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Isotopic yields for light particles and intermediate mass fragments have been measured for'¢&riral
+1125n, 1125 41245 12450 411250 and'?4Sn+124Sn collisions atE/A=50 MeV and compared with predic-
tions of stochastic mean field calculations. These calculations predict a sensitivity of the isotopic distributions
to the density dependence of the asymmetry term of the nuclear equation of state. However, the secondary
decay of the excited fragments modifies significantly the primary isotopic distributions and these modifications
are rather sensitive to theoretical uncertainties in the excitation energies of the hot fragments. The predicted
final isotope distributions are narrower than the experimental data and the sensitivity of the predicted yields to
the density dependence of the asymmetry term is reduced.

DOI: 10.1103/PhysRevC.69.014603 PACS nunm®er24.10—i, 25.70-z

[. INTRODUCTION projectile and target nuclei overlap and then decreases as the
system collectively expandg8,9]. Previous investigations
The density dependence of the asymmetry term in thdave shown that excited systems produced in such collisions
nuclear equation of statdeQS is an important but poorly undergo bulk multifragmentation characterized by a short
constrained property of nuclear matfér-3]. Nuclear struc- breakup time scale 100 fim{10-13 and final states contain-
ture data provide few constraints on the density dependend8g more than four fragments of charge>2 [14,13.
of the asymmetry terni3]. On the other hand, the asymme-  For heavy systems in which the neutron density exceeds
try term and its density dependence govern the density, rdhe proton density, the asymmetry term is repulsive for neu-

dius, and proton fraction of neutron std@j, and provide trons and attractive for protons. The asymmetry term there-
strong motivations for theoretical and experimental investifore enhances the dynamical emission of neutrons relative to

gations of these issues. Recently, a nhumber of calcuIatiorﬁ’omnsh in such cgllisi?nﬁ,; the degree of enha(?c_:emdent re-
have tried to identify experimental observables, which cad cctS the magnitude of the asymmetry term and its density

provide constraints on the density dependence of the asynjicP€ndenced—7]. The difference between neutron and pro-
metry term[4—7]. ton emission rates in such collisions can either be probed by

In this paper, we focus on sensitivities that have bee direct measurements c_)f preeql_JiIibriu_m neutron gnd proton
: ’ . . %pectra or by examining the isotopic composition of the
p_red|cted for (_)bs_ervables in energetic central nucleus CO”'bound fragments that remain after emissi@h-7). In this
sions[4-7]. A.t quent energies of 5_®_Mev gnd above, the paper, we will concentrate on the fragment observables.
central density in such collisions initially increases as the Fragment observables for these reactions have been de-
scribed successfully via either statisti¢db—19 or dynami-
cal [20,27] models. To investigate the dependence of such
*Present address: Institut fiir Kern- und Hadronenphysik, Forsebservables on the density dependence of the asymmetry
chungszentrum Rossendorf, D-01314 Dresden, Germany. term, it is necessary to calculate the relative emission of
TPresent address: Benton Associate, Toronto, Ontario, Canada. neutrons and protons and assess the change in the isotopic
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composition in the prefragment during the expansion stagélescopes, each comprised of one/&58-and one 50Qtm
prior to the multifragment breakuj]. Within the context of ~ Si strip detector, followed by four 6-cm-thick G3l) detec-

a hybrid model, this preequilibrium emission was calculatedors. The 50<50 mn¥ lateral dimensions of each LASSA

in Ref. [22] using a Boltzmann-Uehling-Uhlenbe¢BUU)  telescope are divided by the strips of the second silicon de-
equation model of Ref4] and the subsequent fragmentation tector into 256(3x 3 mn¥) square pixels, providing an an-
was explored using the equilibrium statistical multifragmen-gular resolution of about +0.43°. The LASSA device was
tation modelSMM) of Ref.[23]. In a second approad@4],  centered at a polar angle @,,=32° with respect to the
the expansion and multifragmentation of the system was ca€@m axis, providing coverage at polar angles o<,
culated by a statistical rate equation approach for surfacg 28°- At other angles, charged particles were detected in

i ; i 188 plastic scintillator—CgTl'l) phoswich detectors of the
emission called the Expanding Emitting Sou(EES model 70, o )
: : Miniball/Miniwall array [34], which subtended polar angles
of Ref. [16]. Both of these calculations predicted that the7°$ f.0=160°. The Miniball/Miniwall array provided iso-

final Isotopic composition of observed fragments should betopic resolution for H and He nuclei and elemental resolution
sensitive to the density dependence of the asymmetry termfor intermediate mass fragmer@®F’s) with 3= Z < 20.

The predicted sensitivities for the surface emission in the™ - - charged-particle multiplicity detected in the two

EES calculations a_nd fOL the bulk emlssmnl mlthe hybr'darrays was used for impact parameter determination. Central
BUU-SMM calculations, however, are completely opposite.jisions, corresponding to a reduced impact parameter of

[22,24. For calculations using an asymmetry term wit b/byma=< 0.2 [35], were selected by a gate on the top 4% of
softer density dependence, the EES approach predicts prefe charged-particle multiplicity distribution. Herig,, cor-
erential surface emission of more neutron-rich fragmentsesponds to a trigger threshold requirement of three charged
while the BUU-SMM approach predicts preferential bulk particles detected in any of the 188 Miniball elements. From
emission of more isospin symmetric fragments. These differgross section measurements for such events, we estimate a
ences stem from different model assumptions in these twQajye for b,,,,=7.3+0.4 fm by neglecting fluctuations and
approaches about the density distribution of the system at thgssuming that multiplicity decreases monotonically with im-
time of fragment production. In the EES approach, the fragpact parameter. This would suggest that our impact param-
ments are emitted at normal density along with the protongter selection correspondstes 1.5 fm; however, multiplic-
and neutrons from a residue, which is at subnuclear densityty flyctuations at fixed impact parameter may extend the
In the BUU-SMM approach, the fragments originate fromincluded range of impact parameters outwdrg to b

the bulk disintegration of the residue itself. ~ 3 fm).

