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Optical-Model Interpretation of Average Total Neutron Cross Sections
in the keV Region*
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Total neutron cross sections for the elements Nb, Mo, Rh, Ag, Cd, and In in the range of 11 to 101 keV
have been measured using the Brookhaven fast chopper at the NRU reactor, Chalk River, Canada. The
data, after correction for sample thickness effects, are interpreted in terms of a spherical optical-model
potential. The comparison of the data with the model indicates that the potential is more likely to be of the
surface-absorption type rather than of the volume-absorption type. There is some evidence of Quctuations
in S-wave strength functions from nuclide to nuclide, instead of the smooth variation predicted by the
optical model. It seems that the parameters of the potential well, chivy the imaginary part, may be
difterent for 5- and P-wave neutrons.

I. INTRODUCTION

'HE optical model has been very successful in
explaining the interaction of low-energy (5-

wave) neutrons with nuclei. ' The model predicts giant
resonances in strength functions as a function of either
mass number for a fixed neutron energy or as a function
of energy for a Axed mass number. The strength
function (I'„')/D is defined as the average reduced
neutron width (I'„') divided by average level spacing D
and is a measure of the absorption of the neutron wave
in the nucleus. With the success of the model for S-wave
neutrons, ' many workers recently have evaluated the
P-wave strength function from a measurement oE

capture' and total cross sections' ' in the kiloelectron
volt region. The primary interest in the above measure-
ments lies in measuring the strength of the spin-orbit
potential in the model by observing the splitting of the
P-wave giant resonance into P'3~2 and P~~~2 components.
However, because of the dominance of the l=0 and
/=1 partial waves in this energy region, one can also
determine if the same parameters fit the S- and P-wave
strength functions. Because of considerable disagree-
ments in the results of Refs. 3 and 4, which constitute a
major part of the published data, the total average
cross sections of elements near A 100 were measured
from 10 to 100 keV of neutron energy using the Brook-
haven fast chopper a,t the NRU reactor in Chalk River,
Canada. The data are interpreted in terms of diffuse

volume absorption and surface absorption optical
model potentials.
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II. EXPERIMENTAL METHOD

The BNL-AECL fast chopper facility7 was used for
transmission measurements in the range of neutron
energy 10 to 100 kev for the elements Nb, Mo, Rh,
Ag, Cd, and In. These elements lie near the 3P giant
resonance. '

In the past, choppers have been used mainly in the
low-energy region (1& keV); however, the P-wave
contribution to the total cross section becomes big
enough to be measured only above about 30 keV. With
the best resolution available at the BNL-AECL
facility, 15 nsecjm, it is easy to verify that for all the
elements the resolution for energies greater than 10
keV is so wide that only the average over Breit-
Wigner levels (S and J') is obtained. This average cross
section can then be interpreted in terms of the optical
model. The chopper with its associated time-of-flight
system, however, suRers from a background which is a
function of the angular position of the rotor because of
the transmission of fast neutrons and gamma-rays
through the rotor. For accurate measurements (neces-
sary to separate the small P-wave component from the
total cross section) the knowledge of the chopper angle
or the energy of the neutron for a fixed flight path at
which this background becomes appreciable is very
much desired. This can be done in a number of ways.
In this experiment the transmission of a polyethylene
sample 4 in. thick, in the range of neutron energies
from 10 to 100 keV, was measured. Polyethylene is
mainly CH2. The cross section of CH2 is mostly due to
H2 because of the small cross section of carbon relative
to that of hydrogen. The energy at which the apparent
cross section deviates from the expected cross section
sets the upper limit for meaningful measurements in
this experiment. At chopper angles less than this limit,
the background becomes large. Hydrogen was chosen
as a standard because it has the most accurately known
cross section; it has no resonances and, therefore, no
resolution eGect, and finally it is the only cross section

7 R. L. Zimmerman, H. Palevsky, R. E. Chrien, W. C. Olsen,
P. P. Singh, and C. H. Westcott, Nucl. Instr. Methods 13, 1
(1961).
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Fn. 1. The measured total cross section of CH2 in the 100-
to 5-keV range, shown by dots in the 6gure. The solid line is the
curve from BNL 325.

that varies by a large amount between 100 keV and 2
to 3 MeV. The last point makes the hydrogen cross
section the most sensitive for investigations of the
transmission of the fast neutrons through the rotor.
The effect for the heavier elements will be smaller
because their average cross sections are not too different
between 100 keV and 2 to 3 MeV.

