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Dynamics of dissipative binary collisions
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In this paper we discuss the reaction mechanisms that occur in the overlap zone for semiperipheral heavy ion
collisions at intermediate energies. In particular we focus on the development of neck instabilities, which could
determine a possible increase of dynamical fluctuations. As observed in recent experimental data, at beam
energies just above 10 MeV/nucleon the most relevant expected consequence is the possibility to obtain large
variances in the projectilelike and targetlike observables. With increasing beam energy we pass to a midrapid-
ity fragment production. In this way we predict a smooth transition from a deep-inelastic to a fragmentation
reaction mechanisnjS0556-28138)06612-9

PACS numbeps): 25.70.Pq, 24.10.Cn

I. INTRODUCTION etc) of PLF's and TLF's and, at higher energies, the possi-
bility of IMF formation from the neck region.

In recent years the study of the reaction mechanisms in-
volved in heavy ion collisions at intermediate energies has
been the subject of several experimental and theoretical in- Il. DYNAMICAL EVOLUTION
vestigations all around the world. In particular, recent experi- . . .
mental results have raised attention to the possibility of re- The main purpose of this paper is to study the mecha-
Vea“ng prompt intermediate mass fragmer("v”:) nisms which occur when the dinuclear SyStem, formed in the
production, as well as large fluctuations in the observablegarlier stage of the reaction, breaks up into pieces. The sys-
related to projectilelike fragmentéPLF’'s) and targetlike tem will easily split apart if, after the shock and the initial
fragments(TLF’s) in semiperipheral collisiond]. compression, the rarefaction phase leads the density in the

In this paper we will concentrate on the dissipationoverlap zone below the critical densitg]. The occurrence
mechanisms occurring in medium momentum-transfer reamf volume instabilities can therefore explain the breakup of
tions, corresponding to semiperipheral impact parameters, #te system into two primary fragmendge in deep-inelastic
beam energies slightly above 10 MeV/nucleon. In this en<ollisions, or even determine a prompt IMF emission from
ergy range, interesting results on the excitation energy shathe neck region at higher bombarding energies, where the
ing between PLF's and TLF's and on the observation ofnucleon-nucleon collision rate becomes more imporfa@ht
large mass variances have been recently reported in Bef. It is well known that, when instabilities are present, fluc-

We will investigate the dynamics of the nuclear overlaptuations become extremely important. In fact, in unstable
zone (the “neck” region): the occurrence of volume insta- situations, fluctuations are usually amplified and may lead
bilities in this zone helps the breakup of the dinuclear systenthe system towards various patterns that are different from
formed in the earlier stage of the reaction, leading to twathe one associated with the mean trajectory behavior. In the
primary fragments in the exit channel. Volume instabilitiesfollowing we will try to relate the presence of volume insta-
can develop due to the coupling between stochastic nucleobilities to the possibility, due to the growth of fluctuations, to
nucleon collisions and the nucleon exchange process alreaaptain large variances for the observables associated with
present also at lower energies and extensively studied iRLF's and TLF's in semiperipheral reactions at around 15
deep-inelastic collisions and fusion-fission events, from bottMeV/nucleon.
theoretical and experimental points of vig@~5]. We will A parameter of crucial importance is the time interval
discuss the relative importance of these two sources of digduring which the dinuclear system interacts and exchanges
sipation and fluctuations in the energy range considered. Inucleons before its breakup. This time essentially depends on
particular, the reaction that we will consider here,impact parameter and beam energy. If it is long compared to
1090+12%n at 14 MeV/nucleon, lies in the beam energythe characteristic time for the growing of spinodal instabili-
region where two-body collisions have just started to play aies (r~100-200 fm¢) [8], the effect of the enhancement
role and, consequently, as we will see in the following, theof fluctuations due to instabilities will be averaged out by
dissipation mechanism is mostly determined by one-bodynean-field propagation; in this case we expect to observe
nucleon exchange. According to the calculations presentegist the equilibrium fluctuations associated with the stochas-
below, at this energy fluctuations due to two-body collisionstic nature of nucleon exchange and/or nucleon-nucleon col-
just start to be important. lisions in stable systen{g,9]. This is, for instance, the case

