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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-nudidénifiteraction along the trajectory
of the projectile in preequilibrium reactions are calculated by using the semiclassical method to follow the
incoming particle’s path in the nuclear target. The radial dependences of the nucleon’s mean free path and the
probability for the firstNN collision have pointed out the surface character of the Rtk interaction in
multistep reactions even at low energies. In the local density approximation an average Fermi energy and an
average strength of the effectiMN interactionV, along the trajectory of the incident nucleon are obtained
with respect to both the nuclear density and the fiddd-collision probability. Good agreement is found
between the average strengths obtained with the Hartree-Fock potential plus the dispersive component and by
using the parametrization based on the Brueckner-Hartree-Fock nuclear matter calculations. It is also shown
that the nuclear-density dependence of the effedtileinteraction may account for the low-energy phenom-
enological V, values which are much more increased in comparison with any prediction.
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I. INTRODUCTION among the several shortcomings inherent in the metaay,
[11,12), which may explain the general use of the semiclas-
The preequilibrium nuclear reactions which link the ex- sical Williams-type[13] formulas even at present within a
treme mechanisms of the compound nucleus and the direquantum formalism.
reactions have been studied for some decades. Various semi- On the other hand, it is well known that the direct reaction
classical models and quantum-statistical theotis.,[1]) amplitude is dominated by contributions from the nuclear
describe them as passing through a series of particle-hokurface region due to the radial localization of the important
excitations caused by nucleon-nucleoNN) interactions. partial waves, and also by consideririfpr short wave-
Usually a simple Yukawa force of 1 fm range has been usetengthg the flux patterns associated with the ingoing and
in calculations and thus the effectidN-interaction strength  outgoing distorted waveldl4]. That is why Watanabet al.
V, is the only free parameter of the multistep dir@aSD) [3] have estimated the incident local energies at the radius
and multistep compoun@1SC) reaction theory of Feshbach, R=1.25AY3 whereA is the mass number, in the analysis of
Kerman, and KooninFKK) [2]. It should be noted, how- the V, values extracted from botm(n’) and (p,p’) scat-
ever, that even when a consistent standard parameter set Hasing at 12—-26 MeV, thus paying attention to the difference
been used and several other effects have been taken initothe charge and isospin of the projectile. Since the first step
account[3,4] some discrepancies in the systematics of theof the preequilibrium processes is essentially an extension of
phenomenologica¥/, values used in FKK-MSD calculations direct reactions in the continuum, a limited energy of the
still exist. It was suggested, e.g., that a more realiskd  possible hole excitation due to the shallower nuclear poten-
interaction has to be involve@4,5], while it is already tial within the nuclear surface was assumed for this step even
proved[6] that the so-called M3Y interaction may perhapsin semiclassical modelsl5-17. The dependence of the ef-
not be as good as assumed. fective NN-interaction strength on the realistic density of
The possibility to include in the model some effectsfinite nuclei was involved tog18] in order to obtain consis-
which have been neglected until ng®] is presently taken tent MSD and MSC results. Nevertheless, it is now consid-
into account in relation with the particle-hole state densitiesered that the surface effects should be taken into account not
It is especially the case of the less exact but global semiclassnly through the change of the density around the nuclear
sical state densities, assumed not to be so crucial in the pastirface[19].
while errors in them could be compensated by rescaling of Actually, it has been shown within the semiclassical dis-
the effectiveNN-interaction strength6]. Actually, combina- torted wave(SCDW) model[20—22 that theNN collision in
torial calculations of the partial state densiiPSD per- the nucleus may be considered as localized when the final
formed in the space of realistic shell-model single-particlenuclear states lie in the continuum of the excitation spectrum
levels have already been used in MSC calculations by Heras is usually the case of preequilibrium reactions. Kagtai
man et al. [8] or developed in this respe¢d,10. PSD’s  al. have thus calculated the probability of the incident par-
calculated by a shell model are involved in MSD studies agicle to reach the point where the firsNN collision occurs,
well [8]. However, the strong dependence of the microscopi@nd its propagatiofwith a loss of the flux by absorptipno
PSD on the basic set of single-particle levels is the maira point where the second collision takes place and the out-
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going particle escapes. The SCDW model is based on thieave been considered to be more meaningful.
distorted-wave Born approximatiofDWBA) expansion, Nevertheless, it was shown semiclassica®y] that the
greatly simplified by using the local semiclassical approxi-localization of the first two-body collision in a nuclear reac-
mation to the distorted waves, the eikonal approximation tdion leading to the continuum of the residual nucleus is a
the intermediate state Green functions, and the assumption obnsequence of the averaging procedure over the final
the local density Fermi-gas model for the nuclear statesnuclear states. Actually, the outgoing particle is quantum
While the geometrical optics approximation to the distortedmechanically described by a wave function which is a super-
waves was used initially20], even the semiclassical ap- position of emitted waves generated at different points of the
proximation of the respective quantal wave functions makesucleus, and so it is generally meaningless to talk about a
it possible to take into account contributions from the regiongarticular point at which the reaction takes place. However,
which are inaccessible to classical trajectories. Kawai proved 20] that the scattered waves arising from dif-
In this paper we study the surface localization of the firstferent points of the nucleus are incoherent to each other in
NN collision in preequilibrium reactions at low energies by the higher excitation processes. This is the meaning of the
using the semiclassical method to follow the incoming par-NN-collision localization which is thus assumed when the
ticle’s path within the nuclear target. The first preequilibrium semiclassical approach is expected to be quantitatively reli-
stage has a particular significance at these energies for whicble, i.e., when the incident and outgoing particle trajectories
the two-step scattering in MSD processes is negligibly smalas well as the momentum of the particle at each point of the
[23]. It has got a specific description also within the semi-trajectory can be considered.
classical models mentioned above. However, the use of a It is known that the semiclassical approximation is appli-
constant reduced potential defdth6] or the local incident cable when the wavelength of the incident particle fulfills the
energy calculated just at the nuclear radRi$3] could be  condition x<R and when the incident enerdy; is much
difficult to justify. Because of that we look for a radial de- larger than the depth of the respective potential. However,
pendence of the first two-body collision probability in order the results obtained by using this high-energy approximation
to use it for calculations of various average quantities relatedre qualitatively correct even below, e.d;=100 MeV
to preequilibrium reactions. [31,32. The SCDW model has been applied successfully for
In Sec. Il we calculate the local mean free paitfr) 62 MeV proton-induced reactiof21,22. This result seems
given by the optical-model potential and present briefly theto be due to the correctness of the assumption that the dis-
main points of the approximate derivation of the expressiortorting potential and the density of the nucleus are slowly
for the related firstNN-collision probability. The average varying radial functions in comparison with the rapid oscil-
Fermi energy for the firshN interactions in preequilibrium lation of the distorted waves at intermediate and even lower
reactions is analyzed in Sec. Ill. Within the same frame weenergies. Moreover, we should note the early comparison of
discuss in Sec. IV the systematics of the phenomenologicahe quantal and classical flux of neutrons in a complex opti-
V, values used in FKK-MSD calculations and present thecal potential for incident energies from 5 to 30 M¢83]
calculated average strength of the effectN®l interaction ~ which showed that the behavior of both the local average