In this paper, we investigate how the isospin transport and | the following we present isotopically resolved differen-
dynamics is related to the asymmetry term within the dy-ja| multiplicities for fragments emitted at center of mass
namical stochastic mean fieldSMF) theory approach angles of 70% 6, ,, <110°. At these angles, the coverage of
wherein the evolution of the density and nuclear mean fieldhe | ASSA array is excellent; the only losses occurred for
is calculated self-consistently7,25]. In previous publica-  fragments emitted at very low energiEsA<0.2 MeV in the
tiOI’lS, stochastic mean field theory predictions for the inﬂu-Center of mass, Corresponding to small |ab0ratory ang|es of
ence of the asymmetry term on fragment production, C°||ec79|ab< 7°.
tive flow, incomplete fusion, and binary collisions have been Thjs enabled accurate calculation of the detection effi-
reported[26-29. Here, we compare this model to isotopi- ciency for 70°< 6, ,, <110°; the fragment spectra were fit-
cally resolved multifragmentation data measured in centrajed and the losses at low energies2%) were estimated and
124S”T1243n andn?s”*llzsn reactions at 9MeV. These  corrected. The data presented below have been corrected for
experimental multifragmentation data are presented in thgye |osses below threshold, for inefficiencies in the solid
following section. This is followed by a description of the angle coverage and for multiple hits in the detector tele-
SMF approach, which provides predictions for the dynamicagcopes_ The acceptance of LASSA and the impact of this
production of highly excited fragments, and of the decay Ofycceptance cut on the data are both illustrated in Fig. 1,
these excited fragments via the MSU statistical decay codgnere the efficiency corrected differential multiplicity
[29-3]. The paper concludes with a discussion of the comym/dydp, for 2C fragments are shown. The cut 70°
parison between data and theory and the issues that remai\agcmglloo is indicated by the dashed lines in the figure.
for future investigations. The measured differential multiplicities smoothly depend on

the transverse momentup and rapidityy and are centered

about the rapidity of the center of mass, consistent with
Il THE EXPERIMENT emisgio_n from the participant source. Th_ey Qisplay no char-

acteristic “Coulomb holes” near the projectile rapidity, ex-

Central 1*2Sn+'1%Sn, 112S5n+1245n, 1245n+1125n and  pected from the Coulomb repulsion &C fragments from
1245n+1245n collisions were measured at the National Superprojectile-like residues moving with velocities somewhat
conducting Cyclotron Laboratory at Michigan State Univer-less than that of the projectile.
sity, using 5 mg/crh  %Sn and'?’Sn  targets and Figure 2 shows the measured average differential multi-
50-MeV-per-nucleort?Sn and?“sSn beams. Isotopically re- plicities of Li, Be, B, C, N, and O isotopes at 766,
solved light particles and intermediate mass fragments with<110°. In this figure, the solid squares and circles show the
3<Z=28 were measured with the large area silicon strip de'’Sn+'1?Sn and!?Sn+!?“Sn data, respectively. The isoto-
tector array(LASSA) [32,33, an array consisting of nine pic yields of 1*2Sn+24Sn and'?‘Sn+'1?Sn are essentially
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FIG. 1. (Color) Efficiency cor-
rected differential multiplicity
- 0.2 dM/dydp, for 12C fragments. The
cut 70°< 6, , <110° is indicated
by the dashed lines in the figure.
The color scale in the right side of

pi/A (MeV/c)
=

75 the figure indicates the relation-
L ship between the colors and the
0.1 values fordM/dydp, in units of
50 x GeVic™.
25
0.2 0.4 0.6 0.8 1.0 1.2
y/Ybeam
equal; they have been averaged and are shown by the open Ry1(N, Z) = C eN*AZ, (1)

diamonds. The axis, N-Z, corresponds to the neutron ex-

cess of the nuclides. The peaks of the distributions are typi-

cally located at isotopes witN=Z+1. The yields of the B

and C isotopes are offset by a factor of 10 and the yields ofjere, C is an overall normalization factor and and 3 are

t_he N and O isotopes are offset bY a factpr of 100 in thg oscaling parameters. This parametrization is discussed in
figure. As expected, more neutron-rich nuclide are prOduceg;reater detail within the isoscaling section below. If we

by the neutron-rich system?Sn+'24Sn, while the opposite q h ion th ion 2 i ich
is true for emission from the proton-rich isotope system,a opt t e.conventlon that reaction 'S more neutron ric
1125 +1125 The experimental results indicate that the mul-Nan reaction 1, one expecisto be positive ands to be
tiplicities of IMF’s are ~10—20 % larger for thel?’Sn ~ negative. We have adopted that convention here and have
+1245n entrance channel than for th¥Sn+1125n entrance  fitted the ratios of the isotopic yields for these four systems
channel, consistent with previous observations at an incideri extract the corresponding values foands. These values
energy of 40 MeV per nucleof86]. for @ and B are given in Table I.

