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ABSTRACT 

In order to produce accurate calculation of the neutronics of reactors, 
precise knowledge of inelastic and. elastic cross sections and their angular distri-
butions is desired. Optical model and Hauser-Peshbach theory have been used to 
compute total, elastic and inelastic cross sections of several materials which are 
of special interest from the point of view of a reactor physicist. These calculat-
ions also serve to test the validity of these two nuclear models which are frequen-
tly used in the continuum energy region. In general, the calculated total cross 
section agrees well with the measured one. The data presented herein will be in-
corporated into multi-group computer codes for reactor analysis. Strength functions 
can also be calculated on the basis of optical model. 





rrTEODUCTIOM 

(2) Optical model was developed by Feshbach et a r to explain the giant 
resonansss in total neutron cross sections of a large number of nuclei observed 

(4) 
by Barschall et al » The broad maxima in cross sections cannot be explained on 
the basis of compound 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 
model 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 interaction 
potential is given by 

V(r) - ~Vc(r) - U(r) - i W(r) - VSQ(r) - (1) 

Where Vc(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 nucleus and its magnitude determines the width cf resonance. ?„ (r) is the oU 
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 inelastic 
channel dominates the interaction, the model is not valid. 

(1') 
The inelastic scattering of neutrons is treated by Hauser-Feshbach theory' 

which is based on statistical model of the compound nucleus. The compound elastic 
scattering contributions are also obtainable by this method. 
The ory 2 

Only the outline of the broad features of optical and statistical models 
would be given below. 



fhe exact fom of the optical potential given in (1) is 

'Vlisrs the real part has a Saxon form 

- <+ ^ 
v " L 

The imaginary part has a Gaussian form 

a ^ - ^ f -
and the spin dependent part has a Thomas form 

* ] oLfC^) _ _ _ . ^ - - - - t$) 
/^YjCj A - " 

The Coulomb potential term has been dropped for the case of neutrons « 
f \ Ci.Q) How the cross section for reaction X (a, b) Y is given by s 

x b ) y o » o c7ct b) - c c ; 

Where ff^(b) is the probability for the particular mode of decay and O^(a) is the 
cross section for the formation of compound nucleus given by s • 

W - tt#' TeJ - - ~ - - - (V 

Where T'^j are the transmission coefficients given by 
j !°1 1 ! 

l ^ j - ^ i [tj! - - - - - - - - - v<V 

^ £ j is the relative amplitude of the outgoing, wave and is obtained by the solution 
of the Sehrodinger equation with complex potential given by (2). 

' , being the phase shifts (9) 

The calculation of the J^. is thus ̂dependent on ^ T which is further governed 
by several factors % 

(l) The real and imaginary parts of the logarithmic derivative -r^ * of the I K.) 
radial wave functions. 



f o -r ) The shift 'factor S ^ j which gives a measure of the level shift 
due to extra-nuclear interaction. 

(3) The penetration factor T^J which gives a measure of the probability 
of the ^ ̂  partial wave penetration of the centrifugal angular momeutum 
barrier. 

T i j . - . . ( r o j 

fa -f-tj " % j] [ I x v -f ij - j j 

The quantity i s the essential feature of reaction cross section 
calculations, it also completely determines the shape elastic scattering cross section 
through the well-known relationship. 2-

Eqn, (ii) is employed in optical model analysis in which the primary objective 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 

j and hence • The criterion to obtain the best fit is to determine best para-
meters which minimise the function. 

f f ' 

where '^^(O^is the theoretical differential cross section and ^ is an 
experimental error. 

Optical model would predict total, shape elastic and compound nucleus 
formation cross sections. 

q r - CT- -f C7~ . . . , . _ - - - (/3) 
t se, cn J 

Hauser-Feshbach Statistical Model 

(1 5) 
The Hauser-Feshbach model ' is based on the statistical assumption that 

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



c:" energy, angular momentum and parity do participate, but that' formation and decay 
take place in an incoherent manner. A consequence of this is that all angular 
distributions of scattered particles are symmetric about 90° . The extent to which 
this is- satisfied by the data is a measure of the validity of the assumption. 

Hauser and Feshbach considered T ^ E ) to be a function of Jf̂ , only. The total 
cross section for the scattering of neutrons of incident energy E by a nucleus with a 
ground state having spin parity JJ^ to produce outgoing neutrons of energy 
leaving the residual nucleus in a state with energy having spin ~Xq and parity 
"JJ1 is given by ; 

V 

V 

c r ( E , E O I 
2.(^+1) I J 

Dl7 
b w )ZfreyTc'(£') 

Z „ T,f(Ep>) 
n y J e - 1 

Where the sum over j} in the denominator is taken over all accessible levels ^jb^ ^ 
including the ground state & 0 ( B ^ ~ ̂ h J t ^ an<^ £ ̂  s u m s run over all 
values which lead to final states consistent with parity conservation. 

and ^ S are the channel spins and take on values 

6, 
C 2 if both i. and ^ ' » ^ » 

~~ j 1 o n l y o n e o f h a n d 'hi < t 
o neither 0- nor 

* I 

I satisfy { J - £ | < J . < ( j + l ) 