V,, along the trajectory of the incident nucleon for the firstflux and its divergencégiving the probability of a collision

NN collision. The conclusions from the work are given in t0 occur at a pointcan be described quite well at thegher
the final Sec. V. limit of this energy range by the geometrical-optics approxi-

mation. Large differences have been found in the regions of
space where the flux and divergence are small, as in those
ll. FIRST NN-COLLISION PROBABILITY which are inaccessible by classical trajectories. This draw-
The probability of the first interaction between the projec-Pack has been removed within the SCDW model when the
tile and one of the target nucleons to occur in the diffusegd€0ometrical-optics approximation to the distorted wa\Zeg
nuclear surface is often considered by using the mean fre@as replaced by the use of quantal wave functigtl. A
path (MFP) A of the incident particle in nuclear matter. In Similar step was made from the pragmatic classical approach
this case the phenomenological nucleomalues[24] which ~ [31] to the DWBA analysis of the importance of the first
are large compared with the nuclear size better support thlN collision in preequilibrium emissiof84]. Therefore, our
assumption that the reaction takes place in the nuclear Vognalysm based on semlclasslcal techniques should take addi-
ume. The microscopic models which use the energy:uona_l care for nucleon_eqerg|es Iowert_han,.e._g., 20 MeV and
momentum dispersion relations in the case of nucleons ifonsider the results within the respective limits. ,
nuclear matter have provided larger values of the MFP too 1N probability of the incident particle to reach the point
(especially at energies lower than e.g. 50 Mevhen the ' IS obtained by means of the strlct_ e|kpnal approx!matlon
final-state Pauli blockind25] and the nonlocality of the [35]- Hence the high-energy approximation to the distorted
nuclear optical potential are taken into accolgé—2§. We  Wave in tgf incident channel with the wave number
should note, however, that first, even the phenomenologiczﬁi:(zﬂEi) Ih,
central MFP\(r=0) is ambiguous and depends on the pa-
rametrization chosen for the radial shape of the optical model x-(+)(r)~exp[i
potential (OMP), smaller values being yet possiji28,29. :
Second, it has been shoW®0] that only a local MFP\(r)
should be considered for finite nuclei and its values can difinvolves the path of integration along the classical-particle
fer enormously from the value in the central region of thecurved trajectory that passes through a given point with the
nucleus. Alternative quantities like the absorption probabilitydirection of the local wave number vectiai(s) given by the

