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Onset of midvelocity emissions in symmetric heavy ion reactions
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J. Péter,3 M. F. Rivet,2 E. Rosato,7 F. Saint-Laurent,1,† S. Salou,1 J. C. Steckmeyer,3 M. Stern,5 G. Tăbăcaru,6 B. Tamain,3
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Experimental data obtained with the 4p multidetector system INDRA are used to study midvelocity emis-
sions of light charged particles~LCP! and intermediate mass fragments for peripheral and semicentral colli-
sions of Xe and Sn at energies between 25 and 50 MeV/nucleon. The analysis is performed as a function of
incident energy and of impact parameter, defined through the total transverse energy of LCP. The onset of
midvelocity emissions is found to be close to 25 MeV/nucleon. Evaporative processes are also identified and
are found to be sensitive to the impact parameter but show, for a given impact parameter, little dependence on
the incident energy. A chemical analysis of the midvelocity component is performed. Compared to the evapo-
rative process, midvelocity matter is found to be more neutron rich. Results are compared with the predictions
of a dynamical model~CHIMERA!. The general trends are well reproduced but some interesting differences are
observed, notably in the amount of relative energy dissipation, showing that midvelocity emissions could be
sensitive to the finer details of the interaction.

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

The study of nuclear reactions in the Fermi energy
main ~30–50 MeV/nucleon! and the proper understanding
mechanisms by which the two interacting nuclei~projectile
and target! exchange mass, charge, and energy, and eve
ally fuse, is one of the major goals of nuclear physics. At l
energies~<20 MeV/nucleon! and for noncentral collisions
the process is essentially a binary one where energy diss
tion and mass transfer are explained by nucleon excha
models @1#. At these energies and for central collisions,
fusion process is observed for light systems. At relativis
energies~>300 MeV/nucleon! the collisions are explained
within the participant-spectator model~fireball! where the
overlap region~participant! between the projectile and th
target decouples from the spectators.

It is only quite recently that experimental data@2–10#
have given indications of the transition from one regime
the other. This appears as a production of both light partic
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and heavier fragments with parallel velocities intermedi
between those of the projectile and of the target. These e
sions appear to be strongly influenced by dynamical effe
and are thought to proceed on a relatively short time sc
They are called midvelocity emissions, dynamical emissio
or intermediate velocity products.

An important source of particle and fragment producti
remains of course the statistical evaporative process from
excited quasiprojectile and quasitarget. For most of the cr
section~i.e., the larger impact parameters! their lifetimes are
long enough that these processes take place once the d
ent sources are well separated. The midvelocity emiss
can therefore be defined by opposition to these proces
They will therefore include a variety of mechanisms: fa
pre-equilibrium particles, neck emitted particles and fra
ments, as well as light fission fragments preferentia
aligned in between the two main reaction partners~see
Sec. V!.

In a preceding paper Łukasiket al. @8# have studied these
emissions for the Xe1Sn at 50 MeV/nucleon and have foun
that, at this energy, they correspond to a significant par
the total charge: up to 30% for midperipheral collisionsb
;5 fm!. The object of the present work is to study the
productions as a function of the projectile energy and to
tablish at what energies they appear.
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Section II presents the experimental procedure and S
III the impact parameter sorting method that has been u
In Secs. IV and V a detailed analysis of the size and chem
cal composition of these emissions is given. Section VI w
compare the data to the prediction of a dynamical mode

II. EXPERIMENTAL PROCEDURE

The experiment was performed at the GANIL accelera
with the INDRA detector. The detector can be schematica
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!1NE115~25 cm!. From
3° to 45°, rings are made of three detection layers: ioniza
chambers~5 cm ofC3F8 at 30 mbar!, silicon ~300mm!, and
CsI ~13.8 to 9 cm!. Beyond 45°, the remaining eight ring
have double detection layers: ionization chambers~5 cm of
C3F8 at 20 mbar! and CsI~7.6 to 5 cm!. The total number of
detection cells is 336. In the forward region (3°<u lab
<45°), ions withZ up to 54 are identified if their energie
are greater than the Bragg peak value. Below this ene
only a minimumZ value can be attributed. Beyond 45°,
proper identification is obtained up toZ516, and for higher
Z the uncertainty is estimated to be of the order of 2 to
units. Over the whole angular range, a very good isot
identification is obtained forZ51 to Z53, except for par-
ticles with low laboratory energies where ambiguities a
unresolved. Computer simulations of both the detector e
ciency and the identification and energy calibration proces
show that a good understanding of the functioning of
detector is achieved. A complete technical description of
detector and of its electronics can be found in@11#.

In order for the detector to function in the best conditio
and to keep random coincidences down~below 1024), a
beam current of 5.03107 incident Xe ions per second wa
used. The target was made of natural Sn with a thicknes
350 mg/cm2. A minimal bias trigger was used that register
all the events with at least four detectors fired. The data
collected at energies of 25, 32, 39, 45, and 50 MeV/nucle

The absolute cross sections are calculated by using
target thickness and the measure of the integrated b
charge. At 45 MeV/nucleon a malfunction of the beam in
grator has resulted in abnormal values of the total cross
tion. For this reason, the values used at this energy co
spond to an interpolation between the values at the o
energies~see inset of Fig. 2!.

