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Onset of midvelocity emissions in symmetric heavy ion reactions
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Experimental data obtained with therdmultidetector system INDRA are used to study midvelocity emis-
sions of light charged particlddCP) 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 modelcHIMERA). 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 numbegps): 25.70.Mn, 25.70.Lm, 25.70.Pq

[. INTRODUCTION and heavier fragments with parallel velocities intermediate
between those of the projectile and of the target. These emis-
The study of nuclear reactions in the Fermi energy do-ssions appear to be strongly influenced by dynamical effects
main (30—50 MeV/nucleohand the proper understanding of and are thought to proceed on a relatively short time scale.
mechanisms by which the two interacting nudlpiojectile  They are called midvelocity emissions, dynamical emissions,
and target exchange mass, charge, and energy, and eventwr intermediate velocity products.
ally fuse, is one of the major goals of nuclear physics. Atlow An important source of particle and fragment production
energies(<20 MeV/nucleon and for noncentral collisions remains of course the statistical evaporative process from the
the process is essentially a binary one where energy dissipaxcited quasiprojectile and quasitarget. For most of the cross
tion and mass transfer are explained by nucleon exchangeection(i.e., the larger impact parametgtkeir lifetimes are
models[1]. At these energies and for central collisions, along enough that these processes take place once the differ-
fusion process is observed for light systems. At relativisticent sources are well separated. The midvelocity emissions
energies(=300 MeV/nucleon the collisions are explained can therefore be defined by opposition to these processes.
within the participant-spectator modéfreball) where the They will therefore include a variety of mechanisms: fast
overlap region(participanj between the projectile and the pre-equilibrium particles, neck emitted particles and frag-
target decouples from the spectators. ments, as well as light fission fragments preferentially
It is only quite recently that experimental data—10] aligned in between the two main reaction partnésse
have given indications of the transition from one regime toSec. \j.
the other. This appears as a production of both light particles In a preceding paper tukas# al.[8] have studied these
emissions for the X& Sn at 50 MeV/nucleon and have found
that, at this energy, they correspond to a significant part of
*Permanent address: Institute of Nuclear Physics, ul. Radzthe total charge: up to 30% for midperipheral collisiofs (

ikowskiego 152, 31-342 Krakwe, Poland. ~5 fm). The object of the present work is to study these
"Present address: DRFC/STEP, CEA/Cadarache, F-13018 Sairproductions as a function of the projectile energy and to es-
Paul-lez-Durance Cedex, France. tablish at what energies they appear.
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Section Il presents the experimental procedure and Sec
[l the impact parameter sorting method that has been used
In Secs. IV ad V a detailed analysis of the size and chemi- 49 |
cal composition of these emissions is given. Section VI will
compare the data to the prediction of a dynamical model.

IS

-
o
I

50 MeV/nucleon
Il. EXPERIMENTAL PROCEDURE

counts (arb. units)

The experiment was performed at the GANIL accelerator
with the INDRA detector. The detector can be schematically
described as a set of 17 detection rings centered on the beal
axis. The most forward ring (22 6,,,<3°) is made of
phoswich detectors: NE1025 mm+NE11525 cm. From 10*’0‘ e 00 a0e T ann aon so0 700 805900~ 1900
3° to 45°, rings are made of three detection layers: ionization E\pans12 [MeV]
chamberg5 cm of C5Fg at 30 mbay, silicon (300 um), and
Csl (13.8 to 9 cm. Beyond 45°, the remaining eight rings FIG. 1. Distribution of transverse energy of light charged par-
have double detection layers: ionization chamk&rem of  ficles (Etrans12 for 25, 32, 39, 45, and 50 MeV/nucleon X&n.
C3Fg at 20 mbay and Csl(7.6 to 5 cm. The total number of ) . ) .
detection cells is 336. In the forward region €%, related_ with the impact parameter, e;pemally for peripheral
<45°), ions withZ up to 54 are identified if their energies and midcentral collisions, and well suited to the data because

are greater than the Bragg peak value. Below this energ)},he INDRA deFector is very efficierit-85% for LCP's. The
only a minimumZ value can be attributed. Beyond 45°, a exact correlation betweem and the value of Etrans12, and

proper identification is obtained up =16, and for higher its Eyctuatlions will be disculs_seg IIEn Seci;/I. for 25 32
Z the uncertainty is estimated to be of the order of 2 to 3 9 Agsure q ggeiﬂen\t; norlmalge id trans gpec_trrﬁ orb ’ d
units. Over the whole angular range, a very good isotopg™" »an eVinucleon incident energies. The observe

identification is obtained foZ=1 to Z=3, except for par- oW Etrans12 threshold is associated with an “offline” re-

ticles with low laboratory energies where ambiguities argduirement for charged product multiplicities4, in order to

unresolved. Computer simulations of both the detector effi-be c_o_nS|stent with the data acquisition trigger which was
ensitive to neutrons, gammas, and electrons. These spectra

ciency and the identification and energy calibration processe¥ ) . !
slhowythat a g(I)od lIJrI1deIrstanding ofgt>r/1e fllmctilonir?g of thed'® used to find the relationship between Etrans12 and the

