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We report on the results of experiments performed to investigate tHeAB5 MeV/nucleon reaction. The
reaction products generated in the disassembly of the unique source formed in central collisions and those
coming from the decay of the quasiprojectile in peripheral and midperipheral (@imesdifferent impact
parameterswere identified through a careful data selection based on the study of energy and angular distri-
butions. The excitation energies of the fragment sources have been extracted through a calorimetric method
and by means of a comparison with model calculations. The nuclear temperatures of these decaying systems
have been measured from the relative isotopic abundances and, also for central collisions, from the relative
populations of excited states. The temperatures of the quasiprojectile disassembling systems are slowly in-
creasing going towards smaller impact parameter. The relationship between temperature and excitation energy
seems to be almost independent of the characteristics of the emitting source. The extracted caloric curve shows
a slow monotonic increase with increasing excitation energy. A comparison with data derived from Au frag-
mentation at much higher incident energies is discud&@b56-28138)04408-3

PACS numbsgps): 21.65:+f, 25.70.Pq, 64.30:t

I. INTRODUCTION undergo multifragment decay4,5]. Results obtained in Au
induced reactions by the Aladin, EOS, Miniball-MULTICS
Heavy-ion(HI) reactions at intermediate energies provide(M-M) Collaborationg 6—9] seem to indicate the existence
information on the general properties of nuclear matter inof signals related to a possible liquid-gas phase transition.
conditions very different from those of the ground state. TheWhile some of the results of EOF] and M-M Collabora-
particular form of the nuclear forces leads, for infinite tions[9] suggest critical behaviors of some observables, the
nuclear matter, to an equation of stae0S similar to that  Aladin results[6] and other EOS datg8] rely on the mea-
of the Van der Waals gas, which is likewise characterized bysurement of the temperature of nuclear systems and on the
the existence of a liquid-gas phase transitiéh For finite  particular shape of the caloric curve. The Aladin res[difs
nuclear systems the situation is more complicated; howeveagree with predictions of statistical multifragmentation mod-
several experimentp2] in HI reactions around the Fermi els[5] and are reminiscent of dirst orde) phase transition
energy showed that many intermediate mass fragmentshile the EOS experimeif8] suggests that multifragmenta-
(IMF) are produced with mass distributions following a tion may result from a continuous phase transition near the
power law behavior. Such a power law has been predictedritical point. The difference lies on the fact that there 6k
for droplet condensation near the critical point in the liquid-or not [8] a plateau of nearly constant temperature
gas phase diagrafaroplet model of Fishef3]). Moreover, =4.5-5.5 MeV, for excitation energies ranging from about
microscopic statistical models predict the existence of a to 10 MeV/nucleon. Moreover, measurements of the frag-
phase transition at excitation energies where nuclear systemsentation of lighter projectile&rgon at intermediate ener-
gies[10] display temperature values that increase monotoni-
cally and strongly with deduced excitation energy.
*On leave from the Institute for Nuclear Research, 117312 Mos- The M-M Collaboration in the AuAu peripheral colli-
cow, Russia. sions at 35 MeV/nucleon found that tt distribution of
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fragments emitted by the quasiprojecti@P) system in par- D
ticular conditions follows a power law behavif#] with an >
exponent ofr=2.2 as expected by the Fisher model for a <

c 3000

temperature near the critical on&_j.

P. M. MILAZZO et al.

Here we present and discuss the results of temperatung
measurements of nuclear systems formed in central and irQO
peripheral Au-Au collisions for different conditions of ex-
citation energies, for an incident energy of 35 MeV/nucleon. ()
A region of deduced excitation energy is investigated where
the temperature was observed alternatively to be roughly
constant or slowly increasing as a function of excitation en-
ergy in the case of Au fragmentation at much higher energies
or to be monotonically and strongly increasing in the case of
Argon fragmentation at intermediate energies.

The aim of this study is to investigate the caloric curve of
finite nuclear matter, for systems having large size and defi-
nite characteristics of equilibration and decay, to study its
incident energy dependence, and to get information on the
existence or nonexistence of a quasi-plateau in the
temperature-excitation energy relationship.

In Sec. Il a brief description of the experimental condi-
tions is given; Sec. lll is devoted to describe the methods of
temperature measurements and the prescriptions of emittin
system identification. In Sec. IV the experimental results ar
presented and discussed, then the conclusions are drawn
Sec. V.
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FIG. 1. TypicalAE-E matrix for charge and mass identification.

e isotope resolution is satisfactory from H to C. The inserts show
the AE-E matrix for H and He isotopegipper panegland the par-
ticle identification function foiZ=6 (lower panel.
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To obtain the matching between the two experiments we
used the Miniball as a counter to make comparisonN@&

