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Neutron-scattering cross-section data between 0.1 and 3.0 MeVforU, Th,Bi, Pb, Au, W,and Ta have been 
fitted using a local, spherical, spin-dependent optical potential with a minimum number of parameters. 
Total cross sections and differential elastic angular distributions, corrected to include compound elastic 
scattering, are used. With the ''entrance-channel" parameters thus determined, the Hauser-Feshbach 
statistical model gives reasonable predictions of the cross sections for inelastic scattering of neutrons by 
U238, Th232, Bi209, Pb208, Au197, W184, and Ta181. The latitude in fitting entrance-channel data allowed by the 
optical-model parameters is sufficient to mask effects arising from nonlocality, deformation, and width 
distributions. To a very high degree, this relatively simple model is shown to be adequate for the presently 
available data. 

I. INTRODUCTION 

FOR over a decade, since the early work of Feshbach, 
Porter, and Weisskopf (FPW),1 calculations of 

total neutron scattering have been performed using 
complex potential models of varying degrees of com
plexity. The inability of the FPW model to calculate 
directly the compound elastic contribution to elastic 
scattering resulted in some difficulty in the energy range 
up to a few MeV because there that contribution could 
not be neglected. The abandonment of the square well 
in favor of a diffuse-edged one2 and the addition of the 
neutron's spin-orbit interaction3 to the potential led to 
an increase in the number of parameters describing the 
optical potential. This did result in adequate calcu
lations4-5 at those energies where simple assumptions 
regarding the compound elastic contribution were ac
ceptable. More recently, the energy dependence of the 
optical-potential parameters has been eliminated by use 
of a nonlocal potential.6 The calculations of Bjorklund 
and Fernbach4 and of Perey and Buck6 give good repro
duction of neutron cross sections over a large range of 
elements and energies with relatively simple optical 
potentials. 

Hauser and Feshbach,7 following suggestions by 
Wolf ens tein,8 described a method for calculating in
elastic scattering through the compound-nucleus mecha
nism based on simple statistical assumptions concern
ing the behavior of compound-nucleus processes. The 
compound elastic-scattering contributions are also ob
tainable by this method. Crucial to the use of this theory 
is the calculation of transmission coefficients. Straight
forward schemes, proceeding from a complex potential 

* This work performed under the auspices of the U. S. Atomic 
Energy Commission. 
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model for scattering have been used widely with varying 
degrees of success. Recently, more sophisticated schemes 
for calculating transmission coefficients have been 
employed.9,10 

Significant improvement in experimental technique 
ever the last few years has made available a consider
able quantity of inelastic scattering data of higher 
accuracy. This makes possible a more precise analysis 
of that data in terms of the Hauser-Feshbach theory. 
We have taken a representative sample of isotopes of 
heavy nuclei and fit the scattering data, total and elastic, 
in the energy range 0.1 to 3.0 MeV on an element by 
element basis. The parameters thus determined were 
used to calculate inelastic scattering and compared to 
the data. The optical model and Hauser-Feshbach 
model used are described briefly in Sec. I I . The data, 
level schemes, and calculations for the heavy nuclei 
U238, Th232, Bi209, Pb208, Au197, W184, and Ta181 are dis
cussed in Sec. I I I . General features of the calculated 
cross sections are considered in Sec. IV. 

II. THEORY 

The heavy-element region between tantalum and 
uranium includes deformed nuclei. Thus one would not 
expect, a priori, to be able to fit the experimental data 
assuming a spherical optical potential. The calcula
tions presented here are based on the assumption of a 
local spherical optical potential; agreement or disagree
ment between calculated and experimental results then 
indicates how sensitive optical-model fitting is to this 
simplification. 

Calculations of the optical potential, whether proceed
ing from two-body data or from more refined models of 
the behavior of nuclear matter, predict a variation of 
the opical-model parameters with the energy of the 
incident particle. The work of Perey and Buck,6 pro
ceeding from phenomenological considerations, fits neu
tron scattering data over a range of energies with a 
nonenergy-dependent but nonlocal optical potential. 
Examination of the equivalent local parameters indi-

9 P. A. Moldauer, Phys. Rev. 123, 968 (1961); 129, 754 (1963). 
10 G. R. Satchler, Phys. Letters 7, 55 (1963). 
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TABLE I. Compound elastic corrections to differential elastic 
scattering of 1.0 MeV neutrons by U238 and Bi209.a-b 

Angle 
(deg) 

0 
30 
60 
90 

120 
150 
180 

d(Tse 

2.02 
1.17 
0.216 
0.201 
0.214 
0.057 
0.006 

TJ238 

dcrc0 

0.061 
0.046 
0.029 
0.022 
0.029 
0.046 
0.062 

dcrel 

2.08 
1.21 
0.245 
0.224 
0.244 
0.103 
0.068 

darse 

1.12 
0.709 
0.208 
0.228 
0.223 
0.059 
0.034 

Bi209 

dcrCe 

0.136 
0.126 
0.114 
0.109 
0.114 
0.126 
0.136 

da el 

1.26 
0.835 
0.322 
0.337 
0.337 
0.185 
0.170 

a All cross sections are in b/sr. 
b se, ce, and el refer to shape elastic, compound elastic, and elastic, re

spectively (Ref. 1). 

cates the presence of energy dependence when viewed 
in this (local) way. The energy range we consider is 
relatively small; accordingly, we use a local, nonenergy-
dependent optical potential. The resulting parameters 
may then be considered to be the average local equiva
lent parameters over this range, when viewed in terms 
of a nonlocal potential model. 

Total cross sections can be calculated using the 
optical model directly. In the case of elastic scattering, 
the (one-channel) optical model does not include the 
contribution due to compound elastic scattering—-for
mation of a compound nucleus followed by decay of the 
compound nucleus through the entrance channel. The 
Hauser-Feshbach statistical model,7 which we use to 
calculate inelastic-scattering cross sections, also gives 
the compound elastic corrections. Table I illustrates 
the value of calculated compound elastic contributions 
for two of the isotopes of this study. The compound 
elastic contributions are neither isotropic nor small. 

These two models, linked together, form the basis 
of our calculations. 

The radii R are related to the mass A and size param
eter R0 by the relation R=R0A^K In all, (2.1)—(2.4) 
involve six parameters: three strengths, VRE, VIM, 
VSR, and three lengths, I? (or RQ), a, and b. 

Imaginary parts of the form 

d\ 

dr\ 

1 

. l + e x p [ ( r - i ? ) / a ' ] . 
(2.5) 

have been used. The significant features of the imaginary 
part, that it be surface peaked and have some width, 
are the same for both (2.3) and (2.5); the two forms 
differ nontrivially only for large values of J r—R |. Since 
no appreciable physical effect of this difference at the 
energies we consider has been suggested, we have used 
the older Gaussian form. For a wide range of widths 
b and depths VIM, there exist equivalent pairs (b,ViM) 
which give substantially the same results—larger VIM'S 
correspond to smaller b's and vice versa. Thus we have 
arbitrarily fixed 5=1.0 F and let the variation during 
searches occur on VIM alone. Both the results of 
Bjorklund and Fernbach4 (5 = 0.98 F) and of Perey and 
Buck6 (#' = 0.47 F, the equivalent b~2a') are consistent 
with our choice for b. 

