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Dynamical effects and intermediate mass fragment production in peripheral
and semicentral collisions of Xe1Sn at 50 MeV/nucleon
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Experimental data obtained with the 4p multidetector system INDRA are used to study the light charged
particle ~LCP, Z<2! and intermediate mass fragment~IMF, Z>3! production in peripheral and semicentral
collisions of Xe and Sn at 50 MeV/nucleon. It is found that a sizable fraction of the detected LCP’s and IMF’s
originates from the midvelocity region. These fragments can be seen to come either from a prompt~preequi-
librium! mechanism or from a slower but dynamically influenced emission process. The relative magnitude of
the dynamically influenced emission relative to the isotropic statistical evaporation is presented as a function of
the transverse energy of light particles, used as an impact parameter selector. The results are compared to
dynamical models with which a good agreement is obtained.@S0556-2813~97!04203-9#

PACS number~s!: 25.70.Mn, 25.70.Lm, 25.70.Pq
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I. INTRODUCTION

The understanding of dynamical effects which lead to d
sipation of energy in heavy-ion collisions in the intermedia
energy range~20–100 MeV/nucleon! has been a goal o
many studies because they reflect intrinsic properties
nuclear matter. Recent experimental studies@1–5#, the re-
sults of which are in agreement with theoretical calculatio
@6,7#, have demonstrated that for most collisions~from pe-
ripheral to almost central!, the mechanisms are mainly b
nary. This feature can be compared with the correspond
behavior at lower and higher bombarding energies. Below
MeV/nucleon, binary processes, deep inelastic collisi
~DIC!, are indeed widely observed, mainly for heavy sy
tems. The reaction is purely binary in the sense that it le
to two excited outgoing products which deexcite by sequ
tial binary decays. In relativistic heavy-ion collisions a thi
emitting source is observed, which is labeled a ‘‘participa
zone.’’ Of course one may expect a continuous evolut
from a pure two-source DIC picture to this three-source p
ture, when the bombarding energy evolves in the interme
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ate energy range. However, the nature of this transition
never been studied.

The advent of large acceptance detectors has produc
wide body of data on the deviation from the purely bina
picture. Several studies@8,9# have shown that, above 1
MeV/nucleon, sequential fission events for a medium s
system point to a very fast process where the fission prod
are often aligned along the deflection axis and are not iso
pically distributed as they should be if long fission lifetim
were assumed. For higher energies and various system
number of groups@10–18# have shown that, for periphera
reactions, some fraction of the intermediate mass fragm
~IMF’s! comes from the region in velocity space that cou
imply the emission of fast dynamical particles and fragme
or the formation of a ‘‘neck.’’

A number of effects could explain the presence of p
ticles with velocities intermediate between the apparent q
siprojectile~QP! and quasitarget~QT! velocities.

First and foremost, the contact region between the t
interacting nuclei is the obvious source of preequilibriu
emissions. These, early emitted, ‘‘prompt’’ particles a
those that have suffered elastic nucleon-nucleon~target-
projectile! collisions which have pushed them ‘‘outside’’ th
attractive potential of the bulk. For symmetric systems,
mean velocities of these particles will coincide with the to
center-of-mass velocity. As defined, these particles sho
essentially include protons and neutrons: It is not yet und
stood to what extent more complex fragments~e.g.,a par-
ticles! could be emitted in this manner.
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55 1907DYNAMICAL EFFECTS AND INTERMEDIATE MASS . . .
More collectively and depending whether the interact
nuclei make contact for sufficient time, a neck of matter m
join them and, unless fusion follows, the size and breaking
this neck will depend on the impact parameter as well as
the relative velocity. It must be noted that although a neck
matter may be defined, it does not follow that complete st
ping of the two nuclei is achieved. On the contrary, the
istence of a neck can be seen as that part of matter w
participates in the collision process whereas the remain
mass continues unhampered in its trajectory. In this case
neck could be viewed as a ‘‘hot spot’’ whose temperat
may be significantly different from the rest of the matte
This is the underlying assumption of the ‘‘participan
spectator’’ scenario.

