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Nuclear surface localization of preequilibrium reactions at low energies
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Average quantities related to the characteristics of the nucleon-nucleon (NN) interaction along the trajectory
of the projectile in preequilibrium reactions are calculated by using the semiclassical method to follow
incoming particle’s path in the nuclear target. The radial dependences of the nucleon’s mean free path a
probability for the firstNN collision have pointed out the surface character of the firstNN interaction in
multistep reactions even at low energies. In the local density approximation an average Fermi energy a
average strength of the effectiveNN interactionV̄0 along the trajectory of the incident nucleon are obtaine
with respect to both the nuclear density and the firstNN-collision probability. Good agreement is found
between the average strengths obtained with the Hartree-Fock potential plus the dispersive component
using the parametrization based on the Brueckner-Hartree-Fock nuclear matter calculations. It is also s
that the nuclear-density dependence of the effectiveNN interaction may account for the low-energy phenom
enological V0 values which are much more increased in comparison with any predictio
@S0556-2813~96!05411-8#
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I. INTRODUCTION

The preequilibrium nuclear reactions which link the ex
treme mechanisms of the compound nucleus and the dir
reactions have been studied for some decades. Various se
classical models and quantum-statistical theories~e.g., @1#!
describe them as passing through a series of particle-h
excitations caused by nucleon-nucleon (NN) interactions.
Usually a simple Yukawa force of 1 fm range has been us
in calculations and thus the effectiveNN-interaction strength
V0 is the only free parameter of the multistep direct~MSD!
and multistep compound~MSC! reaction theory of Feshbach
Kerman, and Koonin~FKK! @2#. It should be noted, how-
ever, that even when a consistent standard parameter se
been used and several other effects have been taken
account@3,4# some discrepancies in the systematics of t
phenomenologicalV0 values used in FKK-MSD calculations
still exist. It was suggested, e.g., that a more realisticNN
interaction has to be involved@4,5#, while it is already
proved @6# that the so-called M3Y interaction may perhap
not be as good as assumed.

The possibility to include in the model some effect
which have been neglected until now@7# is presently taken
into account in relation with the particle-hole state densitie
It is especially the case of the less exact but global semicl
sical state densities, assumed not to be so crucial in the p
while errors in them could be compensated by rescaling
the effectiveNN-interaction strength@6#. Actually, combina-
torial calculations of the partial state density~PSD! per-
formed in the space of realistic shell-model single-partic
levels have already been used in MSC calculations by H
man et al. @8# or developed in this respect@9,10#. PSD’s
calculated by a shell model are involved in MSD studies
well @8#. However, the strong dependence of the microscop
PSD on the basic set of single-particle levels is the ma
543/96/54~5!/2538~9!/$10.00
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among the several shortcomings inherent in the method~e.g.,
@11,12#!, which may explain the general use of the semicla
sical Williams-type@13# formulas even at present within a
quantum formalism.

On the other hand, it is well known that the direct reactio
amplitude is dominated by contributions from the nucle
surface region due to the radial localization of the importa
partial waves, and also by considering~for short wave-
lengths! the flux patterns associated with the ingoing an
outgoing distorted waves@14#. That is why Watanabeet al.
@3# have estimated the incident local energies at the rad
R51.25A1/3, whereA is the mass number, in the analysis o
the V0 values extracted from both (n,n8) and (p,p8) scat-
tering at 12–26 MeV, thus paying attention to the differen
in the charge and isospin of the projectile. Since the first s
of the preequilibrium processes is essentially an extension
direct reactions in the continuum, a limited energy of th
possible hole excitation due to the shallower nuclear pote
tial within the nuclear surface was assumed for this step ev
in semiclassical models@15–17#. The dependence of the ef
fective NN-interaction strength on the realistic density o
finite nuclei was involved too@18# in order to obtain consis-
tent MSD and MSC results. Nevertheless, it is now cons
ered that the surface effects should be taken into account
only through the change of the density around the nucle
surface@19#.