The detectable consequence of the occurrence of instabilef deep-inelastic collisions at low energy, below 10 MeV/
ties should be a clear increase of the variances of all observiucleon. This corresponds mostly to the situation where, on
ables(masses, charges, angles, velocities, angular momentayerage, PLF's and TFL's have the same temperature; i.e.,
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the total excitation energy is shared according to the mass IV. DESCRIPTION OF RESULTS
ratio of the two spectators. Our aim is mainly to compare the results on the ener
On the other hand, if the interaction time is of the same .o between P{F’s andeLF’s with the ex erimentg?/
order of magnitude of the instability growth time, these quc-f. di 9 btained v at GSI2] for th P i
tuations will be amplified and will lead to variances larger indings obtained recently at GSP] for the reaction

10 12 intringic limi
than those expected on the basis of statistical equilibrium, for Mo+2Sn at 14 MeV/nucleon. Because of intrinsic limits

all observables related to the primary products of the reacc-)f th,e apparatus, in thqse (_experlments observgbles r.elated to
LF's were evaluated in direct and reverse kinematics. We

tion. This is extremely interesting since recent experiment : . ; i
results have already raised attention to the possibility of ob- ave myestlgated the_ evolution .Of. the BNV dynamics from
semiperipheral to peripheral collisions.

taining a big variety of masses of PLF’s and TLF's, as well At impact parameters less tham=7 fm the system fol-

as IMF emission from the neck region in semiperipheralI th th of i lete fusi ting th
heavy ion collisions at intermediate energjé$, where the lows the average path of Incomplete fusion, converting the
condition on the interaction time discussed before surely a| incoming energy partly Into rptatmnal motion of the di-
plies. nuclegr system and partly into internal exmtatlon energy. In-
creasing the impact parameter the average trajectory of the
system evolves towards deep-inelastic process configura-
Ill. THEORETICAL FRAMEWORK tions. We observe a binary mechanism, which preserves the
identity of the two colliding nuclei, but converting a quite

flucl:?uz:?cistov::\ﬁlﬁ dew;m'Ccilglisaiig%téogot:ggg}?r?rpgr;toe_?arge fraction of the available energy and angular momentum
’ P 9 into thermal energy and intrinsic spin of the primary frag-

chastic mean-field approach. In such kinds of theories thﬁwents. As mentioned above, we are mainly interested in

Puncési:] ?XStirgsés SSt;IL;?SC:')b ed th)(/e :[r?'soper;??gg nqlzns'tyevaluating the energy sharing between the two partners. Two
unction in p P .0, wh IS Tunctl Y sjtuations are usually indicated: the quasielastic limit and

experience a stochastic evolution in response to the action e thermal limit. In the quasielastic case the partners come

?nélglg:]uatlng source term, in some analogy with Brownian, “contact for a relatively short time, allowing only few

L . nucleons to pass from one nucleus to the other. Concernin
Recently kinetic one-body equations of the Boltzmann- P 9

. . the excitation energy sharing, this leads in average to the
?‘;&?B?'T’Vlaﬁo‘wsv) [or ?oltgn&agn-ltJhehl_lntg-Léhlet!’lbecI; equipartition between the two primary fragments. This result
ype have been extended by the introduction of gg ¢y g i general models, such as the nucleon exchange

fluctuating term, coming from considerations associated W't"[;nodel (NEM) [16], where, because of the stochastic nature

Erllg_r?%d%rﬂen?égﬁuﬂf tgeol?;g:f?:_’f:ﬁ'ee?/?(réf)”'zgga't?;ﬁgra f the nucleon exchange process, the two partners have fluc-
reads : 9 9 tuating masses, put essentially thg same exc_:ltauon energy.
On the other side, when the collision time is long enough,

the two reaction partners can exchange a very large number

'9_f+(v ot U of ) CTF]+ S1[f] 3.0) of nucleons and the system goes towards thermalization. As

ot ' ' a consequence, the excitation energy is divided between the
fragments proportionally to their masses. This is what is usu-

ally called the thermal limit.