Figure 1 shows the measured and expected cross
section of CH~. The solid line is the expected curve
from Ref. 8. The good agreement between the two for
energies up to 100 keV gives con6dence in our cross
section measurements on heavier nuclei. The previously
measured cross section of H2 in 1 to 100 keV is also
presently inaccurate to within a few percent and could
be responsible for the small difference (2 to 3 j~) be-
tween the measured and expected cross sections.

The presence of rotor transmission background was
also checked by comparing the measured cross sections
of Cd and Ag with those measured previously by
Van de Graaff groups. Good agreement between the
two provides additional evidence that our measure-
ments are good to within 2% or better.

In addition to the above-mentioned background
there is another source, namely the overlap neutrons.
At the top speed of 10 000 rpm, the overlap neutrons
of about 72 eV from the previous burst arrive at the
zero time of the next burst. This source of background
was reduced to about —,"% of the beam intensity at
100 keV by putting a 8" filter (thickness 0.048 atoms/
barn) at the exit stator of the chopper. The intensity
in the 10 to 100 keV range was not appreciably reduced
because of the 1/v cross section of 8".

For absolute cross section measurements the sample
in, sample out, and background runs were cycled every
half hour to minimize systematic errors due to long-term
variations in the signal and background rates recorded
at the detector.

III. DATA ANALYSIS

In practice, a transmission measurement yields a
sample transmission averaged over the resolution width
of the spectrometer. However, the optical model pre-

SD. J. Hughes and R. B. Schwartz, Srookhaven National
Laboratory Report Ko. BNL 325, 1958, 2nd. ed. (unpubhshed).

diets the average cross section. The two averages are
the same for the thin samples, for which T 1—eg-.

Here T is the transmission, 0- the total cross section,
and e the sample thickness. For practical transmission
measurements, however, reasonably thick samples have
to be used. The samples used in this experiment were
such that (T) 0.5 for most of the samples. A sample
thickness correction must be applied to the data. Be-
cause of the large Doppler broadening of the levels in
the 10 to 100-keV range, the correction did not exceed
a few percent for most of the elements.

The following procedure was used: The average
(energy) transmission (T) can be written as

where T„is the transmission due to potential scattering,
T, and a-, the transmission and cross section due to the
compound nucleus part of the total cross section, e the
sample thickness, and I, the sample thickness cor-
rection factor. The I,=(1—T,)/eo, can be easily cal-
culated by averaging transmission and cross section
over a single Breit-Wigner level, with some reasonable
estimates of average level spacing and the radiation
width.

The above is true only for a single isotope and one
type of level. Most of the samples, however, have many
isotopes. We have levels of up to two different spin
states for the 5-wave neutrons and four different spin.
states for the P-wave neutrons. Assuming that all
these levels are uncorrelated the average transmission
of the sample can be written as

(2)

where the product is over all the different types of
levels, 5 and P, from each isotope. The average oL" each
of the factors on the right side of Eq. (2) is that given
by (1) with n as the sample thickness of the particular
isotope and I„ the correction factor for a particular
spin state. The corrections are computed assuming an
average level only; no account was taken of the Porter-
Thomas distribution of neutron widths.

For the evaluation of I, for each of the terms in (2),
we need d, I'~, (I'„'), (I'„'), and E'; where 6 is the
Doppler width at the resonance energy, F~ the radia-
tion wioth, assumed to be the same for S and P waves,
(I'„') and (I'„') are the average reduced neutron width
for S and P wave neutrons, respectively, and E' the
potential scattering radius. 6 depends on energy and
atomic weight. and can be easily evaluated at any
energy E. F~ is taken from Ref. 8 for each nucleus.
For the evaluation of (I' ') and (I'„'), the strength
functions (I' ')/D and. (I'„')/D are used together with
the average level spacing D per spin state from BNL
325.' The parameter D is assumed to be the same for S
and P wave.
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FIG. 2. The measured transmission of Cd shown by dots and
the best Gt curves based on the diffuse potential optical model cal-
culations. The radius parameter is chosen to be R=(1.153'/'
+0.4)F and the di6useness parameter a=0.52F. The real and
the imaginary part, V0 and 5', respectively, of the potential is
varied until a reasonable fit is obtained, after sample thickness
correction is made. The calculated curves are labeled by values of
V0 and 8', respectively.