Actually, it has been shown within the semiclassical di
torted wave~SCDW! model@20–22# that theNN collision in
the nucleus may be considered as localized when the fi
nuclear states lie in the continuum of the excitation spectru
as is usually the case of preequilibrium reactions. Kawaiet
al. have thus calculated the probability of the incident pa
ticle to reach the pointr where the firstNN collision occurs,
and its propagation~with a loss of the flux by absorption! to
a point where the second collision takes place and the o
2538 © 1996 The American Physical Society
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54 2539NUCLEAR SURFACE LOCALIZATION OF . . .
going particle escapes. The SCDW model is based on
distorted-wave Born approximation~DWBA! expansion,
greatly simplified by using the local semiclassical appro
mation to the distorted waves, the eikonal approximation
the intermediate state Green functions, and the assumptio
the local density Fermi-gas model for the nuclear sta
While the geometrical optics approximation to the distort
waves was used initially@20#, even the semiclassical ap
proximation of the respective quantal wave functions ma
it possible to take into account contributions from the regio
which are inaccessible to classical trajectories.

In this paper we study the surface localization of the fi
NN collision in preequilibrium reactions at low energies b
using the semiclassical method to follow the incoming p
ticle’s path within the nuclear target. The first preequilibriu
stage has a particular significance at these energies for w
the two-step scattering in MSD processes is negligibly sm
@23#. It has got a specific description also within the sem
classical models mentioned above. However, the use o
constant reduced potential depth@16# or the local incident
energy calculated just at the nuclear radiusR @3# could be
difficult to justify. Because of that we look for a radial de
pendence of the first two-body collision probability in ord
to use it for calculations of various average quantities rela
to preequilibrium reactions.

In Sec. II we calculate the local mean free pathl(r )
given by the optical-model potential and present briefly t
main points of the approximate derivation of the express
for the related firstNN-collision probability. The average
Fermi energy for the firstNN interactions in preequilibrium
reactions is analyzed in Sec. III. Within the same frame
discuss in Sec. IV the systematics of the phenomenolog
V0 values used in FKK-MSD calculations and present t
calculated average strength of the effectiveNN interaction
V̄0 along the trajectory of the incident nucleon for the fir
NN collision. The conclusions from the work are given
the final Sec. V.

II. FIRST NN-COLLISION PROBABILITY

The probability of the first interaction between the proje
tile and one of the target nucleons to occur in the diffu
nuclear surface is often considered by using the mean
path ~MFP! l of the incident particle in nuclear matter. I
this case the phenomenological nucleonl values@24# which
are large compared with the nuclear size better support
assumption that the reaction takes place in the nuclear
ume. The microscopic models which use the ener
momentum dispersion relations in the case of nucleons
nuclear matter have provided larger values of the MFP
~especially at energies lower than e.g. 50 MeV! when the
final-state Pauli blocking@25# and the nonlocality of the
nuclear optical potential are taken into account@26–28#. We
should note, however, that first, even the phenomenolog
central MFPl(r50! is ambiguous and depends on the p
rametrization chosen for the radial shape of the optical mo
potential~OMP!, smaller values being yet possible@28,29#.
Second, it has been shown@30# that only a local MFPl(r )
should be considered for finite nuclei and its values can
fer enormously from the value in the central region of t
nucleus. Alternative quantities like the absorption probabi
the
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have been considered to be more meaningful.
Nevertheless, it was shown semiclassically@20# that the

localization of the first two-body collision in a nuclear reac
tion leading to the continuum of the residual nucleus is
consequence of the averaging procedure over the fin
nuclear states. Actually, the outgoing particle is quantu
mechanically described by a wave function which is a supe
position of emitted waves generated at different points of th
nucleus, and so it is generally meaningless to talk about
particular point at which the reaction takes place. Howeve
Kawai proved@20# that the scattered waves arising from dif-
ferent points of the nucleus are incoherent to each other
the higher excitation processes. This is the meaning of t
NN-collision localization which is thus assumed when th
semiclassical approach is expected to be quantitatively re
able, i.e., when the incident and outgoing particle trajectorie
as well as the momentum of the particle at each point of th
trajectory can be considered.

It is known that the semiclassical approximation is appl
cable when the wavelength of the incident particle fulfills th
condition |!R and when the incident energyEi is much
larger than the depth of the respective potential. Howeve
the results obtained by using this high-energy approximatio
are qualitatively correct even below, e.g.,Ei5100 MeV
@31,32#. The SCDW model has been applied successfully fo
62 MeV proton-induced reactions@21,22#. This result seems
to be due to the correctness of the assumption that the d
torting potential and the density of the nucleus are slow
varying radial functions in comparison with the rapid oscil
lation of the distorted waves at intermediate and even low
energies. Moreover, we should note the early comparison
the quantal and classical flux of neutrons in a complex op
cal potential for incident energies from 5 to 30 MeV@33#
which showed that the behavior of both the local averag
flux and its divergence~giving the probability of a collision
to occur at a point! can be described quite well at thehigher
limit of this energy range by the geometrical-optics approx
mation. Large differences have been found in the regions
space where the flux and divergence are small, as in tho
which are inaccessible by classical trajectories. This draw
back has been removed within the SCDW model when th
geometrical-optics approximation to the distorted waves@20#
was replaced by the use of quantal wave functions@21#. A
similar step was made from the pragmatic classical approa
@31# to the DWBA analysis of the importance of the first
NN collision in preequilibrium emission@34#. Therefore, our
analysis based on semiclassical techniques should take ad
tional care for nucleon energies lower than, e.g., 20 MeV an
consider the results within the respective limits.

