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In this Rapid Communication we present results from the analysis of the isotopic yields of fragments emitted
in two selected reactions: the decay of the quasiprojectile it Au peripheral collisions at 35 MeV/nucleon,
and the disassembly of the unique source formed irt &a central reactions at 30 MeV/nucleon. We find that
the relative yields of neutron-rich isotopes increase with the excitation energy of the emitting sources. In the
framework of a statistical multifragmentation model which reproduces fairly well the experimental observ-
ables, such behavior can be explained with the increase dfitAeratio of the hot primary fragments. This
corresponds to the statistical evolution of the fragmentation mechanism as a function of the excitation energy,
from the decay into few small fragments with a heavy residue to complete multifragmentation.

PACS numbds): 25.70.Pq, 24.60:k

Nuclear fragmentation and its connection to the behavionuclear liquid-gas phase transitip8], was obtained. In any
of nuclear matter at high excitation energy is the subject otase, a correction for secondary decay of hot fragments pro-
intensive theoretical and experimental investigatijd$  duced in the freeze-out volunj@] is needed, and depending
Some general properties of this process are already estabn theirN/Z ratio, the secondary decay can proceed differ-
lished: at relatively small excitation energiesE*(  ently.
<2-3 A MeV) there is a formation and decay of a long- (2) An original method to investigate thermodynamical
lived compoundlike nucleus system. This process can be deonditions at the freeze-out via the energy and particle bal-
scribed by evaporation/fissionlike models. At higher excita-ance was proposed [10]. To apply this method one needs
tion energies(close to the binding energythere is a to know about the chemical composition of primary frag-
complete fast disintegration of the system into fragmentsiments.
this process can take place in a finite breakup volume. In this (3) In order to extract excitation energies of hot primary
case statistical models based on the hypothesis of a nucletiagments, a sophisticated analysis of fragment correlations
phase transitiofsimultaneous decayappen to be very suc- was suggestefil1]. Depending on th&/Z ratio of the pri-
cessful[2,3]. mary fragments this method leads to different results.

In this Rapid Communication we present recent data on (4) On the theory side, the chemical composition of hot
the isotope production in heavy-ion collisions at intermediatefragments is directly related to the symmetry energy term of
energieq 4,5] with the aim of studying the isotopic content the nuclear equation of state at subnuclear densities. Further-
of fragments for different sources and excitation energiesnore, it plays a role in establishing the difference between
during the transition from the low energy decay to the mul-the dynamical and statistical mechanisms of fragmentation
tifragmentation. We will show that the behavior of the ex-[12].
perimental isotopic yields, as a function of source size, isos- We investigated the AtAu at 35 MeV/nucleon and
pin, and excitation energy, can be connected to theXe+Cu at 30 MeV/nucleon reactions. The experiments were
corresponding evolution of thi/Z ratio of the hot primary  performed at the National Superconducting K1200 Cyclotron
fragments in the breakup volume, which is an important in-Laboratory of the Michigan State University. The angular
gredient in the disintegration process. range 3¥< 6,,,<23° was covered by the MULTICS array

In fact, there are both experimental and theoretical studiegl3]. The identification thresholds in the MULTICS array
which show that the knowledge of the chemical compositionvere about 1.5 MeV/nucleon for charge identification
of hot fragments helps in establishing the freeze-out condiand about 10 MeV/nucleon for mass identification. The
tions. MULTICS array consisted of 48 identical telescopes, com-

(1) Information about the density of the freeze-out volumeposed of an ionization chambédcC), a silicon detecto(Si),
can be obtained from the analysis of the velocity correlatiorand a Csl crystal. Typical energy resolutions were 2%, 1%,
functions and kinetic energies of the emitted fragmentsand 5% for IC, Si, and Csl, respectively. Light charged par-
Among the different method$,7] to extract the temperature ticles and fragments with charge upZe-20 were detected
of the system, the most popular is based on the statisticat 23°< 6,,,<160° by the phoswich detectors of the MSU
properties of the double isotope ratios. With this technique aMiniball hodoscopg15]. The charge identification thresh-
nuclear caloric curve, as an experimental evidence of alds were about 2, 3, 4 MeV/nucleon in the Miniball far
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tile in peripheral Au-Au 35 MeV/nucleon reaction and
those cpming from the disassembly of the u_ni_que source E‘(MeV/nucleon)

