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The importance of the nuclear potential shape in the entrance channel
heavy ion collision as well as in the processof cluster formation is dis-
cussed.For more central collisions it is specially important for multiplicit y
distributions of intermediate mass fragments and for the parallel velocity
distribution of reaction products. For peripheral collisions the entrance
channel nuclear interaction is mainly responsible for the de�ection angle.
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1. In tro duction

The heavy ion reactionsfor collisionsaround the Fermi energyare char-
acterized by a relatively high multiplicit y of di�eren t ejectiles, which are
emitted not only from the projectile-like fragment (PLF) and the target-
like fragment (TLF), but also from an intermediate velocity source (IVS)
located betweenPLF and TLF. In the collision, nucleonsare exchangedbe-
tween colliding heavy ions or clusters are formed. Energy is dissipated in
both above processes.Energy dissipation depends on the impact param-
eter and is expected to be rather one-body for lower energies,becauseof
Pauli blocking, and should becometwo-body at higher energies,when Pauli
blocking is lesse�ectiv e. Near the Fermi energya competition of both energy
dissipation scenariosmay be expected. Various models have been used to
describe the heavy ion reactions (seee.g. [1,2] and referencescited herein).
One of them is the stochastic two stagereaction model (STSRM) [1] which
successfullydescribesperipheral and mid-peripheral collisions for relatively
light systems. In the present paper a new versionof the model (STSRM2) of
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extendedapplicabilit y is discussed.In Sec.2 basic featuresof the old STSR
model are explained. Sec.3 proposesmodi�cations leading to a new version
of the model. Results and conclusionsare presented in Secs.4 and 5.

2. The STSR mo del

The STSR model describesa heavy ion collision as a two-stageprocess.
Someof the nucleonsbecome�active� reaction participants in the �rst stage
by mean�eld e�ects or by nucleon�nucleon(NN) interactions and are trans-
ferred in the secondstageto the target remnant, or to the projectile remnant.
Alternativ ely, they may form clusters located in the region between collid-
ing ions, or escape to the continuum. The two stagesof the reaction do not
represent herea time sequence,but a parameterization of probabilities. The
nucleon transfer processis treated as a chain of steps. In every step the
consideredsystem consists of the projectile remnant, the target remnant,
somenumber of equilibrated excited clusters and other participating nucle-
ons. According to the Fermi gold rule the nucleon transfer probabilities are
governed by the state densities. Here we assumethat the squareof the T
matrix is roughly constant. Under the assumption that acting objects do
not interact very strongly we can write the density of statesfor the total sys-
tem as a product of densitiesassociated with internal degreesof freedomof
the consideredobjects multiplied by density of states related to the relative
motion of the projectile and target nucleus remnants. For every step one
needssomeassumption related to division of the reaction heat (Q value).
It is divided among all the involved subsystemshaving massesA > 4, with
a probabilit y proportional to the corresponding densitiesof states. The var-
ious hot fragments created in the secondreaction stage decay afterwards
by particle emission,which is simulated by the GEMINI code [3]. Clusters
and other �nal fragments (particles) are acceleratedby Coulomb forces. For
more central collisions, after formation of all the fragments, the PLF and
TLF may fuse. In the STSR model this happenswhendue to the dissipation
of energy and relative angular momentum a �pocket� appears in the PLF�
TLF interaction potential and the energyof the systemis smaller than the
potential barrier. The fusion processin a strict senseis expected for lower
collision energies.

2.1. First reaction stage� generation of reaction participants

In the STSR model somenucleonsescape from their bounded states in
the interacting ions and becomevirtually free (active) reaction participants.
Two mechanismsare considered.In the �rst mechanism oneof the nucleons
of the projectile nucleus (P) or target nucleus (T) becomesa participant
when runs acrossa potential window which opens in the region between
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the colliding heavy ions. The P and T tra jectories are calculated using
a sum of the proximit y and of the Coulomb potentials. Here the P and T
nucleonsare treated as a Fermi gas and the potential barrier transmission
coe�cien ts are calculated. In this mean �eld activation mechanism, more
important for lower collision energies,the active nucleons�remember� mo-
mentum distributions which they had in the mother P or T nuclei. In the
secondmechanism two nucleons,onefrom the P and the secondfrom the T,
collide in the overlap zoneof the P and T nuclei, where for larger collision
energiesand/or larger collision parametersthe Pauli principle becomesless
restrictive. Thesereaction participants practically do not �remember� their
initial momentum distributions. The overlap zone of the P and T nuclei
exists along somesectionof the heavy ion collision tra jectory calculated for
the input channel potential. But it is easier to assumethat generation of
participating nucleonstakesplace at the closestapproach point. Such pro-
cedureis justi�ed becausein the secondreaction stagewe considera chain
of nucleon transfers without consideringtheir time sequence.Therefore, we
are allowed to shift positions of propagating nucleonsin order to get their
�activation� in the closestapproach point.