The probability of the incident particle to reach the poin
r is obtained by means of the strict eikonal approximatio
@35#. Hence the high-energy approximation to the distorte
wave in the incident channel with the wave numbe
ki5(2mEi)

1/2/\,

x i
~1 !~r !;expH i Fk i•r1E r

ds•k i~s!G J , ~1!

involves the path of integration along the classical-partic
curved trajectory that passes through a given point with th
direction of the local wave number vectork i(s) given by the
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tangent to the path. The complex incident moment
\k i(r ) inside the target nucleus and the local kinetic ene
Ei(r )5\2ki

2(r )/2m are connected within the local energ
approximation

Ei~r !1Ui ,eff~r !5Ei , ~2!

with the effective potential energy@20# evaluated for the
complex distorting potentialV(r )1 iW(r ):

Ui ,eff~r !5
1

2 H \2ki
2

2m
1V~r !

2F S \2ki
2

2m
2V~r ! D 21W2~r !G1/2J , ~3!

wherem is the reduced mass. Here we should like to ment
that Eq.~2! is the Hamilton-Jacobi equation for the classic
action functionS(r ) which is related to the local momentum
by k i(r )5¹S(r ). Therefore, the probability of the inciden
particle to reach the pointr within an absorbing potentia
~i.e., with a negative imaginary part! is @20#

ki~r !

ki
ux i

~1 !~r !u2;
ki~r !

ki
expF2E r

ds/l~s!G
5
ki~r !

ki

3expH 2E
r

` dr8

l~r 8!F12
l ~ l11!

ki
2~r 8!r 82G21/2J ,

~4!

where the attenuation of the advancing distorted wave
given by the inverse of the local MFP of the incident pa
ticle:

l~r !5$2Im@ki~r !#%215
\

2m1/2HV~r !2
\2ki

2

2m

1F S \2ki
2

2m
2V~r ! D 21W2~r !G1/2J 21/2

. ~5!

In the case whenW(r )!Ei2V(r ) the MFP reduces to the
usual form~e.g.,@1#!

l~r !52
\

~2m!1/2
1

W~r !
F\2ki

2

2m
2V~r !G1/2. ~6!

Next, we are interested in the absorption probability of
ingoing particle along the classical trajectory between
points r and r 8, for the smallur 82r u. The probability for a
collision in a volumeV which contains the segment of th
classical trajectory between the two points is related to
volume integral of the divergence of the particle fluxJi(r )
5(\/m)ux i

(1)(r )u2k i(r ). Using the curve-linear coordinat
system introduced by Kawai@20# it can be shown that this
integral becomes approximately

2E
V
dr 9divJi~r 9!;Ji~r !2Ji~r 8!. ~7!
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Dividing the result by the flux at the pointr and accounting
for the probability~4!, we can write the probability of the
first NN collision to occur within a smallds interval along
the curved trajectory in the form

ki~r !

ki
expF2E r

ds/l~s!GF12
Ji~r 8!

Ji~r ! G . ~8!

Finally, since

ux i
~1 !~r 8!u25ux i

~1 !~r !u2expF2E
r

r8
ds/l~s!G , ~9!

it becomes, after the averaging over the partial waves too

P~r !5C(
l

~2l11!
ki~r !

ki
expF2E r

ds/l~s!G
3H 12

ki~r 8!

ki~r !
expF2E

r

r8
ds/l~s!G J , ~10!

where the normalization constantC is determined by the
condition

E
0

`

drP~r !51, ~11!

which is related to our interest in the distribution of thi
probability along the nuclear radius. Equation~10! clearly
shows the dependence of the firstNN-collision probability
on the MFPl(r ) which is determined by the imaginary and
real parts of the distorting potential. In the case of the cent
collisions it reduces to the form discussed previously@36#.