In order to investigate the reaction A#\u at 35 MeV/  multiplicities.
nucleon two experiments were performed at the National Su-
perconducting K1200 Cyclotron Laboratory of the Michigan
State University. Light charged particles and fragments with
charge up t&Z=20 were detected at 28%,,,<160° by the
phoswich detectors of the MSU Miniball hodoscodel].
The charge identification thresholds were about 2, 3, 4 MeV/ To gain more insight into the characteristics of the caloric
nucleon in the Miniball forz=3,10,18, respectively. The curve of finite nuclear systems and the possible existence of
angular range 32 6,,,<23° was covered by the MULTICS @ phase transition, one must measure the temperatures of
array [12]. The identification thresholds in the MULTICS Well defined and experimentally identified systems, of differ-
array were about 1.5 MeV/nucleon for charge identificationent excitation energy and size, using reliable thermometers.
and about 10 MeV/nucleon for mass identification. The In HI reactions at intermediate energies several different
MULTICS array consisted of 48 telescopes, each of whictfecaying systems are formed depending on impact param-
was composed of an ionization chamb@€), a silicon  eter. These systems emit fragmeflight, intermediate and
position-sensitive detectdBi) and a Csl crystal. Typical en- heavy mass fragments.e., they behave as fragment sources
ergy resolutions were 2%, 1%, and 5% for IC, Si and CsIWhich differ in size, shape, excitation energy, and even the
respectively. The geometric acceptance of the combined atay in which they are formed. For central collisions of sym-
ray was greater than 87% ofm metric systems aE/A=50 MeV, collective motion effects

In a the two experiments, different gains were used for thé14l, such as the radial flow, must be taken into account.
MULTICS detectors; one experiment used low amplificationSuch collective motion affects the mechanism of fragment
gains (LAG experiment to detect reaction products with formation and decreases the available thermal energy of the
charge up t@=83, the other used higher amplification gains fused system. When experimental results from different re-
(HAG experimeni to allow good isotopic resolution from @actions, at different impact parameters and different incident
||ght partic'es up to Carboﬂ:ig. 1) The mu|t|p||c|ty of de- energ|es, are used to construct a caloric curve, pal’tlcular care

tected charged particle®l€) was used for impact parameter Must be taken in drawing conclusions. The+u reaction
selection[13]; at 35 MeV/nucleon is well suited for an investigation of the

nuclear caloric curve, because the nuclear systems formed in
central, midperipheral, and peripheral, collisions are rela-
tively large in size(the smallest piece of nuclear matter has
the size of the order of a Au nucleuand thus apt for ther-
modynamical treatments. Moreover, the incident energy is
sufficiently low to render collective expansion unimportant.
It is, therefore, meaningful to compare the values of tempera-

Il. EXPERIMENTAL METHOD

Ill. CHARACTERIZATION OF THE FRAGMENT
EMISSION SOURCE AND MEASUREMENTS
OF ITS TEMPERATURE

+ o0 1/2

f P(N’c)dN’c
Nc

Here P(Nc) is the charged particle probability distribution

and 7-b? ,, is the measured reaction cross section Nar
=3.

b=b/bma=
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tures obtained at different values of the impact parameter. central collisions were extracted, both from isotope yields
When temperatures are extracted from the characteristi@nd from excited states populations. The two methods gave

of the emitted fragments, one must clearly identify theconsistent temperatures values of about 4 MeV after correc-

source of these fragments. Here, we mainly use the methaibn for secondary decay. These values were consistent with

of double ratios of isotope yield45] with cross checks from published data concerning the caloric cuf6e8|. In this pa-

the relative population of particle unstable stdte§]. Both  per we verified the consistency of the two methods for the

methods require that the considered fragments are emittezkntral Au-Au 35 MeV/nucleon collisions. Then, for pe-

from the same source. Therefore, from the experimentalipheral collisions, we used only the double ratio of isotope

point of view, one has to adopt a procedure of data analysigields technique. Some results of these measurements and of

which allows to identify the emitting system and assures thathis procedure have already been publisf@l.

all the selected fragments come from this system. For this

purpose we selected events for a given range of impact pa-

rameter and verified that the selected fragments were emitted IV. RESULTS AND DISCUSSION

from a unique nearly isotropic source as expected for thermal

equilibrium. Finally we fit the energy spectra of each isotope

by a Maxwellian distribution in the rest frame of the emitting  \we define central collisions by the cui=b/b,,,

