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Signature of geometrical effects in heavy-ion reactions below 100 MeV/nucleon
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An extensive study of dynamically emitted charged particles was carried out within the framework of a
semiclassical transport model. Several systems having different total mass and asymmetry were studied over a
wide range of incident energies. It was found that dynamical emission occurring in heavy-ion collisions is the
signature of a smooth transition between the low-energy reaction mechanism~deep inelastic model! and the
high-energy reaction mechanism~participant-spectator model!. @S0556-2813~99!50809-1#

PACS number~s!: 25.70.2z, 24.10.Cn
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When studying heavy-ion collisions, it is currently adm
ted that deep inelastic collisions are the dominant mechan
at low incident energy~a few ten MeV/nucleon! and that
above a few hundred MeV/nucleon a participant-specta
picture of the collision is meaningful@1#. At intermediate
energies, between 30 MeV/nucleon and about a hund
MeV/nucleon, recent experimental works have shown t
the binary dissipative collision~BDC! is the main reaction
mechanism@2–8#. In most of these experimental studies, t
BDC is considered a two-stage process. During the first s
of the reaction, the projectile and the target interact mutu
strongly and out-of-equilibrium emission occurs. The seco
stage of the collision starts with the formation of two excit
outgoing fragments labeled as the quasiprojectile~QP! and
the quasitarget~QT!. These heavy fragments are supposed
be thermalized and hence they decay by statistical emis
of neutrons, light charged particles, and also intermedi
mass fragments~IMF!. To derive the properties of hot nucle
formed during the BDC’s, one has to assume that it is p
sible to discriminate the products of the dynamical sta
from the products of the statistical stage. From such stud
very high excitation energies~well above the binding energy
i.e., ;8 MeV/nucleon! and temperatures~over 10 MeV!
have been reported for different systems and incident e
gies ~see Ref.@9# and references therein!.

However, the separation of the two regimes of the BD
namely, the dynamical from the statistical, is not an e
task. In a recent paper, Eudeset al. have demonstrated th
crucial role of the dynamics in heavy-ion reactions at int
mediate energies@9#. The authors have used the time evo
tion of particle emission to determine a characteristic ti
that allows the separation of the dynamical contribution fr
the statistical one@9,10#. Using this criterion, one obtains
copious particle emission at the first collision stage. Th
promptly emitted particles are present over the whole rap
ity spectrum, although they dominate the midrapidity regi
Such an important contribution at midrapidity has recen
been reported in several experimental papers for light@11,12#
and heavy systems@5,13,14#. Łukasik and the INDRA Col-
laboration have also reported a large midrapidity emiss
that cannot be explained by the subsequent statistical e
sion of the QP and the QT@4#. This promptly emitted com-
ponent dominates central collisions: for the Ar1Al system at
65 MeV/nucleon it amounts to 50% of the total partic
0556-2813/99/60~3!/031603~4!/$15.00 60 0316
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emission@9#. It comprises the common and weak preequil
rium emission. In the following we label this component D
~as dynamical emission!. DE affects the excitation energ
and the temperature that a nucleus is supposed to reach@15#.
In a recent paper, D. Dore´ et al. @16# have shown that with-
out correctly taking into account this contribution, one ove
estimates the excitation energy reached in central Ar1Ni
collisions by a factor of 1.8.

The present study has been performed within the fram
work of the Landau-Vlasov microscopic model in direct co
nection with the recent results of Eudeset al. @9#. We have
studied five systems (40Ar127Al, 40Ar1107Ag,
107Ag140Ar, 36Ar158Ni, and 120Xe1129Sn) covering a
large variety of total mass and asymmetry over a wide in
dent energy range~from 40 to 100 MeV/nucleon!. After a
brief sketch of the model used, a theoretical estimate of
DE occurring in heavy-ion collisions at intermediate energ
is made together with a comparison with existing experim
tal data. It is shown that DE is a dominant way of evacuat
the available energy in central heavy-ion collisions. Con
quently, DE is a key quantity in understanding the heavy-
collision history, especially if thermodynamical quantitie
are examined.

Let us briefly describe the main features of the mo
used, the Landau-Vlasov model@17#. It solves numerically
the Landau-Vlasov equation which describes the evolution
the one-body phase-space distribution functionf (r ,p;t):

] f ~r ,p;t !

]t
1$ f ~r ,p;t !,H%5I coll„f ~r ,p;t !…, ~1!

where$ , % stands for the Poisson brackets,H is the one-body
mean-field Hamiltonian, andI coll„f (r ,p;t)… is the two-body
collision integral based on the Uehling-Uhlenbeck appro
mation.

This collision term reads

I coll5
g

4m2

1

p3\3E dp2 dp3 dp4

dsNN

dV
d~p1p22p32p4!

3d~e1e22e32e4!@~12 f̄ !~12 f̄ 2! f 3f 4

2~12 f̄ 3!~12 f̄ 4! f 2f #, ~2!
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where f̄ 5@(2p\)3/g# f (r ,p;t) is the occupation number,g
is the degeneracy,m is the nucleon mass, andsNN is the
nucleon-nucleon (NN) cross section.