In general, the drop from the peak toward more proton- Equation(1), with only three parameteS, «, and3 can
rich isotopes is rather steep especially for elements with evebe used to predict the isotope yields'éfSn+'2Sn as well
values ofZ. The main differences between the isotope yieldsas the mixed system$%Sn+'24Sn or'24Sn+112Sn, using the
for the four different systems are observed in the tails of theneasured yields of one systeft’Sn+2Sn. To illustrate
isotope distributions, where it is greater than a factor of 4 fohow well this parametrization relates the yields of these four
°_O._Larger differences may be e?(pected for even more eXsystems, we take the yields of tA&#Sn+12%Sn system as a
otic isotopes, but the background in the present measuremefitarence and use those yields and the fitted valuesanid

due to multiple hits in the LASSA telescopes does not allow'B to predict the yields for the other three systems. The dash

foréhew at::cu_:ar':e dgtermmﬁtmg. that the isotopic vield and dot-dashed lines in Fig. 2 are the calculated yields for
ecently, it has been show87] that the isotopic yields 1155, 1125, and?sn+2sn, respectively. For this limited
for systems produced at approximately the same excitation ! :
. ._range of asymmetry, these isoscaling parameters can be de-
energy per nucleon or the same temperature satisfy an iso- ribed by a linear dependen n either the inkia o th
scaling relationship. Specifically, the ratid?,(N, 2) SCrbed by a inear dependence on either the orthe

=Y,(N, 2)/Y{(N,Z) constructed using the isotope yields a;ymrhetry palzameterﬁz(N—Z)L(N+Z) ththe r(jgactlccj)n; Id
Y;(N, Z) with neutron numbeN and proton numbeZ from [38]. The excellent agreement between the predicted yields

two different reactions denoted by the indei=1—2,0beys and the data suggests that such scaling law extrapolations
a simple relationshifj22,24,37,38 ’ may have useful predictive power. For example, we expect
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10~1 F ' T ' ™ the motion of these nucleons. Several different density de-
_g iy E/A=50MeV pendences of the asymmetry term were explored from which
two are selected for presentation here. In both cases, the

10-2 L ] asymmetry term is approximated by the form

'\ Esynip, 8) = S(p) &, (2
0
g 1073 E where for the asymmetry term with a stronger density depen-
Y dence
c
3 4 > 2/3 2( / )2
10_ - / N -
= y S(p) = a(ﬂ) +b—LPO_ 3)
© NN Po 1 +(plpo)

10-5 L 4 Here, p is the physical densityp, the saturation densityg
=13.4 MeV andb=19 MeV[2,4,39. In the following, we
refer to this as the “superstiff” asymmetry term. For the
asymmetry term with weaker density dependence,

p 23
FIG. 2. Average differential multiplicities at 762 6, ,, <110° S(p) = a(—) +240.9 - 819.12, (4)
for Li, Be, B, C, N, and O isotopes as a function of neutron excess Po

(N=2) of the isotope. The solid circlggonnected by solid lines to . .
guide the eypare the data for thé2’Sn+124Sn system with\/Z wherea=12.7 MeV[27]. In the following, we refer to this

=1.48. The solid squares are data for the lightest systéen  as the “soft” asymmetry term. In Fig. 3, it can be seen that
+1125n with N/Z=1.24. The open diamonds are the averaged value§N€ tWo expressions are nearly equal at saturation density
from the two mixed systemd?4Sn+112Sn and!1?Sn+12%spn. The  but differ at densities that are either much larger or
dashed and dot-dashed lines are predictions from(BqSee text ~Smaller thanp,.
for more details. In addition to the asymmetry term, the SMF calculations
have a Skyrme-type isoscalar mean field with a soft equation
eOcI state for symmetric matter characterized by an incom-
pressibility constanK=201 MeV. The isoscalar mean field
nd the asymmetry term of these equations of state are used
or the construction of the initial ground state and for the
time evolution of the collision. The nucleon-nucleon colli-
sions by the residual interaction are calculated from an en-
ergy and angle dependent parametrization of the free
nucleon-nucleon interaction and the isospin dependence of

o . the Pauli blocking is considered during these collisions.
Now we turn to the theoretical interpretation of these data.

that these scaling predictions can be accurately extrapolat
to other mass-symmetric systemsAof 200—250 nucleons at
the same incident energy per nucleon but with very differen
isospin asymmetry.

IIl. DESCRIPTION OF THE MODELS

To study the density dependence of the asymmetry term of 40
the EOS, we adopt the viewpoint of the stochastic mean field T T T T T
(SMF) approach described in Refg,,25. In this approach, 35L J

the time evolution of the nuclear density is calculated by

taking into account both the average phase-space trajectory ”>'\ 30} _-FTTT
predicted by the Boltzmann-Nordheim-Vlasov equation and L 251 -~ 1
the fluctuations of the individual collision trajectories about E L7
this average that can be predicted by equations of the & 20} .7 J
Boltzmann-Langevin type. — 7

The virtue of such a dynamical approach for the study of 8. 15t / ’ 1
isotopic effects lies in its self-consistency. The flow of neu- A 1ol / —super stiff |
trons and protons is calculated under the influence of Cou- ,’ - =soft
lomb and asymmetry terms, which reflect self-consistently 57 J

/
O L L 1 1 1

TABLE |. Values for @ and 8 obtained from fitting the isotope 0 02 04 06 08 1 1.2

ratios R,;. /
p/p,

Reaction 2 Reaction 1 a B
112G, 41245 1129 4112gp 0.18+0.01 ~0.19+0.01 FIG. 3. The solid curve and dashed curves indicate the density
1245 41245, 112G 41125, 0.36+0.02 ~0.39+0.01 dependencies for the super stiff and soft asymmetry terms, respec-