formed in Xet+Cu 30 MeV/nucleon central collisions have

been identified through a careful data selection, taking into FiG. 1. Relative yields of isotopes of different elements vs ex-
account possible distortions on energy and angular distribikitation energy of Au source. Symbols are experimental data, lines
tions due to the experimental efficiengy,5]. In particular it  are SMM calculations®Li, "Be, B, *'C (open circles, dashed
was verified that all the detected decay products are emittelthe);  7Li, °Be, B, ?C  (full circles, solid line;
nearly isotropically from the same source and that their en®Li, °Be, 2B, 3C (open squares, dot-dashed Jiné“C (full

ergy distributions have Maxwellian shapes. In both measuresquares, dotted lineThe experimental uncertainties on the excita-
ments, angular and energy distributions are compatible witftion energy are the same as shown in Fig. 2; error bars on relative
statistical emission, providing an experimental indicationyields are smaller than symbols’ size.

that thermalization of the emitting sources has been reached _ _

[4,5]. The reconstruction of the excitation energies of theYields of measured isotopes with the largest and smallest
sources was carried out analyzing the kinematical charactefumber of neutrons at fixed values, versus the excitation
istics of the produced fragmentgalorimetric evaluation €nergy. For all analyzed IMFs, the ratio increases consider-
[10,16). For the reaction AtrAu we selected impact param- ably in the energy rang&* =3—6 MeV/nucleon. As was

eters 0.95-b>0.5, which give for quasiprojectile Au-like shown in Ref[4] (see evolution of charge distributions in

sources excitation energies from 3 to 6 MeV/nucleon, Whilethe'r Fig. 8 the lowest energy of this range corresponds to

: - , i the onset of multifragmentation with mean IMF multiplicity
for the Xe+Cu reaction we choosk<0.2, which provide  4r4und one plus a heavy residue, while at the highest exci-

fusion sources with excitation energy around 5.5 MeV/iaiinn energy the decay into many IMFs dominates. In this

ngcleqn._ In such a way we select two sets of emitting Sourceﬁespect our data cover the energy range where a phase tran-
with similar A, but differentZ. In Refs.[4,5] these data were

used to obtain a caloric curve with the double isotope ratio

method. g12f 170 ] ,5%
Here we wish to present further information about the } 1F . [ %—* }
composition of hot fragments, which require the study of * 4| . B 4 - 1m
new observables, such as the isotopic yields for fixed ele- : 12
ments and their evolution with the excitation energy and 0.6 (o ] 1L |
other parameters of the emitting source. The analysis of the N . D
relative isotope production can provide more reliable infor- 3 4 5 6 3 4 5 6
mation about the statistical picture of the process than the
analysis of the isobars. In fact, the neighboring isolyaith m 1S T — T O
AZ=1) can be produced at different Coulomb barrierp e 105 |- h St b
to 10 MeV for the Au source The uncertainty in accounting E ' # 4 5
for the real Coulomb energy of the isobars at freeze-out may & 1F 1 3¢ 1=
essentially exceed the difference in their binding energy 0.75 |- | -
(~1 MeV) rendering it impossible to unambiguously deter- ' ﬁ 2F
mine the thermodynamical parameters. o5+ , ™4 1L
In order to avoid a possible problem of preequilibrium in 3 4 5 6 3 4 5 8
the emission of light charged particles we mainly focused on E‘/A(Me\//nucleon)