J 

and tsfkes on values 

The angular distribution has the form 



-s 5 

J i t:. t:. b1" 

J <pff 3 & j I 05) 

X 2 _ I ̂  2 ( e ' j g ' j , j ' Q 
L •ev^w 

Where L ^ rain ( £ > X > 5 J") and 2 ( b C oL ̂  £ -f ) are the coefficient 
of Blatt and Bieden-harn. If dependence of transmission coefficient on p is accounted 
for and the.channel spin notation, is dropped in favour of one which considers the total 
neutron angular momentum? expressions analogous to (14) and (15) are obtained as 
follows: > 

/

/ 

" 2. V V 
O-lB, B 0 = T T ' I T I F - H ) h ^ 7 P T 

. L evtw / ^ y 

-{S-a 

Here J ^ ^ ^ satisfy the relations 

(lo-al 4 J £ ( s ^ J ; It- ^ / < i ' £ G * - ^ ) 

satisfy the relations — ^ ^ ^T an<i 

( r « / (rOcTr0 ; C O ^ = t o TT0 

t _ T~ Compound elastic scattering contributions are obtained by letting P s. £. O 
and J G Tl in equations (l4»a) and (l5.st). 

1/ 0 
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Oalculatlons 

Ws have made optical model analysis of neutrons having energy between 
0.1 and 4.0 MeV and elastically scattered on Cr-52, Ui-5B, Ni-60, Th-2?2 and U-238, 
The total scattering cross section have been taken either from BIJL--325 or from 
KFK-120 and we have assigned, an error of 10fo in the data since these measurements 
were ns.de about a decade ago. The local optical model parameters U? V7, VC;^ r, a and 
b are adjusted tc give the best fit to the measured differential elastic scattering 
cross section and these are then utilized in the prediction of the total cross-section. 
The calculated total cross-section is then directly comparable to the measured one. 

In the present analysis we have varied ti, a^d !*/to get a best fit while 
keeping all other Parameters fixed. To teat the accuracy of the model and computer 
code ABACUS-2v'' we have used the parameters cf Moore and Auerbach to calculate the 
total and differential elastic scattering cross sections of Th-232 and U-238. We have 
issued tables of differential elastic cross sections at various energies so that they 
can be used to compute ̂ u, -the average cosine of the scattering angle in the laboratory 
system and hence the transport cross section which is required in diffusion theory 
calculations of reactors. 

Hi 5 8 and Ni60 

58 60 constitutes 67.85% and 26.22% of natural nickel. It is imperative 
to know the nuclear behaviour of each of these two isotopes since nickel is one of the 
constituents of stainless steel which finds a frequent usage as a structural material 
in nuclear reactors. The' parameters U = 45=0 MeV} a = 0.5 fm and V,„_ = 0 were kept DO 
fixed in the.'."/hole range 0.1 to 4,0 MeV which is sub-divided into the following four 
parts to obtain the best values cf and {yf j-

(i) (0.1 ^.E ^0.5 MeV) 
(ii) (0.5 C E < 1 .5 MeV) 
(iii) (1.5 < E ^ 3-5 MeV) 
(iv) (E - 4 o 0 leV) 

W = 18.0 MeV? £ = 1 ,45 far 
W = 5.0 MeV; 1.45fm 
W = 5 .0 MeY% /t = 1.35 fm 
W = 4.0 MeV; 1 .35 fa 

These parameters were used to calculate differential elastic and total cross sections. 
Saxon-Woods form of central potential was used- both for real and imaginary parts. The 
measured and calculated total cross sections have been compared in Table I. In the 

Rg energy range 0.1 to 0,5 MeV the total cross section of Hi'' shows some fluctuations 
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-•:vl it i.ii not always possible to obtain sufficiently energy-averaged data to make 
•icvioal o;.odel calculations which are meaningful in the fluctuating regions, However, 
our calculation/; represent the general trend very well if viewed on the average basis 
in the range 0,1 to fX5 MeV. The agreement between measured and calculated total cross 
sections is almost complete in the range 0.5 to 4.0 MeV* In the energy range 0.5<C ^ 
1 ,5 MeV, we studied the effect of variation of W or; the total cross section by keeping 
the fa fixed at "i .35 fm and found that total cross section increased, slowly with W but 
did not show an agreement with the measured one. It indicated that a. slight' increase 
in the cross section was due to the fact that more pronounced levels were included 
while taking the average but to'account for all levels which had was necessary 
to vary fa . Variation of /t, did improve the agreement. As the energy of the incident 
beam of neutrons increases, the levels of the compound nucleus tend to form, a continuum 
i.e. p ^ j ) . In this region variation of fa does not make a significant contribution 
and both fa and W can be suitably adjusted to give best results. 

To determine compound elastic and inelastic scattering cross sections we have 
taken the^fol^a'a-ng^energy levels, their spins and parities from the nuclear data sheets. 