The energy dissipated in the reaction is given essentially

Sar ar ap

whereU[f] is the self-consistent mean-field potential and

represents the average effect of the collisions, whllele- A . .
notes the fluctuating remaindéhe Langevin term by the to_tal kinetic energy losdKEL), defined as the dif-
h: ference, in the center-of-mass reference frame, between the

In our calculations we will use a simplified approac initial available kinetic energ¥e and the total kinetic ener
once local volume instabilities are encountered, we imple- g 9y

ment in the code local fluctuations of the density according(TKE) of the two primary fragments in the exit channel:
to the amplitude predicted by BL theory at the temperature
and density considerdd 0]. This procedure is described in

details in Ref[13]. These fluctuations are then amplified and

lead to several situations of mass and excitation energy el the calculation of the TKEL we have taken into account

change in the exit channel. the Coulomb repulsion between the two primary fragments
The BNV equation is solved within the test particle in the final stage. The TKEI_‘ strpngly o_Iepends on the impact
method[14], using the coderwiNGo [15]. The following parameter and the interaction tinthe time after which the

mean-field parametrization has been considered: fragments separg)teas we show in Table . . .
Because of this, from the experimental point of view, the

TKEL represents a good parameter to explore the evolution
of the system between the two limits of reaction mechanisms
indicated above.

TKEL=E— TKE. (4.2)

U(p)=A(p/po)+B(p/po)’, (3.2

with A= —356 MeV, B=303 MeV, and o=7/6, which
gives a “soft” equation of state, with a compressibility
modulusK =200 MeV. Herepy is the equilibrium density of
symmetric nuclear matter. We have checked that the numeri- In order to perform a comparison with the experimental
cal fluctuations introduced in this way are negligible whendata[2], we study the correlations that can arise between the
compared to the physical fluctuation amplitude that wenet mass transfer and the excitation energy of PLF's and
implement when instabilities are encountered. TLF’s. To tackle this problem we stress that it is necessary to

A. Calculations including fluctuations
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TABLE I. The average total kinetic energy loss, calculated in  TABLE Il. The TKEL bin, the statistical mass variance, the
the BNV simulations, as a function of the impact parameter. Theaverage PLF mass and associated dynamical variance, and the av-
average time needed for the separation of the two primary fragerage TLF mass and associated dynamical variance, calculated in

ments is also reported. the stochastic simulations, as a function of the impact parameter.
The statistical variance is given by the average number of ex-
b (fm) TKEL (MeV) Interaction time (fm¢) changed nucleonsee texk
8 453 450 b (fm) TKEL bin (MeV) o2, Apr 0%F Anr o2
8.5 387 350 stat PLF PLF TLF TLF
9 347 300 8.5 369.4-404.3 63.7 99.1 269 120.7 2.69
95 272 240 9 327.2-367.3 50.4 1015 449 1184 4.71
10 194 210 10 177.9-210.7 227 979 108 1221 1.08
10.5 138 180
11 93 150 entire dynamics of the system, it is possible to evaluate how

many nucleons are exchanged in the three cases. This aver-

. . .__age number is shown in Table Il, along with the TKEL bins,
perform an event-by-event analysis, since the fluctuat|on§S a function of the impact parameter.

