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Isospin dependent multifragmentation in 1%Sn+ 1250 and 24Sn+ 12%Sn collisions
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Significant differences in the relationships between fragment, neutron, and charged particle multiplicities
were found betweert'’Sn+112Sn and 124sn+ 124sn collisions at 40 Me\A. In this paper we explore the
possibility to explain this phenomenon in the framework of percolation models, and find that the results are
only reproducible in parf.S0556-28187)06805-2

PACS numbeps): 24.10.Lx, 24.10.Pa, 25.70.Pq

Percolation models have proven highly successful in then the final state even for small impact parameters. The
simulation of multifragmentation reactions in the pgk2]. nucleons in the overlap zone are randomly distributed on a
Within these models, fragmentation is described by first dis¥ectangular lattice.
tributing a set of points or sites, each representing a nucleon, The lattice bonds are then broken with a probabifity
on a three-dimensional lattice, which represents the bond&hich we determined in two different ways: in one method
between the sites. In the case of a simple rectangular latticé/e set it equal to a parametpg which we obtain by fitting
each site is connected to six nearest neighbors, however, 1 the experimental daf&], in the second method we choose
has been shown that the model is to a large degree indepeR-according to a Gauss distribution aroupgl i.e., for each
dent of the lattice structurfl,3]. In the second step, some simulation, p va_ries slightly in o_rder to simulate excitation
lattice bonds are randomly broken with a probability that in€nergy fluctuations. A comparison between both methods
nonisospin dependent percolation models is the only free pgoWed no significant difference in the outcome except for
rameter. The remaining connected clusters are identified witRE!t" Statistics in the latter method for higher event multi-

the fragments of the reaction, the bond-breaking probabilit)gl.iCitieS an' I%r%ﬁ b.on?-b.reakifng pr;)t:abilities We]rCIe iTC“f[.ded'
with the excitation energy per nucled4]. ince we find the inclusion of excitation energy fluctuations

. : . to be more realistic, we settled for the latter method.

In this work, the percolation model of Bauet al. [1] is . . . .

modified by the explicit inclusion of isospin degrees of free- we thgn identify clusters of nuclt_aons which are still con-
. o : nected with each other. However, since those clusters are not

_dom, €., Fhe lattice is comprised of protons and neutron§1ecessarily a stable configuration of protons and neutrons,
instead of jus_t nu_cleo_ns. i ) ) we experimented with several different algorithms to achieve

The question in this paper is whether the isospin depengagment stability. Methods included a redistribution of pro-
dence found in the comparison between experimental multions and neutrons between the fragments, further fission of
fragmentation data of'?Sn+*Sn and ***Sn+ 'sn colli-  the fragments, evaporation of protons and neutrons from the
sions [5] can be reproduced within the framework of fragments, and simulations with no additional stability crite-
percolation simulations. Again, we especially focus on theria applied. Also, the definition of stability is not obvious:
average number of intermediate mass fragmeiitéF's,  the experimental lifetime data applies to nuclei in their
3=<Z=20) versus the number of charged particlB&gy. 1, ground state and is not directly transferable to the fragments
left panels (Nyue)(No) and the number of neutroriBig. 1,  of a multifragmentation reaction. Since we found the out-
right panel$ (N,u=)(N,). The full circles denote the experi- come to only be slightly dependent on the definition used, we
mental results for thé?*sn+ 124Sn reaction, the open circles settled on a stability criterion where the fragments are re-
the results for thé*?Sn+ 1125n reaction. The striking feature quired to have a ground-state lifetime that is long enough for
about these distributions is the “splitting” ofN;ye)(N.),  them to reach the detectors. Fragment stability is then
and the position of the maxima ifN,y=)(N,). Both do not  achieved through fission and evaporation mechanisms. As an
agree with common multifragmentation models, in which theunfortunate side effect of these mechanisms, the relationship
distributions(Nue)(N¢) should lie on top of each other, and between the bond breaking probability and the excitation
the positions of the maxima itN,y=)(N,) should simply energy is not obvious anymore, rather the combination of the
correspond to the ratio of neutron abundances in the respettitial bond-breaking and further mechanisms leads to an ef-
tive isotopes. fective bond-breaking probability that is higher thpp —

