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Studies on the isospin of fragments resulting from the disassembly of highly excited large thermal-like
nuclear emitting sources, formed in tA&Au+ °7Au reaction at 35 MeV/nucleon beam energy, are presented.
Two different decay system@he quasiprojectile formed in midperipheral reactions and the unique source
coming from the incomplete fusion of projectile and target in the most central colljsioeie considered;
these emitting sources have the same iniiaZ ratio and excitation energyE} =5-6 MeV/nucleon), but
different size. Their charge yields and isotopic content of the fragments show different distributions. It is
observed that the neutron content of intermediate mass fragments increases with the size of the source. These
evidences are consistent with chemical equilibrium reached in the systems. This fact is confirmed by the
analysis with the statistical multifragmentation model.
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The study of heavy-ion collisions at intermediate energies In this situation only new experimental data could solve
(10<E=<100 MeV/nucleon) is a useful tool to investigate the problem of isospin composition of the gas and liquid
the mechanisms of fragment production in highly excitedphases. Indeed, a variety of experiments can be found in
nuclear systems. In this energy regime multifragmentationiterature. In Refs[10,11 the difference of the meaN/Z
appears as one of the main deexcitation chafitelwhich 445 of the LCP and of the IMF has been interpreted as the
e e e o2, . L7 gepratonof gos and i phases The authors f B8]

: nsidered the presence of neutron rich LPC and light IMF

access to the nuclear equation of state. It has been shown t ) .
statistical modelg4,5] happen to be very effective in the 25 evidence of the neutron enrichment of the gas phase. The

reproduction of main characteristics of the fragment produc@verageN/Z ratio of fragments emitted from excited nuclear
tion such as charge distributions and fragment correlationssystems is seen to vary with the excitation energy and the
Nowadays, with the advent of radioactive beam facilities,N/Z ratio of the system. In particular in the work of Ra-
the influence of the isospin degree of freedom is stronglymakrishnaret al.[13], where for different reaction the beam
addressed and experimental information on the isotopic corenergy and the mass of the system were kept constant, it has
tent of emitted fragments represents a meaningful startingeen shown that the IMF’s isospin present a linear depen-
point in order to get a deep understanding of either the degence on theN/Z ratio of the system. Moreover, it has been

excitation mechanisms or the nuclear matter properties. — ohqarveq that the neutron content of the emitted IMF de-
Theoretical calculations predict that, in the fragmentation

of asymmetric nuclear matter, the isospin composition of thé)erlds on the excnauqn energy of tﬁg(ed sizg source49),
“liquid” phase [usually associated with intermediate massCré@sing as the excitation energy increase. _
fragments(IMF) and heavy residu¢sand the “gas” phase In this Rapid Communlgal_tlon we present experl.mental
[light charged particleSLCP) and nucleonk depends on data extracted from two emitting sources with approximately
many factors. In particular, calculations by Mu and Serot the sameN/Z ratio and excitation energy, but with different
[6] showed that, for very neutron-rich systems, there maysize. Since existing experimental data cover the study of the
exist a distribution of the excited nuclear matter into aN/Z ratio of fragments as a function of the excitation energy
neutron-rich gas and a more symmetric liquid. However, LeeandN/Z ratio of the emitting source, this analysis represents
and Mekjian[7] have pointed out that the Coulomb and sur-a complementary point to fill the experimental picture on the
face effects, which are important for finite systems, mayeffects induced by the isospin on the decay process.
moderate the neutron enrichment of the gas phase by produc- It is also important to note that these new data provide
ing more free protons. The statistical multifragmentationinformation about isospin of fragments produced in decay of
model (SMM) calculationg 8] have shown that the neutron the largest nuclear systems under investigation up to now
content of the IMF can increase in the region of the(A>300). This allows for more reliable extrapolations for
phase transition, in agreement with the experimental obsethe case of nuclear matter, as well as for the astrophysical
vations[9]. applications in supernovae explosions and neutron stars.
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The reaction Ad-Au at 35 MeV/nucleon was studied in I E) ‘ ]
experiments performed at the National Superconducting =10 o QP E
K1200 Cyclotron Laboratory of the Michigan State Univer- is ]
sity. Light charged particles and fragments with charge up to
Z=20 were detected at 23°0,,,<160° by the phoswich
detectors of the MSU Miniball hodoscopgl4]. The
MULTICS array [15] covered the angular range €9,
<23° and allowed for a charge discrimination upz4e- 83
and for good mass discrimination fdr=1-6 isotopes. The
geometric acceptance of the combined array was greater than
87% of 4.