The general trend of the results given by this formulatio
is illustrated for neutrons incident on93Nb at various ener-
gies from 10 to 50 MeV~Fig. 1!. The global parameter set o
the optical potential given by Walter and Guss@37# has been
used in this respect. The same potential was also involved
study@3# the systematic behaviour of the strengthV0 and the
sensitivity of the respective FKK calculations to the OM
parameters.

The energy and radial dependences of the phenome
logical imaginary potential@Fig. 1~a!# are responsible for the
corresponding behavior of the local MFP@Fig. 1~b!#. The
surface peaking of the imaginary potential at lower energ
results in a minimum ofl(r ) in the region of the nuclear
surface. The central imaginary potential depth is small at t
lowest energies due to the Pauli-blocking effect and th
l(0) is higher. On the other hand,l(r ) is increasing quickly
while the nuclear density and consequently the potential w
are vanishing. The surface part of the imaginary OMP d
creases with the increase of the energy, so that the ra
dependence ofl diminishes gradually. At medium energie
where the imaginary potential has only a volume compone
the MFP values become constant and equal tol(0). The
microscopic calculations of the nucleon MFP in finite nucl
using the Thomas-Fermi theory for multiparticle-multihol
configurations@38# describe well these trends. It has bee
thus shown that the interplay between the smaller imagina
potential depth and the smaller local momenta at the nucl
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54 2541NUCLEAR SURFACE LOCALIZATION OF . . .
surface determines the MFP at low energies; i.e., there
smallerl values than in the central nuclear region.

The firstNN-collision probabilities corresponding to th
imaginary potentials andl(r ) values at different energies ar
shown in Fig. 1~c!. Since the integral in Eq.~4! should be
evaluated within the nuclear volume, the respective up
limit is chosen to be equal to the radiusRs5r DA

1/316aD at
which the surface part of the imaginary potential is 1% of
central depth. A value of 0.1 fm has been used for the ra
r2r 8, the results being insensitive to a smaller mesh s
The maximum of theP(r ) distribution within the nuclear
surface, which becomes broader and moves slightly
smaller radii as the energy increases, is related mainly to
following points. First, it is due to the probability of th
NN collision to occur at the radiusr @see the second bracke
in Eq. ~10!#. It has a maximum at the surface and becom
rather constant inside the nuclear interior where the proba
ity P(r ) for a given partial wave is still decreasing for lowe
r . The latter aspect is due to the fact that the incident part
has a constantly lower probability to penetrate the tar

FIG. 1. Radial dependence of~a! the imaginary optical potential,
~b! the corresponding local mean free path, and~c! the first
NN-collision probability, for incident neutrons on93Nb with ener-
gies of 10 ~dotted curves!, 20 ~short-dashed curves!, 30 ~dashed
curves!, 40 ~long-dashed curves!, and 50 MeV~solid curves!. The
OMP parameter set of Walter and Guss@37# is used. The arrow
indicates the value of the half-density radius@44# of the nuclear
matter density distribution for93Nb.
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nucleus further without any interaction. Actually this quan
tity entirely follows the maximum of the imaginary potentia
and the minimum of the MFP, respectively. Second, the a
eraging over the partial waves yields a small addition
change of the maximum ofP(r ) to larger radii and a signifi-
cant decrease of its width especially for medium energie
This stronger surface character in comparison with the ce
tral collisions@36# is just related to the contributions of the
peripheral trajectories.

The correctness of the present method to obtain and
take into account the surface character of the firstNN colli-
sion by means of the radial dependenceP(r ) can now be
better estimated. The use of the quantal distorted wav
makes it possible indeed to consider contributions from th
regions which are innaccessible by the classical trajector
too. However, even the cross sections in the ‘‘forbidden
regions are still less significant@21# while the analysis of
P(r ) suggests that such regions have lowest contribution
this quantity. This is also the meaning of the agreeme
found between the classical and quantal average flux and
divergence even for the neutron incident energies betwe
10 and 30 MeV@33# where a gradual transition to the pattern
described by geometrical optics was noted~with the stron-
gest change from 5 to 10 MeV!. Keeping this in mind, in the
next sections we analyze the average quantities which can
derived by using the firstNN-collision probabilityP(r ).