ki-r+frds-ki(s) ] (1)
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tangent to the path. The complex incident momentunDividing the result by the flux at the poimtand accounting
fik;(r) inside the target nucleus and the local kinetic energyfor the probability(4), we can write the probability of the
Ei(r)=ﬁ2ki2(r)/2,u are connected within the local energy first NN collision to occur within a smaltls interval along

approximation the curved trajectory in the form
Ei(r)+U, o(r)=E;, (2 ki(r r Ji(r’
' e —'li ex —f ds/n(s) || 1- J'F(r)). (®)
with the effective potential energf20] evaluated for the : :
complex distorting potentiaV/(r) +iW(r): Finally, since
¥ ‘hzkf v
) N=—-{ —+V(r , r’
|,eff( ) 2| 2u ( ) |Xi(+)(r )|2:|Xi(+)(r)|26X[{_Jr dS/)\(S) 7 (9)
ﬁ2k2 2 1/2
I
- (W—V(r) +W2(r)} } (3 it becomes, after the averaging over the partial waves too,
wherey is the reduced mass. Here we should like to mention _ ki(r) _ fr
that Eq.(2) is the Hamilton-Jacobi equation for the classical P(r)_CZ‘ (21+1) K; ex ds/A(s)
action functionS(r) which is related to the local momentum ()
by k;(r)=VS(r). Therefore, the probability of the incident K r’ _ fr’
particle to reach the point within an absorbing potential Sk ki(r) ex . dsA(s)| (10

(i.e., with a negative imaginary pauis [20]

ki(r) where the normalization constaf is determined by the

k. r r .
L)I)(i(”(lr)lzﬁ'—ex —f ds/A(s) condition
ki ki
_@ fo drP(r)=1, (12)
=
o dr’ [ I(14+1) ]~12 which is related to our interest in the distribution of this
XEXP{ _J )\(r’)[l_ K22 } probability along the nuclear radius. Equati@t0) clearly
' H(rr shows the dependence of the filéN-collision probability

(4) on the MFPA(r) which is determined by the imaginary and
real parts of the distorting potential. In the case of the central
where the attenuation of the advancing distorted wave igollisions it reduces to the form discussed previoysk].
given by the inverse of the local MFP of the incident par-  The general trend of the results given by this formulation

ticle: is illustrated for neutrons incident of¥Nb at various ener-
" 5242 gies from 10 to 50 Me\(Fig. 1). The global parameter set of
_ ‘ -1_ _ i the optical potential given by Walter and GU85] has been
M) ={2imlk(r) ]} 2 132[ v(r) 2u used in this respect. The same potential was also involved to
522 study[3] the systematic behaviour of the strenggthand the

—I—V(I’)