Following what is observed in the collision of viscou
liquid droplets@19#, a number of complex scenarios can
imagined: The breaking of the neck can take place at
waist and leave the two nuclei in a deformed configurati
This may be followed either by the emission of this ‘‘defo
mation’’ zone and could be termed as a dynamically indu
fission or by the absorption of this deformation and sub
quent statistical cooling. A scenario very similar to this o
would correspond to the asymmetric breaking of the ne
leaving most of the neck matter on one of the participat
nuclei. In the case of dynamical fission, the velocities
pected for the emitted fragment~s! would correspond to val-
ues intermediate between those of the QT and QP, and
sumably closer to one than to the other depending on
rapidity of the process. Coulomb repulsion energies co
thus be observed for these processes. Angular momen
effects may also influence the velocity and angular distri
tions and different situations may be encountered depen
on the duration of the fission process relative to the rotatio
period.

Another scenario could correspond to the shearing of
this neck from both nuclei, leaving this matter as a presu
ably hot third source. This would correspond to the part
pant zone well established at high energies. At the ener
considered here, the decay of this hot matter would proba
result in the presence of particle or light fragments with v
locities centered on the center-of-mass velocity.

The confirmation of these various scenarios relies, in p
on the possibility to measure the ‘‘size’’ of the neck as w
as the distribution of velocities of the emitted particles a
fragments. This can be done with the use of efficientp
detectors which allow almost complete mapping, event
event, of the velocity distribution of the particles and fra
ments as well as a reliable estimate of the impact param

This paper presents the results obtained in the study o
Xe1Sn reaction at 50 MeV/nucleon using the INDRA dete
tor. Following a brief description of the experimental cond
tions ~Sec. II!, the impact parameter selector used in t
analysis will be presented~Sec. III!. Section IV will show the
evidence for this neck emission and Sec. V will presen
quantitative estimate of these effects. Section VI will pres
dynamical calculations that support our interpretation of
data and conclusions will be drawn in Sec. VII.

II. EXPERIMENTAL CONDITIONS

The experiment was performed at the GANIL accelera
with the INDRA detector. The detector can be schematica
y
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described as a set of 17 detection rings centered on the b
axis. The most forward ring (2°<u lab<3°) is made of
phoswich detectors@NE102 ~0.5 mm! 1 NE115 ~25 cm!#.
From 3° to 45°, eight rings are made of three detect
layers„ionization chambers~5 cm of C3F8 at 30 mbar!, sili-
con ~300 mm! and CsI~Tl! @13.8–9 cm#…. Beyond 45°, the
remaining eight rings have double detection layers„ioniza-
tion chambers@5 cm of C3F8 at 20 mbar and CsI~Tl! ~7.6–5
cm!#…. The total number of detection cells is 336. In th
forward region (3°<u lab<45°), ions withZ up to 54 are
identified if their energies are greater than the Bragg p
value. Below this energy, only a minimumZ value can be
attributed. Beyond 45°, a proper identification is obtained
to Z516, and beyond the uncertainty is estimated to be
the order of 2–3 units. Over the entire angular range, a v
good isotope identification is obtained forZ51–3, except
for particles with low laboratory energies where ambiguit
are unresolved. Computer simulations of both the dete
efficiency as well as the identification and energy calibrat
processes show that a good understanding of the functio
of the detector is achieved. A complete technical descript
of the detector and of its electronics can be found in@20#.

In order for the detector to function in the best conditio
and to keep random coincidences down, a beam curren
5.03107 incident Xe ions per second was used. The tar
was made of natural Sn with a thickness of 350mg/cm2. A
minimal bias trigger was used that registered all the eve
with at least four detectors fired. The random coinciden
probability is estimated to be below 1024.