III. AVERAGE FERMI ENERGY
IN FIRST NN COLLISIONS

DeVries and DiGiacomo@30# showed that, due to the
large variations of the local MFP, one must carefully identif
the region in which the reaction takes place. Moreover, th
found that it is necessary to look for a quantity which shou
include effects of the changing nuclear density and intera
tions along the path of the projectile. Actually,l -dependent
average Fermi energies have been involved in the framewo
of the geometry-dependent hybrid~GDH! semiclassical
model @15# to calculate the particle-hole state density in th
first stage of the preequilibrium emission. While the Ferm
energy at the saturation nuclear densityr0 is EF5 40 MeV,
a value around 30 MeV was found forl50 and for higher
partial waves it decreases as a function of the incident ene
@17#. Kalbach@16# also took into account the surface effect
for the firstNN interaction by using a mean effective Ferm
energy within the exciton model and found empirical value
between 11 and 25 MeV in a broad target mass and incide
energy range.

The local Fermi energy@25,39# ~see also microscopical
studies of the optical potential@19,38,40–42#! can be ex-
pressed within the local density approximation~LDA, e.g.,
@43#! in terms of the Fermi momentum and the nuclear de
sity r(r ) as

EF~r !5
\2kF

2~r !

2m
5

\2

2mF3p2

2
r~r !G2/3. ~12!

Consequently, the Fermi energy averaged along the traj
tory of the incident nucleon with respect to both the nucle
density and the firstNN-collision probability becomes
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ĒF5
*drr~r !P~r !EF~r !

*drr~r !P~r !
5

*0
Rsdrr 2r~r !P~r !EF~r !

*0
Rsdrr 2r~r !P~r !

.

~13!

The present formalism makes it possible to integrate over
whole nuclear volume without any additional assumption o
the localization of the firstNN collision @36#.

The calculated average Fermi energy is shown in Fig.
for neutrons incident on93Nb in the energy range of the
OMP parameter set of Walter and Guss@37#. The parametri-
zation of Negele@44# has been used to describe the realist
nuclear matter distribution. As an independent test a sepa
calculation has been carried out by omitting the fir
NN-collision probabilityP(r ) in Eq. ~13!. This assumption
of an equiprobable site of the interaction led to a consta
average Fermi energy of;30 MeV ~dashed line in Fig. 2!. It
reproduces the result of Blann for the completes-wave pen-
etration in the nucleus. At the same time, the comparison
the two average values of the Fermi energy illustrates t
surface-localization effect for the firstNN interaction in pre-
equilibrium reactions. It is rather constant above the nucle
incident energy of 50 MeV~actually very slowly decreasing
with energy! and stronger for lower energies. In fact, th
physics comprised within the imaginary part of the optic
potential is rejoined with respect to a quantity usually relat
to nuclear structure, in general agreement with the unifi
description of the mean field@38,40,41#.

IV. AVERAGE STRENGTH OF THE
EFFECTIVE INTERACTION

The recent systematic studies of the effective-interacti
strengthV0 @3–7# and the sensitivity of the respective FKK
calculations to the input parameters@3# pointed out the ne-
cessity to carry out such analyses by using the same stand
parameter set over a wide range of the target mass num
and incident energies. Various empirical values ofV0 from
(n,n8), (p,xn), and (p,xp) reactions shown in Fig. 3 versus
the incident energy satisfy this condition only in part. The
is also an additional dependence ofV0 on the target-mass
@45,46# and the neutron-proton distinguishability@3,4# which

FIG. 2. Average local Fermi energy calculated for the first two
body collision in the case of93Nb(n,n8) reaction~solid curve!. The
dashed curve corresponds to the assumption of an equiprobable
of interaction, i.e., to the use of the constant unity value for the fi
NN-collision probabilityP(r ).
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increases the complexity of this figure. We will discuss in the
following only the energy dependence ofV0.

The real part of the optical potential is given within the
simple folding model approximation in terms of the nuclea
density and the effectiveNN interaction~e.g.,@47#!

V~r !5E dr 8r~r 8!v0~ ur2r 8u!. ~14!

The relation between the respective volume integrals whic
follows from above,

E dr v0~r !5
1

AE dr V~r !, ~15!

gives the strength of the 1 fm range Yukawa interaction
V05(1/4p)JV /A as a function of the volume integral per
nucleon of the real optical potential. It was argued@48# that
the observed trend of theV0 values should be consistent with
the energy dependence ofV(r ). The depthVH of the
Hartree-Fock component of the real optical potential foun
by Johnsonet al. @41# for neutrons on lead in the energy
domain@1,120 MeV# has been used in this respect@48# to-
gether with~i! a correction factor of34 for the gradual energy
loss of the incident nucleon in the subsequent stages of t
multistep process and~ii ! a normalization atEi520 MeV to
theV0 value found in the DWBA analysis of (p,p8) reaction
at 20–50 MeV@47#. The form thus obtained,

V0.30.8exp~20.15Ei /30.8!, ~16!