source. _ . . _ <0.3 (bpma=14 fm). For the events satisfying this condi-
The method of double ratios of isotope yie[d$], which  tion in the HAG experiment we measured the light isotopes
hag been gxtenswely used in thg last years in many Hl eXgith good mass resolutiofsee Fig. 1 and in the LAG ex-
periments, is based on the following strong assumpti@is: periment all the fragment@intil the heaviest producgevere
free nucleons and composite fragments are contained withigetected with good atomic-number resolution, allowing us to
a certain volumeV at a single temperatur& and are in  sydy the multifragmentation of the nuclear systems formed
thermal equilibrium(ii) it is possible to use the Maxwell- i, these central collisions. The analysis of the data collected
Boltzmann statisticsfjii ) the system has reached the chemi-j, the HAG experiment was made with the aim of measuring
cal equilibrium;(iv) the experimental yield of a fragment is he temperatures of the systems observed in the LAG experi-
proportional to its density inside the volumé& (v) all de-  ment and undergoing multifragmentation.
tected nuclei originate from a single source. The double ratio e briefly recall the relevant results obtained in the LAG
R of the yieldsY of four isotopes in their ground states, prior measurements, already published for central+Au 35
to secondary decay is then given by MeV/nucleon collisiong21-23. Several exclusive experi-
mental observables indicated that the observed multifrag-
ment emission is due to the decay of a unique equilibrated
- Y(A1,Z)IY (AL +1.24) :iﬁ (1) system[21]. In the framework of a Monte Carlo many-body
Y(A2,Zo)IY(A+1Z,)  a’ Coulomb trajectory calculation, fragment emission was
found compatible with a near isotropic decay of a source
consisting of more than 300 nucleons, of diluted nuclear den-
sity, p=py/4, and life-time smaller than 100 frr/ A pos-
sible contribution of collective energy, as, e.g., radial flow, is
—BE(Z,,A;) +BE(Z,,A,+1), lower than 1 MeV/nucleof22]. The contribution to the mul-
tifragmentation cross section coming from the decay of pro-
andBE(Z,A) is the binding energy of a nucleus with charge jectile and targetlike residues was found to be negligible.
Z and massA [15]. Similarly, the ratio of yieldsY of two  Comparing the data with a microcanonical statistical multi-
states of a given fragment, prior to secondary decay, arfragmentation mode(SMM) [24], fragment emission was
given by the equation shown[23] to be consistent with the statistical breakup of a
single source havingZ=126-138, A=315-343, p
ENNIT 2) =po/6—po/3, and an excitation energg*/A~5-6 MeV.
' These main source characteristics are compatible with pre-
o ) dictions of dynamical models based on the Boltzmann Nor-
where theE* andJ are the excitation energy and spin of the gheim Viasov equation. In the mean field approximation and
respective statefsl6,17). _ with a soft equation of state for an impact parameter of 1 fm
In principle, the temperature dependences of the isotopgfter 80 fmt from the initial stage of the reaction we have
ratio R and excited state ratig;; allow for determinations of g equilibrated system with mass324, charge~136,
the temperaturél. However, the fragments can be highly nyclear density ~py/2, and an excitation energy of
excited and then secondary decays from higher lying states g Mev/nucleon. The experimental data and their com-
of the same and heavier nuclei can lead to non-negligiblgarison with models indicate that in central collisions a
corrections to the measured ratiBsand R;; [16,19. To  ynjque equilibrated source is formed. This result confirms
reduce the sensitivity to such corrections, it is advisable tqnat the basic hypothesis for extracting temperatures from the
choose cases for whidé=>T andE} — E]* >T since the un-  isotope yield ratio seems to be satisfied.
certainties onT are proportional toT/B and to T/(Ef To be sure that the light isotopes detected in the HAG
—E]*), respectively. experiment were emitted from the unique and equilibrated
In Ref.[18] the 3®Ar+1°7Au reaction at 35 MeV/nucleon fragment source observed in the LAG experiment, the choice
was studied and the temperatures of the systems formed of the events was made by first imposing constraintdNan

A. Central collisions

wherea is a constant related to spin and mass values and

B:BE(Zl,Al)_ BE(Zl,Al+ l)

Y, 23+1

= —(Ef -
Ri=y, " 23,+1°
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Angles TABLE I. Temperature parameters extracted from a Maxwellian
S 250 ‘ ‘ ‘ ‘ ‘ fit procedure of the isotope energy spectra for cenffélog,e) and
% peripheral (O.?\B<O.8 cas&z(TQ,ope) collisions.
:(/ (in lab. frame)
\é Z A Tglope (MeV) Tglope (MeV)
w 1 1 4.1+05 4.2+05
1 2 8.7+0.5 4.6-0.5
w1 3 10.2£0.5 4.8-0.5
s 2 3 14.6-1.5 10.7#1.5
£ 2 4 12.0:0.5 8.6+0.5
‘g 2 6 15.0£1.5 10.6£1.5
g 3 6 16.9£1.5 13.7#1.5
3 7 18.3t1.5 15.8£1.5
3 8 18.9+1.5 16.0:1.5
4 7 18.4:2.0 15.7#2.0
4 9 16.3t1.5 15.8-1.5
4 10 15.72.0 14.1+2.0
5 10 17.452.0 13.6-2.0
L w w s : 5 11 15.4-1.5 13.6:1.5
g, 0 06 07 08 09 5 12 16.8-2.0 13.0:2.0
Fem. cos(Vem)
6 12 20.6:2.0 18.6:2.0

[EnY
w

FIG. 2. Angular distributions for central collisions: detection 6 21.2:2.0 19.4-2.0
efficiency for MULTICS array and for different emission energies
and angles(calculation related to a mass=4 are showjp and
experimental data for some isotopes. Full line: experimental distri- To further check the equilibration of the emitting source,
butions, dashed line: simulatiqsee text The vertical lines show we looked at the energy distributions in the c.m. frame for
the angular range chosen for the temperature analysis. different isotopes. The energy distributions can be strongly
influenced by the fact that Coulomb and collective energies
are mass dependent; in this case energy spectra of different
isotopes may display different slopes. On the contrary, the

(same impact parameter interval as in the LAG measurethermal energy contribution has to be the same for all

ments,b<0.3) and then accurately inspecting the angularnasses. By fitting energy distributions with a Maxwellian
distributions and the energy spectra of all the detected isgfunction (for a surface emission
topes in the center of mass of their source. (E-E,)