detector is achieved. A complete technical description of thdmpact parameter. .Th.'s IS ‘?‘O”e with the use of the following
detector and of its electronics can be found id]. geometrical prescriptiofl.2]:
In order for the detector to function in the best conditions o 1/2
and to keep random coincidences dodelow 10°%), a f spectruniEtrans12
beam current of 5,810 incident Xe ions per second was b(Etrans13=b. . Etrans12
used. The target was made of natural Sn with a thickness of max
350 ug/cn?. A minimal bias trigger was used that registered
all the events with at least four detectors fired. The data was
collected at energies of 25, 32, 39, 45, and 50 MeV/nucleon. In order to compare the shapes obtained at different ener-
The absolute cross sections are calculated by using thgies, the Etrans12 values are scaled proportionally to the
target thickness and the measure of the integrated beamcident energy, i.e., by the factor $6hergy/nucleon Thus
charge. At 45 MeV/nucleon a malfunction of the beam inte-the scaled Etrans12 for 50 MeV/nucleon is just the original
grator has resulted in abnormal values of the total cross se&trans12, and the Etrans12 scale for the remaining incident
tion. For this reason, the values used at this energy corresnergies is appropriately stretched. Figure 2 shows the re-
spond to an interpolation between the values at the othegults of this procedure applied to the Etrans12 spectra for all

-5

f 'spectrun(\Etranslz
0

energieqsee inset of Fig. 2 incident energies.
For each spectrum the value of Etrans12 corresponding to
Il IMPACT PARAMETER SORTING 5% of the by, is extracted(bin 8). Below this value of

Etrans12 the spectrum is further divided into seven equal

The participant spectator model, valid at high energies, ibins. The most peripheral events correspond therefore to bin
essentially a geometrical model. In order to evaluate geol and the most central to bin 8. This binning is indicated by
metrical effects in the Fermi energy domain, it is essential tdlack circles with numbers below theaxis. As can be seen,
use an impact parametds) sorting procedure. This type of this binning procedure produces almost equivalent impact
sorting also allows an instructive comparison of the data angharameter bins for all incident energies. These impact param-
hence of different production mechanisms at different inci-eter bins are correspondingly labeled with the white circles
dent energies for specific impact parameter ranges. with numbers on thg axis.

As previously[8], we have chosen the Etrans12, trans- The knowledge of the absolute value of the total cross
verse energy of light charged particld<CP,Z=1,2), as an sections allows us to expressin fm. Notice that the total
impact parameter selector. This observable is quite well coreross sections measured in this work correspond to events
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g _F target was deduced by charge and energy conservation.
3®1° = £ o) A key problem of this analysis is the knowledge of the
850 S0 evaporative source velocity. Two different methods are used

® 8| /./ to estimate this quantity.
"°°g i * Method | assumes that the most probable velocity of the
s A wcicon MeVI heaviest fragments detected in a sample of events for a given
@ [ impact parameter bin is a reasonable estimate for the mean
a00— 4| source velocity of that sample. It is clear that for central
® [ . . h
250 collisions this method loses its accuracy for at least two rea-
® 2[- sons. First, for the more central collisions the separation be-
;ﬁ i _ tween the two sources is debatable, espe_cially at IO\_/ver ener-
O 300 ‘436' ‘5:36' 600700 800800 1200 gies. Secondly, even if the two source picture is still valid,

scaled E .y [MeV] the heaviest fragment is not systematically related to the pro-
© jectile remnant as it is assumed. This will normally lead to an

. . ) overestimation of the quasiprojectile source size.
FIG. 2. Relationship between scaled Etrans12 and impact pa- Method Il utilizes the thrust conceftl3,14. In this
rameter(b) for all incident energies, obtained with the use of the o

geometrical prescription defined in Sec. Ill. Scaled E‘[ran512[n ?(t)h;cq[iIeo-ngngt'grbuett?islgeglcljutrzg s(flg’?_gsmaenn(;z'l'zl{_?intc; \}VV;O
=Etrans12f50/Einc/nucleon]. The black circles with numbers Proj 9 y

along the abscissa denote respective Etrans12 bin numbers, usg@t maximizes the “thrust” value:

later on to identify the Etrans12 bins. The corresponding impact
parameter bins are labeled with white circles with numbers along
the ordinate. Bin 1 selects the most peripheral events and bin 8
corresponds to the most central ones. The solid circles in the inset,
except the point for 45 MeV/nucleon, represent thg,, derived -
from experimental cross sections. The value for 45 MeV/nucleon is ke P%:JTLS |pk|
the interpolated one. The open circle represents the original experi-

mentalb,, value for 45 MeV/nucleon.

(olololololole

E pi| + E P;
iePLS j ETLS
T=max .

