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Effects of charge symmetry on heavy ion reaction mechanisms
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We suggest several possibilities to study the properties of the symmetry term in the nuclear equation of state
from radioactive beam experiments. Collision simulations with a stochastic transport approach, where asym-
metry effects are suitably introduced, are presented. The dynamical response of an interacting highly asym-
metric nuclear matter can be studied, taking advantage of the neutron skin structure. The main reaction
mechanisms, from fusion to deep inelastic and fragmentation, appear quite sensitive to the form of the sym-
metry term of the effective force used, opening some new appealing experimental perspectives. Finally new
features of fragment production are presented, due to the onset of chemical plus mechanical instabilities in
dilute asymmetric nuclear mattdS0556-28138)06002-§

PACS numbdp): 25.70~z, 21.30-X, 21.65+f

[. INTRODUCTION cesses is strongly affecte(.) With increasing energy, using
a stochastic transport theory we see directly the onset of new
The present and future availability of radioactive beams innstabilities and effects on fragment production.
many laboratories all around the world has driven a large [N Sec. Il we introduce the theoretical framework and we
interest in nuclear structure features of beta-unstable nuclgfiSCUSS how the nuclear equation of state is affected by the

There are, however, several expectations based on the fat gmggyugei;m.ewotiscegé Q:n\év?ar?c;e\;sveen(te fegggﬁl Sé?;‘é{?;'so?ﬁe
that the nonequilibrium dynamical behavior of nuclear sys- 9 P y

tems can be also strongly influenced by charge asymmetrdependgnce of the results_ on the considgred effective force.
e . ) . > ¥onclusions and perspectives are drawn in Sec. V.

A quantitative study of this point, trying to pin down the
most sensitive observables in reaction mechanisms, is the| sTOCHASTIC BOLTZMANN-NORDHEIM-VLASOV
aim of the present paper. We will try to show that collisions CODE FOR CHARGE ASYMMETRIC NUCLEAR
of very asymmetric nuclei can lead to unique information on DYNAMICS
the symmetry term of the nuclear equation of stE©S
and on the structure of asymmetric nuclear matter in regions We solve numerically microscopic transport equations
far from normal density. In this way we can put some ex-[21-26 using a new code that includes fluctuations and
perimental constraints on the theoretical predictions used iasymmetry effectf27]. A density-dependent symmetry term
astrophysical COI’]tEX@], where such information is essen- is used also in the ground state construction of the initial
tial in understanding the properties of neutron sf@s5). conditions; isospin effects on the nucleon-nucleon cross sec-
Moreover, there are quite stimulating predictions on newtion and Pauli blocking are consistently evaluated. In order
phases of asymmetric nuclear matter in regions far from norto simplify the analysis of the most sensitive observables a
mal density, which eventually could be reached during thdocal mean field of the Skyrme-like form has been used:
reaction dynamics. The onset of coupled mechanical and _ . _
chemical instabilities is envisagéé, 7], which would lead to Ulp)=Alplpo) TB(p/po)”+Clp)(pn=pp)lpo7z, (1)
clear experimental signatures. Finally we stress the fundawith A,B,o parameters corresponding to a soft EOS
mental interest in the role of heavy mesons in hot and densgk =200 MeV, SKM parameter$28]) and with two differ-
asymmetric nuclear matter, which could be checked in a relaent choices for the density dependence of the symmetry
tivistic mean field approacf8]. term:

In the very last years some first data have appeared on .
isospin effects in reaction dynamics, with a few theoretical C=32 MeV: ASY-STIFF choice,
analyses, on charge equilibratidg®,10], collective flows .
[11—y1:§, fragment groduqctior[14—1ﬂ, and preequilibrium Clpo=a+tbp with a=481.7 MeV fir,
emissiong[18]. See als_o the_recent reviews BIJQ,Z(]._AI- b=—1638.2 MeV fn¥: ASY-SOFT choice.
though the data are of inclusive type and the theoretical stud-
ies do not focus on the effect of different charge symmetry We remark that the two parametrizations give close val-
terms, a noticeable dependence of the reaction mechanismes for the symmetry energy at normal total dengity
on charge asymmetry emerges quite clearly. In this paper we:0.17 fm™ 2. In the lower density region they are quite simi-
will concentrate our analysis on the possibility of extractinglar while at higher densities the difference is noticeable. The
some direct information on the symmetry term, discussingasy-soft symmetry energy shows a decrease and actually it
the following main results(i) At relatively low beam ener- changes sign at densipr~2p,. This parametrization is typi-
gies the competition between fusion and deep-inelastic prazal of Slll forces. The effects on the EOS of asymmetric

