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MeV. Use of I=5.3 and Fn=0 (Fn is the fraction of
direct interaction in the total differential cross section)
results in an autocorrelation function for ~=0 calcu-
lated to be R(0)=0.3'7+0.20. When this result is com-
pared with the experimental result R(0)=0.43, we find
FD to be between 0 and 60%. The conclusion from this
analysis is that the interaction proceeds via a com-
pound nucleus at least 40 jo of the time in the 0"+Li'
~ ap+Frs reaction. A summary of these results is
given in Table I.

B. Angular Distributions

The angular distributions of o. particles leaving F"
in the ground state have been measured at seven
energies (Fig. 2). At 5.70 MeV, corresponding to a
peak energy in the 0.0 yield, the angular distribution is
forward-peaked, while at 6.22 MeV, corresponding to
a valley energy in the eo yield, the angular distribution
is not forward-peaked. For angles greater than 35', the
general character of the angular distributions at 5.50,
5.70, and 6.22 MeV varies slowly with energy. At the
four higher bombarding energies (11.60, 12.20, 12.80,
and 13.30 MeV), the o.p angular distributions oscillate
rapidly as a function of angle, but their general char-
acter changes slowly with energy except in the first
10' of the angular distribution. In these first 10', the
di8erential cross section changes rapidly as is shown in
Fig. 4. These four angular distributions have been fitted
by least squares with a Legendre polynomial expansion
(not illustrated) with terms to tenth order. The most
satisfactory Qts were obtained when both even and odd
terms were used in the expansion. In this case, the
coeKcients for odd terms were as large as those for the

even terms. This suggests that interaction mechanisms
other than pure compound-nucleus formation are con-
tributing to the cross section."

The deuteron angular distributions shown in Fig. 3
do not have any obvious correlation with the no angular
distributions at the three lowest bombarding energies
of 5.50, 5.70, and 6.22 MeV.

V. CONCLUSIONS

When corrections for 6nite sample size were made,
the value of the coherence width in the center of mass
was found to be F=0.49~0.40 MeV. The expected
value of F from systematic trends of other experimental
measurements in the same range of excitation energy
is I' 0.10 MeV."This result, plus those from other
lithium-induced reactions, '' " leads to the suggestion
that the values of F obtained from fluctuation studies
of lithium-induced reactions are larger than values
expected from theoretical calculations" ' based
on the Fermi-gas model and other experimental
measurements. "
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A velocity-dependent potential, of the form V= V0(1—e/~ ) for e(t. , and V=O for e&e, , was used
in a Monte Carlo simulation of intranuclear cascades. By using a reasonable e,„(150MeV), only slightly
better agreement is obtained between the calculated and experimental results than was found previously
with a velocity-independent potential.

I. INTRODUCTION

'N a previous paper' the eGects of using different
- ~ nuclear-density and potential-energy distributions
in a Monte Carlo simulation of intranuclear cascades

*Research performed under the auspices of the U. S. Atomic
Energy Commission.

~ K. Chen, Z. Fraenkel, G. Friedlander, J. R. Grover, J. M.
Miller, and Y. Shimamoto, Phys. Rev. 166, 949 (1968).

were explored. Also, with each of these distributions,
the calculation was carried out both with and without
the refraction and reflection of cascade nucleons due to
the spatial nonuniformity of the nuclear potential. Qf
the density distributions tested, the one which approxi-
mates a realistic nuclear-density distribution by a step
function gave the best fit to experimental data. One of
the surprising results of the earlier calculation was that,
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TAsLE I. Values of Ve from Kq. (2) and of the ratio of effective
mass to rest mass for various values of e x with kg=42 MeV
and B=8 MeV.