Here, in turn, the method by definition has a tendency to
with at least four charged products detected. The values afiminish the source velocity, since it takes into account the
the byacs can be read out for Etrans%® or from the inset.  slow midvelocity fragments and will therefore tend to under-
As might be expected, thig,,cs decrease with the decreas- estimate the midvelocity component.
ing incident energy, since the lower the incident energy, the Both methods are quite schematic and can only yield es-
more violent the collision needed to produce at least foutimates of the studied processes. Large fluctuations around
charged fragments. the mean values are inherent in both methods and the asso-

Comparison with values given in R¢B] shows a smaller ciated errors are very difficult to estimate. The difference
value ofbp,,, at 50 MeV/nucleor(from 10.7 to 9.81due to  between the two different methods reflects the associated

a correction in the data analysis. sensitivity and hence gives an idea of the uncertainty of these
procedures. It is however possible that the exact values lie
IV. STUDY OF MIDVELOCITY AND EVAPORATIVE beyond thesg two estimations. It is shown for examplg by
EMISSIONS AS A FUNCTION some dynamical codegl5], that even the forward hemi-
OF INCIDENT ENERGY sphere can be contaminated by energetic midvelocity emis-
sions.

In order to trace the evolution of the midvelocity emis-  Both methods fail for central collisions, mainly because
sions with the incident energy a momentum tensor analysiswvo distinct and separated sourdgsiasiprojectile and qua-
[13] is performed and the subtraction method described irsitarge} are assumed. The corresponding results for the
[8] is used and applied to the forward hemisph@re., the  smaller impact parameters should be taken with great care
projectile side in the frame of the principal axis of the mo- and this is indicated by the dashed lines in the two following
mentum tensor. This method requires the knowledge of théigures. Most probably, the values given for central collisions
velocity of the evaporative source of particles and fragmentsare unphysical. Théurnoversobserved for the midvelocity
Knowing this source velocity and assuming an isotropic staemissions are also doubtful.
tistical emission pattern in the source frame, the midvelocity The velocities of the heavy fragments are also influenced
component is extracted by doubling the forward yield withby the assumption concerning their masses. In this analysis
respect to the source, and subtracting it from the total yieldve use theepax formula[16] for the relationship between
in the forward hemisphere in the frame of the principal axisthe atomic and mass numbers of the fragments in vicinity of
of the momentum tensor. It is important to note that thethe projectile and the target. The°AX masses are slightly
method can be applied only if a significant fraction of thesmaller than the ones from the beta stability valley, and im-
total charge is detected: only events where the total chargely a larger number of free neutrons. This seems to assure a
detected was equal to or greater than that of the quasiprojebetter total energy conservation. Smaller masses induce also
tile have been analyzed. When necessary, the missing quasiightly higher velocities of the heaviest fragments, and con-
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i FIG. 3. (8 The percentage of
7| 20 charge emitted in the forward he-
B Zei 2o . r o miellipsoid of momentum tensor for
N g = a midvelocity emissiongsquaresand
50~ @ (Zoyop)(Ziop) / ‘ 10 PN evaporation processggircles ob-
—_— tained with method | for 8 Etrans12

P " | - - 1 " " .
30 40 50 60 bins.  Zig=Zmigyt Zevap+ Zhecaviest
E;,./nucleon [MeV] The numbers in boxes label the in-

cident energies. The dashed lines
specify the Etransl12 region for
which the subtraction method de-
scribed in the text gives unreliable
results.(b) The percentage of charge
in midvelocity component as a func-
tion of incident energy for the four
most peripheral Etrans12 bingc)
Same agb) but for statistical emis-
sion.
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sequently slightly larger midvelocity components. This can The evolution of these components with the incident en-
be checked by comparing Figs. 3 an@4with the corre- ergy is also presented. The dashed lines represent the region
sponding ones from Ref8]. of impact parameters for which both methods give unreliable
Figures 3 and 4 present, for methods | and Il, the size ofesults. This is the region where the two source picture is
the midvelocity and evaporative components for all the inci-unclear, the fluctuations grow considerably, and extraction of
dent energies in percent of the mean total detected charge the midvelocity component is very doubtful. It should there-
the forward hemispherez(,,=53—50, from bins 1 to &4  fore be understood that the bending over of the midvelocity
The square symbols represent the amount of charge coifraction is probably an artifact of the method used and not
tained in the midvelocity component, while the circles givenecessarily an effective reduction of this process. Table |
the information concerning the evaporated charge. In thigives the velocities of the quasiprojectile source along the
representation, the largest fragment is not associated witlongest principal ellipsoide axis for the two methods in the
either of the above processes. For this reason, the sum of tleenter of mass and in units of
two processesloes notadd up to 100%, the difference cor-  Two important conclusions can be drawn from these fig-
responding to the charge of the largest fragment. The numures. First, panelb) of Figs. 3 and 4 show clearly that the
bers given measure therefdiee amount of charge removed midvelocity component evolves from very small values at 25

from the quasiprojectile by either of these two modes. MeV/nucleon incident energyaround 7—-12 % of the total
g 70 o - 5.0 MID-VELOCITY
8 METHOD IL/® _ o° g0 b)
1 ra) BoY’ T gy
60— i - .
§ gm® 2F
T Za o 4 ,x" .o C 8
50 @Z,Ze AP 'y 10l
evap Ziot e 'Jﬁl E o
ol L R L L R

20 30 40 50 60
E;//nucleon [MeV]

FIG. 4. Same as Fig. 3, but for
method II.