0556-2813/98/5B)/14106)/$15.00 57 1410 © 1998 The American Physical Society



57 EFFECTS OF CHARGE SYMMETRY ON HEAVY ION ... 1411

analysis at relatively low energies. Moreover, we have con-
i o sidered medium-light radioactive beams which will be likely
o P available in this energy region from SPIRAB3] and other
projects. In order to see the competition between binary
) events and heavy residue formation we have chosen an in-
P | termediate impact parametér~0.4b.,.,. We have com-
pay ] pared the mean trajectoriése., averaged over many events
1 of the collisions “°Ar (N/Z=1.56)+%Ni (N/Z=1.22),
] neutron-rich systems, versu®v + %Ge (N=2Z, proton
— rich) at 30 MeV/nucleon anth=4 fm.
” 1 Figure 2 shows the time evolution of density projection
S ] on the reaction plane for the neutron-rich system with the
R ; two choices of the symmetry term parametrization. The dif-
S O S T ference is quite evident. In the asy-soft case we have a stron-
o ! Deni ¢ ¢ ger interaction between the two partners, a larger dissipation
ensity p/pg . .
of the relative energy, and the systems enters a fusion path.
of he asy-stiff case is more repulsive; we have less dissipation
and eventually the dinuclear system breaks on a relatively
short time scale.

These results suggest that it might be possible to extract
information on the stiffness of the symmetry term by mea-
suring the relative rate of fusion events. Moreover, for the
asy-soft case we expect more interaction time available for

nuclear matter can be seen in Fig. 1 where we show the totgparg_e equmbraupn. This means that also _for binary ‘?V.e“ts

energy per nucleon as a function of the density for two val-\'c will see tf(]je_ final fra?m??]ts emerge with more (sj|m_|lar

ues of the asymmetry parameter (N—Z)/A: [ =0 (sym- N/Z ratios and in general with more neutrons emitted since
more are excited. At variance, for a stiff symmetry term the

metric nuclear mattgrand| = 1/3 (N=22). two final fragments will keep more memory of the entrance

While the EOS in general softens, as expected, Withchannel conditions. This point will be also discussed in Sec
asymmetry, we see a clear difference in the stiffnest at ' P '

=1/3 for the two different choices. Of course the differenceIII B. . . . .
. . . . For the isobaric proton-rich system a quite unexpected
increases for larger asymmetries. One of the aims of thig

- . ; : new feature appears; see Fig. 3. Now the asy-soft parametri-
paper is to show that reaction mechanisms at medium ener-_.. . r : : .

. . . . . zation leads to a dominant deep-inelastic mechanism, Fig.
gies are sensitive to this effect, although we will certainly notg(a) This could be predicted from two combining effedts:
reach high compression regions. The main |dea'|s to ggt %rgér Coulomb repulsion andii) a larger number c')f
very asymmetric piece of nuclear matter in the mterac“n%ucleon-nucleon collisionémore n-p couples, which see a

zone, just taking advantage of the neutrggroton skin larger cross sectignwhich reduces the main nucleon-

structure of beta-unstable nuclei and considering reactioréxchan e dissipation mechani§a4]. The quite amazing re-
mechanisms particularly sensitive to a ‘“skin-skin” interac- 9 P ) 9 9

sult is in Fig. 3b) for the asy-stiff case. Since here overall

tion. we havel =0, we would not expect any difference, while in

We would like to stress that for some reaction mecha-fact now the most probable events are of fusion type. A way

nisms, fragmentation and deep inelastic mainly, it is quiteto understand this result is that the two quite exotic nuclei
important to have a dynamical approach which includes fluc-46v and %Ge develop a proton skin which is overlapping in

tations in a consistent way. Indeed we expect the dynamic%e interaction zone. The protons in the asy-stiff case see a
outcome to be strongly influenced by the different stiffness : P y

of the EOS as we already well know from symmetric nuclearStronger repulsive mean field and are more easily emitted. As
matter result$29,30. In our stochastic mean field approach a consequence, the Coulomb repulsion between the two part-

fluctuations are introduced in a new way, just starting from aers o_Iecreases and fusion can be easily reached. This inter-
local equilibrium assumption in a phase space [@l. This pretation seems to be confirmed by the proton and nucleon

new procedure has been checked in the case of incomple‘ﬁ:fnISSIOn paitern in the two callisions; see Fig. 4. Only the

fusion events, just comparing the obtained variances witf?rec;tg?'er'rﬁntggserg:gss%Z‘Rgg\ésnaagle_zgg'gﬁ{jegge_'sr;i:fhea?;m:
statistical predictions. At higher energies, the results on necp P y Y P

fragmentation processes can be checked by making a Corﬁgnzatmns.