A difficulty in assessing the isotropy and the Maxwellian Y(E)= = "0 e (E-EQ)iTgiope 3
shape of the energy spectra results from the fact that isotopic T§|Ope
resolution was only obtained over a limited angular range
(MULTICS array). Angular distributions and energy are thus we got similar values for the parameter related to the appar-
distorted by the acceptance of the apparatus. To evaluagnt temperatureS, e, While the Coulomb repulsior,
these distortions, a fragment source isotropically emitting inwas fixed for all isotopes at fixed atomic numb&rcorre-
its c.m. frame was simulated and the calculated angular ansponding to a source witp=1/6 andZ=126 andA=315
energy distributions of its products were filtered by the ac{Fig. 3 and Table)l We usedE, values calculated for sur-
ceptance of the apparatus. For angles in the c.m. larger thdace and volume emission at different nuclear densities, and
40°, both angular and energy distributions are strongly disebtained the same trend for tfg,,, values. The fact that
torted by the acceptandéeft panel of Fig. 2. For smaller T4, Values are higher than those extracted from isotope
angles the distortions are less important and are of the ordeatio or level population ratios can be explained mainly in
of 20% at maximum, with respect to an isotropic distributionterms of Fermi-motion of nucleo&5] and variations in the
(Fig. 2). Therefore we analyzed the central collisions event€Coulomb barrier depending on the point of emission within
looking at the angular distribution of the isotopes in the an-the system. Differences ifig;, ¢ Values for differen frag-
gular range up to 40° in the c.m. frame. For fragments withments can be explained in terms of a Coulomb driven mul-
chargeZ>2, the angular distributions are consistent withtifragment decay21]. As it appears in Table | some anoma-
isotropic emission of a single source moving with the centetous behavior is observed for H and He isotopes: the
of mass velocity, while the H isotopes andparticles show extracted values of g, €xhibit a mass dependence which
some enhancement éf ,,<<20° which may reflect contribu- is large for protons and smaller for He particles. Possibly,
tions due to preequilibrium emissidright panel of Fig. 2  this might be attributed to some remaining contamination
This contamination could affect the values of the temperafrom pre-equilibrium emission and sequential decay. On the
tures extracted from ratios involving H and He isotopes.other hand it should be stressed that the care in selecting the
Therefore a further event selection has been made: only thevents(angular selectionmakes negligible théHe “back-
events in the angular range 308, ,,<40° have been con- ground” contribution from pre-equilibrium; contribution
sidered, where this contamination appears to be negligible.from secondary decays can still remain. Then for tempera-
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TABLE Il. Temperatures extracted from different double yield isotope ralig,) and calculated values after sequential feeding
correction [Teorr)-

b Texp (Mev) Tcorr (Mev) b Texp (Mev) Tcorr (Mev)
SHe/*He-SLi/ "L >0.95 4.03-0.12 401011 s j7Lj-Yc/te 0.7-0.8 4.66:0.26 3.76:0.21
SHe/*He-"Li/8Li >0.95 3.24-0.06 3.62:0.07  7j/8L- Yc/te 0.7-0.8 3.620.11 4.02-0.12
*He/*He-’Be/'°Be >0.95 5.22:0.28  3.670.20  9ge/tBe-lic/iyC 0.7-0.8 7.020.65  3.86-0.36
*He/*He-"'B/'*B >0.95 3.4%-0.15 371016  11g/izg g/l 0.7-0.8 3.9t0.17  3.950.17
SHe/*He-**C/*C >0.95 3.65:0.15  3.7F0.15  1i¢ic.i2c/i3C 0.7-0.8 4.02020  3.92:0.20
SHe/*He-1C/*C >0.95 3.21-0.17 3.3%-0.18
6Li/ 7Li- ic/12C ~0.95 5.30-:0.74 417058  Hel*He-Li/'Li 0.6-0.7 4.880.05  4.85-0.05
Li/8Li- Mete ~0.95 3.53-0.24 3.92-0.27 SHe/*He-"Li/ 8Li 0.6-0.7 3.8%0.03 4.4 0.03
9Be/1Be-1lC/12C ~0.95 730-1.58 394085 HelHe-°Be/Be 0.6-0.7 6.940.15  4.44-0.10
11125 11126 ~0.95 3.91+0.42 3.06-043 -Hel*He-''B/'B 0.6-0.7 4.06:0.05  4.35-0.05
1112012013 >0.95 4.26-0.49 4.10-0.48 SHe/*He-12C/¥3C 0.6-0.7 4.250.06 4.34-0.07
SHel*He-3C/*C 0.6-0.7 4.1%0.08 4.46-0.08
3He/*He-SLi/ "Li 0.9-0.95 4.22-0.09 4.19-0.09 s j/7Lj- /e 0.6-0.7 4.9%0.20 3.93-0.16
SHe/*He-"Li/ 8Li 0.9-0.95 3.2%0.05 3.69-0.06 7L j/8Li. Yc/tc 0.6-0.7 3.820.09 4.28-0.10
SHe/*He-°Be/*’Be 0.9-0.95 5.090.21 3.60:0.15  9ge/oRe-llic/iC 0.6-0.7 746051 3.98-0.27
SHe/*He-1'B/1?B 0.9-0.95 3.530.11 3.75:0.13  1p/izg_lic/12c 0.6-0.7 3.980.12 4.03-0.12
SHe/*He-2C/C 0.9-0.95 3.940.14 4.0200.15 11120 12¢/13¢ 0.6-0.7 4.190.16 4.09-0.15
SHe/*He-C/*C 0.9-0.95 3.3%0.13 3.55-0.14
7Li/8Li- M/ 12e 0.9-0.95 338019  3.75-021 -Hel*He-'Li/8Li 0.5-0.6 416:0.03  4.74-0.03
9Be/0Be-11C/12C 0.9-0.95  6.0t090 353053  Hel'He-°Be/'Be 0.5-0.6 7.740.19  4.75-0.12
11p12g 117120 0.9-0.95 3.78 0.30 3.74-0.30 3He/*He-'B/*B 0.5-0.6 4.240.06 4.56-0.06
11120 120/13¢ 0.9-0.95 4.2%0.42 4.15-0.41 SHe/*He-*2C/¥C 0.5-0.6 4.380.07 4.48-0.07
SHe/*He-13C/*C 0.5-0.6 4.4%0.09 4.83-0.10
3He/*He-SLi/ "Li 0.8-0.9 4.42-0.08 4.3%-0.08 s j/7Lj- /e 0.5-0.6 4.850.20 3.89-0.16
SHe/*He-"Li/ 8Li 0.8-0.9 3.46:-0.04 3.910.04 7Li/ 8Li- Y1c/tc 0.5-0.6 3.920.09 4.410.10
*He/*He-’Be/'°Be 0.8-0.9 5.680.19  3.850.13  9ge/tge-lic/iyc 0.5-0.6 7.9£059  4.11-0.31
SHe/*He-11B/1?B 0.8-0.9 3.66:0.09 3.96:0.09  11g12g_1ic120 0.5-0.6 4.0%0.13 4.10-0.13
*He/*He-'*C/*C 0.8-0.9 3.880.10  3.95-0.10  c/2c.1c/3C 0.5-0.6 418016  4.08-0.16
SHe/*He-1C/*C 0.8-0.9 3.7%0.12 4.00-0.13
6L/ 7Li- ic/i2C 0.8-0.9 474035  3.80:028  Hel*He-Li/ Li <0.3 4.68-0.07  4.64-0.07
7Li/8Li- M/ 12e 0.8-0.9 349014  3.870.15 -He/*He-"Li/8Li <03 4.03-0.04  4.65-0.04
‘Be/%Be-'C/?C  0.8-0.9 632071 363041 HelHeBe/"Be <03 7.10-0.19  4.50-0.14
Lig/128.11C/12C 0.8-09 372021  3.76:022  Hel'He-l'B/"B <03 4.04:0.06  4.14-0.06
1112012013 0.8-0.9 308026  3.89-026 -Hel*He-*’C/**C <0.3 4.09-007  4.33-0.07
SHe/*He-C/YC <0.3 4.03-0.08 4.17-0.08
3He/*He-SLi/ "Li 0.7-0.8 4.6@-0.07 4570.07 6 j/7Li- YUctc <0.3 4.73-0.22 3.81-0.18
SHe/*He-"Li/ 8Li 0.7-0.8 3.67-0.03 4.18-0.04  7j/8-Yct2e <0.3 4.00-0.11 450-0.11
SHe/*He-°Be/*Be 0.7-0.8 6.470.19 4.24-0.12  9ge/oBe-llc/iC <023 7.84+0.64 4.09-0.33
SHe/*He-1'B/'?B 0.7-0.8 3.9%0.07 4.22-0.07  11g12g_lic/12c <03 4.00-0.14 4.05-0.14
SHe/*He-1?C/*°C 0.7-0.8 4.0%0.08 4.13-0.08 11120 12¢/13¢ <03 4.05-0.17 3.96:0.17
3He/*He-C/C 0.7-0.8 3.980.10 4.18-0.11