A brief summary of the results published insofar will fol-

low. The selection of the impact parameteis based on the

numberN, of charged particles detect¢i6]: T ey e
VA
R too 12
b=b/bma= f P(N/)d Né) } FIG. 1. Charge yields of fragments obtained for the+Au
c reactions at 35 MeV/nucledl7,18. Circles represent the experi-

mental data: the solid ones are for the QP systems, the open ones
whereP(N,) is the charged particle probability distribution are_for the CUS. Solid and dashed Iir_1es are SMM calculations for
and 7-b?,, is the measured reaction cross section forPeripheral and central cases, respectively.
N:=3. o | .

Through the analysis of energy and angular distributionguction yields for differenZ values. The IMF emitted from
of the experimental data, it was possible to identify eventdn€ CUS are more neutron rich than those from the QP. This
originating either from disassembly of a unique sourceSTect is enhanced when plotting the relative yield ratio vs
formed in central collisions, or from decay of the qua-he neutron excegsee Fig. 8)]: the ratio between the CUS
siprojectile (QP) in peripheral and midperipheral collisions @nd QP yields increases withi{Z). In Fig. 3b) we present
[17]. The excitation energy of the fragment sources was calthe ratio of relative yields of neutron-rich to neutron-poor
culated both via the calorimetric method and through comiSOtopes at fixed values, for both CUS and QP. It appears
parison with model calculationfl7,18. Extra kinetic en- that the CUS emits preferentially the more neutron-rich frag-
ergy, such as radial flow or rotational motion, does notMents. The averageN)/Z value of each atomic specie ver-
contribute appreciably to the excitation energy. This result$US its charg& is presented in Fig. 4. _
from the analysis of charge, angular, and kinetic energy dis- ©One can clearly see from all the figures that the disassem-
tributions of the emitted fragments, as well as from the studyP!y Of the CUS system into a relatively larger number of
of event-by-event charge partitiofil7—19,23. Finally, ragments leads to production of more neutron-rich IMF and

nuclear temperatures were determined using the technique bfFP- In the previous study it was experimentally demon-
the double ratio of isotope yield&0]. strated that fixing the size of the source, but varying its ex-
The analysis determined that the thermal characteristicitation energy, the increase in the multiplicity of emitted

(excitation energyE* and isotope temperatufBs,) of the ILagments itS accompanibed to mtﬁret rtﬁutrofrf] rifh INE: In
- e present case we observe that this effect is even more
QP, formed at 0.6b<0.7 (E*=5.5+0.6 MeV/nucleon,

B . . pronounced.
EBOET\'Ag%/?z I?/IeV)lran_d 40;:%63 4u|\2|q\l;le sourc& _ks.gl These results are consistent with the statistical picture of
Qm'ilar [i?] nucleon, Tis;=4.3+0.4 MeV) are remarkably disintegration of finite nuclear systems. For example, the sta-

It is therefore important to analyze the whole picture of |

fragment production in these reactions. The aim of this paper % o8 | ' 2;1 1 Z=2' 1 2;3 i
is to provide new results by comparing IMF production be- o6l 1 I s 3
tween emitting sources of similar excitation energi€&s ( Z oaf 8.0 + .
=5-6 MeV/nucleon) andN/Z ratio (118/79=1.49), but of é 0297 ol 1 m ]
different size £=79 for the midperipheral QR =126 for 0 bt + et

the central unique sourd€US) [18]). In particular we will A

1 T T

focus our attention to the isospin of emitted fragments. '

Charge yields of fragments obtained for the-#Mu reac- ot T T ;
tions at 35 MeV/nucleon are presented in Fig. 1. The heavi- oa b ot 1 o |
est sourcdCUS) decays emitting fragments lighter than the o 0,,/’-—2 /\ 1 fe 1
QP, and in a number larger than what is expected by a simple
scaling factor. In other words, the CUS undergoes a stronger
disintegration at the deexcitation stage.