tively.
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The calculation solves the transport equations by evolvingn Ref. [41]. The trends of these calculations are consistent
test particles of finite width. We use a reduced number of teswvith the prefragment isospin dependences discussed above.
particles(50 test particles per nuclepm the present calcu- In particular, fragments produced in calculations with an
lations to inject numerical noise into the evolution. In testasymmetry term with strong density dependence tend to be
calculations, we alternatively employed the fluctuationmore neutron rich than the fragments produced in calcula-
mechanism discussed in R¢25], which involves damping tions with an asymmetry term with weak density depen-
the numerical noise by utilizing a large number of test par-dence. In this respect, these predictions are similar to the
ticles and introducing explicitly physical noise according toresults of the BUU-SMM calculations of Ref22] and op-
thermal fluctuations. It was checked that both methods leagosite to the results of the EES calculations of R24].
to similar results. In contrast to the Brownian one-body However, the SMF fully dynamical formation of frag-
(BOB) method of Ref[40], these methods of inserting fluc- ments should actually be more sensitive than the hybrid
tuations are well suited to reactions at finite impact paramBUU-SMM to the interplay of the EOS, i.e., to the density
eter because they do not presuppose knowledge of the masdépendence of the asymmetry term, with the fragmentation
unstable modes. process. In the hybrid BUU-SMM calculations, the EOS is

When the system expands and reaches the spinodal instantering only in the “preequilibrium” nucleon emission de-
bility (after about 110—-120 fro), the most unstable modes scribed above. In the SMF approach, we have not only this
are amplified and initiate the formation of fragments viaisospin effect on fast particle emission but also the full dy-
spinodal decomposition. The evolution of the system is connamics of the isospin fractionation/distillation mechanism
tinued after spinodal decomposition until freeze-out whereduring the cluster formation. In a neutron-rich system, this
the number of dynamically produced fragments and theiteads to a differenN/Z “concentration” in the liquid phase
properties are finally determined. The system is decomposeadhe fragments are more symmejriand in the gas phase
into fragments using essentially a coalescence mechanism {nucleons and light ions, are more neutron yigt8,42. This
coordinate space; specifically, fragments are defined by resffect is associated with the unstable behavior of dilute
gions of density in the final distributions that are above aasymmetric nuclear matter and so in this way we have the
“cutoff” density of 1/8,. By definition, the freeze-out time chance of testing the EOS also at subsaturation density.
occurs when the average calculated number of fragments Asymmetry terms with weaker density dependence
saturates. This occurs about 260 énafter initial contact of  aroundp, must show a faster increase at low densities and so
projectile and target nuclei in the present simulations. The larger isospin fractionation/distillation during the fragment
excitation energy of the fragments is determined by calculatformation[7]. Therefore in a fully dynamical picture of frag-
ing the thermal excitation energy in a local density approxi-mentation events a soft behavior of the asymmetry term
mation. The procedure is rather rough and will overestimat@round saturation density will enhance the formation of more
the excitation energy particularly for light fragments. symmetric fragments for two converging reasqigA larger

Some of the important features of these calculations angreequilibrium neutron emission rate as discussed befioye;
of the prior BUU-SMM[22] and EES[24] calculations can a stronger isospin fractionation/distillation during the bulk
be understood simply by considering the influence of thalisintegration. Opposite effects are of course predicted for a
density dependence of the asymmetry term on the relativeapidly increasing“stiff” ) asymmetry term aroung,. In this
emission rates of neutrons and protons. In all Sn+Sn collisense we can expect the SMF results to be more sensitive to
sions, the symmetry energy in the liquid drop model is posithe isospin dependences of the EOS at subsaturation density.
tive, i.e., repulsive. The interaction contribution to the sym- At freeze-out, the fragments are highly excited. For sim-
metry energy gives rise to a repulsive contribution to theplicity, we assume that the deexcitation of these fragments
mean field potential for neutrons and an attractive contribucan be calculated as if the fragments are isolated. For this
tion to the mean field potential for protons. The mean fielddeexcitation stage, we have tabulated the known masses,
potential for an asymmetry term with stronger density depenstates, spins, isospins, and branching ratios for nuclei with
dence is larger at high density and smaller at low densitZ <15. Where experimental information is complete, it is
than that for an asymmetry term with weaker density depenused. Alternatively, empirical level density expressions are
dence. used for the discrete levels. These discrete levels are matched

It is the low-density behavior that dominates the predic-to continuum level density expressions as described in Ref.
tions for the isoscaling parameter. As the system expands anj81]. The decay of primary fragments with= 15 are calcu-
eventually multifragments, the prefragment remains at sublated, following Ref.[31], using known branching ratios,
nuclear densities for a long time while it is emitting nucle- when available, and using the Hauser-Feshbach formalism
ons. The asymmetry term with weaker density dependencehen the information is lacking. The decays of heavier nu-
aroundpg increases the difference between the neutron andlei are calculated using the Gemini statistical decay code
proton emission rates leading to a more symmetric prefragk31,43.
ment than is produced by calculations with the asymmetry While the SMF calculations predict the numbers and
term which has a stronger density dependence. properties of the hot fragments that are produced at breakup,

The SMF calculations are interesting because they arthe predictions for the relative abundances of light clusters
free, in principle, of arbitrary assumptions about whether thesuch as the isotopes wi#t=1-2that are emitted before the
fragments are formed at the surfaces or from the bulk disinsystem expands to subnuclear density are not very realistic.
tegration of the system. Comparisons between the fragmerFhis prevents a precise modeling of complete events includ-
tation dynamics for different asymmetry terms were reportedng their detection efficiency and means that the impact pa-
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FIG. 4. Differential multiplicities for1’Sn+124Sn collisions A Z
(upper paneland 1*2Sn+12Sn collisions(lower panel as a func- FIG. 5. Left panels: Calculated primacypper panel calcu-

tion of the fragment chargéeft panel$ and the fragment mass lated final(lower pane), and measuredower panej carbon isoto-
(right panel3. The points are the data. The dashed and solid linespic yields for Sn+Sn collisions. Right panels: Calculated primary
are the calculated primary and final fragment differential multiplici- (upper pane| calculated finallower panej, and measuredower
ties, respectively. Statistical uncertainties are shown for the calcupane) mean isospin asymmetries as a function of the fragment
lations; the corresponding uncertainties in the data are smaller thagcharge for Sr-Sn collisions. The lines and data points are further
the data points. explained in the text.