The solution of the Schrodinger equation with com
plex potential given by (2.1) yields phase shifts 5y(E) 
from which one can calculate total and differential 
elastic-scattering cross sections (the latter uncorrected 
for compound elastic contributions). In addition, trans
mission coefficients 

7yCE)= l - | i 7yCE) | (2.6) 

where rjiJ(E) = e2iSlJ(-E\ are obtained. These are neces
sary for the inelastic scattering calculations which 
follow. 

A. Optical Model 

We employ a conventional, local optical model which 
includes the neutron's spin-orbit interaction. The optical 
potential takes the form 

V(r)= - VREf(r)-iViMg(r)- VaBh(r)l-v, (2.1) 

where the real nonspin-dependent part has a Saxon 
form2 

f(r) = 
l + e x p [ > - i ? ) / a f ] 

the imaginary part has a Gaussian form 

g(r) = e X p [ - ( f - i ? ) V 6 2 l 

(2.2) 

(2.3) 

and the spin-dependent part is real and of the Thomas 
form3 

h(r) 
/ h \ 2 1 df(r) 

dr 
(2.4) 

B. Hauser-Feshbach Statistical Model 

The Hauser-Feshbach model7 is based on the statis
tical assumption that all states of the compound nucleus 
which are accessible on the basis of conservation of 
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 distri
butions 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 Feshbach7 assumed that the probability 
of decay of the compound nucleus yielding a neutron of 
given orbital angular momentum I is a function of the 
transmission coefficient Ti(E) which does not depend 
on the total angular momentum j of the outgoing neu
tron nor on the spin of the target nucleus. The total 
cross section for the scattering of neutrons of incident 
energy £ by a nucleus with a ground state having spin 
IQ and parity n 0 , to produce outgoing neutrons of 
energy Ef leaving the residual nucleus in a state with 
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energy Ea having spin I a and parity II ̂  is given by 

r(E,E>)-
TTX 2 

•ZTI{E) 
2(27o+l) i 

6 i w (2 /+ l ) g eyi,jTv{E') 
X ^ 

' E ^••vjTviE^ 
P,l",j" 

•, (2-7) 

where the sum over p in the denominator is taken over 
all accessible levels EP<E, including the ground-state 
Eo(Ep~E—Ep); the V and /" sums run over all values 
which lead to final states consistent with parity 
conservation 

(-i)''na=(-iyn„, (-i)«"n,= (-i)«n,; 
the j's are the channel spins and take on values 

i i , 2 =/o±J , i i , 2 , = / s ± J and ii,2 / /==/p±J; 

(2 if both ji and j 2 ] 
1 only one of j \ and j 2 r satisfy \J—l\<ji 
0 neither j \ nor j 2 J < ( / + / ) ; 

and / takes on all values consistent with conservation 
of angular momentum in the formation of the compound 
nucleus 

\l-jt\<J<(l+ji). 

The angular distribution has the form 

X2 1 
v(E,E',6) Z Tt{E) 

x£-

4 2(2/o+l).» 

*JIJ f^, *3>l'jTV(Eq) 
(2.8) 

J S . tj"i"jTi>'(Ev') 
p,i"j" 

X Z \ZQJlJ;jL)Z(lfJl'J;j'L)PL(cos6)\, 
L even 

where all sums preceding the last factor are taken in 
the same manner as for (2.7); the final sum is over even 
L for L<min(2Z,2/ ' ,2/); and Z(abcd;ef) are the 
Z coefficients of Blatt and Biedenharn.11 

More recently, extensive calculation with spin-de
pendent optical potentials has shown the existence of 
wide differences in transmission coefficients for the two 
total angular momenta of a neutron corresponding to 
the same orbital angular momentum.12 In what follows, 
we discard the channel spin notation and use j to denote 
the total angular momentum of the neutron. We shall 
use transmission coefficients 7V(E) and modify (2.7) 

11 J. M. Blatt and L. C. Biedenharn, Rev. Mod. Phys. 24, 258 
(1952). 

12 E. H. Auerbach and F. G. J. Perey, Brookhaven National 
Laboratory Report BNL-765 (unpublished). 

and (2.8) accordingly13: 

TTX2 

*W)'- 2 ( 2 / 0 + l ) M 
£ Tij(E) 

{2J+\)fcTlfjf{Ef) 
(2.9) 

' E 2W*(E/) 
pj",i" 

< r ( W ) = 
X2 1 

E Tij(E) 
4 2(27o+l) t.i 

(2/+l)*£2Y,(E0 
XE 

' E Tv,,.{£,') 
p.i"i" 

X E (-iy-I'Z(l'j'l'j';$L)Zm-AL) 
L even 

XW(JfJf; rL)W(JjJj;IL)PL(cosd). (2.10) 

Here / , / , j " satisfy the relations 

| / o~ i |< /< ( /o+ i ) , 

|/-/«| </<(/+/,), 
\J-ip\<j"<{J+ip), 

l'$ satisfy the relations 1= j±.\ (similarly for V and /")> 
and 

(-i)*'n,= (-i)*n0, 
. ( - i ) ' "n ,= (--i)'no. 

The apparently different structure of these equations 
is due to the abandonment of the channel spin notation 
in favor of one which considers the total neutron angular 
momentum. This is more convenient because the trans
mission coefficient now depends on the neutron's total 
angular momentum as well* as its orbital angular 
momentum. 

Compound elastic-scattering contributions are ob
tained by letting £ ' = £ , Iq=Io> and 11,,= n 0 in Eqs. 
(2.9) and (2.10). 

III. CALCULATIONS 

For each of the isotopes considered, we chose a set 
of total cross-section data for the energy range to be 
fit and sets of differential elastic angular distributions 
at energies well distributed throughout that range. 
These constituted the "entrance channel" data used. 
The choice for angular distributions was sometimes 
limited by unavailability of data. Where more than one 
set of data was available, the choice was dictated by 
considerations of date of the experiment, errors assigned 

13 L. C. Biedenharn, Angular Correlations in Nuclear Spectro
scopy, edited by F. Ajzenberg-Selove (Academic Press Inc., 
New York, 1960), Part B, Chap. V.C. 
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x2 SURFACE 
T — I — I — l — I — i — I 1 1 — l i 1 — i — i — [ — r 

38.0 40.0 42.0 44.0 38.0 40.0 42.0 44.0 
VRE (MeV) VRE (MeV) 

FIG. 1. x2 surfaces in the vicinity of the minimum for entrance 
channel data for U238. The minima, denoted X, have a x2 value of 
17. The value of a is 0.49 F. Note that a reduction of VIM from 
12.0 to 8.0 MeV increases x2 only from 17 to 30. The scale is such 
that a x2 value of 28 is equivalent to an rms deviation of one 
standard deviation in the data. 

by the authors, and consistency between experiments. 
Detailed discussion for specific isotopes is given below. 

As a measure of the fit of a calculated set of cross 
sections to the experimental data, we used 

X = X t o t + X ang distj W ' V 

where 

X 2 to t -L( J (3.2) 

and 

X angdist 

r i /dv(Ek,6ny^-d<r{Ekyeny^\-] 
= £ — El — ) ; (3.3) 

* LNk » \ &<r(Ekfiny^ J J 
<r(Ek) and Aa(Ek) are the total cross sections and errors 
in total cross sections at energy Ek, da(Ek)6n) and 
Aa (Eki6n) are the differential elastic cross sections and 
respective errors at energy Ek and center-of-mass angle 
Bn. The factor 1/Nk (Nk is the number of angles 6n 

at which the data are given for the energy Ek) ensures 
that each angular distribution has weight determined by 
the error assignments and not by the number of points 
in the angular distribution. 