III. IMPACT PARAMETER SELECTOR

It is a well-known fact, illustrated by dynamical calcula
tions, that the reaction mechanism~i.e., dissipation, spin,
mass, charge transfer, etc.! is very dependent on the impac
parameter of the collision. Even with sophisticated 4p de-
vices the impact parameter cannot be directly measured
an event selector, based on observed quantities, has t
defined and adapted to the detector setup. One of the p
erties of the INDRA detector@20# is its high efficiency
~about 90%! for light charged particles~LCP’s, Z51,2), in-
dependently of the type of the reaction mechanism involv
and of the impact parameter. Hence we use as a sorting
rameter the transverse kinetic energy, Etrans12, of LCP’s, de-
fined as

Etrans125 (
Z51,2

p'
2

2m
,

where the summation is taken over the particles withZ51 or
2 only, andp' andm are the linear momentum compone
perpendicular to the beam axis and mass of each of th
particles, respectively. An advantage of this method is tha
eliminates efficiency problems for peripheral collisions f
which the projectilelike~PLF! or targetlike~TLF! fragments
can be undetected due to the energy threshold~targetlike! or
angular efficiency~projectilelike! effects. Etrans12is therefore
used to sort all the events registered by INDRA, without a
a priori selection.

In Fig. 1, we present some features of Etrans12. The upper
left panel presents a distribution of this observable. T
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FIG. 1. Upper left panel: spectrum of the transverse energy, Etrans12, of Z51 andZ52 particles. Lower left panel: relation between the
reduced impact parameter and Etrans12. Right panel: correlation between the multiplicity of charged particles and fragments and Etrans12. The
numbers associated with the Etrans12bins ~or the impact parameter bins! are used to identify these bins in the following presentation. See text
for the definition ofbmax.
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spectrum was divided into eight bins. The lower left pan
presents the relation between Etrans12and the reduced impac
parameter,b/bmax, obtained with the use of the geometric
prescription@21#. The measured maximal impact parame
bmax is determined by an off-line analysis threshold and
fers to the events with at least four charged particles or fr
ments detected. This threshold was set in order to restore
original experimental trigger condition, and thus to reject
events detected with unreliable intensity. The correspond
total measured cross sectionsM>453.6 b. This value of
cross section allows us to estimate the value ofbmax to be
about 10.7 fm. The last bin corresponds to 5% of the ma
mal reduced impact parameter. Nevertheless, in this s
we concentrate on the peripheral and semicentral collis
~bins 1–5! which exhaust about~80–90!% of the total mea-
sured cross section. The right panel of Fig. 1, presents
correlation between Etrans12 and the total multiplicity of
charged particles and fragments. The following results
presented as a function of the bin numbers defined in the
part of the figure.

IV. VELOCITY DISTRIBUTIONS: A SIGNATURE
FOR DYNAMICAL AND STATISTICAL EMISSIONS

In order to have an overall view of the kinematical pro
erties of emitted particles and fragments, it is instructive
l
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dy
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plot the invariant cross section contoursd2s/v'dv'dv i in a
v' vs v i plot.

In Fig. 2 such plots, in the center-of-mass~c.m.! reference
frame, are shown for protons anda particles and for severa
Etrans12bins.

The binary source behavior is easily recognized for b
1–4. For more violent collisions, the separation between
two sources is not so clear and the last bin can correspon
fusionlike events. Now, an interesting observation can
drawn from these figures: When two sources are clearly
solved, alla particles cannot be attributed to a statistic
sequential decay since they would lie uniformly on circl
centered around the recoil velocities. Instead, a larger ab
dance of particles is observed in between the two sou
~see also@16#!. This ‘‘excess’’ emission can be understood
at least two ways: They could either come from the fi
moments of the reaction and correspond to preequilibri
effects or come from a later stage of the reaction and co
spond to various scenarios of the ‘‘rupture of the neck.’’ T
two mechanisms probably contribute to the observed ‘‘
cess’’ emission and there is a continuous evolution betw
them.