Ni-58 Ni-60 

Energy level TT ^ r ' ' t\ - -i t 

(MeV) 
0«0 0+ 

1 -452 2+ 

2.458 4 + 2
+
) 

Energy level T O 

(lev) 
0.0 0 + 

1 =332 2+ 

2.158 2 
2.502 4+ 

2.627 2+ 

3.130 2
+ 

3.523 2+ 

The exact prediction of inelastic scattering cross sections is dependent on 
the precise knowledge of the energy levels, their spins and parities. If any energy 
level is not resolved, it would affect the calculated result. Thus in the case of 
Hi-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 as 

+ + + 
4 and 2 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 



except for the direct or shape elastic, it has to be syaan.et.ric about 90° in the centre 
of mass system.. All these phenomena have been well represented in the calculations. 

60 
Hi has not been extensively measured from cross section point of view. Our calcula-
tions serve to provide acme information to those who are involved in nuclear data work. 
The calculated oroBO-seeticris for these two isotopes are tabulated in Tables 1 t.o 6 
and the variations of '•̂jT with energy and 7/ are shown graphically in Figs,, 1 to 5» 
Chrogiiuia-52 

It is also a constituent of stainless steel and as such needs a better repre-
sentation in the areas section studies. The optical model parameters U? a and 7 have 

LJO 

been taken to be the same as for TT± end the energy range 0.5 to 4.0 !&Y has been broken 
up into two parte for h ^ and W $ 
(i) (E = 0.5 Me?) W « 6.0 MeV} 1.45 fm 
(ii) (0.5 < E < 4.0 Mby) W b 4.0 MeV; A - = 1.45 fta 

We have not atterapted to calculate cross sections below 0.5 Me7 since there 
are large fluctuations and their representation would be more difficult on the basis 
of optical model. The calculated and measured cross sections are recorded in Table 7 
and it can be inferred that the calculated results are within the experimental error. 
We have studied the effect of variation of and W on the total cross section ana 
found that it was not very sensitive to the change in W but the change in /^made signi-
ficant differ-enees„ These studies indicate that fitting of parameters to data for one 
nucleus or even perhaps for a few nuclei can hardly give a potential which is adequate 
to. describe data for a large number of nuclei.. This is expected since the observed 
differences in parameters ought to correlate with the details of nuclear structure, 
such as the nuclear si ze and snape, the texture of the surface, the effects of closed 
shells and of nuclear spin. 

We have used the following energy levels to compute .inelastic scattering 
cross sections. 
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TT Energy level J 
(MeY). 

0 + 0 
+ 

+ 

2 

6 + 

The shape of angular distributions is dependent on UH" and Wb and so an ,2 

agreement can always be struck by varying either II or R and keeping all other para-
meters fixed; or by varying W and b in such a way that Wb = constant. The change 
of nuclear surface diffuseness has a marked effect on the shape of angular distributions. 
Thus various possible combinations can be. worked out which fit in the measured elastic 
distributions. The only disadvantage of such a process sometimes is that one has to put 
forward a new set of parameters for each energy point but it is always possible though 
laborious to optimise it and obtain average parameters which give a good representation 
of scattering phenomena in a certain energy range. The calculated results are shown in 
Tables 7 to 9. Jigs. 6 and 7 represent the variation of with energy and at a 
fixed W respectively. 

meters and energy levels and found that our adapted code was correct. We studied the 
effect of variation of spin orbit term in potential and concluded that this part of 
the potential mainly affected the polarizations without making any significant contri-
bution to the total and reaction cross sections. The energy levels and parameters 
used in calculations are given below _ 

232 and U' .233 

We have checked the calculations of Moore and Auerbach using the same para-
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Th" U !38 

U=41 .3 MeV| W=7.28 MeV} 
7so-7.0 Me?? r - 1 .32 Pm? 

a = 0.47 Bn; b = 1.0 Em, 

U=39.8 Me?; W=6.9 Me?; 

Energy level 

0 
0.05 
0.163 
0.330 

0.775 
0.788 

0.838 

0.875 
1.045 
1=095 

IT 

4 
1' 

15.0 Me?; r - 1 .32 Fmj 

0.47 Fat; b = 1 

Energy level 
(Me?) 
0 
0.045 
0.1.48 
0.308 

0.651 
0.710 
0.728 

0.935 
0.936 
1 .03 
1 .11 

1.13 
1.17 

IT 

b 

J 

5" 

Tables 10 to 16 record t > C7|» , , differential elastic scattering 
and neutron excitation cross-sections to different levels, 

CONCLUSIONS 

We have used spherical optical model with local potential to calculate these 
rather few cases and based on' this meagre data'we conclude that it is possible to find 
average parameters which contain structural information of the interacting nuclei and 
give good fits to the measurements. These parameters can then be employed to predict 
elastic distributions, 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 

4 

results it is better to switc-h over to non-local optical model potentials and deformed 
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•«P tical nodel in the case of deformed nuclides and include the effects of'width distri-
butions. We propose to undertake these studies in the future. 