-

site
rst

FIG. 3. Comparison of the effectiveNN-interaction strengths as
functions of the incident energy obtained from FKK analyses o
nucleon induced reactions using 1 fm range Yukawa form facto
with the predictions of the normalized energy dependence of th
nucleon optical potential obtained by Cowleyet al. @48# ~dotted
curve!, the Hartree-Fock componentVH of the real optical-potential
depth ~solid curve!, and the volume integral per nucleonJV /A of
the full real potential~dashed curve! of Johnsonet al. @41#. The
points are from Watanabeet al. @3#, Demetriouet al. @46#, Chad-
wick et al. @23,52#, NAC @45,48,53#, Scobelet al. @54#, Mordhorst
et al. @55#, and Austin@47#.
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is shown in Fig. 3. On the other hand, the above-mention
relation between the effective interaction strength and
volume integral per nucleon of the same real optical poten
@41# gives

V050.727VH~Ei !533.7exp@20.31~Ei2EF!/46.4#,
~17!

whereEF is the Fermi energy defined~opposite to the rest of
this paper! with respect to the zero energy point. By addin
the dispersive component to the Hartree-Fock one, John
et al. obtained also the volume integral for the full real po
tential @with the typical low-energy dependence implied b
the use of the optical-potential dispersion relation~DR!#
which yields similarly the form

V0532.820.207Ei for 4,Ei,40 MeV, ~18!

which is shown in Fig. 3 in comparison with the predictio
of Eq. ~17!. The correction factor for the gradual energy los
in the subsequent reaction steps should not be involved
low energies where the two-step scattering in the MSD p
cess is negligibly small@23#, so that the optical-model pro-
visos seem to agree with the normalized energy depende
of Cowley et al. below, e.g., 50 MeV. However, the low-
energy phenomenologicalV0 values are much more in-
creased in comparison with any predictions, including t
additional dependence on the target-mass and the neut
proton distinguishability. It is shown in the following that th
nuclear-density dependence of the effectiveNN interaction
may account for this, while other effects are avoided by co
sidering only (n,n8) and (p,p8) reactions on93Nb.

First, Myers @49# described the density dependence
V0 for a given incident energy by using a phenomenologic
factor which multiplies the effectiveNN interaction~see also
@50#!

f E~r!5Cr~Ei !~12dr2/3!, ~19!

where d52 fm2. Bonetti and Colombo@18# have already
used this form within FKK calculations by taking the
density-independent parameterCr51.4 in order to obtain

f (r)51 for r5 1
3r0. Next, Jeukenneet al. @51# showed that

Eq. ~14! becomes, in the frame of the LDA,

V~r !

r~r !
5E dr 8v0~r 8!. ~20!

On the other hand, they found by means of the Brueckn
Hartree-Fock nuclear matter calculations that the contrib
tion of the isoscalar component of the OMP to the left-ha
side of Eq.~20! can be parametrized so that

V~r !

r~r !
'F~Ei !@12dr2/3~r !#, ~21!

where d52.03 fm2 and F(Ei)5(90327.67Ei10.022Ei
2)

MeV fm3, in the energy range@10,140 MeV#. By normaliz-
ing the factorCr(Ei) to this expression@50# we obtain a
local density-dependent strength of the 1 fm range Yuka
interaction:
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V0~r ,Ei !5
1

4p
F~Ei !@12dr2/3~r !#. ~22!

In order to compare the results of this analysis with the phe
nomenologicalV0 values we have to derive an average
strength of the effectiveNN interaction along the trajectory
of the incident nucleon. Therefore, we have obtained averag
V̄0(Ei) values for the firstNN collision in multistep nuclear
reactions by using a procedure similar to Eq.~13! for the
average Fermi energy.