the analysis of IMFs. In Fig. 1 we show the relative isotopic

yields versus excitation energy obtained from the experimen- g|G. 2. Ratio of relative yields of neutron-rich to neutron-deficit
tal data for Au sourcegeach isotopic yield is normalized to isotopes of Li, Be, B, and C fragments vs excitation energy of Au
the total yield for fixedZ valug. One can see a trend: The source. Solid circles are the experimental data, while lines refer to
relative isotopic yields of neutron rich fragments increasesSMM calculations; solid squares refer to central-%@u experi-
with the excitation energy. In Fig. 2 we present the ratios ofmental data.
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FIG. 3. Relative vields of diff t isot for ts with FIG. 4. The SMM calculations of the mean neutron-to-proton
char e.s f;oniefl te ée_ 65 2;' | erent 1sotopes ?rl ;a%m?;: S Wll'd (N/Z) ratio of hot primary fragments produced at the freeze-out
9 —110£=0. Lircles are expenmental data. the Sofl (full lines) and the cold fragments produced after the secondary

ones are for the Au system, the open ones are for the e . - : .
o ' . decay(dot-dashed linevs excitation energy for multifragmentation
system at the excitation energy of 5.5 MeV/nucleon. Solid and y( e gy for multifragmentatio

: : . of the Au source.
dashed lines are the corresponding SMM calculations.

eral trends, especially the increase with excitation energy of

sition could take placgl0]. At the excitation energy of about the neutron-rich isotopes with respect to the neutron-deficit
5.5 MeV/nucleon we found that the abundances of neutronenes, are correctly reproduced. Some discrepancies in the
rich isotopes are larger for the peripheral quasiprojectile Auesults can be ascribed to approximations in the calculations.
than for the central Xe&Cu unique source. This trend has a In the SMM, Fermi breakup is used to describe the second-
natural explanation since tié/Z ratio of the Au source is ary decay of fragments with=<16 [17]. The model takes
larger than the Xe& Cu one. The relative yields at this exci- into account all ground and nucleon-stable excited states of
tation energy are shown in Fig. 3. The observed trends woullight fragments and calculates the probabilities of population
be consistent if thé\/Z ratio of the primary fragments in- of these levels microcanonicallccording to the available
creases with the excitation energy of the sources. phase spagelt does not include matrix elements of the tran-

Several experimental and theoretical results have showsitions between these states that can be important at small
that in the studied regime the disassembly of the emittingexcitation energies. Also the model does not take into ac-
sources can be described in terms of statistical mo@els, count for possible shifts of the nuclear states caused by Cou-
e.g.,[10]). To better understand thé/Z ratio behavior with  lomb interaction of the excited fragments with the surround-
the excitation energy, we decided to refer to the statisticaing nuclear matter: These shifts should be calculated in
multifragmentation modelSMM) [2], which reproduces the consistent quantum theories. However, in our cases we ex-
observed charge yields, the He-Li isotope temperaf#@ ~ pect a rather high excitation energy of hot primary IMFs,
as well as other observables. In the following we use the setonsiderably larger than thresholds of the main breakup
of SMM parameters which gives the best description of mulchannels £2 MeV/nucleon), and the above mentioned
tifragmentation of the sources produced in peripheral colliproblems do not affect the calculated trends.
sions[4,10]. The freeze-out density was taken 143 (po is According to the SMM predictiong2], at the beginning
the normal nuclear densjtyThe hot fragments are described of multifragmentation the number of primary nucleons in the
in the liquid-drop approximation with the Coulomb interac- freeze-out is very small and nearly all available protons and
tion [2]. The crucial condition for the present isotope analy-neutrons are bound in hot primary fragments. THIE ra-
sis is the requirement of a full description of the yields fortio depends on the fragment size. If there are light and heavy
each considered charge distribution. Under this condition th&agments in the freeze-out, the light fragments have typi-
same parametrization for the central X€u reaction was cally smallerN/Z ratio than the heavier ones: These channels
used. A possible slight decrease of the source size, as a resate more energetically favorable because of an interplay be-
of preequilibrium emission, does not affect the conclusiongween the symmetry and the Coulomb terfg]. In Fig. 4
because it hardly changes th#Z ratio of the sourcd2];  we show how the meaN/Z ratios for the light Z=8-10)
likewise a small dynamical expansion effect has minor im-and heavy £=68-70) primary fragments evolve with the
portance. We checked that the calculated isotopic trésels  excitation energy. It is interesting to note that, if a residue-
below) remain stable with respect to reasonable variations ofike hot fragment is present in the freeze-out, &2 ratio
the SMM parameters in the ranges where the charge yieldsan be even larger than the corresponding source ratio be-
and other observables are reproduced. cause the other light fragments have a considerably lower