For each simulated collision event, first the impact paramtherefore,pg sets a lower limit for the excitation energy.
eter is randomly selected. Then with a simple Monte Carlo Of the order of 16— 10" events were simulated for each
integration, the number of protons and neutrons in the oversetup; for each individual event the number of charged par-
lap zone of the two nuclei is determined. We employ anticles, neutrons, and IMF’'s was recorded, where, in accor-
approximation in which the nucleons outside the overlapdance with the experimental data, we employed detector ef-
zone are neglected — we found this approximation to bdiciencies of 0.9 for all charged particles and 0.65 for
appropriate by studying Boltzmann-Uehling-Uhlenbeckneutrons.
(BUU) simulations[6] of the collisions at different impact The code was first applied to the experimental results of
parameters, which clearly showed distinct spectator regionRef. [7]. Figure 2 shows the the average number of interme-
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1 [5] for a 1?4Sn+124sn collision, the open circles
0 the results for a2Sn+ 1123n collision, both at 40
5 MeV/A. The solid lines represent percolation
4 simulation results for the heavier isotopes, the
= dashed lines for the lighter ones. The top row was
53 calculated without any stability mechanism, in
2 the second row an evaporation mechanism is em-
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diate mass fragments Z<20) versus the number of data shows that for the neutron-rich system relatively fewer
charged particlef(Nye)(N)] for °7Au+ 1%Au collisions.  fragments withZz <3 are formed, a trend that cannot be seen
The experimental results in the left panel refer to differentin the simulation. A difference iNy=)(N,,) (right panel is
energies per nucleofi7], the curves in the right panel to predicted, which, however, is not surprising: in the collision
percolation simulations at different bond-breaking probabili-of the neutron-richer isotopes, more neutrons are emitted.
ties py. It had been found earlidi8] that percolation codes The positions of the maxima, i.e., at 25 and 29 neutrons,
generally slightly underpredict the number of intermediaterespectively, correspond to the ratio of neutrons in the iso-
mass fragments, which was attributed to the possible exigopes, 62 and 74, respectively (25/29.86;62/74=0.84). In
tence of noncompact decay geometries. Overall, howevethe experimental data the maxima are at 25 and 40 neutrons,
the model was found to reproduce the data reasonably welthe ratio of~0.63 is incompatible with the simple explana-
In the next step, we address the question of the reproduion above. At high neutron numbers, statistics get rather
cablility of the isospin dependence found in R&f. The top  unsatisfactory, and we do not reproduce the high neutron
row of Fig. 1 shows the result of a simulation with a bond- multiplicities seen in the experiment for the heavy isotope.
breaking probability distribution centered aroupg=0.7  This disagreement between simulation and experiment led us
and a half-width of 0.1. In this simulation, no stability to focus on the fragment stability as a possible reason for the
mechanism is applied. The solid line corresponds to thésospin dependence: the initial fragments produced in the
simulation for the heavier isotop@xperimental data indi- neutron-rich collision might have a “healthier” ratio of
cated by full circleg the dashed line to the lighter isotope protons/neutrons, so that more initially formed IMF's end up
(open circles The difference between the isotopes inin the detector.
(Nime)(N¢) could not be reproduced, the outcome basically The second row of Fig. 1 shows the outcome of a simu-
reflects the trivial autocorrelation that every IMF is a chargedation with an evaporation mechanism to achieve fragment
particle, the slope is determined by the ratio of IMF’s versusstability: protons and neutrons are broken off the fragments
lighter fragments. The linear relationship will eventually until the remainder is stable. In the simulation shown, in the
break down in events with high multiplicities when more andcase ofN>Z, neutrons are broken off, and vice versa. In
more fragments are smaller than IMF’s. The experimentalnother simulation, protons and neutrons had been broken
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off randomly, which lead to slightly less IMF’s. Again, dif- has six neutrons as nearest neighbors and vice versa, the
ferences i{N,ure)(N.) (left pane) could not be observed, excess neutrons being put in randomly as “impurities.” As a
even though there appears to be a slight improvement. Howesult, we noted significant differences between both Sn iso-
ever, for both isotopes, in comparison to the simulation with-topes in the distribution of intermediate mass fragments ver-
out stability criterion, the ratio of IMF’s to lighter particles sus charged particles. Even though this effect leads to a
decreased. I(N;e)(N,), naturally higher neutron multi- closer resemblance of the experimental data, we consider it
plicities are observed, the ratio of the maxima positi®® o be an artifact since it nearly completely vanishes with a
40=0.8) remains compatible with the ratio of neutrons be-prely random distribution of protons and neutrons on the
tween the isotopes, though. _ _ grid. We attribute this effect to the fact that in a pure “salt-
The third row of Fig. 1 results from a simulation of & ¢ygta» configuration every bond has the breakup probabil-

fission mechanism: an unstable fragment is broken into tw_(?ty Do €very impurity will in general lead to the introduc-

fragments, if such a secondary fragment is unstabl_e, It ion of six bonds with breakup probability,., and therefore
again broken up into two fragments, and so on, until only

stable fragments remain. The distribution of the secondar{h)aS a large impact. As a result, disregarding surface effects,

fragment sizes is chosen to be a parabola with maximum pthe collision between the lighter isotopes abqut 79% of the
0.5. A simulation with a flat distribution yielded similar re- PONdS are of typ@oq and 21% of typepoe, while for the
sults, it had only very slightly less IMF’s. Both these mecha-N€avier isotopes the percentages are 61 and 39, respectively.
nisms fit(Nye)(N,,) rather well, the ratio of the positions In. t.he 'random configuration, however, there is no such am-
of the maxima, 31/440.7 is haliway between the Plification, the percentages are 58 versus 42 for the lighter
expected 0.83 and the experimental value 0.6, however, thgotope, and 56 versus 44 for the heavier isotope.