III. IMPACT PARAMETER SORTING

The participant spectator model, valid at high energies
essentially a geometrical model. In order to evaluate g
metrical effects in the Fermi energy domain, it is essentia
use an impact parameter~b! sorting procedure. This type o
sorting also allows an instructive comparison of the data
hence of different production mechanisms at different in
dent energies for specific impact parameter ranges.

As previously @8#, we have chosen the Etrans12, tran
verse energy of light charged particles~LCP, Z51,2), as an
impact parameter selector. This observable is quite well c
01460
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related with the impact parameter, especially for periphe
and midcentral collisions, and well suited to the data beca
the INDRA detector is very efficient~;85%! for LCP’s. The
exact correlation betweenb and the value of Etrans12, an
its fluctuations will be discussed in Sec. VI.

Figure 1 presents normalized Etrans12 spectra for 25,
39, 45, and 50 MeV/nucleon incident energies. The obser
low Etrans12 threshold is associated with an ‘‘offline’’ r
quirement for charged product multiplicities>4, in order to
be consistent with the data acquisition trigger which w
sensitive to neutrons, gammas, and electrons. These sp
are used to find the relationship between Etrans12 and
impact parameter. This is done with the use of the followi
geometrical prescription@12#:

b~Etrans12!5bmax•S E
Etrans12

`

spectrum~Etrans12!

E
0

`

spectrum~Etrans12!
D 1/2

.

In order to compare the shapes obtained at different e
gies, the Etrans12 values are scaled proportionally to
incident energy, i.e., by the factor 50/~energy/nucleon!. Thus
the scaled Etrans12 for 50 MeV/nucleon is just the origi
Etrans12, and the Etrans12 scale for the remaining incid
energies is appropriately stretched. Figure 2 shows the
sults of this procedure applied to the Etrans12 spectra fo
incident energies.

For each spectrum the value of Etrans12 correspondin
5% of the bmax is extracted~bin 8!. Below this value of
Etrans12 the spectrum is further divided into seven eq
bins. The most peripheral events correspond therefore to
1 and the most central to bin 8. This binning is indicated
black circles with numbers below thex axis. As can be seen
this binning procedure produces almost equivalent imp
parameter bins for all incident energies. These impact par
eter bins are correspondingly labeled with the white circ
with numbers on they axis.

The knowledge of the absolute value of the total cro
sections allows us to expressb in fm. Notice that the total
cross sections measured in this work correspond to ev

FIG. 1. Distribution of transverse energy of light charged p
ticles ~Etrans12! for 25, 32, 39, 45, and 50 MeV/nucleon Xe1Sn.
6-2
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ONSET OF MIDVELOCITY EMISSIONS IN SYMMETRIC . . . PHYSICAL REVIEW C 61 014606
with at least four charged products detected. The value
thebmax’s can be read out for Etrans1250 or from the inset.
As might be expected, thebmax’s decrease with the decrea
ing incident energy, since the lower the incident energy,
more violent the collision needed to produce at least f
charged fragments.

Comparison with values given in Ref.@8# shows a smaller
value ofbmax at 50 MeV/nucleon~from 10.7 to 9.81! due to
a correction in the data analysis.

IV. STUDY OF MIDVELOCITY AND EVAPORATIVE
EMISSIONS AS A FUNCTION

OF INCIDENT ENERGY

In order to trace the evolution of the midvelocity emi
sions with the incident energy a momentum tensor anal
@13# is performed and the subtraction method described
@8# is used and applied to the forward hemisphere~i.e., the
projectile side! in the frame of the principal axis of the mo
mentum tensor. This method requires the knowledge of
velocity of the evaporative source of particles and fragme
Knowing this source velocity and assuming an isotropic s
tistical emission pattern in the source frame, the midveloc
component is extracted by doubling the forward yield w
respect to the source, and subtracting it from the total y
in the forward hemisphere in the frame of the principal a
of the momentum tensor. It is important to note that t
method can be applied only if a significant fraction of t
total charge is detected: only events where the total cha
detected was equal to or greater than that of the quasipro
tile have been analyzed. When necessary, the missing q

FIG. 2. Relationship between scaled Etrans12 and impact
rameter~b! for all incident energies, obtained with the use of t
geometrical prescription defined in Sec. III. Scaled Etran
5Etrans12*@50/~Einc/nucleon!#. The black circles with numbers
along the abscissa denote respective Etrans12 bin numbers,
later on to identify the Etrans12 bins. The corresponding imp
parameter bins are labeled with white circles with numbers al
the ordinate. Bin 1 selects the most peripheral events and b
corresponds to the most central ones. The solid circles in the in
except the point for 45 MeV/nucleon, represent thebmax derived
from experimental cross sections. The value for 45 MeV/nucleo
the interpolated one. The open circle represents the original ex
mentalbmax value for 45 MeV/nucleon.
01460
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target was deduced by charge and energy conservation.
A key problem of this analysis is the knowledge of th

evaporative source velocity. Two different methods are u
to estimate this quantity.