2.2. Second reaction stage� clustering

In the STSR model the cluster�cluster interaction potential was taken
in a simple form:

Vij (r ) =
Z i Z j

r
for r � Rint ;

Vij (r ) =
Z i Z j

Rint
for r < Rint ; (1)

Rint = r int

�
A1=3

i + A1=3
j

�
; (2)

where r int was a free parameter.
The nuclear attractiv e interaction wassimulated there by cutting o� the

Coulomb interaction for r < R int . Such form of the cluster�cluster potential
allowed avoiding singularities for r = 0. Predictions of the STSR model
werecomparedwith experimental data obtained at SARA (Grenoble) for the
peripheral and mid-peripheral collisionsin the 40Ca+ 40Ca, and 40Ca+ 197Au
reactionsat 35 AMeV. The reaction mechanism and properties of the three
observed sourcesof emitted particles, PLF, TLF, and IVS were properly
reproduced and explained [4�6].
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3. The STSRM2 � mo di�ed version of the STSR mo del

The STSR model, successfulin describingdetails of heavy ion reactions
for relatively light systemsand for peripheral and mid-peripheral collisions,
was found to have di�culties in application to heavier systemsand more
central collisions. We discusshere the importance of di�eren t factors re-
sponsible for these di�culties and a new version of the model (STSRM2)
which is able to overcomethem.

3.1. Modi�c ations proposed for the �rst reaction stage

In order to get the PLF and the TLF tra jectories which properly repro-
duce the experimental ones(e.g. in the Wilczynski plot), the proximit y [7]
potential had to be replacedby the following one, where both: the attrac-
tiv e, negative potential Vs(R), and the repulsive, positivepotential Vcomp(R)
have Woods�Saxon form factors:

Vn (R) = Vcomp(R) + Vs(R)

=
Ucomp

1 + exp
�

R� Rcomp
acomp

� +
Us

1 + exp
�

R� Rs
as

� ; (3)

where Ucomp; Rcomp; acomp are energydependent, and Us; Rs; as should in
principle be more universal.

The Vs(R) potential is mainly responsible for the proper de�ection of
heavy ions and the Vcomp(R) potential simulates to some extend conse-
quencesof the nuclear matter incompressibility.

Fig. 1 presents shapes of the �old� STSRM and of the �new� STSRM2
potentials for the case107Ag+ 58Ni at 52 AMeV for which Ucomp = 300MeV,

Rcomp = 0:5
�

A1=3
P + A1=3

T

�
fm, acomp = 1:36fm and Us = � 100MeV,

Rs = 1:23
�

A1=3
P + A1=3

T

�
fm, acomp = 0:8fm. This new nuclear potential

modi�es slightly the potential window betweencolliding heavy ions and the
number of mean �eld active nucleons. For more central, higher energycol-
lisions of heavier ions, the overlap zone may include the majorit y of the
colliding system, with the matter density exceedingconsiderably the nor-
mal nuclear matter density. In such a situation one can expect a complete
multi-fragmentation (prompt multi-fragmentation [8] ) without the forma-
tion of a composite system in a strict sense.To simulate this e�ect for col-
lisions where the number of activated nucleonsexceedssomecritical value
(e.g. 70%) we assumethat all nucleonsof the system are activated. Fig. 2
presents the position (left part), and the momentum (right part) distribu-
tions obtained according to the above procedure for nucleonsactivated in
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the reaction 107Ag+ 58Ni at 52 AMeV and for the input angular momentum
L < 300~. The projectile and the target ions are located in the z� y plane
and consequently the r y distribution is a broader one.
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Fig. 1. The �old� STSRM (dashed line) and the �new� STSRM2 (dotted line)
nuclear potentials for the case107Ag+ 58Ni at 52 AMeV. The solid line presents the
sum of the nuclear and Coulomb potential. The Coulomb potential is presented by
the dashed�dotted line.
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Fig. 2. Position (left part), and momentum (right part) distributions of �activ e�
nucleons for the reaction 107Ag+ 58Ni (52 AMeV) and for the input angular mo-
mentum L < 300~. They are given in the reaction CM system. Here solid lines
represent r x and px distributions, dashedlines r y and py distributions, dotted lines
r z and pz distributions.
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3.2. Modi�c ations proposed for the second reaction stage

In this section we discussthe in�uence of the nuclear potential shape
on the clustering process.This in�uence is important particularly for more
central collisions where a large number of participants is created. The sit-
uation here is to someextend similar to the binary decay described by the
transition state method [9,10]. The splitting probabilit y is there determined
by the density of statesreached by the systemat the potential saddlepoint.
This density quite strongly dependson the value of the potential energyat
this point and on the shape of the nuclear potential. Reversing direction
of the time one can discussin a similar way the probabilit y of cluster for-
mation in a nucleon�cluster or cluster�cluster interaction. In our casethe
nuclear interaction which can compensatethe Coulomb interaction energy
can increasethe reaction Q value and increasethe probabilit y of a given
con�guration.