+
2u

’ +W2(r)r/2] 1/2. (5) sensitivity of the respective FKK calculations to the OMP
parameters.
The energy and radial dependences of the phenomeno-
In the case wheW(r)<E;—V(r) the MFP reduces to the |ggical imaginary potentidlFig. 1(a)] are responsible for the

usual form(e.g.,[1]) corresponding behavior of the local MAFig. 1(b)]. The
5 1 (522 12 surface peaking of the imaginary potential at lower energies
A(r)=— [ i —V(r) (6) results in a minimum of\(r) in the region of the nuclear
(2m)2W(r)| 2u surface. The central imaginary potential depth is small at the

lowest energies due to the Pauli-blocking effect and thus

~ Next, we are interested in the gbsorptjon probability of theA(O) is higher. On the other hanki(r) is increasing quickly
ingoing particle along the classical trajectory between thgyhile the nuclear density and consequently the potential well
pointsr andr ', for the small[r’ —r|. The probability for a  are vanishing. The surface part of the imaginary OMP de-
collision in a volumeV which contains the segment of the ¢reases with the increase of the energy, so that the radial
cIaSS|ca[ trajectory betwgen the two points is related to th%ependence of diminishes gradually. At medium energies
volume integral of the divergence of the particle flliXr)  \yhere the imaginary potential has only a volume component,
=(h!/w)| x{(r)[ki(r). Using the curve-linear coordinate the MFP values become constant and equak(6). The
system introduced by Kaw#P0] it can be shown that this microscopic calculations of the nucleon MFP in finite nuclei

integral becomes approximately using the Thomas-Fermi theory for multiparticle-multihole
configurations[38] describe well these trends. It has been

_f drdiv3, (1)~ 3,(1) =3, (r'). @) thus shown that the interplay between the smaller imaginary

% potential depth and the smaller local momenta at the nuclear
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nucleus further without any interaction. Actually this quan-
tity entirely follows the maximum of the imaginary potential
and the minimum of the MFP, respectively. Second, the av-
eraging over the partial waves yields a small additional
change of the maximum d#(r) to larger radii and a signifi-
cant decrease of its width especially for medium energies.
This stronger surface character in comparison with the cen-
tral collisions[36] is just related to the contributions of the
peripheral trajectories.

The correctness of the present method to obtain and to
take into account the surface character of the first colli-
sion by means of the radial dependerie) can now be
better estimated. The use of the quantal distorted waves
makes it possible indeed to consider contributions from the
regions which are innaccessible by the classical trajectories
too. However, even the cross sections in the “forbidden”
regions are still less significari1] while the analysis of
P(r) suggests that such regions have lowest contribution to
this quantity. This is also the meaning of the agreement
found between the classical and quantal average flux and its
divergence even for the neutron incident energies between
10 and 30 MeV{33] where a gradual transition to the pattern
described by geometrical optics was notedth the stron-

W (MeV)

i~ f \ gest change from 5 to 10 M@VKeeping this in mind, in the
oLl fi \‘i\‘-\ next sections we analyze the average quantities which can be
Tt //,/’ ‘\\ derived by using the firddN-collision probabilityP(r).
01 F 70 N
F 7. 7 \‘:\
P . lll. AVERAGE FERMI ENERGY
005" ""% s 10 IN FIRST NN COLLISIONS
r (fm)

DeVries and DiGiacomd30] showed that, due to the
large variations of the local MFP, one must carefully identify
FIG. 1. Radial dependence @ the imaginary optical potential, the region in which the reaction takes place. Moreover, they
(b) the corresponding local mean free path, af@ the first  found that it is necessary to look for a quantity which should
NN-collision probability, for incident neutrons oftNb with ener- include effects of the Changing nuclear density and interac-
gies of 10(dotted curves 20 (short-dashed curvgs30 (dashed  tions along the path of the projectile. Actuallydependent
curves, 40 (long-dashed curvgsand 50 MeV(solid curves. The  ayerage Fermi energies have been involved in the framework
QMP parameter set of Walter and QL[§§] _is used. The arrow ¢ the geometry-dependent hybri€GDH) semiclassical
indicates the value of the half-density radiust] of the nuclear  44e|[15] to calculate the particle-hole state density in the
matter density distribution foPNb. first stage of the preequilibrium emission. While the Fermi
energy at the saturation nuclear dengityis Er= 40 MeV,
surface determines the MFP at low energies; i.e., there ar@ value around 30 MeV was found fb+=0 and for higher
smaller\ values than in the central nuclear region. partial waves it decreases as a function of the incident energy
The first NN-collision probabilities corresponding to the [17]. Kalbach[16] also took into account the surface effects
imaginary potentials and(r) values at different energies are for the firstNN interaction by using a mean effective Fermi
shown in Fig. 1c). Since the integral in Eq4) should be energy within the exciton model and found empirical values
evaluated within the nuclear volume, the respective uppebetween 11 and 25 MeV in a broad target mass and incident
limit is chosen to be equal to the radiBs=rp,AY3+6a, at  energy range.
which the surface part of the imaginary potential is 1% of its The local Fermi energy25,39 (see also microscopical
central depth. A value of 0.1 fm has been used for the rangstudies of the optical potentidll9,38,40—4) can be ex-
r—r’, the results being insensitive to a smaller mesh sizepressed within the local density approximatiitDA, e.g.,
The maximum of theP(r) distribution within the nuclear [43]) in terms of the Fermi momentum and the nuclear den-
surface, which becomes broader and moves slightly tsity p(r) as
smaller radii as the energy increases, is related mainly to the
following points. First, it is due to the probability of the hzkﬁ(r) 721372 2/3
NN collision to occur at the radius[see the second bracket Er(r)= = —[— (r)} . (12
in Eg. (10)]. It has a maximum at the surface and becomes 2m 2m| 2
rather constant inside the nuclear interior where the probabil-
ity P(r) for a given partial wave is still decreasing for lower Consequently, the Fermi energy averaged along the trajec-
r. The latter aspect is due to the fact that the incident particl¢ory of the incident nucleon with respect to both the nuclear
has a constantly lower probability to penetrate the targetensity and the firsh N-collision probability becomes
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FIG. 2. Average local Fermi energy calculated for the first two- 0 R T S S SRR B
g 50 100 150 200