Method I assumes that the most probable velocity of
heaviest fragments detected in a sample of events for a g
impact parameter bin is a reasonable estimate for the m
source velocity of that sample. It is clear that for cent
collisions this method loses its accuracy for at least two r
sons. First, for the more central collisions the separation
tween the two sources is debatable, especially at lower e
gies. Secondly, even if the two source picture is still val
the heaviest fragment is not systematically related to the p
jectile remnant as it is assumed. This will normally lead to
overestimation of the quasiprojectile source size.

Method II utilizes the thrust concept@13,14#. In this
method one attributes all the fragments (Z>3) to two
~projectile- and targetlike! sources~PLS and TLS! in a way
that maximizes the ‘‘thrust’’ value:

T5max
U (

iPPLS
pW iU1U (

j PTLS
pW jU

(
kPPLSøTLS

upW ku
.

Here, in turn, the method by definition has a tendency
diminish the source velocity, since it takes into account
slow midvelocity fragments and will therefore tend to unde
estimate the midvelocity component.

Both methods are quite schematic and can only yield
timates of the studied processes. Large fluctuations aro
the mean values are inherent in both methods and the a
ciated errors are very difficult to estimate. The differen
between the two different methods reflects the associa
sensitivity and hence gives an idea of the uncertainty of th
procedures. It is however possible that the exact values
beyond these two estimations. It is shown for example
some dynamical codes@15#, that even the forward hemi
sphere can be contaminated by energetic midvelocity em
sions.

Both methods fail for central collisions, mainly becau
two distinct and separated sources~quasiprojectile and qua
sitarget! are assumed. The corresponding results for
smaller impact parameters should be taken with great c
and this is indicated by the dashed lines in the two followi
figures. Most probably, the values given for central collisio
are unphysical. Theturnoversobserved for the midvelocity
emissions are also doubtful.

The velocities of the heavy fragments are also influen
by the assumption concerning their masses. In this anal
we use theEPAX formula @16# for the relationship between
the atomic and mass numbers of the fragments in vicinity
the projectile and the target. TheEPAX masses are slightly
smaller than the ones from the beta stability valley, and
ply a larger number of free neutrons. This seems to assu
better total energy conservation. Smaller masses induce
slightly higher velocities of the heaviest fragments, and c
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FIG. 3. ~a! The percentage of
charge emitted in the forward he
miellipsoid of momentum tensor fo
midvelocity emissions~squares! and
evaporation processes~circles! ob-
tained with method I for 8 Etrans12
bins. Ztot5Zmidv1Zevap1Zheaviest.
The numbers in boxes label the in
cident energies. The dashed line
specify the Etrans12 region fo
which the subtraction method de
scribed in the text gives unreliabl
results.~b! The percentage of charg
in midvelocity component as a func
tion of incident energy for the four
most peripheral Etrans12 bins.~c!
Same as~b! but for statistical emis-
sion.
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sequently slightly larger midvelocity components. This c
be checked by comparing Figs. 3 and 4~a! with the corre-
sponding ones from Ref.@8#.

Figures 3 and 4 present, for methods I and II, the size
the midvelocity and evaporative components for all the in
dent energies in percent of the mean total detected charg
the forward hemisphere (Ztot553250, from bins 1 to 4!.
The square symbols represent the amount of charge
tained in the midvelocity component, while the circles gi
the information concerning the evaporated charge. In
representation, the largest fragment is not associated
either of the above processes. For this reason, the sum o
two processesdoes notadd up to 100%, the difference co
responding to the charge of the largest fragment. The n
bers given measure thereforethe amount of charge remove
from the quasiprojectile by either of these two modes.
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The evolution of these components with the incident e
ergy is also presented. The dashed lines represent the re
of impact parameters for which both methods give unrelia
results. This is the region where the two source picture
unclear, the fluctuations grow considerably, and extraction
the midvelocity component is very doubtful. It should ther
fore be understood that the bending over of the midveloc
fraction is probably an artifact of the method used and
necessarily an effective reduction of this process. Tab
gives the velocities of the quasiprojectile source along
longest principal ellipsoide axis for the two methods in t
center of mass and in units ofc.

Two important conclusions can be drawn from these fi
ures. First, panel~b! of Figs. 3 and 4 show clearly that th
midvelocity component evolves from very small values at
MeV/nucleon incident energy~around 7–12 % of the tota
r
FIG. 4. Same as Fig. 3, but fo
method II.
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TABLE I. Velocities of the quasiprojectile source for methods I and II along the principal ellipsoide axis, in the center of mass,
units of c.

Velocity of quasiprojectile source
~units of c, in the center of mass!