[4]
40 /\#——'—_
c) EVAPORATION
— @

0 P S TR S T S S SN NN SO SR S TR RN S S S
20 30 40 50 60
E,,/nucleon [MeV]
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TABLE I. Velocities of the quasiprojectile source for methods | and Il along the principal ellipsoide axis, in the center of mass, and in
units of .

Velocity of quasiprojectile source
(units of ¢, in the center of mags

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 0.046
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 0.053
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 0.057
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 0.058
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 0.065

charge to significant proportions at 50 MeV/nuclegup to  ture on the excitation energy of the evaporative source has to
18-30%. The onset of midvelocity emissions is therefore be studied in more detail. This will be attempted in Sec. VI.
clearly observedn this energy range.

It_can also be noticed that the values of this component,, ~4EMICAL COMPOSITION OF THE MIDVELOCITY
ob;amed with method | are, at 50 MeV/nucleon, already AND EVAPORATIVE COMPONENTS
quite close to the percentage of charge that can be calculated
from the geometrical overlap of the projectile and target for The upper row of Fig. 5 presents the mean multiplicities
the corresponding impact parameters. For example, 30% isf LCP’s (dashed lingand IMF’s (solid line) of the midve-
extracted for bin 4, to be compared to 33% for the geometrilocity (squares and evaporativecircles components for
cal overlap calculation. Measurements at higher energiesiethod I, and for the four most peripheral impact parameter
should say if these values continue to rise or if a geometricabins.
saturation is already achieved at this surprisingly low energy. Since our analysis is restricted to the forward momentum
Similar effects are also observed in the analysis of-Ni  ellipsoid hemispheréthe PLS sidgand since the system is
between 52 and 95 MeV/nucle¢h7]. nearly symmetric, the “forward” value of these multiplici-

Secondly, a surprising observation can be made concerties are extrapolated to the whole system. This was done by
ing the evolution of the evaporative componfpénel(c), in multiplying the “forward” value by the charge rati¢104/
both figureg: For a given impact parameter, this component54) of the total system to the projectile.
is observed to bénsensitive to the incident energyo our The mean multiplicities presented in this figure result
knowledge, it is possibly the first time that such a feature hagrom this extrapolation. Again, it can be noticed that not only
been observed. This was made possible because ofithe 4the mean charge but also the mean multiplicity of both the
coverage of the detector and because of the impact parametvaporated LCP’s and intermediate mass fragm@ms’s,
measurement. Coupled to the previous observation of thdefined as those with=3, excluding the heavigstdepends
onset of midvelocity emissions, the implication of this fea- very weakly on the incident energgee circles Whereas the

T T T T T T [ T T T T T T
o (2] - @ o
10 ¢ 1 F 4F o--0-r0-0-9 { | 00O g 4
5 1f o--0--0-2° 0 1 e o8
) -0 oo [ .o- 1¢F - ] )
2 o--0 g__';_ T 1 o ir 7 ] FIG. 5. Upper row: mean multi-
3 L a7 JL° 41 :74.—'/.—0_—_:: {La 4 plicities of IMF's and LCP’s emit-
& - 1 1F 1 : m maviwe | ted from the intermediate velocity
i ./-/""" 1 11 1t E:f;];flf ] region (squarep and those emitted
10 i e—e—e—o—s || | | AL | | AL | O evaplCP | statistically (circles as a function
— . — — — incident energy, for the four most
- [ ?/./J\-/'h 11 ® 11 © 1l @ ] peripheral Etrans12 bins. IMF's—
Eﬂ 60 [ L /N L 1L ] solid symbols, LCP’s—empty sym-
<2 r 1T 1T 1T ] bols. Lower row: probability that
E 20 L o 1E odL a]lL 1 detected IMKsolid squargor LCP
= - LAewT D,.ﬂ"‘:" 1F Er,‘ﬂ"{' 1ir (empty squarecomes from the mid-
o LT 1F o 1P 1t velocity region. The results are for
—gzo_—n 1r 1[ o 1r ] method I.
o L+ v 1 I 3y 1
20 30 40 50 20 30 40 50 20 30 40 50 20 30 40 50

E, /oucleon [MeV]
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90 15 90 15
[ midv LCP [ evap LCP

Sl S: o
“B6of 5 meof@—_— _ —— Ji03
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:? g E i g FIG. 6. Composition of midve-
S 30 & Eop 15 E locity (left column and statistical
N‘ﬁ r N.H’ ------------------------ o (right column components for

0: ol | | . | T bins 1 and 4 as a function of inci-

dent energy. Solid lines referring

%0F W e IMF 15 to left scales represent the per-
= | s f I = centage of IMF’s or LCP’s in a
:%60- B :%60-_ """ e aaplicity 105 given component, and dashed
gj [ 2 ‘f [ g lines referring to right scales show
[ ) [\? o — £ mean multiplicities of these prod-
N3of E Y :_0 \ 15 & ucts. The results are for method .
E l\? ............................ 1)