body collision in the case 6tNb(n,n’) reaction(solid curve. The
dashed curve corresponds to the assumption of an equiprobable site
of interaction, i.e., to the use of the constant unity value for the first
NN-collision probabilityP(r).

Energy (MeV)

FIG. 3. Comparison of the effectivéN-interaction strengths as
functions of the incident energy obtained from FKK analyses of
nucleon induced reactions using 1 fm range Yukawa form factor
with the predictions of the normalized energy dependence of the
nucleon optical potential obtained by Cowley al. [48] (dotted
curve), the Hartree-Fock componevt; of the real optical-potential
) ] ] ] depth(solid curve, and the volume integral per nucledg/A of
The present formalism makes it possible to integrate over thge full real potential(dashed curjeof Johnsonet al. [41]. The
whole nuclear volume without any additional assumption oryoints are from Watanabet al. [3], Demetriouet al. [46], Chad-
the localization of the firsNN collision [36]. wick et al.[23,52], NAC [45,48,53, Scobelet al. [54], Mordhorst

The calculated average Fermi energy is shown in Fig. 2t al.[55], and Austin[47].
for neutrons incident or*®Nb in the energy range of the
OMP parameter set of Walter and Gii83]. The parametri- increases the complexity of this figure. We will discuss in the
zation of Negeld44] has been used to describe the realisticto|lowing only the energy dependence 6.
nuclear matter distribution. As an independent test a separate The real part of the optical potential is given within the
calculation has been carried out by omitting the firstsimple folding model approximation in terms of the nuclear
NN-collision probability P(r) in Eq. (13). This assumption  gensity and the effectivalN interaction(e.g.,[47])
of an equiprobable site of the interaction led to a constant
average Fermi energy of 30 MeV (dashed line in Fig. 2 It
reproduces the result of Blann for the complsteave pen-
etration in the nucleus. At the same time, the comparison of
the two average values of the Fermi energy illustrates the
surface-localization effect for the firtN interaction in pre-  The relation between the respective volume integrals which
equilibrium reactions. It is rather constant above the nucleoffollows from above,
incident energy of 50 MeVactually very slowly decreasing
with energy and stronger for lower energies. In fact, the
physics comprised within the imaginary part of the optical
potential is rejoined with respect to a quantity usually related

to nuclear structure, in general agreement with the unified ) .
description of the mean fielt88,40,41. gives the strength of the 1 fm range Yukawa interaction

Vo= (1/47)Jy/A as a function of the volume integral per
nucleon of the real optical potential. It was argydd] that

IV. AVERAGE STRENGTH OF THE the observed trend of thé, values should be consistent with
EFFECTIVE INTERACTION the energy dependence of(r). The depthV, of the