Hauser-Feshbach theory with a resonable set of level assignments reproduces 
the general experimental features quite well. We would be able to say more about these 
two models in future when we have extensively used thera. 
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'Table 1 

Hi-58 

(Ms?) 
cr^b) 

*>> (Ms?) 
KPK - 120 Calculated 

*>> 

0.1 7.86 • 10$ 5.07 5.07 O 

0,2 5.65 • 10$ 4.49 4.49 -

0o3 5.0 10$ 4.25 4.25 O 

0o4 2.55 • 10$ 4.06 4.06 O 

0.5 3.83*10$ 3.91 3.91 O 

0.7 3.4S 11095 3.59 3.59 O 

Oo© 3.42 £ 10$ 3.50 3.50 -

1.0 3.34 • 10$ 3.38 3.38 CD ' 

1.5 3.25 + 10$ 3.24 2.95 0.29 



Table 1 continued. 
N1--58 

Ew (MeY) a Ew (MeY) a KFK - 120 Calculated 

2.0 3.21 + 10J& 3.22 

2.5 3.20 + 10g 3.32 

3.0 3.33 + 1<# 3.34 

3.5 3.39 i 10$ 3.36 

4.0 3.45+ 1Qg 3.47 

* Corresponds to 2*458 (2+) level. 



• 

crfr) 

2.69 0.53 

2.54 0.67 

2.57, 2.50* 
• 

0.77, 0.84 

2.50, 2.43* 
# , 

0.86, 0.93 

2.60, 2.53* 0.87, 0.94* 



Table 2 

Ni-58 

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

\ (M©V) Compound Elastic Excited levels (Me?) \ (M©V) Compound Elastic 
1.452 2.45® 

0,1 1.871 a» » 

0.2 1.527 
• -

0.3 1.447 - -

0.4 1.382 mt -

0.5 1.291 - Mt 

0*1 1.493 - - ' 

0.8 1.465 -

1.0 1.419 - . • 

1.5 1.043 0.293 



Table 2 continued 

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

B (&?) 
n 

CospouM Elastic 
Excited levels 

1.452 

(le?) 

2.458 

2.0 QoTTB 0.530 

o.66i 0.674 
I ® « » 

3©0 0.536, 0.460 0.740, 0.628 0.031, 0.218 
* » « 3.5 0.426, 0.351 0.755, 0.640 0.101, 0.292 
« « * 

4*0 0.338, 0.273 0.718, 0.603 0.154, 0.334 

* Sorresponda to 2.458 (2+) ler®l» 



'Table 3 

Differential Elastic Cross-^Sections of Ni-58 

COS 0 
G«SU 

Energy (MeV) | COS 0 
G«SU 

0.1 0.2 0.3 0.4 0.5 0.7 0.8 1.0 1.5 | 

+1,0 0.499 0.515 0.563 0.599 0.633 0.678 0.718 0.799 0.948 
0.9 0.434 0.491 0.525 0.550 0.573 0.578 0.601 0.648 0.721 
0.8 0.470 0.469 0.491 0.506 0.519 0.495 0.505 0.526 0.543 
0.7 0.457 0.448 0.460 0.466 0.471 0.427 0.427 0.428 0.406 
0.6 0.445 0.430 0.430 0.430 0.429 0.371 0.363 0.350 0.303 
0.5 0.454 0.410 0.404 0.397 0.391 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 0.186 0.121 
0.0 0.390 0.337 0.305 0.260 0.258 0.204 0.185 0.158 0.107 

=•0.2 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 0.367 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 
-0.7 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 0.233 0.229 0.223 0.172 
«°0.9 0.363 0.283 0.250 0.226 0.211 0.261 0.260 0.257 0.191 
-1.0 0.364 

jrtggn *•! i.ix,- BflwcmtVaam-

0.283 0.256 

M.'l-Ii'̂ rWg'T HlWî 'rl 

0.235 0.224 0.298 0.301 0.302 0.217 



1'a'ble 5 continued 

/ >381T1S % 
aDifferential Elastic Gross-Sections of Ki-58 — ; 

COS 0 
®»au 

Esaeygy (SeV) COS 0 
®»au 2.0 2.5 3.0 3.5 4.0 

•1.0 0.969 1.147 1.297 1.454 1.682 
0.9 0.750 0.850 0.929 0P990 1.118 
0*8 0.574 0.619 0.648 0.656 0.708 
Oo? 0.434 0.441 0.438 0.420 0.432 
0.6 0.325 0.308 0.287 0.258 0.249 
0.5 0.241 0.211 0.181 0.152 0.134 
0.4 0.178 0.142 0.111 0.066 0.067 
0®2 0.099 0.067 0.044 0.031 0.024 
0.0 0.063 0.043 0.033 0.029 0.030 
—0.2 0.053 0.044 0.043 0.044 0.050 
-0®4 0.063 0.058 0.057 0.058 0.060 
-0®5 0.074 0.069 0.064 0.062 0^060 

0.091 0.083 0.073 0.066 0.057 
-Oo? 0.113 0.101 0.084 0.070 0.055 
«0®8 0.143 0.125 0.100 0.076 0.057 