- . ; . . From the previous discussion the importance of neutron-
arison with Boltzmann-Langevin-type simulatior#i,32. . S ! o X
P 9 P o 2 proton skin formation in the final determination of the main

reaction mechanism is clear. This is an interesting point
since in this way we can also have a direct connection be-

E/A (MeV)

FIG. 1. The nuclear equation of state, at zero temperature, f
symmetric nuclear matt€dotted ling and for nuclear matter with
asymmetryl = 1/3 using the asy-soft parametrizatidashed ling
and the asy-stiff parametrizatideolid line).

ll. RESULTS tween reaction mechanisms and the low density part of the
A Fusion—deen-inelasti o EOS for asymmetric nuclear matter, which gives the skin
- Fusion—deep-inelastic competition structure on the surface @gkunstable nuclei. In other words,

The aim of this investigation is to study the dominantfrom reaction rates we could get independent information on
dissipative reaction mechanisms associated with different paffective interactions used to make predictionsmp drip
rametrizations of the symmetry term. We have started oulines.
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FIG. 2. Contour plots of the density in the reaction plane &r+5Ni at 30 MeV/nucleonb=4 fm, in the asy-soft casé&) and
asy-stiff casgb). The size of the box is 30 fm.

B. Deep-inelastie-fragmentation competition studied[35], showing that preequilibrium emission is sensi-

At higher beam energy, 50 MeV/nucleon, we have studiedive to the isospin strength. Our aim is different. In this paper
collisions of quite exotic nuclei®Ca+ %°Ca. Collisions be- we study the effects of symmetry energy on the onset of a
tween neutron-rich isotopes of calcium have already beemultifragmentation evolution of the system. First of all, the

FIG. 3. The same as Fig. 2 fdfV + 5Ge.
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FIG. 4. Time evolution of emitted protons and nucleonsfér

+®Ni (a) and “%v+%Ge (b), at the same energy and impact pa-
rameter of Fig. 2. Dashed line, asy-stiff case; solid line, asy-so

case.

®9Ca nucleus should show a very clear neutron skin, as pre,
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FIG. 6. Time evolution of the central density obtained for the
reaction ®°Ca+ %Ca at 50 MeV/nucleonb=0. Dashed line, asy-
soft case; solid line, asy-stiff case.

We therefore expect to observe quite enhanced asymme-
try effects for “skin-skin” type of collisions at intermediate
impact parameter.

Figure 6 shows an interesting result for central collisions,
too. This is not surprising since in any case the overall asym-
metry parameter id=1/3. For central collisions between
relatively light ions we expect to have a quite large transpar-
ency and consequently the EOS effects should be reduced. In
order to increase the stopping power we have performed a
calculation, just doubling the nucleon-nucleon cross sections.

In Fig. 6 we report the density evolution for two events,
asy-stiff and asy-soft, with the same initial conditions, in a

sspace cell ba 3 fm side around the system center of mass.

We can infer that the asy-soft and asy-stiff calculations lead
to quite different reaction mechanisms for central events.

dicted by Hartree-Fock calculations almost independently of
the used effective interactidi®6]. In our iterative procedure
(see Ref.[24]) to construct the initial conditions we also 20
reproduce a quite nice neutron skin effect; see Fig. 5.
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FIG. 5. Profiles of protor{dashed ling neutron(dotted ling,
and total(solid line) density for a nucleus of°Ca in the ground
state.

%ca + %°Ca, E/A = 50 MeV, b = 0 fm

FIG. 7. Contour plots of the density in the reaction plane for
80Ca+ 8%Ca at 50 MeV/nucleorh=0 in the asy-soft casgop) and
asy-stiff casgbottom). The size of the box is 40 fm.
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40

2

symmetry in spinodal instabilities of asymmetric nuclear
matter (see Refs[6,39]). We should observe an essentially
charge symmetric clusterization surrounded by a neutron
gas.