The different partition in the two systems affects the num-  FIG. 2. Relative yields of different isotopes for fragments with
ber of neutrons in the IMF. Figure 2 shows the isotope procharges fronZz=1 to Z=6. Notations are as in Fig. 1.
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' ] agreement between experimental data and SMM calculations
| . was found in the study of the AuAu 35 MeV/nucleon re-

T ] action[17-19. Here we use a new version of SMM based
P on the generation of a Markov chain of partitiof®. This

. ' ] version keeps its full reliability concerning the charge distri-
Tr 8 . bution predictions and allows for taking into account all ef-

I § 1 fects influencing the isotope content of the produced frag-
ments.

In this paper, by basing on this statistical model we aim to
-2 -1 0 1 2 3 4 single out the main physical effects responsible for the ob-
N-Z served trend. Even though some assumptions of the model,
such as a fixed freeze-out volume or nonoverlapping frag-
ments, are approximations of the real conditions, and some
parametergflow energy, fragment's level densjtyare not
unambiguously defined, these uncertainties influence the
fragment charge distributions mainly and can be accounted
for by finding the source distribution with the well elaborated
2 ¢ ] technique[21]. When the charge distributions are fixed, the
o . ] main features of the studied isotope distributions are driven
° by the chemical equilibrium effects and the binding energy
T 5 7 8 7 of the fragments.

6/3 8/6 10/7 12/1014/11  A(heaviest/lightest) The events generated by SMM were filtered to take into

FIG. 3. (3 Ratio between the CUS and QP vyields for each account the. experimental efficier_ncy. In the Figs. 1, 2, and 4
isotope as a function dfi-Z. (b) Ratio of relative yields of neutron- the _Compar'sons between eXp?”memal data and SMM pre-
rich to neutron-poor isotopes at fix&values, for both casdsolid dictions are shown. The foIIowm_g set of parameters gives a
points are for the QP, open points for the QUS good agreement between experimental data and calculations

(see also[17,18,2]): an excitation energyE}=5.5
tistical multifragmentation modelSMM), see, e.g.[4], is  =0.6 MeV/nucleonA;=197,Z,=79, ps=3po, for the QP;
based upon the assumption of statistical equilibrium at a lowAs=315, Z;=126, ps= 1p for the CUS p,=0.15 fm 2 is
density freeze-out stage. Different breakup partitions aréhe normal nuclear densjtyThe smaller density in the cen-
sampled, according to their statistical weights, in the phastral collisions is consistent with an additional expansion
space. After breakup of the nuclear source the fragmentsaused by the flow development. The microcanonical tem-
propagate independently in their mutual Coulomb field andperatures obtained in both cases are also quite similar:
undergo secondary decays. The deexcitation of the hot priFi,~5.4 MeV for the central case and5.5 MeV for the
mary fragments proceeds via evaporation, fission, or Fermiperipheral one.
breakupg 22]. SMM is very successful in reproducing experi-  Dynamical calculation§23,26,27 predict thatN/Z ratios
mental data concerning both peripheral and central nucleusf the emitting sources must have values close to that of the
nucleus collisions[23-25. In particular a very good initial system. In particular an analysis dedicated to the study

of 50 MeV/nucleon central collisions BfSn+ 11212650 [27]

N ' ' ' ' ' has shown that the best agreement between calculations and
T4 r experimental data claims foi/Z values of the source close
to that of the starting systefdifferences are lower than 3%
Also the dynamical study &%e+ °’Au central and pe-
ripheral collisions at 50 MeV/nucleon has shown that the
- N/Z ratio of the thermal sources does not change essentially
(differences are within 2%drom the initial ong]26]. Results
presented in Ref23] and concerning the study of peripheral
Au+ Cu reaction come to the same conclusions. Generally,
since the considered emitting sources are large in size, fluc-
tuations in theilN/Z ratio value should be strongly reduced.
Therefore, the assumption of conservation of WY& ratio
after the dynamical stage seems quite realistic. We note, that
. our following interpretation will be valid even under less
0.8 I | strict assumptions, namely, when th#Z ratio changes in
oz 4 the same way in the both cases, or it becomes smaller for the
ya Cus.
The reason why the nuclear sources at practically the