Method 1 Method 2
E/A Bin number Bin number

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
25 0.103 0.097 0.088 0.077 0.069 0.061 0.055 0.046 0.103 0.096 0.077 0.066 0.059 0.055 0.050
32 0.119 0.116 0.109 0.097 0.082 0.070 0.060 0.055 0.119 0.110 0.089 0.076 0.067 0.061 0.058
39 0.131 0.126 0.120 0.111 0.103 0.086 0.068 0.057 0.130 0.117 0.104 0.091 0.076 0.068 0.063
45 0.139 0.135 0.129 0.121 0.109 0.095 0.079 0.060 0.138 0.127 0.114 0.100 0.083 0.073 0.067
50 0.151 0.144 0.139 0.132 0.119 0.099 0.082 0.062 0.149 0.137 0.124 0.108 0.089 0.077 0.068
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charge! to significant proportions at 50 MeV/nucleon~up to
18–30 %!. The onset of midvelocity emissions is therefo
clearly observedin this energy range.

It can also be noticed that the values of this compon
obtained with method I are, at 50 MeV/nucleon, alrea
quite close to the percentage of charge that can be calcu
from the geometrical overlap of the projectile and target
the corresponding impact parameters. For example, 30%
extracted for bin 4, to be compared to 33% for the geome
cal overlap calculation. Measurements at higher ener
should say if these values continue to rise or if a geometr
saturation is already achieved at this surprisingly low ener
Similar effects are also observed in the analysis of Ar1Ni
between 52 and 95 MeV/nucleon@17#.

Secondly, a surprising observation can be made conc
ing the evolution of the evaporative component@panel~c!, in
both figures#: For a given impact parameter, this compone
is observed to beinsensitive to the incident energy. To our
knowledge, it is possibly the first time that such a feature
been observed. This was made possible because of thep
coverage of the detector and because of the impact param
measurement. Coupled to the previous observation of
onset of midvelocity emissions, the implication of this fe
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ture on the excitation energy of the evaporative source ha
be studied in more detail. This will be attempted in Sec. V

V. CHEMICAL COMPOSITION OF THE MIDVELOCITY
AND EVAPORATIVE COMPONENTS

The upper row of Fig. 5 presents the mean multipliciti
of LCP’s ~dashed line! and IMF’s ~solid line! of the midve-
locity ~squares! and evaporative~circles! components for
method I, and for the four most peripheral impact parame
bins.

Since our analysis is restricted to the forward moment
ellipsoid hemisphere~the PLS side! and since the system i
nearly symmetric, the ‘‘forward’’ value of these multiplici
ties are extrapolated to the whole system. This was done
multiplying the ‘‘forward’’ value by the charge ratio~104/
54! of the total system to the projectile.

The mean multiplicities presented in this figure res
from this extrapolation. Again, it can be noticed that not on
the mean charge but also the mean multiplicity of both
evaporated LCP’s and intermediate mass fragments~IMF’s,
defined as those withZ>3, excluding the heaviest!, depends
very weakly on the incident energy~see circles!. Whereas the
t

-

r

FIG. 5. Upper row: mean multi-
plicities of IMF’s and LCP’s emit-
ted from the intermediate velocity
region ~squares! and those emitted
statistically ~circles! as a function
incident energy, for the four mos
peripheral Etrans12 bins. IMF’s—
solid symbols, LCP’s—empty sym
bols. Lower row: probability that
detected IMF~solid square! or LCP
~empty square! comes from the mid-
velocity region. The results are fo
method I.
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FIG. 6. Composition of midve-
locity ~left column! and statistical
~right column! components for
bins 1 and 4 as a function of inci
dent energy. Solid lines referring
to left scales represent the pe
centage of IMF’s or LCP’s in a
given component, and dashe
lines referring to right scales show
mean multiplicities of these prod
ucts. The results are for method
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multiplicities of the midvelocity LCP’s and IMF’s~squares!
increase significantly when passing from 25 to 50 Me
nucleon incident energy.

The total ~sum of midvelocity and evaporative contribu
tions! IMF multiplicity is seen to be slowly increasing as
function of the incident energy for the more peripheral re
tions. This appears to agree with similar measurements m
by Peasleeet al. @18#.

The competition between the evaporative and midvelo
emissions of the IMF’s~circles and squares connected by
solid line! is also interesting to notice. Starting from 3
MeV/nucleon incident energy, for all four impact parame
bins, the mean multiplicity of IMF’s originating from the
midvelocity region is greater than or comparable to the m
multiplicity of the evaporated IMF’s. Taking into account th
fact that the first four bins exhaust about 80% of the to
measured cross section and that the mean multiplicity of
midvelocity IMF’s reaches up to two IMF’s per event for 5
MeV/nucleon incident energy, we may draw the conclus
that the midvelocity emissions constitute avery important
and efficient source of IMF’s for peripheral and midcent
collisions in the Fermi energy domain.