ture measurements the present analysis allows us to use athergy spectra ofHe°He is a strong indication of the ab-
the isotopes, except for those of the H for which contaminasence of important collective motions in this reaction.

tions can affect the isotope ratio. The remaining contribution The results on the angular and energy analysis of the
from secondary decays to tféle yield will be corrected as  events confirm that the conditions of equilibration of the iso-
explained at the end of this paragraph. It is worthwhile totope source seem to be satisfied and that the isotope ratios
note that the energy spectra 8fle and®He show an iden- method to extract temperatures can be applied.

tical shape(sameE, and samél o, and that it is the’He Once the set of data coming from a single source is de-
spectrum which is slightly different. This small difference of fined, the good isotopic resolutidop to carbon allows the

the “He energy distribution might be interpreted as an indi-extraction of temperatures from a high number of isotope
cation of a later emission ofHe with respect to the other ratios(41).

isotoped 26]. Moreover, as collective energies are mass de- Figure 4 shows isotope-ratio temperatures as a function of
pendent while the thermal energy is not, the identity of theB [see Eq.(1)]. The best thermometers are those that deal
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with yields of isotopes with large difference in the ground
state binding energies; in fact for lar@evalues we observe 8 T ; ’
that the extracted temperatures tend towards a value of about 6k T =45 (f) |
4 MeV. Figure %g) and Table Il give the values for 12 o Py o -
thermometers wittB>9 MeV (open circles While event 41 o® ) o A
selection is different from our previous worRQ] the present , l , ,
results are consistent. In addition to the previously studied 8 TS ' ' (q) 5
ratios involving He/*He, the present work includes heavier- 6} To=4.3 o =
isotope double ratios®Li/ “Li- 1'C/*?C, ’Li/8Li- t'C/tC, o c
°Be/f%Be-tlc/tc, Up/B-c/trc,  Yctec-2c/ic, 4F e ® 1o
which give completely compatible results. The errors of the 1G 1¢2 1.4 1’6 118 26.)

temperatures obtained with tHéC thermometers are larger
than the others because of the very low yield of this isotope.
Besides the statistical errors we evaluated the uncertainties

B (MeV)

due to the overall background and the possi3@ contami-
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FIG. 5. Temperature extractéth)—(f) peripheral collisions{g)
central, from the “best” isotope thermometers as a function of the
B parametef15], from experimental datéopen points and after
correction for sequential decay feedifi®,27] (solid circles.

nation of the!!C yield. This contamination of thé'C yield

is estimated to be less than 10% and contributes to the sys-
tematic error of the temperature determination by less than
3%.