&max

60.0
100.0
150.0
200.0
300.0
400.0

Vp
(MeV)

166.7
86.3
69.5
63.3
58.1
55.9

0.26
0.54
0.68
0.76
0.84
0.88

for incident energies below 200 MeV and especially for
medium and heavy nuclei, the agreement with experi-
mental data was better when refraction and reQection
of cascade nucleons were neglected (srzrrio model)
than when these effects were included (srzP model).
Two possible explanations were suggested. (1) The
classical treatment of refraction and reQection over-
estimates the effect, and complete neglect of refraction
and reQection is a better approximation to a correct,
quantum-mechanical treatment; (2) the potential used
is incorrect. The first possibility was investigated in the
previous paper' and it was found that the classical
calculations of transmission coefFicients that include
refraction and reQection reproduce the quantal calcu-
lations more faithfully than do those which neglect
refraction and reQection. In the present paper, we
explore the effect of replacing the velocity-independent
potential used in the earlier calculations I~y a more
realistic velocity-dependent potential.

II. DESCRIPTION OP VELOCITY-DEPENDENT
POTENTIAL MODEL

In the present calculation, the velocity-dependent
potential that is investigated is

treatments' of nuclear matter lead to values of rrs*/rss in
range 0.6—1.0 and, although these results may not be
directly applicable to finite nuclei, they together with
the optical-model analyses make ~, values of less than
about 100 MeV in our formulation seem unreasonable.

In the calculations, total energy and momentum are
conserved in each nucleon-nucleon collision. With the
velocity-dependent potential given by Eq. (1),however,
the relative kinetic energy in the c.m. system does not
remain constant during a collision. The Monte Carlo
choices of the momenta after a collision were based on
the angular distributions corresponding to the relative
kinetic energy before the collision. Relativistic kine-
matics were used throughout.

It should be mentioned that an improved density
distribution was used in this calculation (srzrzw) which
fits the Fermi distribution better and also is more
Qexible than that used in sTEP. In Fig. 1, comparisons
are made among the three distributions, Fermi, sTzr,
and sTEPNw. Clearly the STEPNw distribution is an
improvement over the sTEr distribution.

III. COMPARISON AMONG MODELS;
EXPERIMENTAL RESULTS

It was found in the previous calculation that, although
the sTzp model has a better theoretical basis than does
sTEPNQ, the calculated results using the sTEPNO model are
in better agreement with experimental data than those
using the sTEP model. In particular, the sTzp model
leads to overestimates of residual excitation energies
and underestimates of cascade-particle emission. In the
present calculation, with the velocity-dependent po-
tential described by Eq. (1), particles with kinetic
energy above e, experience no potential and hence
are neither refracted nor reQected, while particles with
kinetic energy below e, experience a potential that

V= Vp(1 e/e ) for e(e
V=O for e&~ e, ,

where e is the kinetic energy of the particle, c,„is the
kinetic energy of the particle above which the potential
vanishes, and Vo is the potential of the particle when it
has no kinetic energy. Vo is negative and is chosen such
that the sum of the potential and kinetic energies of a
particle at the top of the Fermi distribution is the
negative of the binding energy 8:

(2)
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where e~ is the Fermi kinetic energy.
There is only one free parameter in Eqs. (1) and (2),

that is, e, . From optical-model-potential analyses, ' '
U vanishes above 300 MeV and is almost negligible at
200 MeV. In Table I, values of Vo and e, , along with
the corresponding values of m*/m (the ratio of effective
mass to rest mass), are tabulated. Most theoretical

' A. E. Glassgold, Rev. Mod. Phys. N, 419 (1958).
3 P. E. Hodgson, Ann. Rev. Nucl. Sci. 17, 1 (1967).

FIG. 1. Comparison between new and old density distributions
for Alm', As", and U'". Solid curve, Fermi distribution from
R. Hofstadter, Ann. Rev. Nucl. Sci. 7, 295 (1957); dashed histo-
gram, density distribution used in Ref. 1; solid histogram, new
density distribution. In the latter, the distance between the points
where the density is 90 and 10% of the central density is divided
into four steps each 0.6 F wide. The radius remains unchanged at
1.07a~13+2.5 F.