0.163 0.159 0.124 0.089 0»06@ 
-1e0 0.234 0.205 0e160 0.112 J 0.095 i 



Table 4 

51-60 

0.1 5.13 5.13 

0*2 4.55 4.55 

0.3 4.30 4.30 

0.4 4.11 4.11 ' -

0.5 3.96 3.96 

0.7 3.66 3.66 -

0.8 3.56 3.56 -

1.0 3.41 3.41 -

1.5 3.23 2.80 

• 

0.43 



Table 4 continued. 

gj-60 

E (ifeT) 
8 

2*0 3.29 2.67 

2.5 3.37 2.54 

3.0 3-39 2.42 

3.5 3.39 2.35 

4.0 3.50 2.46 



0.62 

0.83 

0.97 

1.04 

1.04 



b±-60 

Calculated Cross-Sections (barns) for Neutron Excitation of Ni-58 
1 

E^(MSV) Compound Elastio 

' * 

Excited levels (ifeV) 
1 

E^(MSV) Compound Elastio 
1.332 

• 

2.158 2.502 2.627 3.130 3.523 
l 

0.1 1.872 — — — . — — 

0.2 1.532 — — — — — 

0.3 1.454 — — — — — 

0.4 1.390 
s 

. — — — — 

0.5 1.349 . — — ' — — — — 

0.7 1.442 — — — — — — 

0.8 1.410 — — — — • — — 

1.0 1.360 • — . — — — — — 

1.5 0.846 0.431 



Table 5 continued 

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

Excited levels (lEsYj 

\ (MeV) Coapound 
KLastie 1-252 2.158 2.502 2.627 3.130 3.523 

2.0 0.765 0.619 . m a* • 

2.5 0.551 0.631 0.202 - - - -

3.0 0*367 0.558 0.261 0.019 0.124 -

3.5 0-242. 0.465 0.272 0.060 0.169 0.075 m 

4e0 0.158 0.365 0.254 0.080 0.175 0.102 0.058 



Differentia?. Ela ?t.ic Or-o£ s-Seeii on 8 of $1-6 - /-barns J v 8r ) 

CCS 0 
©<sl&o 

En ergj r (Me?) CCS 0 
©<sl&o 

0.1 0 . 2 0 . 3 0.4 0 . 5 0 . 7 0o8 1 . 0 1 . 5 

+1*0 0 . 5 0 6 Oo523 0 . 5 7 3 0 . 6 0 9 0 . 6 4 4 0 . 6 8 6 0o722 0 . 7 9 7 0 . 9 0 6 

0 . 9 0 . 4 9 1 0 . 4 9 9 0 . 5 3 4 0 . 5 5 9 0 . 5 8 3 0 . 5 8 6 0 . 6 0 7 0 . 6 4 8 0 .691 

0e@ 0 . 4 7 6 0 . 4 7 6 0 . 4 9 9 0 . 5 1 4 0 . 5 2 8 0 . 5 0 4 0 .511 0 . 5 2 8 0 . 5 2 1 

0 . 7 0 . 4 6 3 0 . 4 5 5 0 .466 0 . 4 7 3 0 . 4 7 9 0 . 4 3 5 0 . 4 3 3 0 .431 0 . 3 9 0 

0 . 6 0 .451 0 . 4 3 5 0 . 4 3 6 0 . 4 3 6 0 . 4 3 5 0 . 3 7 9 0 . 3 7 0 0 . 3 5 4 0 . 2 9 2 

0 . 3 0 . 4 3 9 0 .416 0 . 4 0 9 0 . 4 0 3 0 . 3 9 7 0 , 3 3 3 0 . 3 1 9 0 . 2 9 4 0 . 2 2 0 

0 . 4 0 . 4 2 9 0 . 3 9 9 0 . 3 8 5 0 . 3 7 3 0 . 3 6 2 0 . 2 9 6 0 , 2 7 9 0 . 2 4 9 0 . 1 6 9 
0 , 2 0 . 4 1 0 0 . 3 6 7 0 .342 0 , 3 2 3 0 . 3 0 5 0 . 2 4 3 0 . 2 2 3 0 . 1 9 1 0 . 1 1 7 

0«0 0 . 3 9 4 0 .341 0 . 3 0 8 0 . 2 8 3 0 .261 0 . 2 1 0 0 . 1 9 2 0 . 1 6 3 0 . 1 0 4 

- 0 . 2 0 . 3 8 2 0 . 3 2 0 0 .281 0 .252 0 . 2 2 9 0 . 1 9 4 0 . 1 7 7 0 . 1 5 5 0 .111 

- 0 . 4 0 . 3 7 3 0 .304 0 .262 0 . 2 3 2 0 . 2 0 8 0 . 1 9 0 0 . 1 7 8 0 .161 0 . 1 2 4 

- 0 . 5 0 . 3 7 0 0 . 2 9 7 0 .256 0 . 2 2 5 0 . 2 0 2 0 , 1 9 4 0 . 1 8 3 0 . 1 6 9 0 . 1 3 1 

- 0 . 6 0 . 3 6 8 0 . 2 9 2 0 .251 0 .221 0 . 2 0 0 0 . 2 0 2 0 . 1 9 3 0 .181 0 . 1 3 7 