around the average dynamics play an important role. We ', 1apje || are shown also the average masses of the
have concentrated our analysis on the nature of the binarﬁagments and their variances. As expected, the number of
processes occurring B=8.5,9,10 fm. In Fig. 1 we show the gy changes increases rapidly with the dissipation degree of
time evolution of three events corresponding to these valuég,e reaction. The variances observed are only due to dynami-
of b. The TKEL'’s corresponding to these values of the im-c4 fiyctuations, which develop as soon as the dinuclear sys-
pact parameter are indicated in Table I. It can also be seen g encounters volume or shape instabilities. As mentioned
the table that the separation time is still quite long inkhe pefore, this kind of fluctuation is accounted for in our sto-
=8fm case and this complicates significantly the analysischastic simulations. However, it should be noticed that, also
For this reason we show results starting from8.5 fm. For i staple situations, equilibrium fluctuations are present due
each impact parameter several events have been considergd.ine stochastic nature of the nucleon exchange process.
The calculations show that the system on average evolv@secause of the use of test particles for solving the transport
from the quasielastic to the thermal limit along with the ris€ gquation, these fluctuations are reduced by a factdp.J/
of the TKEL. Indeed, in the case of the more peripheraly __ heing the number of test particles per nucleon. We in-
collision (b=10 fm) the excitation energy is, on average, corporate also these fluctuatiofghich we will call “statis-
equally shared between the two fragments, while or tica|” fluctuations by implementing each stochastic event
=8.5 fm the largest fragment is more excited. Following thecg|culation by the procedure of the random clustering of the

one-body distribution, introduced in R¢L7]. The method is
350 tm/c widely discussed also in Rdf]. Starting from a dynamical
event we get many “statistical” events, each of them con-
structed by randomly choosing a sampleNgf=A,—Z, and

Z, test particles among all test particles associated with neu-
trons and protons of the projectile, and similarly for the pro-
tons and neutrons of the target. Then the primary fragments
are reconstructed using a coalescence procedure described in
Ref.[17]. In this way we reconstruct the “statistical” vari-
ances, which are essentially given by the average number of
exchanged nucleonl¥]. As can be seen from Table I, these

@ fluctuations are larger than the dynamical variances.

B. Comparison with experimental data
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In the experimental datg?], it has been unambiguously
demonstrated in a model-independent way that a correlation
between the net mass transfer and the excitation energy of
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[TTTT

mass, the excitation energy is not equally shared between the
two fragments, the one that gains nucleons being much more
excited. Such a result is in disagreement with both the quasi-
elastic limit, usually described by the NEM, and the thermal

FIG. 1. Contour plots of the density in the reaction plane for thelimit, which predict the equipartition of the excitation energy
collision ®Mo+12%Sn at 14 MeV/nucleon, at three different impact for equal-mass events. Hence Cashil. [2] advocate the
parametersta) b=8.5 fm, (b) b=9 fm, and(c) b=10 fm. The size  existence of important dynamical effects in order to explain
of the box is 40 fm. the data.

F (¢) 175 tm/c| F 200 tm/c| F 225 fm/c the fragments exists even for relatively high energy dissipa-
— ~ — 7 - @ tion. Moreover, in that paper the authors show that, also in
5_ 5_ ©) E_ k_) events with the two primary fragments having the same

©
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diffusion of nucleons. If this condition is not fulfilled, a cor-
relation between excitation energy and net mass transfer can
arise. This is related essentially to the fact that in a single
exchange the hole excitation induced by the exiting nucleon
in the donor nucleus is much lower than the particle excita-
tion created in the recipient nucleus. So an asymmetry in the
fragment excitation energy is expected in events with a net
mass transfer, the nucleus that gains nucleons being more
excited. If the total number of exchanges is not much higher
than the net transfer, this asymmetry is detectable.

The behavior observed &t=10 fm is similar to what is
obtained at 9 fn{equipartition of excitation energy between
the primary fragmenjsbut variances are much less.