First, the values of x2 were calculated for a coarse 
grid in the five-dimensional parameter space (VRE, 
ViM,VsR,R,a) using only optical-model cross sections 
(not corrected for compound elastic scattering). This 
gave a general picture of the parameter space and indi
cated the region (s) in which a minimum was expected. 
In general, within the range of values of these five 
parameters usually accepted in optical-model calcula
tions, the minima are unique in this "gross" sense. 
There did exist, however, directions or hyperplanes in 
the 5-dimensional space along which moderate changes 
in the parameters produced changes in x2 which were 
not appreciable. A typical set of x2 contours (the case 
illustrated is for U238) is in Fig. 1. Along a line in the 
VRE—VIM plane x2 differences are not significant. 

Consequently, a choice of "best parameters" on this 
basis is somewhat arbitrary. 

The coarse grid search was then followed by a 
multidimensional search to find the minimum regions 
in the parameter space. Then, with compound elastic-
scattering corrections included, the minimum search 
was repeated. The resulting minima were in different 
regions in parameter space but not far removed from 
the minima for the uncorrected cross sections. As an 
additional check, the surrounding neighborhood in 
parameter space was examined to determine tolerance 
limits on the parameters found and to guard against 
false minima. 

The choice of level schemes is discussed in detail 
under each isotope separately. 

Inelastic scattering data usually presented no ques
tions of choice. More recent work has significantly 
smaller errors than previous work. Fitting is done con
sidering only the later work. Some earlier cases are 
shown and are quite consistent. 

Using the parameters which defined x2 minima for 
entrance channel data, we then calculated the inelastic-
scattering cross sections. The results were generally in 
agreement as to shape, but not necessarily as to scale 
or position along the energy axis. If we define a measure 
of the fit of calculated inelastic-scattering cross sections 
to an excited level Ej by 

/*(Ek)~*-<r(Ek)«*\* 
X/ = E ( ) , (3.4) 

in analogy with (3.2), and the total X2 for all excited 
levels by 

X inel—2-i Xj , W-^J 
3 

we can search for a minimum X2
inei in the optical-model 

parameter space. When a good fit was obtained, it was 
generally not far removed from the minimum defined 
by the entrance channel data. In particular, the mini
mum region with respect to X2

inei overlaps the minimum 
region for the entrance channel X2. When this occurs, 
as is the case for all isotopes we considered except 
W184 and Au197, the same set of parameters fits both 
entrance channel and inelastic-scattering data. De
tailed discussion appropriate to particular isotopes is 
given below. 

All calculations were done with the computer pro
gram, ABACUS-2 (slightly modified, to facilitate rapid 
handling of the entrance channel data over a range of 
energies only some of which had differential elastic-
scattering data), which performs optical-model and 
Hauser-Feshbach calculations in one package. The 
parameter space scan and x2-minimum search features 
of the program were extremely useful in this study. 
This program has been used widely in the last two years, 
establishing our confidence in its substantial accuracy. 
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U INELASTIC SCATTERING 

FIG. 2. Calculated values for 
inelastic scattering of neutrons 
by U238 using the Hauser-Fesh-
bach theory and the optical-
model parameters determined 
by fitting the entrance channel 
data. Energy captions are those 
measured by Smith for the data 
shown; calculated values are 
for the levels of the scheme of 
Fig. 3. 
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I I I I I I I I I 1 1 1 I I I I 1 
0.8 1.2 
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0.6 
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0.4 

| 0.2 
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0.4 

0.2 

0 

0.4 

0.2 

0 

i i i i i i i i i i i i r 
DATA! A.B.SMITH 

l_ l.00±,030 MeV LEVEL Z(2+,2 + ) 

I ] 

.93O±.030 MeV LEVEL (0+) 

.720 ± .020 MeV LEVEL S(3-,5-i. 

Pi 
I .630+.020 MeV LEVEL(I-) 

I 1 I I I I / I 1 1. I I I I I I I ' 1 
0.4 0.8 1.2 

ENERGY (MeV) 

U-238 

Total neutron cross sections for uranium from 0.1 
to 2.0 MeV are taken from BNL-32514; these are con
sistent data due to two groups.15 We assumed total 
errors of 5%. In view of the smooth variation with 
energy of the calculated results, the averaging over 
100-keV intervals by the authors introduces no diffi
culties for our calculations. 

Differential elastic-scattering cross-section data at 
energies of 0.35, 0.415, 0.475, 0.57, 0.60, 0.65, 0.72, 
0.77, 0.95, 1.10, 1.17, and 1.25 MeV, as well as the 
inelastic scattering data are the work of Smith16 who 
used pulsed-beam fast time-of-flight techniques. For the 
angular distribution data, we assumed 10% errors; for 
the inelastic-scattering data the errors indicated by the 
author (see Fig. 2) were used. 

Several level schemes have been considered for U238. 
Elbek, Igo, Stephens, and Diamond17 proposed one, 
based on Coulomb excitation of U238 by O16, which differs 
from the one we finally used in the neighborhood of 
700 keV, where they have only 1~ and 3" levels, and in 
the energy assignments above 900 keV. Cranberg18 

suggested another which is based on a study of the 
7 rays of U238 by Lind and Day; this scheme is sparse 
above 900 keV. Dresner19 proposed a level scheme which 

14 D. J. Hughes and R. B. Schwartz, Neutron Cross Sections, 
(U. S. Government Printing Office, Washington, 1958), 2nd ed. 

15 H. H. Barschall, R. K. Adair, C. K. Bockelman, X. Graves, 
R. L. Henkel, and R. E. Peterson, Los Alamos Report LA-1060, 
1950 (unpublished); R. L. Henkel, L. Cranberg, G. A. Jarvis, 
R. Nobles, and J. E. Perry, Jr., Phys. Rev. 94, 141 (1954). 

16 A. B. Smith, Nucl. Phys. 47, 633 (1963). 
17 B. Elbek, G. Igo, F. Stephens, Jr., and R. M. Diamond, 

Lawrence Radiation Laboratory Report UCRL-9566, 1960 
(unpublished). 

18 L. Cranberg, Argonne National Laboratory Report ANL-6122, 
1959 (unpublished). 

19 L. Dresner, Nucl. Sci. Eng. 10, 142 (1961). 

uses levels above 900 keV in analogy to the level scheme 
of Pu238; the levels in the vicinity of 700 keV are some
what different. In all of these the first rotational states 
(2+, 4+, and 6+) are at the same energies. Differences 
occur in the positions of the 1~~ and 3~ octupole vibra
tion levels near 700 keV and in the higher levels above 
900 keV. Interchanging level schemes had no great 
qualitative effect on the inelastic scattering cross sec-

1.17 -
1.13-
I.I I -
1.03-

. 9 8 6 -

. 9 3 5 -

. 7 2 8 
. 7 1 0 
. 6 5 1 

.045 
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2 . 4 8 -
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.895-

, 238 

•209 

1^2 + 
_ " 2 + 

" 0 + 

- l3 /2-» 
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. 8 3 8 < I 

. 7 8 8 - = 
. 7 7 5 ^ -
.72 5 ' 

.163 

Th 2 3 2 

Pb' 2 0 8 

~ I -

M 
=.(3+) 
—2 + 

FIG. 3. Level schemes for U238, Th232, Bi209, and Pb208. For the choice 
of individual assignments, see text Sec. III . 
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FIG. 4. Experimental and calculated (solid line) total neutron 
cross sections of U. The data are from Refs. 14 and 15. The 
calculated values are within the 5% errors assigned the data. 

tions for the first two excited states, the ones for which 
the best data are available. 