Comparison of the SMM predictions with the data isratio. At excitations higher than the multifragmentation
shown in Figs. 1-3. The qualitative agreement is evidenthreshold E;j,,=3-4 MeV/nucleon), heavy fragments de-
(even quantitative for some important isotopasd the gen- crease in size, and therefore, more neutrons are combined
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into hot IMFs. Finally, at very high excitationsEf excitation energy range the relative contribution of the
~8 MeV/nucleon) theN/Z ratio of the hot IMFs decreases, €vaporated isotopes becomes negligible. Therefore, the evo-
because the fragments larger than IMFs are no |ongelption of the isotopic composition of hot IMF predicted by
present, and the number of primary free neutrons increasé8€ SMM is fundamental to explain the observed effect.
fastly. As a consequence of this evolution, we observe an N Other experimental works, e.g., RgL8], it was simi-

increase of thé&/Z ratio of the cold fragments in the energy !arly fognd tr?at aln @ncre_a?(je offtma/Z sou_rcgz _ratio Ieadz to
rangeE* =3-6 MeV/nucleon, and a sizable change in theincreasing the relative yields of neutron-rich isotopes. A pos-

relative yields of neutron-rich and neutron-deficit isotopes>iPlé Production of neutron-rich hot primary fragments is

(see Figs. 1, R At higher excitation energies the calculated also reported in other models: Dynamical stochastic mean
ratio will drop (seeZ=5 in Fig. 4 similarly to the hot frag- field calculationd12] for Au source at high excitations pre-
ment one. dict hot fragments with the sani¥/Z ratio as the SMM. An

Nevertheless, there are alternative ways to produce IMFs"’Tnalf's ﬁf the Icor.relat|r(]3n fulnctlons performed fifi1] f1h
For instance, according to SMM at small excitation energy/€2ches the conclusion that a larger neutron content of the

light IMFs can be emitted from large fragments via thehot primary fragments can explain their experimental data.

evaporational mechanisfi7], which favors the production Ig surgmfary, dwe prefserr:tei new d(i?ta on isotopic )Qelds
of nearly symmetric isotopes with large binding energiesProduced after decay of the Au and X€u sources in the

(close tog-stability line). As a consequence, theéiif Z ratios excitation energy range 36 MgV/nucIeon, around and
are usually smaller than the ratio of the source, and eve lightly above the multifragmentation threshold. We found

though the probability of the evaporation of IMF is small, it t at the experime_nta} relative yields of neutron-rich iso.topes
contributes to the observed yieldsEt<E?% . At excitation increase with excitation energy for the Au sources. This be-

energies near the threshold, the multifragmentation sets in: H."’W'Or is well reproduced by the SMM calculations and con-

) . Sistent with the statistical picture realized in the model. In
evolves from a fast breakup in two hot fragments, which; . .
) : .~ this approach, the energy dependence of the isotopic compo-
looks like an evaporational channel, towards the breakup intgQ.,. . ;
. . Sition of the produced fragments can be explained in terms of
three or more fragments with the increase of the source e

citation energy[2]. In the multifragmentation regime, the the evolution from a decay into few light fragments and a

secondary decay of hot primary fragments is the leading pror_1eavy residue, to the total multifragmentation breakup. This

- . . : rocess can lead to an increase of neutron content of hot
cess, defining a relative abundance of particular |sotope§).. : di f
Switching off the multifragmentation and allowing only the primary intermediate mass fragments.
evaporation process from the source, one cannot reproduce A.S.B. thanks the Istituto Nazionale di Fisica Nucleare
the charge yields, neither to explain the observed trend of théBologna section, Italyfor hospitality and support. We ap-
ratio at high excitation energies. Moreover, in the studiedpreciate discussions with M. D’Agostino and M. Bruno.
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