In the latter case, the binary system is dynamica
strongly deformed, the ‘‘neck’’ region being either releas
~neck emission! or attached to one of the outgoing partne
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FIG. 2. Invariant c.m. velocity plots for protons~upper row! anda particles~lower row! for specified Etrans12bins. The right and left sides
of the rectangles superimposed on the velocity plots correspond to the source velocities obtained with the use of methods
respectively~see text!. The presented projections refer toa particle plots.
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which is hence deformed beyond a pseudo saddle po
leading to a fast dynamical breakup. The memory of
partner direction is kept if the emission time is smaller th
a few times 10222 s, for an angular momentum in the rang
~50–100!\. A kinematical difference between these two pr
cesses can be found in velocity distributions relatively to
main sources. In the case of a pure ‘‘neck’’ emission~two
main sources1 neck!, the corresponding products are like
to be at rest in the c.m. frame. Such a contribution can
observed in Fig. 3 for several IMF’s. In the case of fa
dynamical emission, the relative kinetic energy between
detected fragment and its emission source is dominated
the corresponding Coulomb energy. Such a behavior is
served in Fig. 2 fora particles. It has also been clear
recognized in three-body events@8–10,12,22#.

In the following sections, these fast nonequilibrated em
sions will be referred to as ‘‘dynamical’’ or ‘‘midvelocity’’
emissions to distinguish them from the isotropic ‘‘statis
cal’’ emissions.

V. QUANTITATIVE RESULTS

In order to quantify the importance of these dynami
emissions, the corresponding charge percentage is evalu
For this purpose, one has to estimate the velocities of the
main sources, and to subtract the component which can
attributed to a sequential decay after complete equilibriu
and which is expected to lead to a forward-backward sy
t,
e
n

-
e

e
t
e
by
b-

-

l
ted.
o
be
,
-

metrical emission in the source frame. Here, the difficulty
to determine properly the velocities of the two main sourc

We performed all the analysis on the QP side~positive
c.m. velocities! for which detection efficiency was the bes
Since the system is almost symmetric, the results can
easily extrapolated to the whole system. It should be stres
here that this analysis was applied to ensembles of ev
and thus, as a statistical analysis, it gives as results ave
numbers.

For the peripheral events~bins 1–4! for which the total
charge detected is greater than that of the projectile, the
locity of the heaviest fragment on the PLF side can be
garded as the velocity of the quasiprojectile source~QPS!.
We have tested for each Etrans12bin that the most probable
velocities of these heaviest fragments are consistent with
apparent centers of the Coulomb rings observed in Fig
and 3 for LCP’s and IMF’s. This observation can justify th
assignment of these values of velocities to the QPS. H
ever, it is necessary to stress that this method may lead t
overestimation because, as the fast sequential decay exh
an angular anisotropy, the heaviest fragment is gener
pushed in the forward direction in the QPS frame. Similar
the anisotropy ofa or IMF emission~Figs. 2 and 3! induces
a shift of the invariant cross section isocontours.

For these reasons, besides the above method~labeled
‘‘method I’’ later on!, we also utilized another method base
on the thrust analysis@23,22# ~‘‘method II’’ ! to extract the
QPS and quasitarget source~QTS! velocities. This method is
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FIG. 4. Left panel: percentage of charge contained in the ‘‘dynamical’’ midvelocity component, the shaded area bounded by squ
the percentage of charge coming from statistical emission, the shaded area bounded by circles. The solid and open symbols co
methods I and II, respectively. Upper right panel: the percentage of charge in the dynamical component coming from the fragm
givenZ number (Z from 1 to 10! for the Etrans12bins 1–4. Lower right panel: same, but for the multiplicity. The right panels were obta
with the use of method I alone.

