - 6440

4.0 - 6.16

he

=



Calculated Cross-~Sections for Neutron Excitationzs of Th-23%2

Table 15

i’ Excited levels (Mavj

— | : : . : :

By (ev) § Compound £ o5 | .63 | .33 | .15 | 775
456 a7 .957 .084 - - -
.70 .607 917 116 - - -
1.0 231 <401 '.'47100 - 179 o191
1.5 100 4205 .ﬁsz- 002 .098 a1
2,0 ‘.0_6'2 o142 ,;048 "  .0041 064 137
2.5 | 049 .126 .068 024 | .047 113

¢ 2 @



Tavie 16

rmomr

Differential Flastic Cross-—Seotion

‘¢0S

9
- T ¥ i 9
i 256 1. .70} 1.0
9 1.4981 1,769 2,327
0.9 110167 1,310 | 1,608
"0s8 | 0,901 0.954 1,072
0.7 | 0.692 0,685 0,687
0.6 00533 0,489 | 0.424
0.5 | 0.416 0353 0,256
0.4 0.333 0264 0,162
0.3 0,279 0,213 0,122
0.2 00247 0.190 . 0.119
0.1 0,233 0.107 0,140
0.0 0,232 0,198 0172
0.1 0.240 - | 0.216 0.207
L =0,2 0.253 0,237 | 0,237
=0.3 0,269 . 0.256 0,259 .
0.4 0,285 0.272 0,268
0.5 0.299 0,283 0,263
=0o8 0,319 0,287 0,245
0.7 0,320 0,205 0,216
=008 0.326 0,278 0,479
02 0,328 0,267 0,139
=903 00330 0,254 0,109




5 of Thorium 232 {S=5=X)
S
lev)

1.5 2.0 § 2.5
3,233 3,904 40432
2,069 2,373 2,484
1,259 1,369 - 1,359
0,717 0.721 0,700
0,376 0.342 00318
0,183 0.142 0,114
2.092 0,617 0,034
0,072 0.554 0,036
0,094 0,909 0.086
0,138 0.145 0,153
0.189 . 10,202 06215 -
0.237 00248 . 00255
0.271 0,279 0,269
0.288 0,289 - 0,262
0,284 0,276 00241
0,260 0.242 0.212
00,219 - | 00193 . 0.173
0.165 0,135 0,124
0,106 0,089 0,683
0.532 2,050 0,056
0.214 £.069 00241

ge s
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