For (I' ')/D and (I'„')/D and R', an optical model
calculation using a Saxon-Woods potential is performed
for neutron energies from 1 to 101 keV at 10-keV energy
intervals. The compound nu. cleus and shape elastic
part of the calculation at 1 keV was then used to And
(I' ')/D, (I'„')/D and R'. The knowledge of R' is used
in the evaluation of interference term in the Breit-
Wigner formula. In the optical model calculation the
radius R is assumed to be R= (1.152't'+0.4)F, and a,
the diffuseness, to be 0.52F. These are the parameters
used by Campbell, I'eshbach, Porter, and Weisskopf'
in their analysis of S-wave strength function data.
The U() and 8', the real and the imaginary parts of the
potential, are varied until the avreage (2') LEq. (2)j,
calculated as described above, agrees well with the
measured transmission between 11 and 101 keV. Figure
2 shows such an agreement in a typical case of Cd.
Two calculated curves are shown to indicate the
sensitivity of the parameters to the measured trans-
mission. This agreement is typical of those obtained for
all the nuclei for which the measurements were made.
The transmissions have a typical accuracy of 2%. The
corrections for all the elements used were about 2 to 3%
except in the case of Mo where they were a little higher,
about 8%.

IV. INTERPRETATION

One method of interpretation is to use an extension of
the procedure used by Hughes' and include the P-wave
contribution to the total cross section. Such a procedure
or its modification for the capture cross section has been

' E. J. Campbell, H. Feshbach, C. E. Porter, and V. F. %eiss-
kopf, Laboratory for Nuclear Science, MIT Technical Report
No. 73, 1960 (unpublished).

used by Weston, Seth, Bilpuch, and Newson, ' Gibbons,
Macklin, Miller, and Neiler4 in their interpretation of
capture cross section, by Uttley and Jones, ' and Seth,
Tabony, Bilpuch, and Newson in their interpretation
of the total cross-section data. In this procedure, one
obtains the strength functions for S and P wave from a
least-squares fit to the data, using a linear relationship
between strength function and cross section. These
strength functions are then compared with diferent
types of optical models. However, it has been shown
(Ref. 10) that the use of linear approximation in the
strength function, in the above procedure, is consider-
ably inaccurate for energies greater than 30 keV.
The errors ( 40% or more) depend considerably on the
maximum neutron energy and the element used and are
difficult to predict. Because of the mixture of 5 and P
waves in the measured cross section, this may affect
the S and P-wave strength functions differently. For
all these reasons it was decided to make a direct com-
pai'ison of the measured cross sections with the optical
model.

In this procedure one could still try to evaluate the
strength functions. This was initially carried out at
Brookhaven for the above-mentioned total cross section
data. We first find the parameters (Vp W) that best
fit the data in the 11 to 101-keV range for each nu, cleus

by computing the total neutron cross section from the
optical model program as a function of energy from 11
to 101 keV. Then we use the following relations for the
connection between the calculation of the compound
nucleus cross section for 5 and P waves and the strength
functions:

o- '='(1 keV) = 13.0X10'((I' ')/D)

13.0X 10'X3k'R' f(I'„'))
o. '='(1 keV) =

ED&k'Rs+1

'0 A; P. Jain, Phys. Rev. 134, 31 (1964).