0 T TNV

E, /nucleon [MeV] E, /nucleon [MeV]

multiplicities of the midvelocity LCP’s and IMF'¢squares  midvelocity component is more fragmented and is composed
increase significantly when passing from 25 to 50 MeV/of both IMF's and LCP’s.
nucleon incident energy. Figure 7 takes a closer look at the nature of the midveloc-
The total(sum of midvelocity and evaporative contribu- ity and evaporative emissions. It presents the atomic number
tions) IMF multiplicity is seen to be slowly increasing as a distributions for these two sources for four of the most pe-
function of the incident energy for the more peripheral reac+ipheral impact parameter bins. These spectra are constructed
tions. This appears to agree with similar measurements made the following way: the evaporative and the totedrward
by Peasleet al.[18].
The competition between the evaporative and midvelocity T T T L L

T E
emissions of the IMF’gcircles and squares connected by a LI MID-VELOCITY @ EVAPORATION @
solid line) is also interesting to notice. Starting from 32 13 2 3
MeV/nucleon incident energy, for all four impact parameter | -3F
bins, the mean multiplicity of IMF’s originating from the 10
midvelocity region is greater than or comparable to the mear Z

multiplicity of the evaporated IMF’s. Taking into accountthe 19
fact that the first four bins exhaust about 80% of the total 1
measured cross section and that the mean multiplicity of the 10
midvelocity IMF’'s reaches up to two IMF'’s per event for 50 10
MeV/nucleon incident energy, we may draw the conclusion 10
that the midvelocity emissions constitutevary important
and efficient source of IMF’s for peripheral and midcentral
collisions in the Fermi energy domain.

The lower row in Fig. 5 presents the probability that the
detected IMF(solid line) or LCP (dashed ling originates
from the midvelocity region. As can be seen this probability |,
reaches up to 60—-75 % for IMF’s from the four first bins. As 15
far as the LCP’s are concernédhshed lingthe midvelocity 10
source is less competitive: only up to 40% of the detected 10

I S

{multiplicity}
=

S b b b L

LCP’s originate from the midvelocity source at the highest 1
energy. 10 E
Figure 6 summarizes, for bin 1 and 4, some of this infor- 10 L
mation by showing, on the left axis, the percentage of the 10 ,F
sum of the charge of LCP'$IMF’'s) coming from either 105
mechanisms. The right axis of Fig. 6 shows the correspond- 13 ) I

ing mean multiplicities. The evolution of the percentage of 0 5 10 15 20 25 30 0 5 10 15 20 25 30
the sum of charge of IMF’s in the midvelocity region which z

decreases from 75 to 50 % is one of the more remarkable FIG. 7. Z distributions for midvelocity(eft column and statis-
features. These figures indicate that at lower incident enettical (right column components for bins 1 to 4, for all incident
gies, the midvelocity component is relatively smaller andenergies(see legend The heaviest fragment is excluded from the
more likely to be composed of IMF’s. At higher energies thedistributions. The results are for method I.
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hemispherg Z distributions are constructed for each bin in figure presents the multiplicities @, d, t, °He, «, SLi,

Etrans12. The former is then doubled and subsequently sulbaind 7Li for midvelocity (solid circle and evaporativéempty
tracted from the latter to obtain the midvelocifydistribu-  circle) components, for the four largest impact parameter
tion. This distribution is therefore dependent on this subtracbins and for all incident energies. A general feature emerging
tion and because of fluctuations, it can eventually contairfrom this figure is the increasing multiplicity of midvelocity
negative probabilities. particles with the increasing mass of the isotope for a given

There are three features that stand out in these figures: tis@ecies. For each incident energy and species presented in
extension of theZ distribution of the midvelocity distribu- the figure midvelocity emissions favor the more neutron rich
tion, the limitedZ=1 yield, particularly at the lower incident isotopes. Especially interesting are the tritons which, beyond
energies, and the independence of the lower @&t 10) of 32 MeV/nucleon, are more likely to be produced dynami-
the Z distribution of the evaporative component with incident cally than statistically. Thus one can state that tritons appear
energy. to betypical midvelocity particle$17]. For example, at 50

The singular extension, up ®=230, of the midvelocity MeV/nucleon, 60-70% of the tritons are produced in the
component is explained by the variety of mechanisms thafhidvelocity region. As stated before, protons show the op-
populate it and by the subtraction method used to construdiosite feature, since especially at lower beam energies, they
the left panels of Fig. 7. The case of symmetric fission can b@&re much more likely to originate from the evaporative pro-
used to illustrate the limits of the subtraction method. In thiscesses than from dynamical emissions.
case, one of the fission fragments will have a velocity If one calculates the ratio of neutrons boundZir 1-3
smaller than the averagé,, velocity (for this particular ~elements(including the proton themselvesvith respect to
impact parameter bjnIf it is not the heaviest fragment in the number of protons bound in the same elements, one ob-
the event, there is a certain probability that the subtractiofi@ins values of 1.05 for the midvelocity region and 0.70 for
method will assign it as a midvelocity product. the evaporative region. These numbers are almost indepen-

Besides symmetric fission, one of the mechanisms tha@ient of the incident energy and of the impact parameter bin
populate the midvelocity region ifast oriented fissiofi3].  number.