The recent systematic studies of the effective-interactiorifartree-Fock component of the real optical potential found
strengthV, [3—7] and the sensitivity of the respective FKK PY Johnsonet al. [41] for neutrons on lead in the energy
calculations to the input parametd pointed out the ne- domain[1,120 MeV] has been used in this resp¢és] to-
cessity to carry out such analyses by using the same standa@§ther with(i) a correction factor of for the gradual energy
parameter set over a wide range of the target mass numblé}SS.Of the incident nycleon in th.e spbsequent stages of the
and incident energies. Various empirical valuesvgffrom ~ Multistep process an@i) a normalization af; =20 MeV to
(n,n), (p,xn), and (,xp) reactions shown in Fig. 3 versus theVq value found in the DWBA anaIyS|_s op(p’) reaction
the incident energy satisfy this condition only in part. There@t 20-50 MeV[47]. The form thus obtained,
is also an additional dependence \¢f on the target-mass
[45,46 and the neutron-proton distinguishabil[§,4] which

—_[drp(n)P(NER(r) _[odrrp(n)P(NER(T)
P Jdrp(nP(r)  fdrr2p(r)P(r)

13

wm=fmmummv—w» (14

f dr vo(r):%f dr V(r), (15

V,=30.8exg— 0.15E,/30.9), (16)
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is shown in Fig. 3. On the other hand, the above-mentioned 1

relation between the effective interaction strength and the Vo(r’Ei):EF(Ei)[l_dPZ/s(r)]- (22

volume integral per nucleon of the same real optical potential

[41] gives In order to compare the results of this analysis with the phe-

nomenologicalV, values we have to derive an average
Vo=0.72Ny(E;)=33.7exp— 0.31(E; — Ef)/46.4], strength of the effectiv&lN interaction along the trajectory
(17) of the incident nucleon. Therefore, we have obtained average
f V(E;) values for the firsNN collision in multistep nuclear
reactions by using a procedure similar to Ef3) for the

erage Fermi energy.
At the same time, the local density-dependent strength of

whereEg is the Fermi energy defind@pposite to the rest o
this paper with respect to the zero energy point. By adding
the dispersive component to the Hartree-Fock one, Johnsdh
et al. obtained also the volume integral for the full real po-

; : ; A the 1 fm range Yukawa interaction is given also by the left-
tential [with the typical low-energy dependence implied by _ L
the use of the optical-potential dispersion relatiipr)]  hand side of Eq(20) divided by 4. Energy-dependent av-

which yields similarly the form erageV, values are calculated in this case but using now the
real part of two optical potentials. The first one is that ob-
Vo=32.8-0.20F; for 4<E;<40 MeV, (18  tained by Johnsoat al.[41] with the DR constraint, namely,
the full potential for E;<40 MeV, and the Hartree-Fock
which is shown in Fig. 3 in comparison with the prediction component at higher energies where the respective volume
of Eq. (17). The correction factor for the gradual energy lossintegrals are similar. The second one is the global OMP of
in the subsequent reaction steps should not be involved aValter and Gusg$37], which was used in the systematic
low energies where the two-step scattering in the MSD proanalysis of Watanabet al.[3] and has been involved in this
cess is negligibly small23], so that the optical-model pro- work to obtain the firsNN-collision probability. The main
visos seem to agree with the normalized energy dependen¢eason to choose the latter OMP was the possibility to use
of Cowley et al. below, e.g., 50 MeV. However, the low- neutron and proton optical potentials in which the asymme-
energy phenomenologicaV, values are much more in- try term has the same magnitude but opposite signs.
creased in comparison with any predictions, including the The average/, values for the firstNN collision corre-
additional dependence on the target-mass and the neutrosponding to both the local strengths of the effeciNi in-
proton distinguishability. It is shown in the following that the teraction given by Eqg22) and the use of the two OMP’s are
nuclear-density dependence of the effectB interaction = compared with the phenomenologicd} values available
may account for this, while other effects are avoided by confrom (n,n’) and (p,p’) reactions on®*Nb in Fig. 4. The
sidering only a,n’) and (p,p’) reactions on®*Nb. comparison is done in the energy range of the Walter-Guss
First, Myers[49] described the density dependence ofOMP, being meaningful for low energies where the two-step
V, for a given incident energy by using a phenomenologicakontribution to the MSD process is negligibly small. The
factor which multiplies the effectivBIN interaction(see also  V, values predicted by the optical potential of Johnebal.
[50)) corresponding to Eq18) for E;<40 MeV and Eq.(17) at
higher energies are shown in Fig. 4 as well. The effect of
f&(p)=C,(E)(1—dp??), (199 taking into account the density dependence of the effective
NN interaction is obvious. This behavior is due to the well-
whered=2 fm?. Bonetti and Colombd18] have already known increase of the effective interaction as the nuclear
used this form within FKK calculations by taking the density reducef49] and to the increased surface localization
density-independent paramet€r,=1.4 in order to obtain of the firstNN collision at lower energiegFig. 1).
f(p)=1 for p=3po. Next, Jeukennet al.[51] showed that Before additional comments on the phenomenological and
Eq. (14) becomes, in the frame of the LDA, calculated effectiveNN-interaction strengths are made, we
continue the interpretation of this quantity as a function of
V(r) the local energyE;(r) introduced by Watanabet al. [3].
m=f dr've(r’). (200 The effects of the charge and isospin of the incident particle
are properly taken into account when the local energy is
On the other hand, they found by means of the BrueckneréStimated at realistic values for a given projectile and inci-
Hartree-Fock nuclear matter calculations that the contribudent energy. While Watanateg al. considered the common
tion of the isoscalar component of the OMP to the left-handhuclear radiusR=1.25" fm in this respect, we take the