The fluctuations in the temperature obtained from differ-
ent thermometers are likely due to secondary decays of
highly excited fragments. As explained in REE6] sequen-
tial decay calculations, to evaluate the modification to the
initial distributions due to the particle whose decay feeds the
measured yields, were used. In these calculations the excited
states of primary emitted fragments are assumed to be ther-
mally populated; unknown spins and parities of low lying
discrete states were assigned randomly and the calculations
were repeated to assess the sensitivities of the population
probabilities to these spectroscopic uncertainties. For the iso-
tope ratios involving''C an empirical procedure was used as
explained in Refs[19,27]. It was then possible to use em-

FIG. 4. Temperature extracted from different isotope thermom-irical correction factors to strongly reduce these fluctua-

eters as a function of thB parametef15] for central collisions.

tions; this correction procedure is described in REES,27]
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where it has been shown for temperatures in the neighbot- FIG. 7. Energy diStribet.ions and Maxwellian fit for different
hood of about 4 MeV that the correction factors do not de-'SOtOIOes in peripheral collisions.
pend strongly on the reaction or on the decaying sy$t9h
The corrected temperature values are plotted in Rj. Gull events coming from the QP disassembly we simulated a
circles and reported in Table Il source emitting isotropically in the c.m. of the QP. The simu-

The calculations are made assuming a temperdigref  lated distributions were filtered by the acceptance of the ap-
the emitting source; we were able to reproduce all the temparatus. Since different velocities of the QP source yield dif-
peratures measured with the 12 thermometers starting fromfarent angular and energy experimental distributions in the
value of 4.3-0.4 MeV. The present value can be assumect.m. of the QP, a best fit to the experimental distribution of
as the breakup temperatufg of the large size nuclear sys- all isotopes from H to C was used to extract the velocity of
tem formed in central collisions. This result is in agreementthe QP em|tt|ng SOUrCQ)(gp) for each cut on impact param-
with the slightly higher value of 440.2[20] obtained from  eter (see the second column of Table)lIAs may be ex-
the family of.the3He/4He thermometers. SMM calculations pectedy op decreases going from peripheral towards midpe-
which desc*rlbe the present dda3] require an e*xc:|tat|on ripheral collisiong Table I1l). This decrease in QP velocity is
(I?/Inee\;?r?/ugrso rll AI_% 52g)l\/ils\éb;hIztipl;?(l,rvf/)ifta/iueezsis:ns _dilta directly related to an increase on excitation energy of the
for the calori<,: gurvé[G 8] Whicph give a temperaturegvalue emitting QP souree. It should be noted that a umqgsfo_r

' each selected impact parameter reproduces the experimental

between 4 and 5 MeV in this excitation energy range. o : : .
: . ngular distribution of each isotope, consistent with the no-
The isotope ratio temperatures are compared to those oﬁ—

tained from the method of the excited stateSbif “He, and on that all the isotopes come from the same source.

108 [20]. We find good agreement between the excited state, :[I'hbe t_smu(ljatlo?s dmf“c?te t_ha';f_dl_storfuons in thel_anbg:ul_ar
temperature off=4.2+0.6 MeV and the current tempera- istribution, due 1o detection Inetliciencies, are negligibie in

ture of T=4.3=0.4 MeV. At the present excitation energies € range up to 60° in the QP c.m. frame. Figure 6 gives an
this consistency suggests that the local thermal equilibriun§*@mple of the experimentéull lines) and simulateddot-
of the system formed in very central collisions is attained,dashed linesangular distribution fow gp=6.7 cm/ns(best
and shows that the collective motions, if present, are neglifit resuly in the 0.<b<0.8 case for different fragments.
gible, and that the corrections, introduced to take into ac- In order to better check the selection of the emitting
count the sequential decay of the fragments in the case of theburce we also studied the energy distributions of the emitted
isotope yield ratio method, are reliable. isotopes. As for the case of central collisions, the distribu-
tions have Maxwellian shapes, and tfig,, are similar
(within errorg for all isotopes, except for H and Heee
R Table | and Fig. Y. Further the®He and®He energy spectra
The regimeb>0.5 was investigated with a focus on frag- have similar shapes while théHe spectrum indicates a
ments emitted from the quasiprojecti@P) system. To re-  smallerTg,pe. This holds for all cuts on impact parameter
move reaction products coming from quasitarget or neclkconsidered. Therefore, even in these cases, we have indica-
emission, we analyzed the events for 6 differbrintervals  tions that the conditions of the equilibration of the fragment-
(see first column of Table lliwith the additional selection of ing systems are satisfied. Starting from the obtainggival-
isotopes which have a velocity component parallel to theues we can fix an upper limit to the excitation ener@y; |
beam larger than 5 cm/ns in the laboratory frafie veloc-  of the source in a naive way using the energy conservation
ity of the beam is 8.2 cm/iisFurthermore, in order to select (Table Ill):

B. Peripheral collisions
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TABLE lll. Velocities, excitation energies, isotopic temperatures, and breakup temperatures of the emit-
ting sources for different impact parameter intervals.