It is easy to check that the linear approximation is
quite good at 1 keV. The potential used had no spin-
orbit term included in it. The radius parameter ro

and the diffuseness a of the well are kept the same for all
the nuclei: E.=1.253'~'F and a=0.52Fs Good 6ts,
such as shown in Fig. 2, were obtained for all the nuclei
between the neutron energy 11 to 101 keV. Du, ring the
course of searching for the values of VD and 8' giving
the best fit to the data, it was discovered that reasonable
fits could be obtained for vastly different values of Vs
and 8', corresponding to E„' of opposite sign.

Figure 3 shows the S and P-wave strength functions
from an exhaustive search of the parameters Vo and 8',
the other parameters being fixed at 8=1.252'~'F and
a=0.52F. The two values of the P-wave strength
functions for each nucleus correspond to two sets of
values of Uo and 8'. Vo differs by about 4 MeV or so
in the two cases and corresponds to positive and negative
values of E„', the P-wave distant-level parameter. "
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strength function relationship to cross section, '0 it is not
clear how to evaluate R„' from the cross section when
the spin-orbit potential is present. Since the information
about (I' ')/D and R'=R. (1 R„—') is presently not
accurate enough to distinguish between any of these
three cases, a different approach is adopted for sub-
sequent analysis. In order to remove the ambiguity
introduced by R„', we chose the following procedure.

If the particular optical model chosen is good, then
it should be possible to 6t the total cross section as a
function of energy for all the nuclei with the same set of
parameters. Because of the limited energy range of the
data, 11 to 101 keV, the test of the model is not com-
plete until a 6t is obtained for all the nuclides for the
same parameters. Such a procedure suffers from the
disadvantage that because of the large number of
parameters in the model, it is dificult to obtain a
unique set of parameters. In addition, many nuclear
models are available today: volume absorption, surface
absorption, or mixed volume and surface absorption,
and spherical or vibrational models. "Furthermore, the
parameters that fit the S-wave strength functions for
A&)100 do not 6t the data near A =100.' Therefore
there is no initial set of optical model parameters from

FIG. 3. S- and P-wave strength functions obtained from our
data. The radius parameter E is chosen to behave as 8=1 25A'~'F
for all the nuclei and the diA'useness parameter a to be a=0.52F.

I I I I I I I I

Nb

In addition, the S-wave hard-sphere radius E.'

=R(1—R„'), also differs in the two cases, for the
same R, for each nucleus. The difference in a typical
case of Nb" is 9%%u~. Therefore, effectively, we de-
termine (I'„')/D, R„', (I' ')/D, and R„s from such a
procedure. There are two combinations of these
parameters that fit the data; the S-wave strength
functions (I'„')/D are almost the same (within 10%)
for the two cases. Similar results are obtained when ro
in R=roA'~', is changed to 1.35 instead of 1.25, used
above. The S-wave strength functions so obtained
agree well with the values quoted by Hughes, Zimmer-
man, and Chrien.

It should be emphasized that in Fig. 3 we have cal-
culated Vo and W independently for each nucleus.
The Vo and 8' so calculated are not necessarily then
the same for each value of A. If we change the model,
for example, to include the spin-orbit strength, or use
the vibrational optical model of Buck," then we get
another set of values of the above quantities (I'„')/D,
R„', and R„'. Figure 4 shows the fit of the total cross
section for Nb" using three different sets of parameters,
curves 1 and 2 with no spin-orbit potential and curve 3
with a spin-orbit potential of 8 MeV. Table I gives the
values of (I'„')/D, (I'„')/D, R„', and R„s for these
three curves. For the case of curve 3, the values of R„'
are not given. Because of the nonlinear behavior of the

"B.Buck and F. Percy, Phys Rev. Letters . 8, 444 (1962).
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Fxo. 4. The measured total cross section of Nb ', corrected for
sample thickness effects and the best fit optical model calculations.
Curves 1 and 2 do not include any spin-orbit effects and curve 3
includes a spin-orbit coupling of 8 MeV. For curves 1 and 2, a
volume absorption potential is used, the fixed parameters for
which are 8=1.253'/ F and a=0.52F. For curve 3 a derivative
type of surface absorption potential is used, arith the width
parameter b =0.40F, other fixed parameters being the same as for
curves 1 and 2. The curves are labeled by values of Vo, IV, and
U,o, respectively.
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FIG. 7. The same data as in Fig. 5 and the optical model cal-
culations with potential and parameters the same as in Fig. 5,
except 8, which is chosen to behave as 8=1.302'~3F.

unrealistic when one tries to fit all the nuclides with the
parameters used in Fig. 2.