In the STSRM2 the Coulomb interaction of two colliding clusters is sup-
plemented by an attractiv e nuclear potential with the Woods�Saxon form
factor:

Vkl (r ) =
V0 (Ak � A l )

1=3

1 + exp
� r � r k l

a

� + V Coul
kl ; (4)

r kl = r0

�
A1=3

k + A1=3
l

�
; (5)

whereV0, r0 and a are freeparameters. The Coulomb potential is calculated
as for two overlapping chargedspheres.As an exampleFig. 3 presents at� �
cluster interaction in the STSRM and in the STSRM2 versions. As one
can see,the �at top Coulomb potential used in the STSR model was quite
similar to the new potential of two overlapping charged spheres.The total
potential presented in Fig. 3 (r 0 = 1:4fm, a = 0:5fm, V0 = � 1:5MeV) prop-
erly describes the creation of di�eren t possibleclusters; in this particular
casea production of the 7Li clusters. A repulsive nuclear potential (V0 > 0)
could simulate a situation when the interaction of two particles is not able
to produce a bond cluster. The in�uence of the cluster�cluster nuclear po-
tential shape on the multiplicit y of the primary A > 1 and A > 4 particles,
generatedin the clustering process,is presented in Fig. 4. For V0 = 0 one
getsthe multiplicit y versusangular momentum distribution presented by the
dashedline. This distribution corresponds more or lessto the STSRM pre-
diction, which �nally , after cooling the systemby the GEMINI code, wasnot
in agreement with the experimental data. For a slightly attractiv e nuclear
potential V0 = � 1:5MeV the multiplicit y of particles increases,specially for
heavier ejectiles,A > 4 (solid line). This can be explainedby the increasing
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Fig. 3. The �old� STSRM (dashed line) and the �new� STSRM2 (solid line) t� �
cluster interaction potentials. The Coulomb contributions to the STSRM2 poten-
tial is given by the dashed�dotted line. The dotted line presents the V0 = 0:5MeV
case.
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Fig. 4. In�uence of the cluster�cluster nuclear potential shape on the multiplicit y of
the primary particles: A > 1 left part, A > 4 right part. The solid line corresponds
to the attractiv e potential (new versionof the model). The casewith the Coulomb
interaction only is presented by a dashedline, the casewith the repulsive potential
by a dotted line.

of the reaction Q value. An oppositee�ect is observed for a slightly repulsive
nuclear potential V0 = 0:5MeV (dotted line). As seenin Fig. 4 the nuclear
cluster�cluster potential in�uences mostly the more central collisions.
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4. The confron tation of the STSRM2 predictions
with exp erimen tal data

Predictions of the modi�ed STSR model, the STSRM2 one, are pre-
sented in Fig. 5 for the total multiplicit y distribution of charged particles,
and in Fig. 6 for the charge distribution. For comparisonthe STSR model
predictions are also presented.
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Fig. 5. The total multiplicit y distribution of charged particles for the 58Ni+ 197Au
reaction at 52 AMeV [11].

The experimental data weretaken from the 58Ni+ 197Au experiment per-
formed at GANIL for 52 AMeV 58Ni ions [11]. It is obvious that the STSR
model is not able to reproduce properly the data, and modi�cations pro-
posed in the STSRM2 version are justi�ed. It has been shown recently
that the new version of the STSR model is also successfulin describing ex-
perimental data from the 107Ag+ 58Ni reaction for 107Ag ions at 52 AMeV
(GANIL [12,13]). As an example Fig. 7 presents the TLF velocity distri-
butions. For reversedkinematics the target like fragment can attain large
velocities for morecentral collisionsonly, wherethe STSRM2predicts a prac-
tically completemulti-fragmentation and the TL fragment hasa rather small
probabilit y to survive. Consequently, the yield of the large velocity TLF's
must be very small.
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Fig. 6. The chargedistribution of chargedparticles for the 58Ni+ 197Au reaction at
52 AMeV [11].
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Fig. 7. The TLF velocity distribution for the 107Ag+ 58Ni reaction at 52 AMeV.
Seetext for details [12,13].

5. Summary and conclusions

The paper presents a modi�ed version of the STSR model which can be
used for collisions of heavier ions and at relatively higher collision energy.
Modi�cations are mainly concentrated on di�eren t forms of nuclear interac-
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tions in the �rst and in the secondreaction stage. A particular shape of the
nuclear interaction in the entrance reaction channel is specially important for
heavier systemsand higher collision energy, becauseof the de�ection angle
determination. The proximit y potential was giving here a too high value of
the grazing angle and in the new version of the model had to be replaced
by a sum of the attractiv e negative potential with the Woods�Saxon form
factor, and the repulsive positive potential simulating incompressibility of
the nuclear matter. The �nal reaction picture dependson the clusterization
process,governed by the attained densitiesof states, which in turn depend
on the generatedreaction heat. What seemsto be the most important for
peripheral and mid-peripheral collisions is the kinetic energy dissipation.
For more central collisions,however, the cluster�cluster interactions and the
ground state binding energy of all participating objects becomethe most
important. The modi�ed version of the STSR model gives a considerably
better description of di�eren t reaction observables,such as multiplicit y and
Z distributions. In the future, somefarther modi�cations of the model are
possible. One of them could be e.g. inclusion of the isospin dependent
interactions.

The author is indebted to K. Grotowski for his careful reading of the
manuscript and helpful discussions.This work was �nancially supported by
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