rameter selection based on multiplicity cannot be imposedhterval of 60°< 6, ,, <120°. The solid lines show the mul-
straightforwardly on the calculated events as on the dataiplicities of cold fragments after secondary decay. The sta-
This and the considerable numerical effort it requires haveistical uncertainties in these calculations are shown in the
persuaded us to limit our comparisons to calculations comfigure as vertical bars. The corresponding uncertainties in the
posed of 600 events for each of th&Sn+12Sn and'?“Sn  data are smaller than the data points. If the angular integra-
+1245n reactions at a fixed impact parametebef2 fm. We  tion was performed over the entire solid angle, the averaged
note, however, that the widths in the multiplicity distribu- calculated multiplicities are about 20—30 % larger. This dif-
tions at fixed impact parameter are large enough that a randgerence reflects an anisotropy in the calculated primary an-
of impact parameters may contribute significantly to the ex-gular distributions for the heavier fragments. In the present
perimental data. Future calculations are necessary to asseassiculations, however, we do not have the capability to ac-
quantitatively the importance of this impact parametercurately calculate the modifications of the angular distribu-
smearing. tion due to secondary decay so we presently cannot explore
this issue more quantitatively. As we will show later, this
anisotropy has no impact on the shapes of the isotopic dis-
IV. OVERALL BEHAVIOR PREDICTED BY THE SMF tributions forZ=3-8. .
CALCULATIONS In general, the calculated primary and secondary fragment
multiplicities are smaller than the measured values for the
In Fig. 4, the solid circles and open squares in the lefighter fragmentsZ=3,4 and are somewhat closer to the
panel show the measured elemental multiplicities fes¥2  measured values foZ=6—8. Thelighter fragments with
<8 averaged over 70 6., <110° for 1?Sn+1?4Sn and  Z<4 are mainly produced in secondary decay stage of the
1125n+1123n collisions, respectively. The right panels showtheoretical calculations; the primary yields of these light
the corresponding measured multiplicities as a function ofragments are much smaller relative to the final yields than
the fragment mass. These averaged multiplicities were olare the values for the heavier fragments. Because the frag-
tained by summing the isotopic multiplicities fors2ZZ <8. ment multiplicities and angular distributions depend on im-
The dashed lines denote the corresponding distributionpact parameter, the comparison shown in Fig. 4 may be sen-
of hot primary fragments calculated by the SMF model usingsitive to the impact parameter ranges included in both
the superstiff EOS. Due to the low total number of eventscalculation and data. Future calculations over a wide range
we averaged these calculations over a slightly larger angulasf impact parameters are needed to address this issue. Con-
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S(N)=

FIG. 8. Dependence of the scaled functi®iN) on the density
dependence of the asymmetry term. The left panel provides a com-
parison between values f&N) computed from the datgolid line)
and the calculated primarypoints about the dashed linand final

FIG. 6. Upper panelR;; values obtained from the ratios of the ' ,4ints about the dotted-dashed lirdistributions obtained for the

primary isotopic distributions fot?*Sn+124Sn collisions divided by
those fort?Sn+'12sn collisions. Lower panel: Correspondify,

superstiff asymmetry term. The right panel provides a comparison
between values fo8(N) computed from the data and the calculated

values obtained from the ratios of the final isotopic distributions.primary and final distributions obtained for the soft asymmetry
Each line in the two panels corresponds to ratios for a given eleggym.

ment. Elements witZ=2-8(Z=1-8) are represented from left to

right in the upperlower) panel. The lines are the result of fitting cerning the greater discrepancy far2—4 fragments, we

R1 with Eq. (1); the dependencies on neutron number for the bes} oy q already noted that the formation of light clusters in the
fits are given in each panel.

FIG. 7. Upper panel: Dependence of the primary distributions
for carbon(left pane) and oxygen(right pane) upon the density

-1

10 15 15 20

dynamical stage before breakup is not well described in
BUU- and SMF-type simulations, because the unique struc-

10 g LBt o 10 tural properties of these fragments are not well treated
S| Aoy 2 therein. (Treatments of the emission of light clusters in
10 10 coupled transport equations for nucleons and light clusters
10° can be found in Ref444,45 and in the framework of FMD
""""" [46] or AMD [47] simulations) On the other hand, there is a
- considerable emission of protons and neutrons during this
. 102 stage; the total emission and consequently the asymmetry of
N 3 the remaining source may still be realistic.
% 10 Now we turn to an examination of calculated isotopic
E 10" yields. The upper left panel of Fig. 5 shows the isotopes of
=) carbon nuclei predicted by the SMF calculations over the
5 entire angular range fot?*Sn+'24Sn (solid line) and 11%Sn
10 +1125n (dashed ling the dotted-dashed and dotted lines
10° show the corresponding calculations over the 80,
4 <120° gate. Not surprisingly, the more neutron-ritiSn
10 +1245n system preferentially produces the more neutron-rich

isotopes. The peak of the carbon primary distribution for the
12450 +1295n system occurs at abotiC while the peak for
112510 +1125 system occurs at lower mass, i.e., somewhere
between3C and “C. The differences between the angle
gated and total primary yields are small, and these differ-
nces translate into negligible differences in the shape of the

dependence of the asymmetry term. Middle panel: Dependence i O L .
the final distributions for carborleft panej and oxygen(right isotopic yield distribution after secondary decay; we there-

pane) upon the density dependence of the asymmetry term. Th&0ré do not plot the gated data because the two curves are
data are also shown as the solid points. The various lines in thidistinguishable when normalized to each other. As the sta-
figure are described in the text. The excitation energies for the fragtistics of the present calculation make it difficult to perform
ments are taken directly from the SMF calculations. Lower panelcOmparisons to isotopic yields with a 6&°6, ,, <120° gate