At the same time, the local density-dependent strength o
the 1 fm range Yukawa interaction is given also by the left-
hand side of Eq.~20! divided by 4p. Energy-dependent av-
erageV̄0 values are calculated in this case but using now th
real part of two optical potentials. The first one is that ob-
tained by Johnsonet al. @41# with the DR constraint, namely,
the full potential forEi<40 MeV, and the Hartree-Fock
component at higher energies where the respective volum
integrals are similar. The second one is the global OMP o
Walter and Guss@37#, which was used in the systematic
analysis of Watanabeet al. @3# and has been involved in this
work to obtain the firstNN-collision probability. The main
reason to choose the latter OMP was the possibility to us
neutron and proton optical potentials in which the asymme
try term has the same magnitude but opposite signs.

The averageV̄0 values for the firstNN collision corre-
sponding to both the local strengths of the effectiveNN in-
teraction given by Eq.~22! and the use of the two OMP’s are
compared with the phenomenologicalV0 values available
from (n,n8) and (p,p8) reactions on93Nb in Fig. 4. The
comparison is done in the energy range of the Walter-Gus
OMP, being meaningful for low energies where the two-step
contribution to the MSD process is negligibly small. The
V0 values predicted by the optical potential of Johnsonet al.
corresponding to Eq.~18! for Ei<40 MeV and Eq.~17! at
higher energies are shown in Fig. 4 as well. The effect o
taking into account the density dependence of the effectiv
NN interaction is obvious. This behavior is due to the well-
known increase of the effective interaction as the nuclea
density reduces@49# and to the increased surface localization
of the firstNN collision at lower energies~Fig. 1!.

Before additional comments on the phenomenological an
calculated effectiveNN-interaction strengths are made, we
continue the interpretation of this quantity as a function of
the local energyEi(r ) introduced by Watanabeet al. @3#.
The effects of the charge and isospin of the incident particl
are properly taken into account when the local energy i
estimated at realisticr values for a given projectile and inci-
dent energy. While Watanabeet al. considered the common
nuclear radiusR51.25A1/3 fm in this respect, we take the
advantage of having calculated the firstNN-collision prob-
ability. Actually, we have derived an average valueĒi(r ) of
the local energy given by Eqs.~2! and ~3! along the trajec-
tory of the incident nucleon by using the same procedure o
Eq. ~13! as for the average Fermi energyĒF and the average
effectiveNN-interaction strengthV̄0.

Finally, the phenomenologicalV0 values of Watanabe
et al. found from the analyses of the93Nb(n,n8) and
98Mo(p,p8) reactions and the corresponding averageV̄0 val-
ues are shown in Fig. 5 versus the average local energ
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Ēi(r ). First, the idea of using the local energy to understa
the systematic trend of the strengthV0 is proved to go be-
yond the assumption that all two-body interactions occur j
at the nuclear half-radius. Second, the use of quantities
eraged by means of the firstNN-collision probability over
the nuclear volume seems to describe well the differ
strengthsV0 found by the studies of (n,n8) and (p,p8) re-
actions at the same low energy. This comment is justifi
especially when the OMP used to calculate the local eff
tive NN-interaction strength includes a proper asymme
term and works for both neutrons and protons. The rat
lowerV0 values which correspond to the (n,n8) reaction at a
given average local energyĒi(r ) are predicted only by the
Walter-Guss OMP~involved also in the analysis@3# which
yields allV0 data shown in Fig. 5!. There is an opposite bu
small shift around 0.2–0.5 MeV between the otherV̄0 values
calculated for the two reactions, only values for the (n,n8)
reaction being shown in the figure.

Coming back to the comparison given in Fig. 4, it can
seen that large differences between the various averageV̄0

FIG. 4. The same as in Fig. 3 but for~a! (n,n8) and ~b!
(p,p8) reactions, and theV0 predictions given by the optical poten
tials of Johnsonet al. @41# ~dotted curves!, as well as the average
local strengths obtained by using the same real potentials~solid
curves!, the OMP parameter set of Walter and Guss@37# ~long-
dashed curves!, and the parametrization based on the Brueckn
Hartree-Fock nuclear matter calculations@51# ~dashed curves!. The
points are from Watanabeet al. @3#, Demetriouet al. @46#, Chad-
wick et al. @23,52#, and Cowleyet al. @48#.
nd
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values correspond to the (p,p8) reactions at lower energies
@where the average local energyĒi(r ) is smallest too#. On
the other hand, the agreement between the average stren
obtained with the Hartree-Fock potential plus the dispersiv
component@41# and by using the parametrization based o
the Brueckner-Hartree-Fock nuclear matter calculations@51#
is very good. The underestimation of the absoluteV0 values
at the lowest incident energies by the latter approach orig
nates from the similar behavior at small nuclear density o
the expressionF(Ei) fitting the isoscalar real potential~Fig.
1 of @51#!.