different heights of the maxima could not be reproduced. Also, simulations were run with a “neutron skin,” which
(Nwe)(N.) again fails to show differences between the iso-influenced the ratio of protons and neutrons in the overlap
topes. zone for different impact parameters: for small impact pa-

The forth row finally shows the result for a combination rameters the ratio of neutrons to protons was higher than for
of the two mechanisms above, each unstable fragment undderge impact parameters, the size of the neutrons skin were
goes evaporation or fission with equal probability. Appar-determined by a Hartree-Fock calculati¢f]. However,
ently, this mechanism produces too many light fragmentsthese simulations could not improve the agreement with ex-
both charged particles and neutrons. The ratio of the maximperimental data.
in the IMF distribution versus number of neutrons is 33/44 In conclusion, the experimental results could only be re-
=0.75. produced in part. The main discrepancies @relhe differ-

In deviation from the established percolation models, weence between the two isotopes(iN;-)(N.) could not be
also worked with different breakup probabilities for bondsreproduced. This was found to be independent of fragment-
between protons and protons, neutrons and neutrons, amsthbility considerationsji) The difference in the maximum
protons and neutrons, that is, a probabifity, for equal pair-  values of(Ny=)(N,) could not be reproducediii) The ex-
ings, and a probabilitypyy for unequal pairingspoe=poq - perimental positions of the maxima {iN,=)(N,,) is incom-

As it turns out, in this method the outcome depends signifipatible with the simple shifting due to the higher neutron
cantly on the distribution of protons and neutrons on theabundance that is found in the simulation.

lattice: Amongs others, we worked with a highly ordered The discrepancies found between the data and this basi-
configuration where except for the excess neutrons bothally geometrical approach indicate that effects outside of
types of nucleons are distributed in an alternating Waalt percolation theory are important. The nuclear structure of the
crystal”). So in this configuration, in general every proton fragments as well as sequential feeding might play a role.



55

BRIEF REPORTS 2733

Most important, however, seems the role of pre-equilibrium Research supported by NSF Grant Nos. 9017077 and
emission, which may not only effect the sorting axis but as9403666. We would like to thank C. K. Gelbke for useful
well determines th&l/Z composition of the fragmenting sys- discussions and suggestions. One of(GsJ.K) acknowl-

tem.

edges support of the Alexander-von-Humboldt Foundation.

[1] W. Bauer, D. R. Dean, U. Mosel, and U. Post, in Proceedings [3] D. Stauffer, Phys. Refh4, 1 (1979; J. W. Essam, Rep. Prog.

of the 7th High Energy Heavy lon Study, Report No. GSI-85- Phys.43, 883(1980.
10, 1984, p. 701; W. Bauer, D. R. Dean, U. Mosel, and U. [4] A. Coniglio, H. E. Stanley, and W. Klein, Phys. Rev. Lel2,

Post, Phys. Lett150B 53 (1989; W. Bauer, U. Post, D. R. 518 (1979; D. W. Hermann and D. Stauffer, Z. Phys.43,

Dean, and U. Mosel, Nucl. Phya452, 699(1986; W. Bauer, 339(1981.

Phys. Rev. (38, 1297(1988; W. Bauer and A. Botvinaipid. [5] G. J. Kundeet al, Phys. Rev. Lett77, 2897(1996.

52, R1760(1996. [6] W. Bauer, G. F. Bertsch, W. Cassing, and U. Mosel, Phys.
[2] X. Campi and J. Debois, iRroceedings of the 23rd Bormeo Rev. C 34, 2127 (1986; W. Bauer, Nucl. PhysA471, 604

Conference(Ricerca Scientifica et Educatione Permanente, (1987; W. Bauer, G. F. Bertsch, and H. Schulz, Phys. Rev.
Milano, 1985, 497; T. S. Biro, J. Knoll, and J. Richert, Nucl. Lett 6’9 1888(19\;32 ' '

Phys. A459, 692 (1986; X. Campi, J. Phys. A19, L917 [7] M. B. Tsanget al, Phys. Rev. Lett71, 1502(1993.

(Plr?i@; Ajéz’\;er;f;'}'lg"ée'?i"%”;&i;' 5530';}]""::456 ggz Z- 18] L. Phair et al, Phys. Lett. B285 10 (1992; L. Phair, W.
ys- L ' TS ' Bauer, and C. K. Gelbkabid. 314 271(1993.

(198%; C. Cerruti, J. Debois, R. Boisgard, C. Ngo, J. Natow- . .
itz, and J. Nemethibid. A476, 74 (1988; S. Das Gupta, C [9] Hartree-Fock CodeeNs, B. A. Brown (private communica-
' ' ' ' o T tion).

Gale, and K. Haglin, Phys. Lett. BO2 372(1993.