FIG. 3. Invariant c.m. velocity plots for deuteron, triton, lithium, carbon, and oxygen fragments detected in the most peripheral c
~upper row, bin 1; and lower row, bin 2 of Etrans12!. The right and left sides of the rectangles correspond to the source velocities obtaine
the use of methods I and II, respectively~see text!. The presented projections refer to the plots for the second bin.
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FIG. 5. Upper row: mean multiplicities ofp, d, t, 3He,a and fragments withZ<15 detected in the forward c.m. hemisphere for the fi
five Etrans12 bins. Lower row: contribution of the specified above fragments to the midvelocity component. The solid and open
correspond to methods I and II, respectively.
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well suited for complete events, for which the whole ava
able charge has been detected. We extend it to event
which the targetlike residue has not been detected, but re
structed from mass and momentum conservation laws. In
thrust analysis, one looks for the best way of attributing
the fragments~Z>3! of an event to two sources by max
mizing the quantity

T5

U( pW iU1U( pW jU
( upW ku

.

In the numerator, each summation includes fragments wh
have been attributed to a definite source. The denominat
simply a scaling factor. This method is fully correct if on
two sources are involved in the selected events. It lead
underestimated values for the QPS if some neck emis
occurs, since neck particles are included in the sharing
tween the two main sources.

Thus in the following analysis we utilize both the abo
methods and treat them as two extremes. The right and
sides of the rectangles superimposed on the velocity plot
Figs. 2 and 3 correspond to the source velocities obtai
with the use of methods I and II, respectively.

Having defined the source velocities, it is now possible
estimate the size of the midvelocity~dynamical! component.
It was done by doubling the yield of particles and fragme
with velocities greater than the QPS velocity and subtrac
it from the total yield in the forward c.m. hemisphere.
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The results@24# are visualized in Fig. 4. Left part of this
figure presents the percentage of charge coming from
namical emissions—the shaded area bounded by sq
symbols—and the percentage of charge coming from sta
tical emission—the shaded area bounded by circles.
solid and open symbols correspond to methods I and II,
spectively. The width of the bands reflects the sensitivity
the method in measuring the size of the dynamical com
nent on the source velocity. As can be seen, the percen
of dynamically emitted charge reaches from 12% to 25
depending on the assumption used to calculate the QPS
locity. Thus it represents a sizable fraction of LCP’s a
IMF’s emitted during the collision.

It should be stressed, however, that the results above
4 and 5~the dashed lines in Fig. 4! should be taken with
some care~and in particular the existence of the maximum
the midvelocity/total ratio!, since they present the results
the extrapolation of the subtraction method above the ra
of its applicability. Indeed, for small relative velocities b
tween QPS and QTS, the method tends to overestimate
isotropic contribution associated with the two main sourc
and thus underestimates the midvelocity component. For
most central collisions, this can even lead to negative valu

The right panels of Fig. 4 address the question concern
the composition of the dynamical component. The four lin
correspond to the Etrans12 bins 1–4 and they represent th
contribution of fragments with a givenZ number to the
charge~upper panel! and multiplicity ~lower panel! of the
dynamical component. As can be seen from the upper p
the charge of the midvelocity particles comes mainly fro
LCP’s @~30–35!% from helium isotopes and~15–20!% from
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1912 55J. L”UKASIK et al.
hydrogen isotopes#, the rest of the charge@~45–55!%# comes
from the IMF’s. In the case of multiplicities these contrib
tions are, respectively, 40% for helium isotopes,~35–40!%
for hydrogen isotopes, and~20–25!% for IMF’s. Thus the
dynamical component consists mainly of LCP’s, but IMF
represent a sizable fraction of charge and multiplicity, a
their importance increases with the increasing centrality
the collisions.

The above signatures of strong dynamical effects are
clearly seen in Fig. 5 in which the lower row presents,
five Etrans12bins, the mean percentage of various particles
fragments, which are attributed to dynamical componen
methods I and II~solid and open squares, respectively!.