side of Eq.(20) can be parametrized so that advantage of having calculated the filéN-collision prob-
ability. Actually, we have derived an average vakiér) of
V(r) the local energy given by Eq$2) and(3) along the trajec-
E*F(Ei)[l—dpm(r)], (21)  tory of the incident nucleon by using the same procedure of

Eqg. (13) as for the average Fermi enerBy and the average

where d=2.03 fm? and F(Ei):(903—7.67Ei+0.0225i2) effective NN-interaction strength/,.

MeV fm?3, in the energy rangg10,140 Me\l. By normaliz- Finally, the phenomenologicaV, values of Watanabe
ing the factorC,(E;) to this expressio50] we obtain a etal. found from the analyses of thé°Nb(n,n’) and
local density-dependent strength of the 1 fm range Yukaw&®Mo(p,p’) reactions and the corresponding averslgeval-
interaction: ues are shown in Fig. 5 versus the average local energy
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) \# ; gthW'Ck1éé?94> _ FIG. 5. The same as in Fig. 4 but fon,f’) and (p,p’) reac-
< *\ owley ( )] tions on?3Nb, as a function of the average local energy for the first
O NN collision.
Z
2 values correspond to the(p’) reactions at lower energies
[where the average local energy(r) is smallest tog On
the other hand, the agreement between the average strengths
obtained with the Hartree-Fock potential plus the dispersive
componenf41] and by using the parametrization based on

6’0 : 7'0 : 8'0 the Brueckner-Hartree-Fock nuclear matter calculat|@i$
is very good. The underestimation of the absoMgevalues
at the lowest incident energies by the latter approach origi-
nates from the similar behavior at small nuclear density of
FIG. 4. The same as in Fig. 3 but fg¢a) (n,n’) and (b) the expressiofi(E;) fitting the isoscalar real potentiéFig.
(p,p’) reactions, and th¥, predictions given by the optical poten- 1 of [51]).
tials of Johnsoret al. [41] (dotted curves as well as the average
local strengths obtained by using the same real potentsalkd
curves, the OMP parameter set of Walter and GUi83] (long- V. SUMMARY AND CONCLUSIONS

dashed curvgs and the parametrization based on the Brueckner- The obiective of this work has been to study average
Hartree-Fock nuclear matter calculatid#d] (dashed curvesThe . ! . . Y . 9
points are from Watanabet al. [3], Demetriouet al. [46], Chad- quantities related to the characteristics of Ml interaction

wick et al. [23,57, and Cowleyet al. [48]. a}long thg traje.ctory 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 within
Ei(r). First, the idea of using the local energy to understanghe FKK quantum formalism. This aspect could be connected
the systematic trend of the strengdy is proved to go be- ith the discrepancies still existing in the systematics of the
yond the assumption that all two-body interactions occur jushhenomenological effectivilN-interaction strengthV, val-
at the nuclear half-radius. Second, the use of quantities a\jes ysed in FKK-MSD calculations. At the same time. we
eraged by means of the firbtN-collision probability over pave obtained similarly an average effectNél-interaction

the nuclear volume seems to describe well the differen C . .
strengthsv,, found by the studies ofrn’) and (p.p’) re- gtrsetré%t]g\t/igswhlch is of interest for understanding of thg