This corresponds to scenarios where the quasiprojectile is
strongly deformed and emits this, possibly large, deforma-
tion towards the target directidisee Fig. 7 from Ref8] for

an illustration of this proce$sThis process is distinguished In a previous papef8] the experimental results were
from fission by the fact that the angular distribution of thecompared to the predictions of two dynamical models: the
fragments is strongly peaked along the direction between thstochastic mean field and the Landau Vlasov models. In this
quasiprojectile and quasitarget. Notice that these fragmenfsaper we test the predictive power of another model origi-
will be accounted for in the midvelocity component by both nating from the molecular dynamics family. This model, or
methods | and Il as long as they do not represent the heaviestrictly speaking its numerical implementatidicHIMERA
fragment in the forward hemisphere. This still leaves room21]: Code for Heavy lon Medium Energy ReActionis a

for very heavy fragments in the case of quasisymmetric fiscompilation of two molecular dynamics models, i.e., the qua-
sion. The fact that these fragments can excBadlues of siparticle dynamic$QPD) model of Boal and Glosli22,23

half the projectile charge is due to fluctuations in the totaland the quantum molecular dynami¢®MVD) model of
charge collected in this forward hemisphgf®,20. Thus Aichelin and Staker[24—27. In principle these two models
the large extension of midveloci® values should be inter- are very similar. The main difference between them is in the
preted cautiously and should take into consideration the flucpreparation of the initial configurations and in the nucleon-
tuations that the subtraction method is unable to remove. nucleon potentials used.

The small number of light fragmentZ&15) at 25 and A thorough theoretical background of the QMD model
32 MeV/nucleon for bins 3 and 4 is due to the fact that theincluding derivation of the QMD equation and the necessary
difference method used to construct these midvelocity distriapproximations can be found in a review article of Aichelin
butions suffers when the mean velocity becomes close to the6]. A detailed description ofHIMERA, as well as some of
center-of-mass velocity. This effect is already seen in Figs. &s predictions, are presented in R¢f1,28,29, and here we
and 4 when the total size of this component becomes neganly briefly present its main characteristics.
tive. Nevertheless the fact remains that, compared to other (1) Each nucleor{quasiparticle¢ is represented by a con-
species, light fragments seem to be less probable at theséant width minimal wave packétoherent staje
incident energiegsee Fig. 5. (2) The N-body “wave function,” describing the entire

The study of the evaporative component shows, onceucleus is taken to be a direct productMfsingle particle
again, the remarkable constancy, for a given impact paranstates. This, of course, is a violation of the antisymmetry
eter bin, of this component as a function of incident energyrules. Here it is assumed that the fermionic effects, which are
Except for the heavier ionsZ&10), theZ distributions are  believed to be essential for a reasonable treatment of the
almost indistinguishable. There is however a clear dependynamics, can be simulated with the use of an effective po-
dence on the impact parameter bin. Both of these points wiltential term(Pauli potentigl and with Pauli blocking of final
be addressed in the next section. states of individual nucleon-nucleon collisions. The Pauli po-

The chemical composition of the midvelocity and evapo-tential plays also an important role during initialization of
rative components is examined in more details in Fig. 8. Thicold nuclei. It prevents the nucleons of the same kind from

VI. COMPARISON WITH MODEL PREDICTIONS
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being too close in phase space. “on average”), provided the final states are not occupied.
(3) The time evolution of theN-body “wave function”  The occupancy of phase space around the presumed final
describing the entire system is assumed to be governed lstate of the scattered nucleon is assumed to be the overlap of
appropriate variational principl26—30. For the presumed the phase space distribution of the scattered nucleon in its
“wave function” this evolution reduces simply to the clas- presumed final state, with the phase space distributions of all
sical Hamilton equations of motion for the centroids of thethe remaining nucleons.
Gaussian wave packets. Thus the mean positions and mo- (5) The Hamiltonian utilized in theHIMERA code has the
menta ofN nucleons are assumed to evolve due to mutuasame functional form as that used in the model of Boal and
two- and three-body effective nucleon-nucleon interactionsGlosli [22], including all the terms of nuclear potential as
along classical trajectory in phase space. well as Pauli and Coulomb terms. We use two sets of param-
(4) The influence of the scattering term on the time evo-eters of the potential in order to vary the stiffness of the
lution of the system is simulated by a Monte Carlo procedureorresponding nuclear matter equation of st&i®S. These
(see, e.g.[31]). Whenever two nucleons come closer thantwo sets lead to soft and hard EOS, with the incompressibil-
the distance determined by a free, energy depenidjf ity constantK =200 and 350 MeV, respectively. The values
nucleon-nucleon cross section, they are assumed to scattefr the parameters can be found [iB1]. The model repro-
isotropically (with the angular momentum being conservedduces very well the bulk static properties, such as binding
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mental data, after stopping the dynamical evolution, the de-
cay chains of the excited fragments are calculated with the
use of the statistical codgemINI [33].