b Usource E:I/A Eéal E.)SCMM Tiso To
(cm/ng (MeV/nucleon (MeV/nucleon (MeV/nucleon (MeV) (MeV)
>0.95 7.2-0.1 35 2.6:0.7 2.2-0.6 34 3.#0.2
0.9-0.95 7.60.1 4.3 3.x1.0 3.6:0.8 35 3.8:0.2
0.8-0.9 6.90.1 4.6 4.x1.1 4.2+0.8 3.6 3.%0.2
0.7-0.8 6.70.1 5.3 4913 4.9+0.8 3.8 4.10.2
0.6-0.7 6.50.1 5.7 5712 5.5:0.6 3.9 4.30.2
0.5-0.6 6.30.1 6.2 6.201.1 5.9:0.5 4.1 45-0.2
<0.3 5.5£0.5 4.0 4,304
1/1 6 cm/ns, depending on the excitation engrdye stress that
ES':E 5 Ebean™ MoR &p| (4)  even if the excitation energy andc are on the average

correlated, one has to take into account that for a given value
of excitation energyNc fluctuates in the exit channel of the

wheremqp has been chosen as the mass of a Au nucleifs, reaction[28] and therefore one has to consider excitation
is the QP velocity in the center of mass frame and the factoenergy intervals to reproduce data. The events generated by
1/2 takes into account the projectile-target symmetry and thgMM for different input excitation energies were filtered by
assumptions that on average there is an equal sharing of ethe apparatus. Only filtered SMM events satisfying the con-
citation energy between the two systems. In this way welition that at least 70% of the source charge had been de-
completely neglect the excitation energy transferred to aected were used for further analyses. Indeed this condition
neck or fireball system, if formed. allows to observdafter the filtey an excitation energy dis-

Excitation energies were estimated in two wagi$:ex-  tribution flat as the input one, so that the distortions intro-
ploiting the measured energies and the observed mass of tiigiced by the filter are small. Each experimental charge dis-
reaction products in the complete events80% of the total  tripution was reproduced by properly choosing SMM
charge and total momentymecorded in the LAG experi- excitation energy intervals. It was found that the minimum
ment and making use of the calorimetric metH@&d]; (i)  value of the excitation energy is fixed by the reproduction of
assuming the equilibration of the emitting systems and usinghe high tail of the charge distribution, while the upper value
the SMM to describe the experimental findings of the frag-is fixed by the reproduction of the yield of light fragments. In
ment emission. In the first evaluation the QP was reconfig. 8 the experimental charge distributions and the corre-
structed as in Refl32] and its velocity was obtained from sponding SMM predictions are shown for the 6 impact pa-
the study of fragment momentum distributipd2]. Within  rameter intervals. The predicted and experimental charge dis-
the experimental uncertainties the velocity values are theributions were normalized to the number of events, so that
same as those obtained in the HAG measuremiéisted in  the vertical scale of Fig. 8 represents both for the experimen-
Table 1ll) for the same impact parameter interval. The exci-tal data and for the SMM predictions the mean elemental
tation energy of each system was, then, calculated summingultiplicity per event. As it can be seen from Fig. 8 the
up the kinetic energies of the charged particles, fragments
and neutrons emitted from the considered nucleus in its
frame and th&) value (energy difference between the initial
and final massestaking into account the mass and isospin
conservation. The multiplicity of neutrons, not detected in
the experiments, was calculated from the difference between
the mass of each primary hot nucleus and the sum of its
charged products. It was assumed that each neutron has a
mean kinetic energy corresponding to the same temperature
of other reaction products. The obtained values of the exci-
tation energies per nucleon are listed in Table Il

The second excitation energy evaluation is similar to that
used for central collisions: the statistical model SMM was
used to describe the decay of the QP by fitting the measured
charge distribution obtained from the LAG experiment and
the best fit excitation energy was extracted as that of the ,
emitting source. The calculation were made for a Au nucleus Ty Vi
with one third normal density and excitation energies rang-
ing from zero to 8 MeV/nucleon considering a flat energy  FIG. 8. Charge distributions for peripheral and midperipheral
distribution. The velocity of the fragment source was as-collisions(open point: experimental data; histogram: SMM predic-
sumed as in the experimental cdsbhanging from 8 to about tions).

0.7<b/bpe=0.8
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FIG. 9. Present experimental breakup temperature as a function FIG. 10. Experimental caloric curve: open point, RE];
of excitation energythe open square is for central collisionthe double squared open point, RES]; full point, present daté&he full
solid curve represents the SMM predictions for the caloric curve. square is for the central collisionsthe solid line represents the
low-temperature approximation of a fermionic system for an in-
reproduction of all the spectra is very good. verse level density parameter of 10 MeV; the dashed line is related
In Table Il the excitation energy ranges used to getto double isotope temperature extracted starting from SMM predic-
agreement between SMM predictions and experimental datépns for a*¥’Au source.
are summarized. Assuming less diluted sources, for fixed
value of the temperature, the excitation energy must assunfgct that in the central collisions a small amount of energy
higher values, approaching tf€, ones. (less than 1 MeV/nuclegmight be gone in some collective
Within the uncertainties of the two procedures there is amotion (e.g., radial flow. In Fig. 9 the present results are
good agreement between the values predicted by SMM anshown together with the predictions of the SMM for the
those obtained with the calorimetric method. In both evalufreeze-out break-up temperaturghe open square refers to
ations the mass of the QP does not play an important rolesentral collisiong The calculated values disagree with those
since, when the excitation energy per nucleon is considere@xtracted from the data both in magnitude and in the depen-
all the quantities scale in the same way. As a check, welence on energy.
changed the mass of the decay system of a 20% and we did To have a comparison with the results of R¢&8] we
not find any noticeable difference in ti /A. plotted in Fig. 10 the temperatures obtained with the
Finally, selecting events in the ranggpcy<60°, we ex-  °Li/ ‘Li- 3He/*He thermometer Te,;) as a function of the