- 0 . 7 0 . 3 6 6 0 . 2 8 9 0 . 2 4 9 0 . 2 2 0 0 . 2 0 0 0 . 2 1 5 0 . 2 0 8 0 . 1 9 8 0 . 1 4 4 
« 0 . 8 0 . 3 6 6 0 . 2 8 6 0 . 2 4 9 0 . 2 2 2 0 . 2 0 5 0 . 2 3 4 0 . 2 2 9 0*221 0 . 1 5 2 

"0 . 9 0 . 3 6 7 0 . 2 8 5 0 .252 0 . 2 2 8 0 . 2 1 3 0 . 2 5 9 0 . 2 5 7 0 . 2 5 1 0 . 1 6 2 

- n o 0*367 0 . 2 8 5 | 0 . 2 5 8 
I 

0 . 2 3 7 0 .226 0 . 2 9 3 0 . 2 9 4 0 .291 

* i- •ir-.imn-n'i'i. 

0 . 1 7 5 

i\> 
r-3 



Table 6 continued 

zbsrn?\ Differential Elastic Cross Sections of Ni-60 ( 0„ ") 

COS 0 
e.m. 

2.0 

1 . 0 1 .007 

0 . 9 0 . 7 6 9 

0 . 8 0 . 5 3 0 

0 . 7 0 .431 
0 . 6 0 . 3 1 7 

0 . 5 0 . 2 3 0 

0 . 4 0 .166 

0 . 2 0 . 0 8 9 

0 . 0 0 . 0 5 7 

- 0 . 2 0 . 0 5 2 

- 0 . 4 0.064 
- 0 . 5 0 . 0 7 6 

- 0 . 6 0 .091 
0 

- 0 . 7 0 . 1 1 3 

- 0 . 8 0 .141 

- 0 . 9 0 . 1 7 9 

- 1 . 0 0 . 2 2 7 

2 . 5 

Energy (Me?) 

3 . 0 

1 . 1 7 8 

0 . 6 5 2 

0 . 6 1 7 

0 .431 

0 . 2 9 3 

0 . 1 9 4 

0 . 1 2 6 

O.C54 

0 . 0 3 6 

0 .041 

O.O56 
0 . 0 6 5 

0 . 0 7 6 

0 .091 

0 . 1 1 0 

0 . 1 3 6 

0 . 1 7 3 

3 . 5 

1 .322 1 . 4 7 4 

0 . 9 3 4 0 . 9 9 2 

0 . 6 4 0 0 . 6 4 6 

0 . 4 2 3 0 . 4 0 3 
0 . 2 6 8 0 . 2 3 9 

0 . 1 6 2 0 . 1 3 3 

0 . 0 9 3 0 . 0 6 8 

0 .031 0 . 0 1 9 

0 . 0 2 5 . 0 . 0 2 2 

0 . 0 3 9 0 . 0 4 0 

0 . 0 5 2 0 . 0 5 2 

0 . 0 5 7 0 . 0 5 4 

0 . 0 6 2 0 . 0 5 4 

0 . 0 6 8 0 . 0 5 2 

0 . 0 7 7 0 . 0 5 2 

0 . 0 9 2 0 . 0 5 6 

0 . 1 6 2 0 . 0 6 9 

1 .712 

1.117 

0 . 7 0 0 

0.416 
0.230 
0 . 1 1 4 

0 . 0 4 9 

0.010 
0.026 
0 . 0 4 3 

0 . 0 5 6 

0 . 0 5 3 

0.046 
0 . 0 3 8 

0 . 0 3 2 

0 . 0 3 5 

0 . 0 5 3 



Table 7 

Cr^S2 

Ba(JfeV) 
cr.(b) 

Ba(JfeV) 
Measured Calculated 
XFK - 120 

0.5 3.27 + 10$ 3.27 

0,8 2.80 + 1C$ 3.01 

1,0 2.76 • 10$ 3.11 

1.5 3.10 3.38 

2.0 4.14 * 10$ 3.52 

2.5 3.6 +10$ 3.55 

3.0 3.7 + ICS* 3.54 

3.5 3.76 + 1C$ 3.49 

4.0 3.80 • 1<$ 

timrwi - j-a-nnanTrn.-a. m . ' j i a t w s c j j . a L ' T A o a a * ^ 

3.43 



0 . 2 3 

0 . 6 9 

o.ei 
\ 

0.66 

0 . 8 9 

0«86 



Table 10 

Calculated Gross Sections (barns) for Neutron Excitations of Cx—52 

En(ife?) Compound Elastic 
Excited levels (MeV) 

En(ife?) Compound Elastic 
1.46 2 . 4 3 2.965 3.112 

0 . 5 1 . 4 0 2 - • -

0 . 8 1 . 4 4 ? - - 9 D - w 

1 . 0 1 . 5 1 4 » - <S» ' 