The lower row in Fig. 5 presents the probability that t
detected IMF~solid line! or LCP ~dashed line! originates
from the midvelocity region. As can be seen this probabi
reaches up to 60–75 % for IMF’s from the four first bins. A
far as the LCP’s are concerned~dashed line! the midvelocity
source is less competitive: only up to 40% of the detec
LCP’s originate from the midvelocity source at the highe
energy.

Figure 6 summarizes, for bin 1 and 4, some of this inf
mation by showing, on the left axis, the percentage of
sum of the charge of LCP’s~IMF’s! coming from either
mechanisms. The right axis of Fig. 6 shows the correspo
ing mean multiplicities. The evolution of the percentage
the sum of charge of IMF’s in the midvelocity region whic
decreases from 75 to 50 % is one of the more remarka
features. These figures indicate that at lower incident e
gies, the midvelocity component is relatively smaller a
more likely to be composed of IMF’s. At higher energies t
01460
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midvelocity component is more fragmented and is compo
of both IMF’s and LCP’s.

Figure 7 takes a closer look at the nature of the midvel
ity and evaporative emissions. It presents the atomic num
distributions for these two sources for four of the most p
ripheral impact parameter bins. These spectra are constru
in the following way: the evaporative and the total~forward

FIG. 7. Z distributions for midvelocity~left column! and statis-
tical ~right column! components for bins 1 to 4, for all inciden
energies~see legend!. The heaviest fragment is excluded from th
distributions. The results are for method I.
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ONSET OF MIDVELOCITY EMISSIONS IN SYMMETRIC . . . PHYSICAL REVIEW C 61 014606
hemisphere! Z distributions are constructed for each bin
Etrans12. The former is then doubled and subsequently
tracted from the latter to obtain the midvelocityZ distribu-
tion. This distribution is therefore dependent on this subtr
tion and because of fluctuations, it can eventually cont
negative probabilities.

There are three features that stand out in these figures
extension of theZ distribution of the midvelocity distribu-
tion, the limitedZ51 yield, particularly at the lower inciden
energies, and the independence of the lower part (Z<10) of
theZ distribution of the evaporative component with incide
energy.

The singular extension, up toZ530, of the midvelocity
component is explained by the variety of mechanisms
populate it and by the subtraction method used to const
the left panels of Fig. 7. The case of symmetric fission can
used to illustrate the limits of the subtraction method. In t
case, one of the fission fragments will have a veloc
smaller than the averageZmax velocity ~for this particular
impact parameter bin!. If it is not the heaviest fragment in
the event, there is a certain probability that the subtrac
method will assign it as a midvelocity product.

Besides symmetric fission, one of the mechanisms
populate the midvelocity region isfast oriented fission@3#.
This corresponds to scenarios where the quasiprojectil
strongly deformed and emits this, possibly large, deform
tion towards the target direction~see Fig. 7 from Ref.@8# for
an illustration of this process!. This process is distinguishe
from fission by the fact that the angular distribution of t
fragments is strongly peaked along the direction between
quasiprojectile and quasitarget. Notice that these fragm
will be accounted for in the midvelocity component by bo
methods I and II as long as they do not represent the hea
fragment in the forward hemisphere. This still leaves ro
for very heavy fragments in the case of quasisymmetric
sion. The fact that these fragments can exceedZ values of
half the projectile charge is due to fluctuations in the to
charge collected in this forward hemisphere@19,20#. Thus
the large extension of midvelocityZ values should be inter
preted cautiously and should take into consideration the fl
tuations that the subtraction method is unable to remove

The small number of light fragments (Z<15) at 25 and
32 MeV/nucleon for bins 3 and 4 is due to the fact that
difference method used to construct these midvelocity dis
butions suffers when the mean velocity becomes close to
center-of-mass velocity. This effect is already seen in Fig
and 4 when the total size of this component becomes n
tive. Nevertheless the fact remains that, compared to o
species, light fragments seem to be less probable at t
incident energies~see Fig. 5!.

The study of the evaporative component shows, o
again, the remarkable constancy, for a given impact par
eter bin, of this component as a function of incident ener
Except for the heavier ions (Z>10), theZ distributions are
almost indistinguishable. There is however a clear dep
dence on the impact parameter bin. Both of these points
be addressed in the next section.

The chemical composition of the midvelocity and evap
rative components is examined in more details in Fig. 8. T
01460
b-

-
in

he

t

at
ct
e

s
y

n

at

is
-

e
ts

st

-

l

c-

e
i-
he
3
a-
er
se

e
-
.

n-
ill

-
is

figure presents the multiplicities ofp, d, t, 3He, a, 6Li,
and 7Li for midvelocity ~solid circle! and evaporative~empty
circle! components, for the four largest impact parame
bins and for all incident energies. A general feature emerg
from this figure is the increasing multiplicity of midvelocit
particles with the increasing mass of the isotope for a giv
species. For each incident energy and species present
the figure midvelocity emissions favor the more neutron r
isotopes. Especially interesting are the tritons which, bey
32 MeV/nucleon, are more likely to be produced dynam
cally than statistically. Thus one can state that tritons app
to be typical midvelocity particles@17#. For example, at 50
MeV/nucleon, 60–70 % of the tritons are produced in t
midvelocity region. As stated before, protons show the
posite feature, since especially at lower beam energies,
are much more likely to originate from the evaporative p
cesses than from dynamical emissions.