At b=8.5fm the system goes towards the equal-

. temperature limit; hence the excitation energies of the frag-
NN BN BN BN ments result in being just proportional to their masses. This
20 100 110 120 130 trend is also present in the data, when increasing the TKEL,

A even if the equal-temperature limit is reached for higher val-

FIG. 2. The average number of evaporated nucleons for théJes of the TKEL,
cosion ‘o 15n at 14 Mevinucleon a5 a functionof the pri- (2718 TR ST T P G 28 CREIEARE PSS S0
mary mass of th.e PLF .fragmem’ n the directossesand reverse the range of masses detected as PLF's and TLF's is broader
(open circley kinematics: (a) experimental results for TKEL . ) L . :
—300-350 MeV,[2]: (b) our calculations fob=9 fm, which cor- 1" the data. Thls could |nd|caFe a more important contribu-
responds to TKEE 325—370 MeV. The soliddashedline fits the tion of dynamical effects an_d instabilities that, in our calcu-
lations, at 14 MeV/nucleon just start to appear.

We expect to find such a contribution when rising the
energy. Indeed, calculations at higher enerdi@s MeV/

As reported in Table Il, in our simulations we observe leon v i d "  that
non-negligible fluctuations that come from dynamical effectgUCIEON aré presently in progress and seem 1o suggest tha

(neck instabilitiey which are responsible for the variances Qynamlcal |nstab|I|t|§s_pIay an important role in the evolu-
indicated in the table and many nucleon exchanges betweeiﬁ)n of the system, giving a very relevant contribution to the
the two reaction partners. Once the statistical fluctuation Inal variances.

have been implementgdccording to the procedufd?] re-

called abovg we observe, in each dynamical event, a broad- V. CONCLUSIONS

er;ing_of the mass distribution according to the formula \ye nave investigated the dynamics of semiperipheral
Osa= Nexch- ON€ can notice that the “statistical variances” peayy jon collisions at energies around 15 MeV/nucleon. In-
are larger than the ones given by dynamical instability efterest of this kind of study lies in the fact that in recent
fects. Indeed, at 14 MeV/nucleon, dynamical instabilitiesexperimental data large fluctuations have been measured in
have just started to play a role. After introducing the “statis-the opbservables related to PLF’s and TLF’s, which cannot be
tical” fluctuations, we can now calculate the masses and th@xplained just on the basis of thermal “equilibrium” pro-
excitation energies of the two partners event by event. In Figeesses. The dynamical mechanisms and the possible occur-
2 we show the excitation energy of the PLF's and TLF's,rence of instabilities have been investigated, in the case of
obtained ab=9 fm, as a function of their masses. It is pos- the reaction®Mo+12Sn at 14 MeV/nucleon, in the frame-
sible to see that, as already stressed before, in the absence@irk of a stochastic mean-field approach. We show that dy-
net mass transfefi.e., for Ap =100, At =120), we ob- namical effects, related to the occurrence of volume and
serve the same excitation energy for the two reaction partshape instabilities in the neck region, determine an increase
ners. Then we see that the fragment that receives a gives the variances, but at 14 MeV/nucleon this effect is small
amount of nucleons from the partner is more excited, inyhen compared to the broadening due to statistical fluctua-
agreement with the trend observed in the experimental datgons. At the energy considered dynamical fluctuations just
However, it should be noticed that in our calculations, thisstart to play a role. On the basis of previous calculations,
result does not come from dynamical effects, as suggested |grger effects are predicted at higher enefigly up to cluster
Ref. [2], because we have shown that dynamical variancefyrmation in the “neck” region, with variances much above
are small compared to the statistical ones. Hence we cofhe statistical evaluation. In this way we expect a quite
clude that in our calculations this kind of correlation ariseSsmooth transition in the reaction mechanism for dissipative
from statistical processes, namely, from the nucleon excollisions, from deep-inelastic to fragmentatidwatura non

change process. . o . facit saltus[19].
Actually, as stressed in recent publicatidds], this fea-

ture can be understood also within the NEM. It is often ar-

gued that the NEM predicts equal energy sharing between ACKNOWLEDGMENT

the two primary fragmentésee Ref[16]). However, this is

true only if the net mass drift is much smaller than the total We wish to thank F. Matera for valuable discussions.

points obtained in the dire¢teverse kinematics.
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