Recently, Smith16 obtained the cross sections for the 
inelastic excitation of residual nuclear levels at 0.045 
±0.003,0.150±0.005,0.630=1=0.020,0.720=1=0.020,0.930 
±0.030, 1.00±0.03, and 1.05±0.03 MeV. Because of 
his experimental verification, we settled upon the level 
scheme given in Fig. 3. The 0+, 2+, 4+, 6+ rotational 
states are common to all proposals. The middle section 
(700-keV vicinity) is based on the Cranberg study of 
Lind and Day's work; 0.654 MeV is almost within the 
error quoted by Smith for 0.630 MeV; the 3~ and 5~ 
levels correspond to Smith's 0.720-MeV level. The 
higher levels (above 900 keV) are a composite of the 
other two schemes; energy assignments were chosen 
to fall within the errors of Smith's data. Spins and 
parities are consistent with the systematics but there 
are probably some levels in this region which have been 
missed. 

In fitting the entrance channel data a minimum 
region of high real potential depth was found (VRE 
= 65.0MeV, VIM= 13.5MeV, V8R=S.OMeV,Ro=1.30 
F, a=0.44 F, Z>=1.0 F) in addition to the more con
ventional set. We discarded this solution in accord with 
shell-model considerations. A set of "best parameters" 
located in the minimum regions for both entrance 
channel and inelastic scattering data is: 7 ^ = 3 9 . 8 
MeV, VIM =6 .9 MeV, 7 ^ = 1 5 . 0 MeV, RQ=1.32 F, 
a=0.47 F, 6= 1.0 F. Figures 4 and 5 compare the cal
culated total and differential elastic cross sections with 
experimental data. Agreement for total cross sections 
is quite good. In the case of the angular distributions 
agreement is good at lower energies; at higher energies, 
the small disagreement may be attributed to the in
clusion of the first inelastic group with the elastic com
ponent in the experimental data. In Fig. 2, the calcu
lated inelastic-scattering cross sections are compared to 
the experimental data. Agreement for the 2+ level 
(0.045 MeV) is excellent; the 4+ level (0.150 MeV) is 
good though a little low; calculated results for the 6+ 

level (0.308 MeV) do not exceed 0.03 b at 1 MeV and 
are not shown. The experimental values for inelastic-
scattering cross sections to higher levels were measured 
for incident neutron energies of 1.2 MeV and above. 

Since our level scheme does not go beyond 1.17 MeV, 
and even at this point we are not sure we have accounted 
for all levels, comparison with experimental results must 
be interpreted qualitatively. The presence of additional 
levels will, of course, decrease the calculated values. 

The energy captions for the inelastic excitation of a 
particular level are those given by the experimenter. 
We therefore used results calculated for the 0.654-MeV 
level of our level scheme (Fig. 3) to compare with the 
experimental data labeled as the 0.630±0.020-MeV 
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FIG. 5. Experimental and calculated (solid lines) differential 
elastic scattering cross sections for U for the parameters shown in 
Fig. 4. Calculated values include corrections for compound elastic 
scattering using the Hauser-Feshbach theory and the level scheme 
of Fig. 3. 
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level in Fig. 2; likewise, calculated results obtained for 
the 0.710 and 0.728 levels are combined to compare to 
experimental data at 0.720±0.020 MeV, results for the 
0.935-MeV level are compared to data at 0.930±0.030 
MeV, and results at 0.986 and 1.03 MeV are combined 
to compare to data at 1.00±0.03 MeV. 

Differential inelastic scattering data16 for an incident 
energy of 0.56 MeV for excitation of the first two ex
cited levels are available. The differential cross section 
for scattering to the first excited level is essentially 
symmetric about 90° and is fit by the calculated values; 
for scattering to the second excited level, the calcula
tions predict nearly isotropic results. These are shown 
in Figure 6. 

Th-232 

Total neutron cross sections for thorium from 0.1 
to 3.0 MeV are taken from BNL-325.14-20 We assumed 
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FIG. 6. Differential inelastic-scattering cross sections for the 
first two excited levels of U238. These correspond to the total 
inelastic-scattering cross sections of Fig. 2. The experimental data 
is isotropic for the second excited level. 

errors of 10% since the data are over a decade old and 
are probably not corrected for in-scattering errors. 

Differential elastic-scattering cross sections are avail
able at energies: 0.56, 0.70, and 1.00 MeV. These as 
well as the inelastic-scattering cross sections used are 
the results of Smith's experiments21 using pulsed-beam 
fast time-of-flight techniques. The favorable comparison 
between this and earlier work, as discussed in Smith's 
paper, justify using only his results for determining the 
model parameters. 

Two different level schemes were used. One, proposed 
by Elbek, Igo, Stephens, and Diamond17 was modified 
by us to include a 3+ level at 0.838 MeV; this is shown in 
Fig. 3. The other level scheme was suggested by Smith21 

20 M. Walt, R. L. Becker, A. Okazaki, and R. E. Fields, Phys. 
Rev. 89, 1271 (1953). 

21 A. B. Smith, Phys. Rev. 126, 718 (1962). 
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FIG. 7. Experimental and calculated (solid line) values for the 
neutron total cross section of Th. The data are from Refs. 14 and 
20. The calculated values lie within the 10% assigned errors in the 
data. 

and is based on the excitation of residual nuclear levels 
found experimentally in his inelastic-scattering experi
ments. We have included some inelastic-scattering cal
culations with Smith's scheme in Fig. 9 (referred to as 
level scheme "b"). All other calculations, including that 
of compound elastic corrections, were done with the 
level scheme of Fig. 3. 

The optical-model parameters found as a result of 
fitting the entrance channel data are: F M = 4 1 . 3 MeV, 
VIM= 7.28 MeV, 7 M = 7 . 0 MeV, JR0=1.32 F, a=0A7 
F, 6=1.0 F. 

The calculated cross sections using these parameters 
are compared with the experimental data in Figs. 7 and 
8. Agreement is quite good throughout. In Fig. 9, the 
calculations and data for inelastic scattering are pre
sented. Calculated values for the 6+ level at 0.330 MeV 
are small, not exceeding 0.01 b at 1.0 MeV, and are 
omitted. The results of our calculations are somewhat 
below the data for the second excited level at 0.170 

TH2 3 2 DIFFERENTIAL ELASTIC 

FIG. 8. Differential elastic 
scattering cross sections for 
Th. The calculated values 
(solid lines) are for the 
parameters of Fig. 7 and 
include corrections for com
pound elastic scattering. 
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MeV All other levels are fit very well by either level 
scheme. Since the level scheme does not go beyond 1.2 
MeV, calculated values above that energy should be 
considered only qualitatively. Results below that energy 
should be correct, assuming no important levels have 
been missed to that point. 