The data are the same as in the middle panels. The curves are tifgposed on the calculation, the remaining calculated multi-
calculations obtained when the excitation energies of the primarplicities in the paper are integrated over the entire solid
fragments are reduced by a factor of 2. angle.
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After sequential decays, one obtains the secondary distrpected for specific dynamical calculations remains open. To
butions shown in the lower left panel. There is no longer ainvestigate whether the SMF dynamical model displays iso-
noticeable difference between the peak locatiats'’C in  scaling, we construct the relative isotope ratiys primary,
both systemg instead, the main differences are found in theusing the primary fragments produced#Sn+24sn colli-
shape of the distribution, which is higher in the neutron-richsions as reaction ghumeratoy and in2Sn+'2Sn collisions
isotopes and lower in the neutron-deficient isotopes for th@s reaction Ydenominatoy.

1245 +1245n system than it is for thé'?Sn+1%Sn system. The results are shown in the upper panel of Fig. 6. The

Such trends are also qualitatively observed in the experimererror bars reflect the statistical uncertainties. The predicted
tal data shown for the?’Sn+24Sn system by the solid isotope ratios for these primary fragments depend very

circles and for thé''?Sn+'12Sn system by the open squares strongly on the neutron number and follow trends that appear
in the lower left panel. However, the experimental distribu-consistent with isoscaling relationship defined by E.

tions are considerably wider and more neutron rich than th&he uncertainties are large reflecting the low statistics of the

model predictions. This trend is replicated in the isotopicsimulations, but the strong dependence on neutron number
distributions for all of the other measured elements. makes it possible to discern apparent isoscaling trends none-

Another way to quantify the differences in the isotopetheless. The lines are best fits using ED. resulting inC
distributions is by the asymmetry parameig&r(N-2)/(N =0.96,@=1.07, andB=-1.43. These values far are much
+Z). The average asymmetty) of the isotopic distribution larger than values observed in the experiment. The lower
for each element is shown as a function &fin the right  panel provides the corresponding SMF predictions for the
panels of Fig. 5. Following the same convention as in the leffatiosRy; fina Of the yields of particle stable nuclei after sec-
panels, the solid and dashed lines show the average asymn@dary decay. For comparison purposes, the scale for the
tries for 124Sn+'2%Sn and!'?%Sn+'12Sn collisions; the upper ordinates of the top and bottom panels are chosen to be the
and lower panels present results for the primary and secon@ame; this demonstrates graphically that the trends of the
ary fragment distributions, respectively. The calculated dif-final isotope ratios are much flatter and the corresponding
ferences between the two systems are more pronounced prigescaling parametersx=0.286 andg=-0.289 are much
to secondary decay than afterwards. The asymmetries of ttmaller. Clearly, the isoscaling parameters predicted by dy-
corresponding data, shown for tH&'Sn+?4Sn system by namic SMF calculations are strongly modified by secondary
the solid circles and for th&2Sn+'12Sn system by the open decay. This trend is very different from some equilibrium
squares in the lower right panel, are larger and display statistical models for multifragmentation where the isoscal-
stronger dependence on the asymmetry of the system than &g parameters have been predicted to be insensitive to sec-

the final calculated fragment yields after secondary decay. ondary decay37,3§.
The isoscaling behavior of the dynamically produced

fragments arises not from thermal physics but rather from

some special characteristics of the SMF primary distributions

predicted for these reactions. We find, for example, the SMF

primary isotopic and isotonic distributions can be roughly
A more sensitive way to compare isotopic distributions isdescribed by Gaussians, see Fig[48]. Isotopic distribu-

to construct the isotopic ratio Ry (N, Z)=Y(N, 2) tions, for example, can be described by

=Y,(N, 2)/Y(N, Z) from the isotope yieldsY;(N, Z) with _

neutron numbeN and proton numbeZ from two different [N=-N(2)J?

reactions. As discussed in the experimental secRs{iN, Z) Y(N,2)= f(Z)exp[— 2—02] '

obeys a simple relationshig,;(N, Z)=Ce*N*#2 whereC is g

an overall normalization factor and and 8 are isoscaling \here N(2) is the centroid of the distribution and? de-

parameters[22,24,37,38 Such an isoscaling relationship gcripes the width of the distribution for each element of

can be obtained in statistical theories for two systems that A8hargeZ. This leads to an exponential behavior of the ratio
at the same temperature when they produce fragments. Bing; Py

ing energy factors common to the yields for the fragments ingzZl’ since, neglecting quadratic terms i)
each system are canceled by the ratio when the temperatures 1 — .
are equal, leaving terms related to the chemical potentials or In Ryy = —[N(Z); = N(2)1IN. (6)
separation energig®4]. In grand canonical models of mul- oz
tifragmentationa=Au,/T and B=Apu,/T, for example Auy, _ _
Ap, are the differences in the chemical potentials for theNote Eq.(6) requires the values far3 to be approximately
neutrons and protons in the two systems dnis the tem- the same for both reactions. We have observed this to be the
peraturd37,3§. In some calculationf38], the values for the case for our SMF calculations of Sn+Spollisions (to
isoscaling parameters extracted from equilibrium multifrag-Within the statistical accuracy-10%). For the ratios for
mentation models are similar before and after sequential de&very element, to be optimally described by the same pa-
cays, an observation that has been attributed to a partial caf@Rmeter, the ratio must be independen®ofThe statistics
cellation of secondary decay effed&7,39. of the calculation do not allow a detailed test of this as-
While isoscaling can be expected for many statistical prosumption, but it does appear thfN(Z),-N(2),]/o; in-
cesseq22,24,37,38 the question of whether it can be ex- creases somewhat wit as Fig. 6 suggests. The primary