V. SUMMARY AND CONCLUSIONS

The objective of this work has been to study averag
quantities related to the characteristics of theNN interaction
along the trajectory of the projectile in preequilibrium reac
tions. It is motivated first of all by the general use of semi
classical particle-hole state densities even at present with
the FKK quantum formalism. This aspect could be connecte
with the discrepancies still existing in the systematics of th
phenomenological effectiveNN-interaction strengthV0 val-
ues used in FKK-MSD calculations. At the same time, w
have obtained similarly an average effectiveNN-interaction
strengthV̄0 which is of interest for understanding of theV0
systematics.

The basic element of our study has been the calculation
the radial dependence of the probability of the first two-bod
collision between the projectile and one of the target nucl
ons. It is carried out by using the semiclassical method
follow the incoming particle’s path in the nuclear target. Th
particle curved trajectory as well as the momentum of th
particle at each point of the trajectory, i.e., the
NN-collision localization@20,21#, can be considered provid-
ing the semiclassical approach is expected to be quanti
tively reliable. The applicability of the semiclassical approxi
mation below 50–100 MeV is yet an open question
However, there are evidences in this respect@31,33# while
Kawai and co-workers@20–22# pointed out the limits in the

-

er-

FIG. 5. The same as in Fig. 4 but for (n,n8) and (p,p8) reac-
tions on93Nb, as a function of the average local energy for the firs
NN collision.
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correctness of the respective results. The use of quantal
torted waves would make it possible to consider contrib
tions from the regions which are innaccessible by the cla
cal trajectories, while such regions have low contribution
the firstNN-collision probability. Moreover, the shape w
have obtained for the firstNN-collision probabilityP(r ) as
well as its use to derive average quantities of reaction mod
supports this approach.

The energy and radial dependences of the phenome
logical imaginary part of the optical potential result in
minimum ofl(r ) in the region of the nuclear surface, take
into account earlier within the GDH model@15#. Next, we
obtained a radial dependenceP(r ) which evidences the sur
face character of the firstNN collision. In the case of the
GDH model Blann pointed out that only approximate ave
ages of the imaginary potential and nuclear density over p
jectile trajectories for various partial waves have been u
to determine the intranuclear transition rates, whileit has
been assumedthat the reactions were localized within sphe
cal shells determined by the projectile impact parameter.

The average Fermi energy in the firstNN collision of
preequilibrium reactions is then obtained by considering
local Fermi energy~expressed within the local density ap
proximation! and averaging along the trajectory of the inc
dent nucleon with respect to both the nuclear density and
first NN-collision probability. The present formalism allow
one to integrate over the whole nuclear volume without a
additional assumption on the localization of the firstNN col-
lision @36#. It should be noted that the assumption of
equiprobable site of interaction led to the constant aver
Fermi energy of;30 MeV @15#. The comparison of the two
average values of the Fermi energy illustrates the effec
the surface localization of the firstNN interaction, being
stronger for energies lower than 50 MeV. We may re
again to the GDH model where the local Fermi energy va
has been obtained within the LDA only from the dens
dis-
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average along the projectile trajectory, as a first-order a
proximation intended to consider the geometry of the rea
tion with respect to the nuclear density distribution@15#. The
present results confirm the geometry effect, while furth
comparison with the GDH conclusions will be obtained b
inclusion of the actual average Fermi energyĒF in the
particle-hole state density and reaction model formalism~a
first attempt is made in Ref.@36#!.

In order to compare the results of this analysis with th
phenomenologicalV0 values we have derived also an ave
age strength of the effectiveNN interaction along the trajec-
tory of the incident nucleonV̄0 for the firstNN collision in
multistep reactions. Good agreement is found between
average strengths obtained with the Hartree-Fock poten
plus the dispersive component@41# and by using the param-
etrization based on the Brueckner-Hartree-Fock nuclear m
ter calculations@51#. At the same time it turns out that the
nuclear density dependence of the effectiveNN interaction
may account for the low-energy phenomenologicalV0 values
which are much more increased in comparison with any p
dictions. Finally, the use of quantities averaged by means
the first NN-collision probability over the nuclear volume
seems to describe well the different strengthsV0 found by
the studies of (n,n8) and (p,p8) reactions at the same low
energy@3#. These results support the application of the ave
age Fermi energy within the particle-hole state densities us
in the first stage of the multistep-reaction models.
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