In accord with the previously stated convention, 
calculated values for the 0.163-MeV level are compared 
to experimental data at 0.170±0.010 MeV; experi
mental results at an average energy of 0.800 MeV are 
compared with the sum of the calculated values for the 
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FIG. 10. Differential inelastic scattering cross sections for the 
first two excited levels of Th232. The calculated values correspond 
to the solid lines of Fig. 9. 

0.775-, 0.788-, and 0.838-MeV levels (0.720-, 0.790-, 
and 0.820-MeV levels for scheme "b"). 

Smith found that differential inelastic cross sections 
for a neutron of energy 0.56 MeV exciting the first 
excited level are symmetric about 90°; for excitation 
of the second excited level, they are isotropic.21 This is 
consistent with the Hauser-Feshbach model. Agreement 
between the calculated values and the data is well 
within the experimental errors. These are shown in 
Fig. 10. 

Bi-209 

Neutron total cross sections for bismuth from 0.1 
to 3.0 MeV are taken from BNL-32514'22; the experi
ments were performed in 1952 and earlier. We assigned 
an error 10% for fitting purposes. Two sets of angular 
distribution data23 were used: one at 0.9 MeV, to which 
we have assigned errors of 15%, and another at 1.0 
MeV, to which errors of 10% are assigned. 

The level scheme for bismuth,24 shown in Fig. 3, 
is uncomplicated. There are only two excited states 
below 2.5 MeV. 

Kiehn and Goodman25 measured (n,n'y) cross sections 
for excitation of the first and second excited states from 
threshold to 2.8 MeV. Later work,26 at isolated energy 

22 H. H. Barschall, C. K. Bockelman, and L. W. Seagondollar, 
Phys. Rev. 73, 659 (1948); H. H. Barschall, C. K. Bockelman, 
R. E. Peterson, and R. K. Adair, ibid. 76, 1146 (1949); D. W. 
Miller, R. K. Adair, C. K. Bockelman, and S. E. Darden, ibid. 88, 
S3 (1952). 

23 G. N. Lovchikova, At. Energ. (USSR) 2, 197 (1957); M. 
Walt and H. H. Barschall, Phys. Rev. 93, 1062 (1954). 

24 Nuclear Data Sheets, compiled by K. Way et al. (Printing 
and Publishing Office, National Academy of Sciences—National 
Research Council, Washington 25, D. C ) . 

25 R. M. Kiehn and C. Goodman, Phys. Rev. 95, 989 (1954). 
26 L. Cranberg and J. S. Levin, Phys. Rev. 103, 343 (1956) ; 

R. B. Day, ibid. 102, 767 (1956); V. I. Popov, J. Nucl. Energ. 9, 
9 (1959). 
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points near 2.5 MeV, gives results which indicate that 
the Kiehn-Goodman data are too large, by almost a 
factor of 2. 

The optical model parameters which fit the entrance 
channel data and give inelastic-scattering cross sec
tions within the range of the data are: VRE= 46.3 MeV, 
F I M - 4 . 0 to 2.0 MeV, 7 ^ = 7 . 0 MeV, £0=1.29 F, 
a= 0.50 F, b= 1.0 F. The ambiguity in VIM is the result 
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FIG. 11. Neutron total and differential elastic cross sections for 
Bi. The experimental data are from Refs. 14 and 22. Calculated 
values of the differential elastic cross sections are corrected for 
compound elastic contributions. The solid lines are calculated with 
the parameters stated; the dashed lines are calculated values for 
the lower limit of VIM (see text). 

0.8 

0.6 

0.4 

0.2 

bs ° 

0.8 

0.6 

0.4 

0.2 

DATA: 
o KIEHN 8 GOODMAN 
x CRANBERG S LEVIN 
A DAY 
Q POPOV 

1.605 MeV LEVELU3/2+) 

o o 

n 

Ta fTM I I I I I I I I I I I I I I 
0.8 1.2 1.6 2.0 

ENERGY (MeV) 

2.4 2.8 

0.04 

0.02 

0.04 h -

0.02 h -

Bf DIFFERENTIAL INELASTIC 
En*2.54 MeV 

1 EXCITED LEVEL 13/2 + AT 1.605 

I 0.06 f— Is t EXCITED LEVEL 7 / 2 - A T .895 MeV 
b 

I I I J I I I I I I I I I I I I I 1 
30 60 90 120 150 

0c.m.(DEGREES) 
180 

FIG. 12. Cross sections for inelastic scattering of neutrons by 
Bi209. Calculated values, corresponding to the parameters of Fig. 
11, are obtained using the Hauser-Feshbach theory and the level 
scheme of Fig. 3. 

of the entrance channel x2 minimum in optical-model 
parameter space lying along a shallow trough, approxi
mately parallel to the ViM axis. (We have chosen to 
ignore the trivial variation in other parameters along 
the principal line of the trough and express the non-
uniqueness solely in terms of VIM-) The value VIM= 3.78 
MeV is the low point of this nonsharp minimum region; 
this value has been used in displaying the results. 

The calculated and experimental values for the en
trance channel are shown in Fig. 11. Agreement is 
reasonable. In Fig. 12 the inelastic-scattering cross 
sections, calculated and experimental, are compared. 
Kiehn and Goodman's data for the first excited level 
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FIG. 13. Total and differential elastic cross sections for scattering 
neutrons by Pb. The experimental data are from Ref. 14. Calcu
lated values of the differential cross sections are corrected for 
compound elastic contributions using the level scheme for Pb208 

alone, as shown in Fig. 3. 

favor the set of parameters with larger VIM] their 
data for the second excited level cannot be fit with any 
values which fit the entrance channel. The later in
elastic-scattering data favor lower values of VIM• Due 
to the discrepant nature of the data, no definite assign
ment of parameters is dictated by the inelastic-scatter
ing work. But it is clear that the range of parameters 
defined by the entrance channel data will contain or be 
near any final parameters determined by more accurate 

inelastic scattering data. Figure 12 also shows differen
tial cross sections for inelastic scattering from the first 
and second excited levels for an incident neutron energy 
of 2.54 MeV. These agree in shape with recent data of 
Cranberg.27 

Pb-208 

The neutron total cross section data for lead over 
the energy range 0.7 to 3.0 MeV is taken from BNL-
325.14 These measurements were made prior to 1952 
and lack in-scattering corrections; thus, we assign a 
10% error. Total cross sections do exist for isotopically 
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FIG. 14. Cross sections for inelastic scattering of neutrons by 
Pb208. Calculated values (solid lines), corresponding to the param
eters of Fig. 13, are obtained using the Hauser-Feshbach theory 
with the level scheme of Fig. 3. The calculations of Towle and 
Gilboy, fitting their inelastic data (Ref. 29) are also shown (dashed 
lines). 

27 L. Cranberg, J. S. Levin, and C. D. Zafiratos, Bull. Am. Phys. 
Soc. 8, 82 (1963). 
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enriched Pb208. The difficulties introduced by the neces
sity for averaging over resonances and the absence of 
elastic angular distribution data for isotopic Pb208 have 
made the use of natural lead data more convenient. 