As can be seen up to~60–80!% of light IMF’s
(3<Z<6) detected in the most peripheral~bins 1 and 2!
collisions originate from the midvelocity region. Also a ve
large fraction of tritons@~65–70!%# comes from this zone
which may indicate that the midvelocity emission system
cally favors the neutron-rich isotopes. The upper row of t
figure presents the mean multiplicities per event in the f
ward c.m. hemisphere for various LCP’s and IMF’s. It ind
cates the relative contributions of the emission of vario
products. If one integrates the multiplicity distribution fo
IMF’s and takes into account the dynamical component,
ends up with one to two IMF’s emitted dynamically p
event for bins 2–4~after extrapolating the value to th
whole, i.e., projectile1 target, system!. This value is greater
than or comparable to the mean number of statistically em
ted IMF’s in this region of impact parameters. Thus the d
namical emissions of IMF’s in peripheral and semicent
collisions for the system under consideration is not at all
exotic process; moreover, it seems to represent the m
source of IMF’s for the impact parameters considered.

VI. COMPARISON WITH DYNAMICAL MODELS

Reliable information about the reaction mechanisms
volved in heavy-ion collisions at intermediate energies c
be obtained in the framework of one-body transport theor
The Landau-Vlasov@~LV !, Boltzmann-Uehling-Uhlenbeck
~BUU!, or Boltzmann-Northeim-Vlasov~BNV!# transport
equation, which describes the time evolution of the nucle
one-body distribution function in phase space,f (rW,pW ,t), pro-
vides a generally good average description of the dissipa
mechanisms occurring all along the interaction between
two colliding nuclei. Depending on entrance channel prop
ties, namely, the impact parameter, the beam energy, an
mass asymmetry, different outcoming channels, rang
from the formation of only one composite nuclear source
the case of violent collisions, up to deep-inelastic-like p
cesses, for peripheral reactions, are observed@25,7#.

In such a context, in this section we will try to get
deeper insight into the reaction mechanisms which could
responsible for the midvelocity emission observed in Xe1
Sn at 50 MeV/nucleon. As mentioned in the Introduction
possible explanation for the presence of matter in this ve
ity region could be, in fact, the dynamical formation of a
elongated dinuclear system, in the case of semicentral r
tions, which breaks into more than two primary fragments
QP, a QT, and a composite source which originates from
overlapping region~the neck zone!.
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In one-body transport theories@26# the time evolution of
the distribution functionf (rW,pW ,t) is ruled by the action of a
mean-field potential, together with the effect of a Pau
blocked collision term, according to the equation

] f ~rW,pW ,t !

]t
1$ f ~rW,pW ,t !,H%5I coll„f ~rW,pW ,t !…, ~1!

where $,% stands for the Poisson brackets,H is the self-
consistent one-body Hamiltonian, andI coll is the Uehling-
Uhlenbeck collision term. Based on previous studies on c
lective flow @27#, the momentum-dependent Gogn
interaction D1G1 @28# and the energy-dependent fre
nucleon-nucleon cross section have been used in our ca
lations. These two features act together and their rela
contribution is crucial for the evolution of the colliding sys
tem.

Simulations have been done for impact parameters
tween 2 and 11 fm. Equation~1! is solved using the tes
particle method. We have used 45 test particles per nucl
The calculations have been stopped at 300 fm/c and Cou-
lomb trajectory calculations have been performed, which
low us to obtain the asymptotic distribution of th
pseudoparticles inpW space. Over the whole range of impa
parameters studied, a binary mechanism is observed. In
a case the pseudoparticles appear located in two main
gions inpW space, which can be associated, respectively, w
the QP and the QT. However, it is possible to recognize a
a component located around the center-of-mass velocity
gion. In order to extract this component, we have adopte
prescription as close as possible to the experimental anal
extracting the QPS and QTS velocities by considering
method closely connected to the thrust analysis~method II!.
When using ‘‘method I’’ to determine the source velocitie
we obtain the same kind of agreement between the data
the calculation. Once the velocity of the two main sourc
has been determined, the midvelocity component is extra
following the procedure presented in Sec. V. In Fig. 6, t
midvelocity emission (̂percent&) has been plotted as a func

FIG. 6. Midvelocity emission~in %! as a function of the relative
velocity between the QPS and the QTS. Solid circles correspon
the experimental data, triangles to Landau-Vlasov calculations,
stars to stochastic mean-field calculations.
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FIG. 7. Density contour plots in the coordinate space for three sample events obtained within the framework of the stochastic m
calculation. The events are associated withb55 fm and measured after 260 fm/c. See the text for a detailed explanation.
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tion of the relative velocity between the QPS and Q
(Vrel). This allows us to make a direct comparison betwe
the calculated and the average experimental values. S
circles correspond to experimental measurements and
triangles to one-body model calculations. Error bars in
model calculation account for different impact paramet
giving the sameVrel .