V. ISOSCALING ANALYSES

(5
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distributions therefore do not respect the isoscaling relaprovide a reference. Both the primary and secondary values
tionship as well the data do. for S(N) have been fit by exponential functions to obtain
Now, at variance with the statistical fragmentation mod-corresponding values for the scaling parameter and these val-
els, the secondary decays substantially modify the isoscalinges are given in the figure.
parameter. The widtlw? decreases due to secondary decay Generally, the primary distributions for both equations of
and the differencéN,—N,] likewise decreases fractionally, state display a much stronger dependence on neutron number
but by a larger amount. Moreover, the final shape is ndhan do the final isotopic distributions and the data. However,
longer Gaussian, but due to secondary decay, it reflects tHbe influence on the isoscaling parameter is statistically not
binding energy as a function of neutron excess more stronglyery significant. Indeed, as we pass from a stiff asymmetry
(see Fig. 5. These changes combine to decrease the isoscderm to a soft one, we do have a stronger isospin
ing parameter as shown in the lower panel of Fig. 6. fractionation/distillation, as already discussed before. The
centroid of the distributioMN, decreasegsee Fig. ¥ but also
the widtho3 decreases; the decrease in width, however, is of
the order of 10% and comparable to its statistical uncertainty.
The calculated final distributions display a weak sensitivity
to the density dependence of the asymmetry term; the values
The density dependence of the asymmetry term has a sider («=0.286 obtained for the superstiff asymmetry term are
nificant influence on the relative emission rates of the neularger than the values fota=0.2549 obtained for the soft
trons and protons and, consequently, on the isospin asymmasymmetry term. The sensitivity to the asymmetry term is
try of the hot fragments prior to secondary decay. Asconsiderably less than that reported for the EES mil
discussed previously, an asymmetry term with weaker denand for the BUU-SMM hybrid calculation$22]. Unlike
sity dependence tends to remain more important at lowethese latter two calculations, both superstiff and soft asym-
densities, driving the fragments closer to isospin symmetryietry terms yielda values that are significantly lower than
than does an asymmetry term with stronger density depenhe value extrapolated from the data=0.36. One should
dence. Consistent with this general consideration, the calcthote, however, that the excitation energies of these latter cal-
lated primary isotope distributions ##‘Sn+'24Sn collisions,  culations could be more freely varied to achieve better agree-

shown in Fig. 7 for carborfupper left pangland oxygen ment with the experimental observations.
(upper right pang] are more neutron rich for the superstiff

asymmetry ternsolid line) than they are for the soft asym-
metry term(dashed ling A similar trend is also predicted for
the *2Sn+!12Sn system, but is not shown in the interest of
brevity.

A similar trend is observed in the corresponding final dis- The calculated final isotopic distributions for both asym-
tributions that are obtained after secondary decay and shownetry terms differ from the measured ones in that they are
in the middle panel with the same convention for the solidnarrower; more neutron deficient; and show a weaker depen-
and dashed lines as in the upper panel. Both secondary didence on the isotopic asymmetry of the total system. The last
tributions calculated for superstiff and soft asymmetry termsgcharacteristic is reflected more clearly by the isoscaling pa-
however, are significantly narrower and more proton richrameter than by direct examination of the isotopic distribu-
than the experimental distributions shown by the closedions, themselves. In these respects, the calculated results for
circles in the figure(The lower panels, which display corre- the two different asymmetry terms are more similar to each
sponding calculations when the excitation energy is reducedther than they are to the data. We believe that it is probably
by 50%, will be discussed in the following section of this premature at this stage to focus attention on the sensitivity of
papen Similar trends are also observed for tHé’Sn  the predicted final distributions to the asymmetry term. In-
+112Sn and for the other elements withsZ <8, though we  stead, let us concentrate upon what may be required to bring
do not for brevity's sake show those results. the final isotopic distributions into greater concordance with

In Fig. 8, we present the related dependence of the SMihe measurements.
predictions for the isotope ratios,Rupon the density depen- The tendencies of the final isotopic distributions to be
dence of the asymmetry term. We take advantage of the faghore neutron deficient and to display a weaker dependence
that the results in Fig. 6 can be compactly displayed by then the isotopic asymmetry of the system are somewhat re-
scaled functionS(N)=R,4(N, Z)e™#, which condenses the lated. Both point to difficulties the present calculations have
isotopic dependence for the various elements onto a singl@ producing neutron-rich isotopic distributions and indicate
line [24]. The left panel in Fig. 8 shows the results for the a surprising sensitivity of the final results to the primary
superstiff asymmetry term and the right panel shows the redistributions. That the final isotopic distributions are too neu-
sults for the soft asymmetry term. In each panel, the valuetron deficient may result from the primary distributions being
for S(N) obtained from the primary distribution are shown by too neutron deficient on the average, too narfae., oy is
the symbols clustered about the dashed lines, the results otwo smal) or that the secondary decay calculations predict
tained from the secondary distribution are shown by the symtoo much neutron emission after freeze-out because the cal-
bols clustered about the dotted-dashed lines, and the resultglated excitation energies are too high or the excitation en-
from the data are shown by the solid lines in each panel t@rgy distributions are too narrow resulting in the loss of com-