1 . 3 1 . 4 0 5 0 . 2 2 6 « e 

2 . 0 0 . 8 9 7 0 . 6 8 5 

2 . 5 0 . 6 3 3 0 .811 m* « D . 
3 . 0 0 . 4 4 6 0 .811 0 . 0 5 2 

3 . 5 0 . 2 9 0 
i 

0 . 6 2 0 0 . 1 0 4 0 . 1 6 7 

4 . 0 0 . 2 1 2 0 . 4 9 7 0 . 1 3 7 0 . 2 2 6 0 . 0 0 2 



TaVLe 9 

rhaiTlPK ' Differential Elasxie Cress Sections of Cr O uX 

COS 0 Energy (Ms?) 
, , 1, 

c»a, 0.5 0.8 j 1.0 | 1.5J 2.0 2.5 3.0 3o5 4.0 

1,0 0.525 0.629 0.744 1 ©020 1.216 1.412 
I 

1.5S3 1.697 1.788 
0.9 0.471 0.530 0.607 0.780 0.886 0.991 1.058 1.112 1d42 
0.8 0.424 0,448 0,496 0.591 0.632 0.673 0.693 0.697 0.595 
0.7 0.383 0.380 0.405 0.445 0.440 0.440 0.429 0.413 0.397 
0.6 0.347 0.325 0.334 0.334 0.299 0.276 0o251 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 0.171 0.122 0.069 0.043 0.030 0.022 0.020 
0.0 0.213 0.154 0.136 0.094 0.053 0.048 0.046 0.047 0.051 
»0o2 0.190 0.134 0.119 0.092 0.068 0.068 0.072 0.075 0.078 
-0.4 0.176 0.130 0.122 0.106 0.085 0.0® 0.083 0.082 0.081 
-0.5 0.173 0.136 0.132 0.121 0.036 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 0.16? 0.176 0o172 0.125 0.094 0.072 0.053 0.042 
«0.8 0.187 0.195 0.214 00214 Od49 0o104 0.070 0.043 0.029 
<»0.9 0.201 0.235 0.266 0.271 0.183 0.122 0.076 0.042 0.02S 
«»1 ©0 0©221 0o289 Oo33§ 0o349 

— • •• ••Ml 
Oo233 Oo155 0o09? 0.057 0o042 

i 



Table 10 
!38 

E (Msv) 
, c rt (b) 

» i » 
• n 

BML - 325 ! 
• 

. i 
Calculated i 

• • ' 

0 .475 7 .6 + 10% 6.60 
0 .57 7 . 2 ± 10% 6 .55 
0 . 6 0 7.1 + W 6.55 
0 . 6 5 7 .0 ± 1038 6 .55 
0 . 7 2 6 .8 ± 10% 6 .56 
0 .77 6 .7 £ 10% 6 .58 
1 .10 6 . 5 t 6.73 
1.17 6 .6 + 10% 6 .77 
1.50 6.70+ 10% 6 .94 
2 .0 6 .9 ± 10% 7 . 0 2 
2 .5 7 .0 • 10% 6.99 
3 . 0 7 . 5 + 10% 6 .79 
3 . 5 7 . 8 + 10% 6 .44 
4 . 0 7 . 7 1 10% 6.01 



(b) ^ i n ( b ) 

5.09 
4.97 
4.96 
4.96 
4 .98 
5 .02 
5.27 
5 .36 
5.72 
6 . 0 4 
6 .07 
5.86 
5.51 
5.08 

1.51 
1 .58 
1.59 
1.59 
1.58 
1.56 
1.46 
1.41 
1.22 
0.98 
0.92 
0.93 
0.93 
0.93 



Tablg11 

Qa3.«ula\ed grosa-Seefeicns (barns) for Neutron Excitations of IJ---256 

Excited levels(Me?) 

E (Mev)i 5 ? m p ; V n d I 0.045'! 0*143 S 0o308 i 0 o 6 5 l | 0,71? 0o728 ?Oo935 I 0,936 ? i®03 i ' l . l l j l . 1 3 \ 1*1* n 1 elastic ; J » 1 9 » « » « 1 1 i « 

.475 1.155 

1, 

1.415 »093 j . C3» a. ea> ear • I 
• 570 0.964 1.448 .138 - • «£> «s» & - - <0 

.60 0.910 1.444 .143 <m - O «S> - ISS> - * 

.65 0.851 1.428 .158 - ! • - «9 ss e9> 

.72 0.749 1.345 .169 CM) 63 0*00? - - - -

.77 0*698 1.306 .177 .067 .01 *23» • <0 

1.10 .314 .661 .118 .062 .021 0.002 .174 .221 .195 SO to 

T.17 .271 .565 .100 - .059 .029 0.003 .169 .230 a 209 - ®5> -

1.50 .147 .324 .075 o002 .052 o039 0.008 ,131 .235 .221 .093 o024 o021 

2.0 .075 .176 . .052 .004 ,047 o052 .016 >084 .181 o180 >104 »041 .040 

5 .054 

• 

.132 .056 ©13 ,047 

. ... 

©077 .088 .058 -137 .137 

. . . 