Angular distribution data at 1.2 and 2.2 MeV are 
also for natural lead (51.4% Pb208, 26.7% Pb206, 20.6% 
Pb207, and 1.3% Pb204). These are from the recent work 
of Fowler and Campbell28; errors given by the authors 
are used. 

The level scheme used for Pb208, shown in Fig. 3, is 
due to Towle and Gilboy.29 We also use their inelastic-
scattering data and compare our calculations with 
theirs. There is evidence for the existence of additional 
levels at 3.99, 4.07, 4.10, 4.20, and 4.23 MeV, but no 
spins or parities have been assigned them. Since our 
calculations do not go above 4.4 MeV, the effect of 
omitting these levels cannot be very large. 

One set of optical-model parameters which fit the 
entrance-channel data for natural lead is: 7 ^ = 4 6 . 0 
MeV, VIM=S.S MeV, 7 f lB = 7.0 MeV, 2?0= 1.31 F, 
a=0.43 F, b= 1.0 F. There are other sets in this region 
which fit the data equally well. Note that compound 
elastic-scattering corrections to the angular distribution 
data were calculated using the Pb208 level scheme while 
Pb208 is only about half the constitution of natural 
lead. The total cross sections and angular distributions, 
both calculated and experimental, are compared in 
Fig. 13. Agreement for total cross sections is reasonable; 
the 1.2 MeV angular distribution data are fit better 
than the 2.2-MeV data. 

The inelastic-scattering data is for practically pure 
Pb208. Experimental inelastic-scattering cross sections, 
together with our calculations using the above param
eters are shown in Fig. 14. Comparison with the fitting 
done by Towle and Gilboy,29 where only the inelastic-
scattering data were used to determine the optical-
model parameters, is also shown. The parameters they 
used included an energy-dependent imaginary well 
depth; the better fit obtained at higher energies for the 
first excited level is thus not surprising in view of the 
additional degree of freedom available. Our agreement, 
though not as good, did not require energy dependence. 
Much better agreement would be obtained if the spin 
of the 3~ level at 3.750 MeV were changed to a much 
higher value. 

The differential cross sections for the inelastic scat
tering of 4.0-MeV neutrons to the first three excited 
levels are also shown in Fig. 14. For the first excited 
level the angular distribution is compared with work 
done by Towle and Gilboy which is a least-squares fit 
to their experimental data at an energy of 3.96 MeV. 
Their results have been normalized to ours at 0° for 
comparison purposes. There is a pronounced difference 
in shape between our calculations and their data. 
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FIG. 15. Cross sections for inelastic scattering of neutrons by 
Au197. Calculated values are obtained using the Hauser-Feshbach 
theory and the level scheme of Fig. 16. The data in the second group 
from the bottom should be compared to the sum of the calculated 
values for the 0.268-MeV level and the 0.279-MeV level. 

Au-197 

Total neutron cross sections for gold from 0.1 to 3.0 
MeV are from BNL-325.14-20 As with similar data for 
other elements, certain corrections have been neglected; 
thus we assign an error of 10%. Differential elastic 
scattering cross sections at 0.50, 0.553, 0.59, 0.64, 0.653, 
0.69, 0.79, 1.00, 1.10, 1.20, 1.30, and 1.40 MeV as well 
as the inelastic scattering cross sections are the work of 
Smith.30 We have used 10% errors for elastic angular 
distributions; for the inelastic cross sections the errors 
assigned by Smith (Fig. 15) were used. 

The level scheme used (Figure 16) is taken from the 
Nuclear Data Tables.24 Spin and parity assignments are 
available through 0.548 MeV; the next level is at 1.22 
MeV. Comparison with other odd-even nuclei such as 
79Au195,79AU199 would support the presence of additional 
levels between 0.5 and 1.2 MeV. Lind and Day31 found 
7 rays of energies 0.474, 0.570, 0.550, 0.670, 0.805, and 
0.870 MeV, but the levels from which they originate 
have not been determined. The results which follow 
should best be viewed as subject to the possibility that 
there are missing levels above 0.5 MeV.82 

28 J. L. Fowler and E. C. Campbell, Phys. Rev. 127, 2192 (1962). 
29 J. H. Towle and W. B. Gilboy, Nucl. Phys. 44, 256 (1963). 

80 A. B. Smith, Bull. Am. Phys. Soc. 9, 461 (1964). 
8 1D. A. Lind and R. B. Day, Ann. Phys. (N.Y.) 12, 485 (1961). 
82 After the calculations for this study were performed, we were 

advised by A. B. Smith that more levels in Au above 540 keV have 
been found. This seems to bear out our conjectures concerning the 
origin of some of the discrepancies between our calculations and 
the data. 
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We encountered some difficulty in fitting the total 
and differential elastic cross sections equally well with a 
single set of parameters. The total cross sections for 
gold, tungsten, and tantalum were measured in the 
same experiment. Since questions have been raised con
cerning the accuracy of the latter two, we stressed the 
angular distributions over the total cross sections in the 
final determination of the optical-model parameters. 
The set adopted is: 7 M = 4 3 . 2 MeV, F J M = 4 . 0 MeV, 
VSR=7.0 MeV, i?o=1.31 F, a=0.5S F, J=1.0 F . 

Values for total cross sections, both calculated and 
experimental, are shown in Fig. 17. The agreement is 
poor at lower energies. The elastic angular distributions 
are shown in Fig. 18. Here agreement is good, except 
for some of the higher energies. Errors in the compound 
elastic corrections due to an incomplete level scheme 
might explain this phenomenon, which apparently sets 
in at about 0.6 MeV. Furthermore, the experimental 
angular distributions above 1.00 MeV contain some 
contributions from the first excited level at 0.077 MeV; 
this could contribute additional discrepancies. 

The inelastic-scattering cross sections for Au197 are 
shown in Fig. 15. We have been unable to fit the bump 
in the vicinity of 0.2 to 0.3 MeV in the excitation curve 
for the first excited level with any parameters from the 
minimum x2 region for entrance channel data; thus we 
have had to content ourselves with agreement for the 
higher energy part. Smith was unable to distinguish the 
0.268-MeV level from that at 0.279 MeV. Accordingly, 
comparison should be made between the experimental 
data and the sum of the two calculated curves. Agree
ment here, as well as for the fourth and fifth excited 
levels is good. 

Differential inelastic scattering cross sections for the 
first three excited levels of Au197, for an incident neutron 
energy of 0.50 MeV, are shown in Figure 19. These are 
substantially isotropic for all three levels. 

W-184 

The total neutron cross sections for natural tungsten 
are taken from BNL-325.14'33 Because these experiments 
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a = 0.58 F 
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FIG. 17. Neutron 
total cross sections 
for Au. The data are 
fromRefs. 14 and 20. 
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FIG. 18. Differential elastic cross sections for Au. The calcu
lated values (solid lines) correspond to the parameters of Fig. 17 
and are corrected for compound elastic-scattering contributions. 

~~ « R. K. Adair, Phys. Rev. 77, 748 (1950); D. W. Miller, R. K. 
Adair, C. K. Bockelman, and S. E. Darden, ibid. 8$, 83 (1952). 
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are over a decade old, and the experimental technqiues 
and corrections in analyzing the data are not as refined 
as today, we assigned errors of 10%. More recent work 
of Smith84 indicates that differences exist between the 
older total data and the totals obtained by summing the 
elastic and inelastic contributions. Further, he asserts 
that reactions such as (ti,y) are insufficient to account 
for the differences. Support is given to his results by 
other scattering measurements.35 As a result, we are 
forced to consider two sets of total cross-section data 
and examine the consequences of the parameters de
termined by both. 