At a larger impact parameter binary events of a deep-
Ll d Bl inelastic type are dominant in both cases. Now the important

20 40 20 40 observables are the ones related to the dissipation rate,

masses, and charge asymmetries of the two final fragments.
Also the widths will be sensitive to the symmetry term pa-
rametrizations, because of the different dissipation as well as
the possibility of some instability contribution. We finally
remark that the influence of the symmetry term on the num-
ber of nucleon-nucleon collisions in the first stage of the
reaction should also lead to noticeable effects on preequilib-
rium emission and bremsstrahlung photon production.

20 Q ©-

20 40

O [
o[
(e

t =0 fm/c t = 90 fm/c t = 180 fm/c

40

20 40 20 40 20 40 Starting from simulations of reaction dynamics performed
with a new transport code, where isospin and fluctuation ef-
60 60 fects are suitably accounted for, we have shown that dissipa-
Ca + "Ca, E/A = 50 MeV, b = 3 fm tive heavy ion collisions at medium energies are strongly
sensitive to the density dependence of the symmetry term in
the nuclear equation of state. Important properties, such as
the rates associated with the different reaction mechanisms,
ranging from incomplete fusion to deep-inelastic processes
and neck fragmentation, are significantly affected. In particu-
The asy-stiff trajectory has a smaller compression and thepar, we suggest to investigate the competition between in-
undergoes monopole oscillations: The system will cool dowrtomplete fusion and deep-inelastic events in the case of low
via particle emission and then a fused residue will be formedenergy collisions and between binary events and dynamical
In the asy-soft trajectory the initial density oscillation is emission of intermediate mass fragmefitdF’s) at higher
larger and we expect a larger dynamical effect from two-energy. Several other observables related to the dissipation
body collisions with the onset of a disklike instabilit$7]:  degree reached during the collision can also lead to impor-
The nuclear matter in the interacting zone goes deeply intgant information on the symmetry term. For instance, one can
the low density region, spinodal instabilities develop, and thg@ook at the masses, tHé/Z ratios of the final projectilelike
system will follow a multifragmentation evolution. Contour and targetlike fragments, deflection functions, and so on. In
plots of the density are presented in Fig. 7. The effect isentral and semicentral reactions, where it is possible to ob-
Clearly seen in our CalCUlationS, which contain dynamicalserve the prompt production of several IMF’s, tREZ ratio
fluctuations. distribution of the fragments produced in the neck region is
As already said, due to the neutron skin effect, the dyaffected by the density dependence of the symmetry term.
namical differences will be also more pronounced for semi-This study could also give information on the time scales
central collisions. In Fig. 8 we present two events, asy-stiffinyolved in the fragmentation process and on the degree of
and asy-soft, ab=3 fm. At final interaction times the asy- equilibration reached during the collision.
stiff case is binary while in the asy-soft parametrization neck A possibility is emerging of obtaining in accelerator labo-
instabilities develop and we have fragments dynamicallyratories important information on the symmetry term of large
produced in the neck regiof80,38 and references thergin astrophysical interest. It appears essential to have good ra-
and in general larger variances in the projectilelike and targioactive beams available at intermediate energies and to
getlike remnants. The isotopic structure of the final productperform more exclusive experiments.
will be also different in the two cases. As in the lower energy
discussion presented above, the asy-stiff repulsion will keep ACKNOWLEDGMENTS
a largerN/Z ratio in the projectilelike fragmentPLF) and
targetlike fragmentTLF) “spectators.” In the asy-soft case We gratefully acknowledge intense and stimulating dis-
our results seem to indicate a substantial equality ilN\l&  cussions within the 1ISO-DYN working group, international
ratios of the PLF and TLF remnants and of the fragmentsvorking group on isospin effects on nuclear dynamics. This
produced in the neck region, although the latter should bavork was supported in part by the Commission of the Euro-
more neutron rich. A stimulating interpretation could be re-pean Community, under Contract No. ERBFMB [-CT-
lated to a dynamical effect that tends to restore the charg860654.
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IV. CONCLUSIONS AND PERSPECTIVES
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FIG. 8. Contour plots of the density in the reaction plane for
80Ca+ 5%Ca at 50 MeV/nucleorh=3 fm, in the asy-soft casgop)
and asy-stiff casébottom). The size of the box is 40 fm.
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