&091 

— 

o044 .044 



Table 10 

Differential Elastic Cross-Sections of U-238 Sr 

COS 0 
c.m. E n ( M e v ) 

0.475 0.60 I 0.65 0.72 0.77 S 1.10 ; 1 . 1 7 t 1.50 
s — 
J 2.0 I 2.50 

1 . 0 1.528 1.640 1 o768 1.938 2.074 2.825 2.980 3.637 4.297 4.789 
0.9 1 ,058 1.242 1.318 1.418 1.498 1.923 2.009 2.326 2.608 2.662 
Oe® 0.836 0.925 0.963 1.012- 1.053 1.254 1*294 1.415 1,498 1.44-9 
0.7 0.656 0.678 0.690 0.705 0.718' 0.774 0.786 Go 80,4 0.797. 0.749 
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 0o?56 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 0.1£0 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 0.249 0.248 0.250 0.235 0.209 
-0.6 0.306 0.285 0.280 0.273 0.268 0.232 0.226 0.212 0.187 0.168 

0.335 0.309 0.300 0.284 0.274 0.203 0.191 0.160 0.129 0.116 
. " 0 . 8 0.365 0.330 0.315 0.292 0.275 0.167 0.149 0.102 0.074 0.063 

-0»9" 0.396 0.351 J.320 0.297 0.273 0.129 0.107 0.050 0.042 0.052 
- 1 ; 0 0.427 0.372 0.344 0.301 

—:—— 

0.270 0*096 

, . 

0.073 0.019 0.060 0.212 



Table 13 

Comparison Between. Measured' & Calculated Inelastic X~Sections 
At =045 MST 

E n (Mev) in (barns) 
(Measured) 

^in (barns) 
(Calculated) 

.475 1.32 + .10 1.42 

.570 1 . 4 4 . i .06 1.45 

.60 1.26 + .10 1.44 

.650 1. 20 ± .10 1.43 

.77 1.14 ± .10 1 .31 

1.10 0.64 + .16 0.66 

1.17 0,75 + .18 0.57 

o 



Table 14 

Th =.232 

E ( M e v ) *X 

BHl- - 325 

( t > ) 

Calculated 

Oo56 

T-gLh.JV|, ||| | | mi || | 'i | |(| 

7.70 + 10$ 6.41 

0 o 7 0 7.50 + 10SS 6.18 

1o0 6*80 + 10% 6®Q8 

1.5 6®60 + 10% 6.32 

2oG 6.70 + 10;t 6.50 

2.5 7.0 + 10£ 6o59 

3.0 7.3 1 10% 6.54 

* * - 6.40 

4.0 • 6.16 

^ e (b) 

37 

5.15 

4® 98 

5.4C 

5.73 

5.82 

J ^ I n (b) 
t t 
9 t » 

1 o04 

1.03 

1.10 

0.92 

0© f'7 

0.77 



Table 15 

Calculated Cross-Sections for Neutron Excitations of Th-232 

Excited levels sv) 

En (Mev) 
i » • 
! Compound f OCr Elastic ? J 

.163 
; 

.33 
« » 

I .725 t » 

i 
' .775 i 

vo in .771 .957 .084 -

•70 .607 .917 .116 - mo 

1.0 .231 .401 .710 ° .179 .191 

1.5 .100 .205 .052 .002 .098 .173 

2.0 .062 •142 .048 .004 .064 .137 

2.5 .049 .126 .068 .024 ,047 .113 

ro 



Table 10 

Differential Elastic Cross-Section 

cos 
(C .M.) 

1.0 

' 1 1*4981. 

, . ; 
1.769 

, 
2.327 

rl 

0.9 10.16? ' 1.310 1 o608 
0o8 0.901 0.954 1.072 
0*1 • 0.692 0.689 0o687 
0.6 0.533 0.489 0.424 
0.5 0.416. 0.353 0.256 
0.4 0.333 0.264 0.162 
0.5 •0.279 0.215 0.122 
0.2 0.247 0.190 : 0.119 
0.1 0.233 0.107 0.140 
0.0 0.232' 0.198 0o-172 
© "1 0.240 0.216 ; 0*207 

®0o 2 0.253 0.237 0.237 
-o.> 0.269 0.256 0.259 
•=0 © 4 0.285 0.272 0.268 
=0o5 0.299 0.283 0,263 
«=0®-5 0o3li 0.287 0o245 
=0.7 0.320 0.209 0*216 
<=0ob 0.326 0o278 0o17f 

0.328 0*267 0*139 
••=•1! o0 0o33O ©<>254 0.101 

! 



ts of Thorium 2.32 
8r 

lev) 
o J 

1.5 J 2e0 t 2a 5 

3® 233 3.904 
r 
j 4o432 

2 ©069 2.373 . I 2.484 I 
1 o 259 1.361 • 1,359 
0®717 0.721 0*700 
0O376 0.342 0o318 
0.183 6.142 0.114 
0.092 0o617 0.034 
0.072 0.554 0o036 
0.094 0.909 0 o086 
0.138 0o145 0.153 
Oo189 0o202 0®21§ • 
0.237 0.248 0*255 
0.271 0.279 0.269 
0.288 | 0.289 0.262 
0.284 0o276 0o24t 
0.260 0.242 0o212 
0o219' , 0*193 0.173 
0.165' O0135 0.124 
0o1.06 0o0s1 0o683 
0o532 0oQ-g0 0o05® 
0.214 0oO6§ 0o24D 
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