Differential elastic cross sections for natural tungsten 
at energies of 0.35, 0.40, 0.475, 0.49, 0.59, 0.64, 0.775, 
0.79, 0.95, 1.10, and 1.25 MeV are due to Smith.34 

Natural tungsten consists of 0.14% W180, 26.41% W182, 
14.40% W183, 30.64% W184, and 28.41% W186. We have 
used the level scheme for W184 in obtaining the com-
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FIG. 19. Neutron differential inelastic-scattering cross sections 
for the first three excited levels of Au197. These correspond to the 
total inelastic scattering cross sections of Fig. 15. 

pound elastic-scattering corrections; this raises some 
questions concerning the calculated elastic-scattering 
cross sections. However, the strong parallelism between 
the level structures of W180, W182, W184, and W186 should 
reduce the significance of any errors thereby introduced. 

The inelastic scattering data, also due to Smith,34 

are for a sample consisting of 1.91% W182, 1.87% W183, 
94.3% W184, and 1.91% W186. Because the level scheme 
for the even-even isotopes are so similar, we treated the 
experimental data as if they were for 100% W184. 

The level scheme for W184 is shown in Fig. 16.24,36 

Those spins and parities that are based on systematics 
and which are questionable are enclosed in parentheses, 
the first stated ones being preferred. 

We found two sets of optical potential parameters: 

34 A. B. Smith, Z. Physik 175, 242 (1963). 
35 A. Langsdorf, R. O. Lane, and J. E. Monohan, Argonne Na

tional Laboratory Report ANL-5567, 1961 (unpublished). 
36 N. R. Johnson, Phys. Rev. 129, 1737 (1963). 
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FIG. 20. Neutron total cross sections for W. Two sets of calcu
lated values are shown. Set A (solid line) fits data from Refs. 14 
and 33 and Smith's differential elastic data jointly; set B (dashed 
line) fits Smith's total and differential elastic data jointly. 

(A), which satisfies the BNL-325 data and elastic 
angular distribution data jointly, and (B), which 
satisfied Smith's total cross sections and elastic angular 
distribution data jointly. 
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FIG. 21. Differential elastic-scattering cross sections for W. 
The two sets of calculated values correspond to the parameters 
of Fig. 20. Only one set of data, those of Smith, are given. Calcu
lated values include corrections for compound elastic scattering 
using the level scheme of Fig. 16 for W184. 
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Cross sections for inelastic scattering of neutrons by W184. Calculated values are for the set A parameters of 
Fig. 20 using the Hauser-Feshbach theory and the level scheme of Fig. 16. 

7 M =40 .7 MeV, 

VIM= 12.8 MeV, 

7a* =7.0 MeV, 

jRo=1.33F, 

a=0.52F, 

6=1.0 F, 

B 

7 M =43 .8 MeV, 

VIM= 13.2 MeV, 

VSR = 7.0 MeV, 

£ 0 = U 1 F , 
a=0.49F, 

6=1.0 F. 

It is notable that there are no radical differences in 
any of the parameters. 

The results for total and differential elastic cross 
sections are shown in Figs. 20 and 21. Agreement be
tween calculations and the data are quite good for both 
sets of parameters. 

Figures 22 and 23 display the inelastic-scattering 
cross sections together with the calculated values using 
parameter set A. The calculated values for all levels 
above the first excited level are in reasonable agreement 
with the data. The same is true for calculations with 
set B. For the first excited level, agreement is poor, 
though the shape and scale seem good. An energy 
shift upward of about 0.3 MeV would bring the calcu
lated values into excellent agreement with the data. 
Set B does not give any better fit to the first excited 
level; in fact, it gives somewhat lower cross sections 
while not improving the situation with respect to posi
tion on the energy scale. 

The differential inelastic cross sections (Fig. 23) are 
for incident neutrons of 0.50 MeV energy. The first 

excited level calculated values are symmetric about 90° 
and about 20% higher than the data which is consistent 
with the results for total inelastic scattering at that 
energy; the second excited level is isotropic. The experi
mental data are isotropic in both cases. 

Ta-181 

Total neutron cross sections from 0.1 to 3.0 MeV for 
tantalum are taken from BNL-325.14'37 As with simi
larly uncorrected data of the early 1950's, we have 
assigned errors of 10%. The elastic scattering angular 
distributions at energies of 0.35, 0.415, 0.47, 0.57, 0.60, 
0.65, 0.67, 0.72, 0.77, 0.87, 0.95, 1.02, and 1.10 MeV 
are the work of Smith,36 we have assigned 10% errors 
for fitting purposes. Here, as with tungsten, Smith finds 
total cross sections which are lower than the BNL-325 
data, as much as 1 b in 8 b between 0.3 and 1.4 MeV. 
This shift is too large to be explained by capture cross 
sections. 

The level scheme, shown in Fig. 16, is from the 
Nuclear Data Tables.20 We have omitted the level at 
0.1588 MeV because its existence is questionable. The 
inelastic-scattering cross sections are from Smith's 
work.38 He finds levels at 0.14=1=0.01, 0.30=1=0.01, 0.48 
±0.02, 0.62 =±=0.02, 0.75±0.025, 0.900=1=0.030, and 

37 C. K. Bockelman, R. E. Peterson, R. K. Adair, and H. H. 
Barschall, Phys. Rev. 76, 277 (1949); D. W. Miller, R. K. Adair, 
C. K. Bockelman, and S. E. Darden, ibid. 88, 83 (1952). 

38 A. B. Smith, Argonne National Laboratory Report ANL-6727, 
1963 (unpublished). 
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0.980±0.030 MeV, with indications that the levels at 
0.725 and 0.980 MeV consist of two or more compo
nents. 

The optical potential parameters found in fitting the 
BNL-325 total cross-section data and Smiths angular 
distribution data jointly are: VRE—S7.3» MeV, VIM 
= 12.1 MeV, 755 = 7.0 MeV, R0=1.32 F, a=0.63 F, 
b=1.0 F. In Figs. 24 and 25 the calculated cross sec
tions using these parameters (solid lines) are compared 
with the data. The calculated total cross sections fit 

T a , m DIFFERENTIAL ELASTIC 
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FIG. 23. Neutron differential inelatic-scattering cross sections 
for the first two excited levels of W184. These correspond to the 
total inelastic-scattering cross sections of Fig. 22. 

the experimental data well; agreement for the angular 
distributions is only fair. 

Figures 26 and 27 display the calculated and experi
mental values of the inelastic-scattering cross sections 
for the levels up to 0.725 MeV and of the differential 
inelastic scattering cross sections for an incident neutron 
energy of 0.710 MeV for the second and third excited 
levels. Agreement for the total inelastic cross sections 
is quite good. 