The momentum-dependent Gogny interactionD1-G1
(K`5228 MeV) @18# has been used to describe the me
field potential. In spite of intensive theoretical studies,
medium effects on theNN cross sectionsNN remain an open
problem@19#. Therefore, the isospin- and energy-depend
free-scattering value ofsNN have been implemented in ou
model. This set of physically grounded parameters has
ready allowed, among other studies, a successful descrip
of the flow of nuclear matter@20,21# and of the linear mo-
mentum transfer in heavy-ion reactions@22#.

In heavy-ion collisions at intermediate energies, the em
sion process is characterized by a complex time evolution
typical time evolution is shown in Fig. 1 for charged pa
ticles of the Xe1Sn reaction at 50 MeV/nucleon andb
56 fm. The emission starts shortly after the contact~.0
fm/c! and reaches a maximum aftert580 fm/c, then de-
creases and stabilizes. The characteristic time which all
us to separate the two regimes of emission is labeledtsep. It
is the time at which the system breaks into a QT and a
and it is known up to the value of the time step by which t
system phase space is recorded; typically, 10 fm/c. For the
system considered in Fig. 1,tsep is equal to 120 fm/c. At a
given energy,tsep increases with decreasing impact para
eter@9#. On the one hand, particles emitted beforetsepclearly
originate from the overlapping zone of the target and
projectile and have an anisotropic distribution@9# which is
similar to the behavior of the participant emission observ
at higher incident energy. The system evolves rapidly a
corresponds to a compact dinuclear shape which e
mostly at midrapidity. This type of emission has bee
claimed in Xe1Sn at 50 MeV/nucleon@23#. On the other
hand, particles emitted aftertsepshow a pattern characterist
of an evaporation process coming from the two excited o
going heavy fragments. Thus, we label charged partic
emitted beforetsep as dynamical emission.

In order to extend the work initiated in Ref.@9#, DE is
studied for various systems having different size and as
metry. To facilitate the comparison, we define the quanti

FIG. 1. Time evolution of the particle emission rate for t
Xe1Sn reaction at 50 MeV/nucleon andb56 fm.
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Dem5100
No. of DE

Ztot
, ~3!

which corresponds to the amount of charged particles e
ted beforetsep divided by the total charge of the system
Ztot5ZT1ZP. Dem takes value 0% if no DE occurs, an
100% if the whole system disintegrates by DE.

Figure 2~a! displaysDem for the quasisymmetric129Xe
1120Sn system as a function of the centrality of the react
for three different incident energies. As a reference, show
a curve that represents the size of the overlapping reg
between the target and the projectile in a fully geometri
assumption. The centrality of the reaction is expressed
the reduced impact parameter~RIP!, i.e., the impact param
eter normalized according tobmax5RT1RP, whereRT (RP)
stands for the radius of the target~projectile!. The values and
the error bars reported in the figure correspond, respectiv
to the mean value and the difference obtained by conside
DE at tsep and at tsep110 fm/c. At 50 MeV/nucleon
~crosses!, Dem increases with increasing centrality. In perip
eral collisions, however, its value is closer to the percent
of matter present in the overlap of the target and the pro
tile. As the RIP decreases,Dem starts to deviate from this
pure geometrical assumption and saturates around 40%
b/bmax,0.3. As the incident energy increases to 75 Me
nucleon~circles!, the qualitative behavior ofDem is similar to
that obtained at 50 MeV/nucleon, but the global trend of
data is closer to that of the simple geometrical assumpt
Indeed, saturation appears for smaller values of the
~.0.2! and reaches 60% of theZtot . At an incident energy of
100 MeV/nucleon~triangles!, Dem is still closer to the geo-
metrical case, reaching up to 80% of theZtot in central col-
lisions.

An interesting feature displays the ratio ofDem and the
corresponding value of the geometrical-assumption curv
the same RIP@see inset on Fig. 2~a!#. As discussed above
this ratio is close to unity in peripheral collisions. Its valu
decreases with centrality and displays quite constant be

FIG. 2. Simulation results for the evolution of dynamical em
sion as a function of the reduced impact parameter~a! for the sym-
metric Xe1Sn system at 50, 75, and 100 MeV/nucleon incide
energies and~b! for the asymmetric Ar1Ag system at 50 and 75
MeV/nucleon incident energies. The inset displays the ratio
tweenDem and the expected participant contribution in a pure g
metrical assumption~solid curve!.
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ior for RIP,0.6. At 50 MeV/nucleon~dashed line!, this con-
stant value is equal to 0.5 and increases with increasing
cident energy, reaching 0.67 at 75 MeV/nucleon~dotted line!
and almost 0.8 at 100 MeV/nucleon~dash-dotted line!.

Figure 2~b! displays the DE obtained for the asymmet
Ar1Ag system as a function of the RIP. As in Fig. 2~a!, the
curve represents the value of a simple geometrical assu
tion for this asymmetric system.Dem evolves similarly to the
Xe1Sn case. Peripheral-collision values are compatible w
the geometrical assumption andDem increases with increas
ing centrality of the collision. It finally saturates for the mo
central collision.Dem is larger at 75 MeV/nucleon~circles!
than at 50 MeV/nucleon~crosses!, but remains below the
estimate of the geometrical model. For this system, the c
stant value of the above defined ratio for central collision
equal to 0.68 at 75 MeV/nucleon and to 0.46 at 50 Me
nucleon.