FIG. 4. Mean neutron-to-protor{)/Z) ratio of the produced Same temperature and excitation energy produce so different

fragments. Notations are as in Fig. 1. fragment charge distributiond=ig. 1), can be found in the
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larger Coulomb energy in the CUS case, and in the differenthe incomplete fusion of projectile and target in the most
dynamics of formation of the CUS leading to a flow and, ascentral collisions. Charge yields and isotopic content of the
consequence, to smaller freeze-out densities. fragments show different distributions in the two cases. The
One can see also from the figures that the calculationgUs decays emitting lighter fragments than the QP and this
reproduce the trend of increasing neutron content of profacts reflect on the multiplicity of fragments from CUS,
duced fragments with disintegration of the nuclei intownich is higher than expected scaling for the size factor the
smaller pieces. This trend can be explained as follows: if theyp multiplicity. Thus, even if some parameters are fixed
chemical equilibrium is established the big fragments haqu*’ T, N/Z) the partition of the system depends on the size
largerN/Z ratio than small ones. After disintegration of the 54 the density which determine the Coulomb energy in the

. ?ath | 9 freeze-out. Moreover, the neutron content of light charged
tion er_lergy(or temperaturgof a therma source as 19] or particles and intermediate mass fragments increases with the
by a size(Coulomb effect, the neutrons of the big fragments size of the source

are accumulated mainly in the small fragments and not in Primary fragments produced in the freeze-out are hot and

free neutron gas. The SMM calculations predict that thedecay afterwards by emitting mainly neutrons and light

mean number of primary free neutron in the freeze-out Voluy o gaq particles. Therefore, it is natural to connect the be-

;rgg fincrﬁases onlly from OT?]B for the periprz;aral s_ourfce Bavior of the experimental isotope vyield as a function of
: or the central source. This gives rise toNIZ ratio o source size with the similar evolution of th&Z ratio of the

ghe IMF and LCP, which is preserved after the secondary,resnonding hot fragments. This conclusion is here sup-
eexcitation. . orted by the SMM calculations which reproduce the frag-
Even if the model well explains the observed effects, th ent production in a reasonably good way. The data here

experimental rise in neutron content is slightly more pro- resented. obtained both in central and ; :
S , periphghkolli-
nounced. One can speculate, that the initial CUS could havgions, indicate that the neutron content of the fragments, pro-

slightly largerN/Z ratio than the peripheral source. Our cal- ,ceq by the decay of thermal-like systems, increases with
culations show that a slight decrease of this ratioNiZ ~ yhe mytiplicity of emitted IMF. The data are consistent with
=1.43 without changing other SMM parameters, for the QPyhe hynothesis of thermal and chemical equilibration in finite
would be sufficient to explain this disagreement. Howevery, c|q5y systems], which leads to production of IMF with

as we pointed to above the differen@eany) of this ratio of 5146 neutron content. This justifies the method of extracting

the sources should not be significant. For this reason, Wemperatures through isotope thermometgt] and the
believe that the predicted redistribution of neutrons fromthermodynamical description of these reactions.

heavy fragments to light ones with disintegration of a nuclear
system is the natural mechanism for explanation of the data. The authors are indebted to I. N. Mishustin for his contri-

In summary in the study of thé®’Au+ %/Au 35 MeV/  bution to the development of the new version of SMM. The
nucleon reaction it was possible to well identify two different authors would also like to thank J. D. Dinius, S. Gaff, C. K.
emitting sources with the san/Z ratio, excitation energy, Gelbke, T. Glasmacher, M. J. Huang, W. J. Lynch, C. P.
and temperature H* =5-6 MeV/nucleon; T;;,=4.3 MeV ~ Montoya, M. B. Tsang, and H. Xi, for their collaboration
from the experimental measurements,;.,=5.4—5.5 MeV  during measurements and data analysis. One of the authors
from the SMM predictions but different size: the QP (A.S.B) appreciates the warm hospitality of INFdezione
formed in midperipheral reactions and the CUS coming frondi Trieste where a part of this work was done.
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