Figure 6 shows the data and the calculations for the
diBuseness a=0.62F. The other parameters are varied
in the same way as above. Figure 7 shows the data and
the calculations for a=0.52F, but ro changed to 1.30.
In this case smaller values of Vo are also included in
the calculation to account for the increased ro.

V. DISCUSSION

The fits of Fig. 5 are a little better than those of
Figs. 6 and 7, using as a basis of comparison a chi-square
criterion. However, the agreement of the model to the
data, for any one set of parameters is not very good in
some nuclei, notably Ag, Cd, and In. There is small
disagreement at the lower energy end even for Mo and
lb. However, such disagreements can be accounted for
by small changes in the 5-wave strength functions from
those predicted by the model. The disagreements (Fig.
5) at the high-energy end for Cd and In can be accounted
for by increasing the P-wave strength functions for
these nuclei. This would mean that the P-wave giant
resonance is wider than that predicted by a TV of 7
or 8 MeV. This could be obtained by increasing the
imaginary part of the potential, which, in turn, in-
creases the S-wave part as well. In addition, increasing
8' decreases the value of the strength function in the
neighborhood of the giant resonance peak. This de-
crease may be compensated by increasing the diffuseness
a, which will further increase the S-wave strength
function. A greater S-wave strength function will

result in a higher average total cross section below d.

neutron energy of 20 keV. A change in the radius
parameter rs has little eGect (see Fig. 7). Therefore,
it seems that the S- and P-wave parameters needed to
fit the data are different. Such a conclusion was also
borne out by Krueger and Margolis" in their inter-
pretation of the data existing at that time.

One of the goals of the present work was to find the
strength of the spin-orbit potential in the optical model.
Weston, Seth, Bilpuch, and Newson, ' from a study
of capture cross section data, found a large width for
the 3P giant resonance, which was thought to be an
evidence of large spin-orbit coupling. Our interpretation
of their data would require a spin-orbit strength of
about 16 MeV, in contrast to =8 MeV as obtained by
Bjorklund and Fernbach" from fits to high-energy
neutron and proton scattering and polarization data.
This is also shown to be the case by Krueger and
Margolis" in their interpretation of the previous data.
The potential used by Krueger and Margolis is not,
however, a conventional Saxon-Woods potential. In
our case, it seems that the data demand a large imagi-
nary potential, greater than 7 MeV, of the surface
absorption type. The equivalent value for the volume
absorption model is about 4 MeV. For such a value of 8'
and a spin-orbit strength of 8 to 16 MeV, it is not
possible to see a splitting of the 3P giant resonance by
spin-orbit coupling. Because of this difhculty and that
of differing parameters for S and P wave, it is dificult
to distinguish between the two spin-orbit strengths,
8 or 16 MeV from our data. Our results show no
evidence that the P-wave giant r'esonance is split, as
has been suggested by Weston, Seth, Bilpuch, and
Newson. ' The reason for this difference in interpreta-
tion may lie in the neglect of nonlinear terms in the
capture cross sections in the simplified analysis of
Weston et al. At present, it is not clear how to include
the nonlinear terms in the analysis of capture cross
section data.

For a better interpretation of the total cross section
data, it is suggested that the total cross section be
measured accurately from 0.5 to 10 keV. This cross
section is primarily due to Swave. The S-wave contribu-
tion may then be extrapolated to the 11 to 101-keV
range. Subtracting this from the present measured cross
section in the same energy range the P-wave total cross
section can be obtained. This cross section consists
mainly of a P-wave compound nucleus cross section
up to 100 keV. The S- and P-wave components can
then be separately compared with the model.