As can be seen, the theoretical estimation is quite clos
the experimental one. The maxima of both distributions
very close and are located around the sameVrel ~6.5 cm/ns!.
This corresponds in our simulations to a maximum of
midvelocity emission at impact parameters between 5 an
fm.

In addition to that, the shape of the distribution is al
quite well reproduced forVrel greater than 6 cm/ns.

This good agreement gives us some confidence to c
tinue our investigation and try to extract more informati
about the origin of the midvelocity component obtained
the calculations. By looking at the distribution of th
pseudoparticles in coordinate space, one can actually obs
the formation of an elongated dinuclear system, wh
breaks into pieces after'150 fm/c. The particles coming
from the neck region, after the breakup, surely contribute
the midvelocity component extracted above. However, in
der to complete the analysis, we have evaluated also
particles emitted before the neck rupture. These parti
have been tagged in the calculations, so that their contr
tion to the midvelocity emission can be recognized at the
of the calculations. We find that up to 50% of the midvelo
ity emission comes from early emitted particles.

While the LV calculations presented above provide
good estimation of the average contribution related to
midvelocity particle emission, a study of the fluctuations
volved in the dynamics of the neck emission can be achie
in the framework of stochastic mean-field calculations.
deed, at sufficiently high beam energy, an analysis of
dynamical evolution of the neck region puts in evidence
possibility for this part of the system to reach, after the init
collisional shock, low values of the density and, hence,
encounter volume instabilities. Shape instabilities could a
likely develop in this overlapping zone. From the experime
tal point of view, a detectable consequence of the occurre
of instabilities should be the possibility to have a ‘‘direc
n
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dynamical component in the IMF emission, as well as
observation of large variances for the observables relate
QPS and QTS.

The effects due to the development of instabilities in t
mean-field dynamics can be accounted for by considerin
stochastic extension of Eq.~1!. The system is still described
through its one-body distribution function, but this functio
may experience a stochastic evolution in response to the
tion of a fluctuation source term, which is related to t
random nature of the thermal motion of the nucleons. T
means that a stochastic part is added to the collision inte
dI coll on the right-hand side~RHS! of Eq. ~1!. In this way,
the system is described by an ensemble of fluctuating o
body distribution functions$ f n%. In the following calcula-
tions a Skyrme-like parametrization is used for the desc
tion of the mean-field potential, which gives a ‘‘soft
equation of state, with a compressibility modulusK5200
MeV. The procedure used for the introduction of fluctuatio
into the dynamical evolution is explained in Ref.@29#.

Calculations have been done for impact parameters ra
ing from 2 to 11 fm, as in the case of the LV calculation
Indeed the formation of a ‘‘neck’’ region is observed, b
looking at the spatial density distribution, in this impact p
rameter range. A set of ten events has been considered
each impact parameter. For a given impact parameter,
calculations show that several configurations can develo
the neck region. As an example, Fig. 7 shows the den
contour plots in coordinate space for three events associ
with b55 fm, at 260 fm/c. It can be seen that a quite differ
ent evolution is possible for the neck region: IMF’s ma
directly originate from the overlapping zone~event 1!. The
neck region may be reabsorbed by one of the spectators~or
both!, leading to the formation of deformed QP or QT~event
2!, which may break up, most likely, through a fast-fissi
mechanism; both mechanisms present in events 1 and 2
coexist~event 3!.