4 See, e.g. , H. A. Bethe, Phys. Rev. 103, 1353 (1956); B. D.
Day, Rev. Mod. Phys. 39, 719 (1967); G. E. Brown, Ursified
Theory of Xuclear 3IIodefs arsd Forces (Interscience Publishers,
Inc., New York, 1967), Chap. XI.
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Fro. 2. Excitation function for the reaction Bi"'(p,8N)Po"'.
The solid points are the experimental data of Ref. 6. The open
circles and crosses are the results of the sTEPNo and sTEP calcu-
lations of Ref. 1; the squares were calculated with the velocity-
dependent potential, with the e, values indicated.

is smaller in absolute value than that in sTzp and con-
comitantly should be refracted and reQected less. This
effect of the velocity-dependent potential in diminishing
the refraction and reQection would' in itself, lead to an
increase in the emission of secondary cascade particles
accompanied by a decrease in the excitation energy of
the residual nucleus and thus yield results that would
be expected to be closer to those from sx'zpNo. On the
other hand, the velocity-dependent potential leads, on
the average, to a lower kinetic energy for cascade
particles and thus, because of the behavior of nucleon-
nucleon scattering cross sections, to a smaller mean free
path within nuclear matter for these particles. This
effect lowers the emission of secondary cascade particles
and leads to higher excitation energies for residual
nuclei. Thus the velocity-dependent potential leads to
two effects which oppose each other.

The results obtained with the velocity-dependent
potential generally fall between those of srzp and
STzPNo. However, with reasonable values of e (~& 150
MeV), they are closer to sTEp.

No comparisons with experimental data on differen-
tial cross sections for outgoing particles are presented
here since the discrepancies between different experi-
menters are as large as the differences between different
model calculations. '5

In the following, we compare calculated excitation
functions of 95- and 160-MeV incident photons on
Bi' ' with those measured by Brun and Lefort'
(p+Bi' ') and by Yule and Turkevich (p+Au" ). In
Figs. 2 and 3, using three values of e, the excitation
functions of Bisos(p Sn)posss and BisoQ(p pg)Bises ~e

0 I ) ) ) ) ) f
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PROTON ENERGY IN MeV

Fro. 3.Excitation function fora (p,pe) reaction. The solid points
are the experimental data of Ref. '1 for production of Au"~ from
Au'". The open circles and crosses are the results of the STEPNO
and sTEP calculations of Ref. 1; the squares were calculated with
the velocity-dependent potential, with the ~~x values indicated.
All the calculated results are for the reaction Bi'"(p,pl)Bi'".

compared with the corresponding experimental data Pin
Fig. 3, the experimentally measured excitation function
is Aut'"(p, pn)Au" g and also with the excitation func-
tions calculated from srzp and srzpNO. More details
on the calculation are given in Ref. 1. In general, the
lower the value of e, used, the better is the agreement
between the calculated and experimental excitation
functions. However, even with an e,„of60Mev (which
corresponds to an unrealistic effective mass ratio
m*/m of about 0.25), the results are not as close to the
experimental data as are the srzpNO calculations. With
a reasonable e, such as 150 MeU, the results calcu-
lated with the velocity-dependent potential are only
slightly better than those calculated from sTEP. At an
incident energy of 160 MeV the results appear to be
very insensitive to the value of ~, and very close to
those obtained with sx'EP.

For incident energies above e, , an obvious conse-
quence of the present model is the absence of any
refraction or reQection for the incident nucleon and for
any cascade particle with kinetic energy greater than

„.Emission of high-energy secondaries at backward
angles, which in Ref. 1 was shown to be a characteristic
feature of the sTEp model subject to experimental test, is
thus improbable with the velocity-dependent potential.

IV. SUMMARY

It has been shown that the introduction of a velocity-
dependent potential consistent with optical-model
analyses of nuclear-reaction data does not lead to greatly
improved agreement between intr anuclear cascade
calculations and experimental results.
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