If one calculates the ratio of neutrons bound inZ51 –3
elements~including the proton themselves! with respect to
the number of protons bound in the same elements, one
tains values of 1.05 for the midvelocity region and 0.70
the evaporative region. These numbers are almost inde
dent of the incident energy and of the impact parameter
number.

VI. COMPARISON WITH MODEL PREDICTIONS

In a previous paper@8# the experimental results wer
compared to the predictions of two dynamical models:
stochastic mean field and the Landau Vlasov models. In
paper we test the predictive power of another model or
nating from the molecular dynamics family. This model,
strictly speaking its numerical implementation~CHIMERA

@21#: Code for Heavy Ion Medium Energy ReActions! is a
compilation of two molecular dynamics models, i.e., the qu
siparticle dynamics~QPD! model of Boal and Glosli@22,23#
and the quantum molecular dynamics~QMD! model of
Aichelin and Sto¨cker @24–27#. In principle these two models
are very similar. The main difference between them is in
preparation of the initial configurations and in the nucleo
nucleon potentials used.

A thorough theoretical background of the QMD mod
including derivation of the QMD equation and the necess
approximations can be found in a review article of Aiche
@26#. A detailed description ofCHIMERA, as well as some of
its predictions, are presented in Refs.@21,28,29#, and here we
only briefly present its main characteristics.

~1! Each nucleon~quasiparticle! is represented by a con
stant width minimal wave packet~coherent state!.

~2! The N-body ‘‘wave function,’’ describing the entire
nucleus is taken to be a direct product ofN single particle
states. This, of course, is a violation of the antisymme
rules. Here it is assumed that the fermionic effects, which
believed to be essential for a reasonable treatment of
dynamics, can be simulated with the use of an effective
tential term~Pauli potential! and with Pauli blocking of final
states of individual nucleon-nucleon collisions. The Pauli p
tential plays also an important role during initialization
cold nuclei. It prevents the nucleons of the same kind fr
6-7
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FIG. 8. Mean multiplicities of H,
He, and Li isotopes for midvelocity
~solid circles! and statistical~empty
circles! components for bins 1–4
and for all incident energies. The re
sults are for method I.
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being too close in phase space.
~3! The time evolution of theN-body ‘‘wave function’’

describing the entire system is assumed to be governe
appropriate variational principle@26–30#. For the presumed
‘‘wave function’’ this evolution reduces simply to the cla
sical Hamilton equations of motion for the centroids of t
Gaussian wave packets. Thus the mean positions and
menta ofN nucleons are assumed to evolve due to mut
two- and three-body effective nucleon-nucleon interactio
along classical trajectory in phase space.

~4! The influence of the scattering term on the time ev
lution of the system is simulated by a Monte Carlo proced
~see, e.g.,@31#!. Whenever two nucleons come closer th
the distance determined by a free, energy dependent@32#,
nucleon-nucleon cross section, they are assumed to sc
isotropically ~with the angular momentum being conserv
01460
by
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‘‘on average’’!, provided the final states are not occupie
The occupancy of phase space around the presumed
state of the scattered nucleon is assumed to be the overla
the phase space distribution of the scattered nucleon in
presumed final state, with the phase space distributions o
the remaining nucleons.

~5! The Hamiltonian utilized in theCHIMERA code has the
same functional form as that used in the model of Boal a
Glosli @22#, including all the terms of nuclear potential a
well as Pauli and Coulomb terms. We use two sets of par
eters of the potential in order to vary the stiffness of t
corresponding nuclear matter equation of state~EOS!. These
two sets lead to soft and hard EOS, with the incompressi
ity constantsK.200 and 350 MeV, respectively. The value
of the parameters can be found in@21#. The model repro-
duces very well the bulk static properties, such as bind
6-8
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ONSET OF MIDVELOCITY EMISSIONS IN SYMMETRIC . . . PHYSICAL REVIEW C 61 014606
energies or rms radii, especially for heavier nuclei for wh
the local density approximation is the best.

~6! The ground-state configurations of the nuclei we
found by solving a set of damped equations of motion.

~7! Initial conditions of nuclear collisions were set by a
suming that the colliding ions move along classical Coulo
trajectories until the distance between their surfaces is 3

~8! After a specified time the dynamical evolution
stopped. All nucleons which are separated in the configu
tion space by less then 3 fm are assumed to form a clu
Each cluster is then assigned a mass number, atomic num
c.m. position, linear momentum, binding energy, tempe
ture, and spin. The binding energy allows for later deter
nation of the excitation energy.