For each event the same analysis performed in the exp
mental case~and recalled above! can be repeated, in order t
extract the midvelocity component. The average value of
charge associated with the component extracted in this
is presented in Fig. 6~in percent! using black stars. It should
be noticed that only the particles evaporated from the th
regions have been considered in this analysis; i.e., the ‘‘p
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equilibrium’’ emission has been removed here. The la
discrepancy observed at lowVrel is probably coming from
the difficulty to extend our analysis to low impact param
eters. In this case the three sources are not clearly sepa
in p space, and so the value extracted for the midrapid
component depends very much on the estimation of the r
tive velocity Vrel . Also, for the most dissipative collisions
when fluctuations are expected to play a more important r
a larger number of fluctuating events should be conside
However, a detailed analysis of fluctuations, which is qu
computer demanding, goes beyond the aim of the pre
article.

In conclusion, transport theories seem to describe well
mechanism responsible for the midvelocity emission
served experimentally. This component is essentially rela
first to prompt emission and, at a later time in the reaction
the emission from the ‘‘neck’’ matter which develops in th
overlapping zone. A question that could be addressed is
sensitivity of the calculated midvelocity component to t
main ingredients of the model, namely, the nuclear co
pressibility and the nucleon-nucleon cross section. In p
ticular, the midvelocity emission is expected to be stron
correlated to the amount ofn-n collisions. In the calculations
this can be easily modified by changing then-n cross section
snn . This work is presently in progress.

VII. SUMMARY AND CONCLUSIONS

The present analysis, valid for about~80–90!% of the
total measured cross section, indicates that dynamical eff
are important in peripheral and intermediate impact para
eter collisions at 50 MeV/nucleon. It shows effects that dif
distinctly both from the lower-energy deep-inelastic react
mechanism and from the high-energy spectator/particip
model: These results belong therefore to the transition reg
between these two extreme scenarios.

These dynamical emissions, which have been statistic
separated from what is supposed to be the isotropic~in the
emitting reference frame! statistical emissions, seem to com
from two different processes: prompt emitted particles~pre-
equilibrium ?! and ‘‘neck’’-related emissions of particles an
IMF’s.

Together, these contributions represent up to~12–25!% of
the total charge for at least 50% of the measured reac
H.

G
a-
r-
3

so
C.

d

e

ted
y
a-

e,
d.
e
nt

e
-
d
o

he

-
r-
y

cts
-
r
n
nt
n

lly

n

cross section. This is almost as much as is obtained f
isotropic statistical emissions. Up to~45–60!% of the IMF’s
produced in peripheral collisions~bins 1–4, 86% of the mea
sureds tot) originate from the intermediate velocity region
This is therefore a first order effect which should be cons
ered when studying, for example, the nature of these em
sions @30#. When mass resolution is obtained, midveloc
emissions systematically favor the neutron-rich isotop
These observations are very similar to those published
Dempseyet al. @17# for very similar systems.

For the first time, the amount of charge and mass rela
to these dynamical emissions has been measured as a
tion of the particle transverse energy, giving some insi
into the impact parameter dependence of these effects.

One of the more important questions that these res
raise concerns the nature of the dissipative mechanism
low energy, a mechanism based on the exchange of nucl
across the ‘‘window’’ between the nuclei during the collisio
is invoked to explain the kinetic energy loss and the heat
of the nuclei. At very high energy, almost no kinetic ener
loss is suffered for the spectators~which are heated becaus
of modification of the surface and of ‘‘hole punching’’ in th
Fermi sea! whereas the participants are highly excited, ind
pendently of the impact parameter for symmetric systems
the present energy domain and for these symmetric syst
the mechanism could be more complicated and should
compared to the dynamical models that are used to st
these collisions: BUU, QMD, etc.

Calculations with Landau-Vlasov codes reproduce
amount of dynamical emissions as a function of the relat
velocity between the outgoing nuclei. A study including flu
tuations gives very interesting insight into the variety of sc
narios that are related to the so-called ‘‘neck emissions’’
‘‘dynamical fission.’’ Whether these encouraging results i
ply that the dissipative mechanisms are correctly reprodu
and explained as a function of impact parameter is the c
lenge of future experimental and theoretical studies.
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