Additional calculations have been made for a large vari
of systems and energies~see Table I for a review!. Some of
these systems, such as Ar1Ni, have been measured expe
mentally by the INDRA Collaboration@11#. It is interesting
to compare their experimental findings with our calculatio
Figure 3 shows the DE as a function of centrality for t
Ar1Ni reaction. The comparison is made for three differe
incident energies over the whole impact parameter ran
The points correspond to the simulation, whereas the hatc
area represents the domain of experimental results. This
main is delimited by the two slightly different results o
tained using two distinct methods for extracting DE. At
MeV/nucleon, a large difference exists in central collisio
between the results of the two experimental methods, wh
is almost negligible in peripheral collisions. As the incide
energy increases, the two methods converge. Overall g

TABLE I. List of systems and incident energies studied
head-on collisions.

System Incident energy~MeV/nucleon!

40Ar127Al 41, 65
40Ar1107Ag 50, 75, 100
107Ag140Ar 50
36Ar158Ni 52, 74, 95
120Xe1129Sn 50, 75, 100

FIG. 3. Comparison between the experimental~hatched areas!
and theoretical~points! dynamical emission in the Ar1Ni collisions
at ~a! 52, ~b! 74, and~c! 95 MeV/nucleon.
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agreement is found between the calculation and the exp
ment at all three energies. As for the Xe1Sn and Ar1Ag
systems,Dem saturates in central collisions and this behav
reduces to the most central collisions with increasing in
dent energy. The DE found in peripheral collisions at t
three incident energies is almost identical.

The behavior of these three systems at different incid
energies suggests that the geometry plays an increas
important role with increasing incident energy. At 50 MeV
nucleon, the geometry is important for peripheral collisio
As the energy increases, geometrical effects increasingly
fect the behavior of central collisions. At energy higher th
100 MeV/nucleon, the geometry becomes the key parame
as found by the participant-spectator model@1#.

Table I reports all 5 colliding systems studied in head-
collisions, which cover a large domain of asymmetry a
total mass. Also, a large range of incident energies has b
studied. By comparing theDem values obtained for thes
different combinations of projectiles and targets at vario
energies, one finds that Ar1Ag at 50 MeV/nucleon gives the
same amount of DE as Ag1Ar at the same incident energ
per nucleon. Moreover,Dem is the same for the Ar1Al col-
lisions at 41 MeV/nucleon and the Ar1Ag collisions at 50
MeV/nucleon, and these two reactions possess the s
available energy per nucleon in the center of mass (Ec.m.

avail

5(EP/AP)@APAT /(AP1AT)2#59.9 MeV/nucleon). All
these features suggest that theEc.m.

avail normalized to the par-
ticipant mass is a relevant variable to classify allDem results.

In Fig. 4, DE is plotted as a function of theEc.m.
avail normal-

ized to the participant nucleons for all 12 system and ene
combinations studied and extrapolated to head-on collisi
(b50 fm). Dynamical emission has been normalized to
participant chargeZparticip, i.e., to the amount of charge be
ing in the geometrical overlap of the target and the projec
@Dem(Ztot /Zparticip)#. It can be seen that all 12 points beha
coherently, displaying an asymptotic tendency towards 10
of DE as the incident energy increases beyond a few hund
MeV/nucleon.

As stated in the description of the model, our model

FIG. 4. Dynamical emission normalized to the participa
charge as a function of the available center-of-mass energy for
12 reactions of Table I in head-on collisions.
3-3
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sensitive to both the mean field andNN collisions. Thus, the
reaction mechanism is the result of the interplay betw
these two physical quantities: Mean-field effects affect
whole system, whereas ‘‘hard’’NN collisions are more lo-
calized in space. In particular, the Pauli principle greatly
vors NN collisions involving one nucleon from the targ
and one from the projectile. This is due to their high relat
momentum which allows them to explore the empty zone
the phase space. In this way,NN collisions create a highly
excited zone in the overlapping region between the ta
and the projectile. The size of this zone will be more a
more accurate as the incident energy increases since m
field effects decrease.

In conclusion, a theoretical study of dynamical emiss
as a function of incident energy, impact parameter, sys
, W
ys
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mass, and asymmetry has been carried out within the fra
work of the Landau-Vlasov model. It has been found that
increasing amount of matter is dynamically emitted as
Ec.m.

avail increases. Dynamical emission increases with cent
ity of the reaction and saturates in central collisions. As
incident energy increases, DE increases and the global
tures tend to values expected from a simple geometr
model. Peripheral collisions follow the geometrical tre
earlier than central collisions.

The above results suggest that DE is the bridge betw
the low-energy reaction mechanism~deep inelastic model!
and the high-energy reaction mechanism~participant-
spectator model!. This transition occurs smoothly with in
creasing incident energy.
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