Such simulations are impact parameter dependent and

Fig. 9 shows the predictions of the model for the relationship
between the impact parameter and Etrans12 for 50 MeV/
] nucleon incident energy. As can be seen these two quantities
] are indeed very well correlated. The solid line in this figure
1 represents the mean value of the contour plot, and the dash-
1 dotted line represents the result of the geometrical prescrip-
tion, (see Sec. ll), applied to the model Etrans12 spectrum
(see Fig. 2 The good agreement between the histogram and
the mean value seems to justify, within this model, the use of
the geometrical prescription for finding the relationship be-
FIG. 9. Relationship between Etrans12 and impact parameter fdween the impact parameter and the Etrans12 observable.
50 MeV/nucleon Xe-Sn. Gray level contour plot represents the Finally, the dashed line depicted in this figure represéses
results of thecHIMERA+GEMINI calculation, the solid line represents also Fig. 2 the experimental result of the geometrical pre-
its mean value, and the dashed-dotted line represents the result okaription applied to the Etrans12 spectrum. The agreement
geometrical prescription applied to the simulation. The dashed lindetween the INDRA results and the model prediction is very
represents the result of a geometrical prescription applied to experencouraging. The quantitative model reproduction of the
mental datgsee Sec. Ill and Fig.)2 range of Etrans12 values is also a feature that should be
pointed out. At lower energie§i.e., at 25 MeV/nucleon,
energies or rms radii, especially for heavier nuclei for whichwhere the model is not supposed to work as Wsié agree-
the local density approximation is the best. ment is not as good, but does not rule out the use of this
(6) The ground-state configurations of the nuclei wereapproximation for the most peripheral reactions.
found by solving a set of damped equations of motion. In the following analysis of the simulated data, the same
(7) Initial conditions of nuclear collisions were set by as- methods have been used as those for the experimental data
suming that the colliding ions move along classical Coulomband the Etrans12 parameter is used as the sorting parameter.
trajectories until the distance between their surfaces is 3 frigure 10 presents the results of the model as was done for
(8) After a specified time the dynamical evolution is the data in Fig. 3. Panéh) presents the percentage of charge
stopped. All nucleons which are separated in the configuracontained in the midvelocity and evaporative components as
tion space by less then 3 fm are assumed to form a clustea function of Etrans12 for method I. The qualitative agree-
Each cluster is then assigned a mass number, atomic numbengnt is clear and in particular the onset at low energy is
c.m. position, linear momentum, binding energy, temperapresent. The quantitative comparison shows that midvelocity
ture, and spin. The binding energy allows for later determi-emissions are however underestimated by about 40%. It has
nation of the excitation energy. to be stressed here, that these results are obtained using the
(9) In order to make direct comparison with the experi- soft EOS parameters. The use of the hard equation of state
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FIG. 10. Model equivalent of Fig. 3a The percentage of charge emitted in the forward hemiellipsoid of momentum tensor for
midvelocity emissiongsquares and evaporation processésrcles obtained with method | as a function of Etrans12 and for soft EOS.
Ziot=Zmiavt ZevagT Zneaviest 1€ NUMbers in boxes label the incident energies. The dashed lines specify the impact parameter region for
which the subtraction method gives unreliable resulig.The percentage of charge in midvelocity component as a function of incident
energy for the four lowest Etrans12 biris) Same agb) but for statistical emissior{d) The percentage of the evaporative component that
is due to thesemini afterburner. White circles with numbers denote impact parameter bins defined in Fig. 2.
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® °g needed: thecHIMERA model predicts rather slow statistical
2 emission rates, thus even after 600 dnet least for more
4o 49 peripheral collisions, the observed fragments are still
® ® g “good” prefragments excited up to 4—5 MeV/nucleon. Thus
® ® § the need for an afterburner is obvious. Nevertheless, after
® ® 2 600 fmk the dynamical phase can be regarded as over. Fig-
: g < ure 1ad) shows, in percentage, that the evaporative compo-
_ 9 2R nent is largely due to theeMINI afterburner. The choice of
0 NI E I 2t I )

600 fmk is not critical and represents only a compromise
between computation time and the strength of the Coulomb
forces which are neglected once tBemiNnl code is used.

FIG. 11. Left column: impact parameter dependence of excitaCg|culations that were stopped at 300 drshowed that the
tion energies per nucleon for fragments witk 10, for all incident  aoffact of this stopping time was negligible.

energies. Right column: relation between impact parameter and Also in Fig. 11, the linegidentical for all panelsin the