~9! In order to make direct comparison with the expe

FIG. 9. Relationship between Etrans12 and impact paramete
50 MeV/nucleon Xe1Sn. Gray level contour plot represents th
results of theCHIMERA1GEMINI calculation, the solid line represen
its mean value, and the dashed-dotted line represents the resu
geometrical prescription applied to the simulation. The dashed
represents the result of a geometrical prescription applied to ex
mental data~see Sec. III and Fig. 2!.
01460
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mental data, after stopping the dynamical evolution, the
cay chains of the excited fragments are calculated with
use of the statistical codeGEMINI @33#.

Such simulations are impact parameter dependent
Fig. 9 shows the predictions of the model for the relations
between the impact parameter and Etrans12 for 50 M
nucleon incident energy. As can be seen these two quant
are indeed very well correlated. The solid line in this figu
represents the mean value of the contour plot, and the d
dotted line represents the result of the geometrical presc
tion, ~see Sec. III!, applied to the model Etrans12 spectru
~see Fig. 2!. The good agreement between the histogram
the mean value seems to justify, within this model, the use
the geometrical prescription for finding the relationship b
tween the impact parameter and the Etrans12 observa
Finally, the dashed line depicted in this figure represents~see
also Fig. 2! the experimental result of the geometrical pr
scription applied to the Etrans12 spectrum. The agreem
between the INDRA results and the model prediction is v
encouraging. The quantitative model reproduction of
range of Etrans12 values is also a feature that should
pointed out. At lower energies~i.e., at 25 MeV/nucleon,
where the model is not supposed to work as well! the agree-
ment is not as good, but does not rule out the use of
approximation for the most peripheral reactions.

In the following analysis of the simulated data, the sa
methods have been used as those for the experimental
and the Etrans12 parameter is used as the sorting param
Figure 10 presents the results of the model as was done
the data in Fig. 3. Panel~a! presents the percentage of char
contained in the midvelocity and evaporative components
a function of Etrans12 for method I. The qualitative agre
ment is clear and in particular the onset at low energy
present. The quantitative comparison shows that midvelo
emissions are however underestimated by about 40%. It
to be stressed here, that these results are obtained usin
soft EOS parameters. The use of the hard equation of s

or
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e
ri-
r for
S.

gion for
dent
hat
FIG. 10. Model equivalent of Fig. 3.~a! The percentage of charge emitted in the forward hemiellipsoid of momentum tenso
midvelocity emissions~squares! and evaporation processes~circles! obtained with method I as a function of Etrans12 and for soft EO
Ztot5Zmidv1Zevap1Zheaviest. The numbers in boxes label the incident energies. The dashed lines specify the impact parameter re
which the subtraction method gives unreliable results.~b! The percentage of charge in midvelocity component as a function of inci
energy for the four lowest Etrans12 bins.~c! Same as~b! but for statistical emission.~d! The percentage of the evaporative component t
is due to theGEMINI afterburner. White circles with numbers denote impact parameter bins defined in Fig. 2.
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E. PLAGNOL et al. PHYSICAL REVIEW C 61 014606
gives a further reduction of the midvelocity component~by
more than a factor of 4!. If confirmed, this interesting featur
could be used to distinguish between different equations
state. In fact, this component is formed mainly in the ea
dynamical phase of the reaction, during which compress
and decompression effects could be important. Similar p
erences for a soft EOS can be found also in Refs.@6,29,34#.

Another interesting observation follows from panel~c! of
Fig. 10. The model reproduces the experimentally obser
constancy of the evaporated charge as a function of incid
energy, at least for the two most peripheral impact param
bins @see also Figs. 3 and 4~c!#. This observation might a
first glance suggest the invariance of the excitation ene
per nucleon of the primary source, on the incident ene
and for a given impact parameter bin. In order to verify th
hypothesis we have plotted in Fig. 11 the corresponde
between the impact parameter and the excitation energie
nucleon of the fragments withZ>10 ~left column!, and the
correspondence between the impact parameter and thZ
number of the emitted fragments~right column!, after 600
fm/c, and for all incident energies. Here one comment

FIG. 11. Left column: impact parameter dependence of exc
tion energies per nucleon for fragments withZ>10, for all incident
energies. Right column: relation between impact parameter
atomic number of a fragment. Right scales show the impact par
eter binning~cf. Fig. 2!. The results ofCHIMERA calculation after
600 fm/c.
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needed: theCHIMERA model predicts rather slow statistica
emission rates, thus even after 600 fm/c, at least for more
peripheral collisions, the observed fragments are s
‘‘good’’ prefragments excited up to 4–5 MeV/nucleon. Thu
the need for an afterburner is obvious. Nevertheless, a
600 fm/c the dynamical phase can be regarded as over.
ure 10~d! shows, in percentage, that the evaporative com
nent is largely due to theGEMINI afterburner. The choice o
600 fm/c is not critical and represents only a compromi
between computation time and the strength of the Coulo
forces which are neglected once theGEMINI code is used.
Calculations that were stopped at 300 fm/c showed that the
effect of this stopping time was negligible.