VI. CONCLUSIONS

From a fit of the total neutron cross section from 11
to 101 keV, with an optical model of the surface absorp-

'3 T. K. Krueger and B. Margolis, Nucl. Phys. 28, 578 (1961).
'4 F. Sjorklund and S. Fernbach, Phys. Rev. 109, 1295 (1958)."B. Block, H. Feshbach, and V. F. Weisskopf (private

communication)."L.C. Gomes, Phys. Rev. 116, 1226 (1959}.
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tion type, fair agreement is obtained. Detailed agree-
ment, for all energies for which the measurements have
been made, however, is not very good for all nuclides.
There is some evidence of a fluctuation in the S-wave
strength function for the nuclides investigated rather
than the smooth values as a function of A expected
from the optical model.

It also seems likely that the S- and P-wave parame-
ters for the optical model may be different, and this
could possibly account for the present lack of detailed
agreement of the model with our data. More accurate
measurements of the S-wave total neutron cross section
in the low-energy range (& 10 keV) would be desirable
as a check of this conclusion. The many-body calcula-
tion of Gomes for nuclear matter suggests that surface
absorption should play a large part in forming the
compound nucleus at low-incident neutron energies.

The better agreement of the present data with the
surface absorption (rather than volume absorption)
model supports this prediction. Because of the require-
ment of a large imaginary potential in interpreting our
data, it is not possible to differentiate between spin-
orbit strengths of 8 or 16 MeV. However, no potential
within this range would show a splitting of the P-wave
strength function near A—100.
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Prompt Neutrons from Thorium Photofission*
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We have measured the distribution in angle and velocity of the prompt neutrons from the bremsstrahlung-
induced photo6ssion of Th" in the photon energy region near threshold. Using knowledge of the fission-
fragment angular distribution, the data have been interpreted in terms of the neutron distribution relative
to the fragment axis. The measurement allows a quantitative estimate of the fraction of neutrons which are
not emitted by fully accelerated fragments. The result for this fraction is 0.07%0.09. Assuming isotropic
neutron emission in the fragment center-of-mass frame, the analysis also determines some characteristics of
the neutron energy spectrum in this frame. The spectrum has an average energy j=1.14&0.06 MeV and a
second central moment o'(g) = (0.77&0.06)its. If it is represented by an evaporation-type spectrum with
some distribution of temperatures, there is no signi6cant contribution from temperatures equal to or
greater than g. We have made a similar analysis of data on prompt neutrons from the spontaneous Qssion
of Cf'52 obtained by Bowman, Thompson, Milton, and Swiatecki, and compared the results with those for
Th"2 photofission.

I. INTRODUCTION

HE recent rapid progress in the development of
experimental techniques has provided a quali-

tative change in the experimental understanding of
prompt-neutron emission in the fission process. ' ' The
most comprehensive prompt-neutron measurements re-
ported to date are those of Bowman, Thompson, Milton,
and Swiatecki, ' in which neutrons from the spontaneous
fission of Cf'" were measured in coincidence with the

*This work is supported in part through funds provided by the
U. S. Atomic Energy Commission under Contract AT(30-1)-2098.' H. R. Bowman, S. 6. Thompson, J. C. D. Milton, and W. J.
Swiatecki, Phys. Rev. 126, 2120 (1962); 129, 2133 (1963). These
references will be referred to as BTMS.' S. S. Kapoor, R. Ramanna, and P. N. Rama Rao, Phys. Rev.
131, 283 (1963).' K. Skarsvag and K. Bergheim, Nucl. Phys. 45, 72 (1963).

fission fragments by a triple time-of-Qight technique.
Their results may be summarized as follows: (a) Most
of the neutrons observed are emitted from fully acceler-
ated fragments with an angular distribution which is
isotropic in the cent.er-of-mass frame of the moving
fragment (henceforth abbreviated "c.m. frame"). (b)
The shape of the energy distribution in the c.m. frame
is independent of fragment mass A and kinetic energy
EI, of the fission event, over a wide range of A and E~.
(c) Therefore, the prompt neutrons as observed (frag-
ment charge, for example, is not observed) may be
characterized by two functions of A and Z&, v(A, E&)
and rt(A, Es), where v is the number of neutrons emitted
and q the average c.m. neutron energy. These functions
have been determined for the Cf'" spontaneous-fission
neutrons. ' The strong A dependence of v has been known