atomig ngmber of.afragment. Right scales show the impact ParaMafi column show that indeed the excitation energy per
ggeor tf)rlrr:/r;mg(cf. Fig. 2. The results ocHIMERA calculation after 11600 of the excited prefragments does not depend on the
' incident energy but only on the impact parameter. The right
column of this figure shows two interesting features. First, at
gives a further reduction of the midvelocity componéoy 25 and 32 MeV/nucleon a composite system is formed at
more than a factor of ¥ If confirmed, this interesting feature small impact parameters; evidently this system survives at
could be used to distinguish between different equations ofeast up to 600 fne. For energies above 32 MeV/nucleon,
state. In fact, this component is formed mainly in the early,such a system is not seen. This can either be interpreted as
dynamical phase of the reaction, during which compressiothe disappearance of these processes or as the fact that a fast
and decompression effects could be important. Similar preftat least faster than 600 fo)/ multifragmentation process
erences for a soft EOS can be found also in Reé9,34. occurs. Such aspects go beyond the scope of this paper.
Another interesting observation follows from paitel of More relevant to the present problem is the observation
Fig. 10. The model reproduces the experimentally observethat the charges of heavy fragments decrease both with in-
constancy of the evaporated charge as a function of inciderreasing incident energy and with decreasing impact param-
energy, at least for the two most peripheral impact parametegter. This is related to the appearance of the midvelocity
bins [see also Figs. 3 and(e@}]. This observation might at component. This is not an effect due to the finite time limit
first glance suggest the invariance of the excitation energy600 fmk) of the calculation since at 25 MeV/nucleon a
per nucleon of the primary source, on the incident energyonstancy of the quasiprojectilearge} size is observed.
and for a given impact parameter bin. In order to verify this Figure 12 compares the velocity of the heaviest fragments
hypothesis we have plotted in Fig. 11 the correspondencas measured by INDRAFig. 12a)] and as predicted by the
between the impact parameter and the excitation energies perodel [Fig. 12b)]. The experimental data show that very
nucleon of the fragments witA=10 (left column), and the little velocity damping is observed whereas the model pre-
correspondence between the impact parameter andZthe dicts a more important one. This is an interesting feature
number of the emitted fragmentsght column), after 600 since other dynamical codd&4,35 give different predic-
fm/c, and for all incident energies. Here one comment istions. This overestimation of the velocity damping could be

0 2 4 6
E /nucleon [MeV]
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related to the observed underprediction of the magnitude afrease of thenidvelocityis an intriguing feature which has to
midvelocity emissiongsee Fig. 10 and shows that these be understood.

emissions could be, in fact, sensitive both to the finer ingre- A third observation concerns the evolution of the compo-
dients of these dynamical codes and to the proper treatmesttion of the midvelocity component with the incident en-

of Pauli-blocking and related transparency effects. ergy. The analysis shows that the midvelocity component is
more likely to be composed of IMF’s at lower energiep
VIl. SUMMARY AND CONCLUSION to 75% of the charge of this component comes from IMF’s

. o ) _ than at higher onegabout 50%. On the contrary, the con-

The analysis performed in this paper is an extension of &ihution of protons to midvelocity emissions increases with
previous ong8], carried out for X&-Sn at 50 MeV/nucleon  the incident energy. Alpha particles contribute 40% to the
only. This extended analysis, for the X&n reaction at 25, mjdvelocity component, independently of incident energy.
32, 39, 45, and 50 MeV/nucleon is again performed as &hjs may result from the more violent nature of the colli-
function of transverse energy of light charged particles. Thissions in the participant region as the incident energy in-
enabled us to study the evolution of various observables as gegzges.
function of impact parameter. The analysis shows the follow-  Fourth, the isotopic composition of the midvelocity com-
Ing features. . ponent clearly shows that this component favors neutron rich

First, at 25 MeV/nucleon the dynamical effects are smalljsotopes. For peripheral collisions and lower energies the
The extracted midvelocity component lies below 12% of theyjgyelocity component is more likely to be composed of
total charge for intermediate impact parameter collisionsyitons and deuterons than of protons. At 50 MeV/nucleon
This contribution of midvelocity charge, for the same impactmean multiplicities of these isotopes are equal.

parameter range, rises with incident energy up to 18—-30 % Comparisons of the experimental data with the QPD/
for 50 MeV/nucleon. This may lead us to the conclusion thatgyp +gemini calculations performed for the reactions con-
on entering the Fermi energy domain, we encounter the onsgjgered, show a qualitative agreement with the experimental
of the midvelocity emissions. _ _ data. The incident energy dependence, and in particular the
At the highest incident energy, the amount of midvelocity gnset of midvelocity emissions is reproduced. The differ-
charge approaches the geometrical overlap of the projectilgnces observed both in the quantitative comparison as well
and the target. This obser\{at|on' may indicate that, in fact, ajs in the quasiprojectile velocity damping show that these
50 MeVi/nucleon the reaction picture starts to resemble thgnhenomenon could be sensitive to the finer details of such
high energy participant-spectator scenario, although it igyynamical models. In particular the reproduction of the neu-
clear that, at these energies, the origin of the midvelocityron richness of the neck component and the relative abun-
component is far more complex than that of the simple firegance of the light particles could be a task for the next gen-
ball model. o . eration of dynamical modelAMD [36], FMD [37]) which
Second, investigation of the evaporative component of thgyould take into account finer quantum effects. This is be-
particles and fragments shows that the amount of evaporat%nd the possibilities of theeHIMERA code used in this
charge for a given impact parameter range almost does n@fgysis.
depend on the incident energy, for peripheral and midcentral
collisions. Thus, midvelocity emission constitutes the main
difference in emission pattern for the incident energies stud- ACKNOWLEDGMENTS
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