Also in Fig. 11, the lines~identical for all panels! in the
left column show that indeed the excitation energy p
nucleon of the excited prefragments does not depend on
incident energy but only on the impact parameter. The ri
column of this figure shows two interesting features. First
25 and 32 MeV/nucleon a composite system is formed
small impact parameters; evidently this system survives
least up to 600 fm/c. For energies above 32 MeV/nucleo
such a system is not seen. This can either be interprete
the disappearance of these processes or as the fact that
~at least faster than 600 fm/c! multifragmentation process
occurs. Such aspects go beyond the scope of this paper

More relevant to the present problem is the observat
that the charges of heavy fragments decrease both with
creasing incident energy and with decreasing impact par
eter. This is related to the appearance of the midvelo
component. This is not an effect due to the finite time lim
~600 fm/c! of the calculation since at 25 MeV/nucleon
constancy of the quasiprojectile~target! size is observed.

Figure 12 compares the velocity of the heaviest fragme
as measured by INDRA@Fig. 12~a!# and as predicted by the
model @Fig. 12~b!#. The experimental data show that ve
little velocity damping is observed whereas the model p
dicts a more important one. This is an interesting feat
since other dynamical codes@24,35# give different predic-
tions. This overestimation of the velocity damping could

-

d
-

FIG. 12. Velocity component of the heaviest fragment along
main ellipsoid axis as a function of atomic number of this fragm
for 50 MeV/nucleon Xe1Sn. ~a! Experimental result,~b! CHIMERA

1GEMINI.
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ONSET OF MIDVELOCITY EMISSIONS IN SYMMETRIC . . . PHYSICAL REVIEW C 61 014606
related to the observed underprediction of the magnitud
midvelocity emissions~see Fig. 10! and shows that thes
emissions could be, in fact, sensitive both to the finer ing
dients of these dynamical codes and to the proper treatm
of Pauli-blocking and related transparency effects.

VII. SUMMARY AND CONCLUSION

The analysis performed in this paper is an extension o
previous one@8#, carried out for Xe1Sn at 50 MeV/nucleon
only. This extended analysis, for the Xe1Sn reaction at 25,
32, 39, 45, and 50 MeV/nucleon is again performed a
function of transverse energy of light charged particles. T
enabled us to study the evolution of various observables
function of impact parameter. The analysis shows the follo
ing features.

First, at 25 MeV/nucleon the dynamical effects are sm
The extracted midvelocity component lies below 12% of
total charge for intermediate impact parameter collisio
This contribution of midvelocity charge, for the same impa
parameter range, rises with incident energy up to 18–3
for 50 MeV/nucleon. This may lead us to the conclusion th
on entering the Fermi energy domain, we encounter the o
of the midvelocity emissions.

At the highest incident energy, the amount of midveloc
charge approaches the geometrical overlap of the proje
and the target. This observation may indicate that, in fac
50 MeV/nucleon the reaction picture starts to resemble
high energy participant-spectator scenario, although i
clear that, at these energies, the origin of the midvelo
component is far more complex than that of the simple fi
ball model.

Second, investigation of the evaporative component of
particles and fragments shows that the amount of evapor
charge for a given impact parameter range almost does
depend on the incident energy, for peripheral and midcen
collisions. Thus, midvelocity emission constitutes the m
difference in emission pattern for the incident energies st
ied. Invariance of the evaporated charge of the incident
ergy for the same impact parameters may imply the sa
excitation energy per nucleon of the corresponding sou
of this evaporated charge for a given impact parameter.
constancy of thisevaporativecomponent coupled to the in
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crease of themidvelocityis an intriguing feature which has t
be understood.

A third observation concerns the evolution of the comp
sition of the midvelocity component with the incident e
ergy. The analysis shows that the midvelocity componen
more likely to be composed of IMF’s at lower energies~up
to 75% of the charge of this component comes from IMF!
than at higher ones~about 50%!. On the contrary, the con
tribution of protons to midvelocity emissions increases w
the incident energy. Alpha particles contribute 40% to t
midvelocity component, independently of incident energ
This may result from the more violent nature of the col
sions in the participant region as the incident energy
creases.

Fourth, the isotopic composition of the midvelocity com
ponent clearly shows that this component favors neutron
isotopes. For peripheral collisions and lower energies
midvelocity component is more likely to be composed
tritons and deuterons than of protons. At 50 MeV/nucle
mean multiplicities of these isotopes are equal.

Comparisons of the experimental data with the QP
QMD1GEMINI calculations performed for the reactions co
sidered, show a qualitative agreement with the experime
data. The incident energy dependence, and in particular
onset of midvelocity emissions is reproduced. The diff
ences observed both in the quantitative comparison as
as in the quasiprojectile velocity damping show that the
phenomenon could be sensitive to the finer details of s
dynamical models. In particular the reproduction of the ne
tron richness of the neck component and the relative ab
dance of the light particles could be a task for the next g
eration of dynamical models~AMD @36#, FMD @37#! which
would take into account finer quantum effects. This is b
yond the possibilities of theCHIMERA code used in this
analysis.
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