Since our level scheme does not have spin assign-
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FIG. 24. Neutron total cross sections for Ta. The values calcu
lated using the parameters of set A (solid line) fit the data from 
Refs. 14 and 37 and Smith's differential elastic data jointly. 
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FIG. 25. Differential elastic-scattering cross sections for Ta. 
The two sets of calculared values correspond to the parameters 
of Fig. 24 and include corrections for compound elastic scattering. 

ments for levels above 0.720 MeV and additional levels 
do exist in the range 0.9 to 1.0 MeV, the inelastic-scat
tering cross sections should be depressed somewhat 
above 1.0 MeV. In Fig. 27 we have also included a com
parison with the angular distribution data of Rogers, 
Garber, and Shrader39; their results show some struc-

39 W. L. Rogers, D. I. Garber, and E. F. Shrader, Bull. Am. 
Phys. Soc.^ 6, 61 (1961); also, E. F. Shrader (private 
communication). 
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FIG. 26. Cross sections for inelastic 
scattering of neutrons by Ta181. 
Calculated values are for the set A 
parameters of Fig. 24 using the 
Hauser-Feshbach theory and the 
level schemes of Fig. 16. No data 
are available for the first excited 
level. 

ture. The calculations agree with Smith's data, which 
are isotropic. 

On seeking parameters which fit both Smith's total 
cross sections and elastic angular distributions jointly, 
the best we could do on a not too intensive search begin
ning from the parameters of set B for W184, was to ob
tain agreement in total cross sections only above 0.6 
MeV while improving the angular distributions con
siderably (dashed lines, Figs. 24 and 25). The over-all 
fitting is thus poorer than above. The inelastic-scatter-

-e 0.04 
v> 

1 0.02 
.0 

5 
T3 

i i 
b-0.10 

0.08 

0.06 

0.04 

~ T 

-

-

1 

1 1 1 1 
Ta' 

i i i I i i i i i i i 
8 1 DIFFERENTIAL INELASTIC 

En = .7l MeV 
DATA: 
o A.B.SMITH 
D ROGERS, GARBER a SHRADER 

3 r d EXCITED LEVELII/2+AT.: 

6 o o o o o 
o 

2ndEXCITED LEVEL 9 /2+ AT 

T 

| O O 

T 

1 l l 1 

* * 

I . I ! 

• t 
o o 

1 1 1 

500 MeV 

o o o 

.140 MeV 

* 

_.! 

r-

1 1 1 1 

1 
1

 

: 

-

~ 

1 , 
0 30 60 90 120 150 180 

B cm.(DEGREES) 

FIG. 27. Neutron differential inelastic-scattering cross sections 
for the second and third excited levels of Ta181. These correspond 
to the total inelastic-scattering cross sections of Fig. 26. 

ing calculations (not shown) with these parameters are 
not as good as for the primary set of parameters. The 
nature of the data is such that further attempts to 
reconcile calculations with experiment do not seem 
warranted at this time. 

IV. DISCUSSION 

The entrance-channel data have been fit reasonably 
well using the rather simple optical model outlined in 
Sec. I I , with parameters determined separately for 
each element. The inclusion of a spin-orbit interaction 
term in the potential is necessary, though the final value 
of VSR as a result of any particular search is subject to 
large uncertainties. (We would caution against drawing 
any conclusions from the rather large value of VSR found 
for uranium.) 

In two of the cases, Pb and W, where the compound 
elastic corrections to differential elastic scattering were 
calculated using the level schemes for a single isotope 
while the data were for the natural element, agreement 
is not as good as elsewhere. A more refined calculation, 
using averages over isotope mixtures, might well have 
produced better parameters. However, we would not 
expect them to be sufficiently different to invalidate the 
inelastic scattering calculations completely. 

Further, in those cases where some levels have been 
missed, the compound elastic corrections, as computed, 
are too large. This is probably the case with Au above 
0.6 MeV.32 

No necessity has been found for additional parameters 
such as different radii for the real and imaginary parts 
of the optical potential, or the addition of a volume 
component to the imaginary part, etc. The analysis 
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presented here does not prejudice any theoretical moti
vation for additional parameters. Rather, within the 
terms of a phenomenological study, we find that the 
data do not require additional parameters of this nature. 
The free parameters included appear to be sufficient to 
"cover up" any such effects, if they are indeed present. 

On the whole, the energy-independent parameters 
obtained for the entrance channel data give good enough 
agreement to warrant testing them against the inelastic 
data. 

Calculations for inelastic-scattering cross sections 
are dependent upon the level schemes used. In the case 
where there are many levels, the results are not too 
sensitive to the details of the level scheme in that minor 
changes in spin and parity assignments or slight shifts 
in energies do not appreciably change the cross-section 
values. We have used the best available estimates for 
the level schemes. In some areas, such as Au197 or Ta181, 
incompleteness in the level schemes can affect the 
results.32 These have been noted in the detailed discus
sions above. 

Much consideration has been given to the relation 
between the transmission coefficients T and the elements 
of the scattering matrix TJ. We have used the simple 
relation exclusively. Though some modification of the 
calculated values would result from the use of correc
tion terms,9 the errors in the data and the general 
features of the inelastic-scattering calculation here pre
sented do not appear to warrant inclusion of such de
tails. Perhaps, when much more accurate data, partic
ularly in the vicinity of threshold, is available a re
examination of this point will be justified. If viewed 
with such considerations in mind, the 4+ levels in U238 

and Th232 might be construed to show thresholds effects. 
However, the mass of data does not seem to demand 
this construction. 

We did not include effects due to deformation or 
width distributions. U238 and Th232 are highly deformed; 
yet good agreement between calculations and experi
ment were obtained. Chase, Wilets, and Edmonds40 

considered the contributions due to direct rotational 
excitation of U238 and found a small (compared to com
pound nucleus) contribution from this source. The most 
significant effect would appear in the angular distribu
tion. In our Fig. 6, however, the data are fit well within 
the experimental errors by the Hauser-Feshbach model. 
Ta181 and W184, also deformed nuclei, were not fit as 
well, though the general features of the inelastic cross 
sections were reproduced. Here, the data was not as 

40 D. M. Chase, L. Wilets, and A. R. Edmonds, Phys. Rev. 110, 
1080, (1958). 

good as for U or Th. Dresner41 has considered the 
effects of width distributions and found that, in certain 
cases, the effect upon the cross section could be quite 
large. It appears from our study that a spherical 
optical potential can yield equivalent parameters which 
"cover up" these effects. 

Finally, any related elements, i.e., U238 and Th232, 
Bi209, and Pb208, etc., have similar parameters. We also 
find that the strength of the imaginary part of the 
potential is related to the distance from closed shells. 
Pb and Bi have small absorption as contrasted to the 
others. 

V. CONCLUSIONS 

The fitting of entrance-channel data for heavy nuclei 
with a spherical, local, spin-dependent optical potential 
(including corrections for compound elastic scattering) 
gives parameters which reproduce neutron-scattering 
data quite well. When coupled with the Hauser-
Feshbach theory for inelastic scattering and a reason
able set of level assignments, they give calculated cross 
sections for inelastic scattering which adequately fit 
the general features of the experimental data. The 
latitude allowed by the nonsharp minima in the optical-
model parameter space provides the ability to fit both 
entrance channel and inelastic-scattering data with a 
relatively simple model. Further refinements depend on 
the accuracy of the data. The effects of deformation, 
width distributions and variation of parameters with 
energy should be considered as the data are improved; 
some indications of these may already be present in the 
4+ levels of Th232 and U238. 

Tabulated values of differential elastic cross sections 
for many of the elements of this paper have been 
issued.42 
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