X ! SR sy
actions at the same low energy. This comment is ]ustlflecf' The basic element of our study has been the calculation of

QSpeﬁ'l‘:"y When_ the OMP Es.ed Itodcalculate the local eﬁecfhe radial dependence of the probability of the first two-body
tive -Interaction strength includes a proper asymmetry o ;qinn petween the projectile and one of the target nucle-
term and works for both neutrons and protons. The rathe

I Vo val hich d 1o tha.f’ . bns. It is carried out by using the semiclassical method to
owerV, values which correspond to the,f’) reactionata ¢4y the incoming particle’s path in the nuclear target. The

given average local enerdy(r) are predicted only by the particle curved trajectory as well as the momentum of the
Walter-Guss OMRinvolved also in the analysig3] which  particle at each point of the trajectory, ie., the
yields all Vo data shown in Fig. b There is an opposite but N N-collision localization[20,21], can be considered provid-
small shift around 0.2-0.5 MeV between the otlfgivalues  ing the semiclassical approach is expected to be quantita-
calculated for the two reactions, only values for tmen() tively reliable. The applicability of the semiclassical approxi-
reaction being shown in the figure. mation below 50-100 MeV is yet an open question.
Coming back to the comparison given in Fig. 4, it can beHowever, there are evidences in this resg&it,33 while

seen that large differences between the various avevgge Kawai and co-worker§20—22 pointed out the limits in the

|
10 20 30 40 50
Energy (MeV)
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correctness of the respective results. The use of quantal disverage along the projectile trajectory, as a first-order ap-
torted waves would make it possible to consider contribuproximation intended to consider the geometry of the reac-
tions from the regions which are innaccessible by the classition with respect to the nuclear density distribut[d®]. The

cal trajectories, while such regions have low contribution topresent results confirm the geometry effect, while further
the first NN-collision probability. Moreover, the shape we comparison with the GDH conclusions will be obtained by
have obtained for the firdiN-collision probabilityP(r) as inclusion of the actual average Fermi enerBy in the
well as its use to derive average quantities of reaction modelgarticle-hole state density and reaction model formalism
supports this approach. first attempt is made in Ref36]).

The energy and radial dependences of the phenomeno- In order to compare the results of this analysis with the
logical imaginary part of the optical potential result in a phenomenologicaV/, values we have derived also an aver-
minimum of A(r) in the region of the nuclear surface, taken age strength of the effectivéN interaction along the trajec-
into account earlier within the GDH modg15]. Next, we  tory of the incident nucleoiV, for the firstNN collision in
obtained a radial dependen®¢r) which evidences the sur- myltistep reactions. Good agreement is found between the
face character of the firdN collision. In the case of the ayerage strengths obtained with the Hartree-Fock potential
GDH model Blann pointed out that only approximate aver-p|ys the dispersive componeptl] and by using the param-
ages of the imaginary potential and nuclear density over progtrization based on the Brueckner-Hartree-Fock nuclear mat-
jectile trajectories for various partial waves have been usegbr calculationg51]. At the same time it turns out that the
to determine the intranuclear transition rates, whiléas nyclear density dependence of the effectivi interaction
been assumeithat the reactions were localized within spheri- may account for the low-energy phenomenologi¢gahalues
cal shells determined by the projectile impact parameter. hich are much more increased in comparison with any pre-

The average Fermi energy in the fitSiN collision of gictions. Finally, the use of quantities averaged by means of
preequilibrium reactions is then obtained by considering thgne first NN-collision probability over the nuclear volume
local Fermi energy(expressed within the local density ap- geems to describe well the different strengthsfound by
proximation and averaging along the trajectory of the inci- the stydies ofif,n’) and (p,p’) reactions at the same low
dent nucleon with respect to both the nuclear density and thgnergy[3]. These results support the application of the aver-

first NN-collision probability. The present formalism allows 446 Fermi energy within the particle-hole state densities used
one to integrate over the whole nuclear volume without anyn the first stage of the multistep-reaction models.

additional assumption on the localization of the fiidYl col-

lision [36]. It should be noted that the assumption of an

equiprobable site of interaction led to the constant average

Fermi energy of~30 MeV [15]. The comparison of the two ACKNOWLEDGMENTS
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