VI. SENSITIVITY OF THE SMF CALCULATIONS
TO THE ASYMMETRY TERM

VII. DISCUSSION AND SUMMARY
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ponents at low excitation energies that could decay tattained in the SMF model by altering some of the underly-
neutron-rich final products. ing model assumptions such as the manner in which they are
We note that additional experimental measurements magtefined at freeze-out.
help to resolve these questions. The average isospin asym- Increased widths may be achieved by performing calcula-
metry of the initial distributions is trivially related by charge tions for a range of impact parameters rather than the single
and mass conservation to the average isospin asymmetry ohpact parameteb=2 fm presented here. For example, the
the nucleons emitted during the SMF calculations before thénclusion of larger impact parameter events could broaden
freeze-out(t=260 fmk) chosen for these calculations. Com- the primary distributions at midrapidity because it will re-
plimentary measurements of the yields and energy spectra gjuire the inclusion of fragments emitted from the neck join-
light particles can help to determine whether these missingng projectile- and target-like residues. Also, SMF calcula-
neutrons are carried away primarily by pre-equilibrium emis-tions predict such “neck” fragments to be more neutron rich
sion during the compression-expansion stage or during thkecause the isospin fractionation/distillation effect is some-
later evaporative decay of the hot fragments. what reduced in peripheral events, leaving more neutrons in
Previous authors have identified issues relevant to our cathe fragments, and there can also be an overall neutron en-
culations, which may influence the asymmetries of the hohancement in the neck region for such events due to the
fragments at freeze-oli#t5,49,5Q. As discussed above, the neutron skins of the projectile and targéf. In addition, the
present simulations underestimate the emission of light clusexcitation energies of the primary fragments in more periph-
ters(d, t, ®He, *He, 8Li, "Li, etc.) during the dynamical evo- eral collisions are also somewhat reduced. Experiments also
lution prior to the freeze-out. Previous studip%,49,5Q0  suggest that neck fragments in very-peripheral collisions are
have noted that the neglect of the emissiorfldé emission more neutron riclj51]. But these same measurements show
is particularly problematic because it is abundant and bethe observation neutron-rich neck fragments to be associated
cause eaclHe particle enhances the isospin asymmetry ofwith events in which projectile-like remnants survive the col-
the remaining system by removing four nucleons withoutlision. One also expects to observe prominent Coulomb-
changing the neutron excess. Indeed, it has been speculatbdles in the fragment and charged-particle emission patterns
that “He emission may have an influence on the isospirdue to the Coulomb repulsion by these heavy remnants. Nei-
asymmetry of the other clusters and fragments that is of théher projectile remnants nor Coulomb holes are observed for
same order of magnitude as the influence of the mean fielthe central collisions analyzed hegisee Fig. 1, even though
[45,49,50Q. The issue needs additional theoretical attention. both are obvious at larger impact parameter selections of
Concerning neutron emission after freeze-out, we nota@boutb/b,,,~0.8 [52]. Thus, the likelihood of an explana-
that the number of neutrons removed by secondary decayon of these discrepancies in terms of significant contribu-
depends primarily on the fragment excitation energies antions of neck fragments from more peripheral collisions ap-
the relative branching ratios for neutron and charged-particl@ears remote.
emission. There are significant uncertainties in the calcula- In summary, we have measured the isotope distributions
tion of the excitation energies of the fragments, which areof Z=2-8 particles emitted in four different Sn+Sn reac-
related to the difficulty to establishing their precise groundtions with different isospin asymmetry and have calculated
state binding energies. To explore the sensitivity of the rethem with a dynamical model that includes fluctuations that
sults to the excitation energy, we have reduced the excitatiogive rise to fragment production. The experimental data dis-
energy of each fragment by a multiplicative factopiwhere  play a strong dependence on the isospin asymmetry that can
0.5=f=1 and recalculated the final fragment isotopic distri-be accurately described by an isoscaling parametrization.
butions. The theoretical calculations reproduce the vyields for the
The solid and dashed lines in Fig. 7 for carbon fragmentdieavier fragments witlZ=6-8, butunderpredict the yields
(lower left panel and oxygen fragmentdower right panel  of the lighter ones, which are not strongly produced as pri-
show the calculated final distributions for 0.5 using super- mary fragments. The calculated final isotopic distributions
stiff and soft asymmetry terms, respectively. Clearly, it isdisplay isoscaling, but the calculated isotopic distributions
possible by reducing the excitation energy to shift the isotopere narrower, more neutron deficient; and show a weaker
distribution in the direction of the more neutron-rich iso- dependence on the isotopic asymmetry of the system than do
topes, so as to make the mean isospin asymmetry of thie data. The density dependence of the asymmetry term of
calculated final and measured distributions to be the saméhe EOS has an effect on the calculated final isotopic distri-
However, the widths of the calculated final isotopic distribu-butions. The distributions calculated using the asymmetry
tions will still be narrower than the measured ones. term with stronger density dependence are more neutron rich
This discrepancy between the theoretical and experimerand are closer to the measured values. These trends are simi-
tal widths would be reduced if the theoretical primary distri-lar to prior results obtained for a BUU-SMM hybrid model,
butions were wider in their excitation energy distributions orbut different from the trends for evaporated fragments pre-
wider in their isotopic distributions or both. The primary dicted by EES rate equation calculations. The present level
distributions of equilibrium statistical model calculations thatof agreement between theory and experiment precludes de-
reproduce the experimental final distributions are mucHinitive statements about the density dependence of the
wider in excitation energy and neutron number than thosasymmetry term of the EOS, but it does reveal that final
predicted by the SMF calculatiori23,31,38. Future inves- distributions are surprisingly sensitive to the widths pre-
tigations will be needed to address whether wider primandicted by the SMF model for the primary fragment isotope
distributions in excitation energy or neutron number can beand excitation energy distributions. A number of theoretical
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