tracted the temperatures of each system formed at différent €xcitation energy together with the results of the other mea-
by means of the isotope ratio methfigs. 5a)-5(f)]. As  surements which used the same thermometer. It should be
discussed in the previous section the best thermometers a@ted that the absolut€ values in the three experimental
those with high values of thB parameter; in Table Il are results are obtained with different feeding correction pre-
reported the average valud@s,, of the temperatures of the Scriptions. It is interesting to note that the values of the tem-
thermometers with highe& values. As in central collisions, Perature extracted in the present analysis and those extracted
the fluctuations in values extracted from different thermom-via the analyses of Ref§6-8] are similar even though the
eters are attributed to secondary sequential decays of excité¥esent study was performed at a much lower bombarding
primary fragments, and they can be strongly reduced bgnergy. As far as the shape of the caloric curve is concerned,
means of empirical correction factdis9]. Using this proce- the present results show a slow monotonic increasing behav-
dure[19,27] the average breakup temperatdrg has been ior, both for breakupl, and Ty ; temperatures, similar to
obtained for each impact parameter interval. These valuedpe trend of EOS datg8], rather than that indicated by the
listed in Table IlI, are slowly increasing with the excitation Aladin experiment[6]. However the present values are
energy. Zlightly higher than the EOS ones and closer to the Aladin
ata.

Moreover one has to note that the temperature extracted
for the large and diluted emitting source formed in central

In Fig. 9 the extracted breakup temperatufgsare plot-  collisions meets very well with the peripheral ones even if
ted as a function of the excitation energy for which SMM we are in presence of very different emitting systems. It ap-
predictions match the experimental charge distributionspears that nuclear density, size, and Coulomb explosion have
They show a slow, continuous increase with excitation eng small effect on the relationship between excitation energy
ergy. Even considering the experimental uncertainties thend temperature.
temperature of the nuclear system formed at®5:0.6 is In Fig. 10 the caloric curve predicted by the SMM for
slightly higher than that of the “central” one, but even its Ty ; (taking into account the secondary dedajs also
excitation energy is slightly higher. This could be due to theshown. It appears that the values of the isotope temperatures

C. Discussion
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are similar, but the experimental decreasing at lower excitadifferent types of emitting sources: the unique one with a
tion energies is much slower than the predicted one. It shouldery large size formed in central collisions and six qua-
be noted that, while this model predicts the existence of &iprojectile sources having different excitation energies in
plateau in the caloric curve when the initial temperature igperipheral ones. All these sources emit several light and in-
considered, this plateau vanishes when the temperatures tsrmediate mass fragments. The experimental angular and
that obtained with the isotope ratios. Moreover the SMMenergy distributions of these fragments and model calcula-
predictions forT e ; are smaller than the initial temperature, tions indicate that these sources have reached a thermal equi-
in fair agreement with the experimental data. The reason ibrium and that they are in conditions similar to those ob-
that the isotope temperature predicted by SMM reflects segerved in the multifragmentation of the projectile in
ondary deexcitations of primary hot fragments whose excitaperipheral collisions at higher energies. We measured the
tion is smaller than the initial of the system, e.g., for initial temperatures of these emitting systems with a high number
excitation energy of 5 MeV/nucleon the average excitatiorof isotopes ratiog41). The best thermometers are those with
of fragments is around 3 MeV/nucleon. In addition the sec-a high value of thd parameter of Eq(.1), therefore we used
ondary breakup gives a “cooling effect” providing an addi- only those withB>10 MeV. In this way we had 12 mea-
tional temperature decrease. All these effects are conseurements of the temperature for each nuclear system, 5 of
guences of the energy conservation law included in the SMMyhich do not use the’He/*He ratio, but involve heavier
model and disregarded in original treatment of R&b] for  isotopes for which the problem of pre-equilibrium contami-
the isotope ratio temperature. Therefore we must take intaation is expected to be less important. The values of these
account that, according to SMM predictions, the temperaturgemperatures have been corrected empirically for secondary
of the system at the break-up moment could be around @ecays and a very good agreement has been found for all the
MeV even if the experimental extracted one is of the order of12 corrected temperatures.
4.5 MeV. For central collisions the temperature of the system has
Very recently{28—3( there has been a further theoretical been also measured with the population of excited states of
effort to study the caloric curve of finite systems. Though theSLj,  “He, and'°B; good agreement was found between the
calculations be based on different theoretical apprdficie  results obtained with these different techniques. In the study
temperature Thomas-Fermi theory, dynamic statisticabf peripheral and midperipheral collisions we observed that
model, SMM), all these studies predict a liquid-gas phasethe temperatures of the QP disassembling systems are slowly
transition in the excitation energy range 4-10 MeV/nucleorincreasing going towards smaller impact parameter. We also
and for temperatures of the order of 5-6 MeV. In H@P]  investigated the excitation energy of these six QP systems by
the authors discuss also the possibility that the presence ofraeans of a calorimetric measurement and of a comparison
collective radial flow leads the systems to move from a conwith SMM model in order to get information on the caloric
tinuous phase transition to a sharp first order phase transgurve of the finite nuclear matter.
tion. They relate the presence of a plateau in the Aladin First of all we noted that the peripheral collision results
results to a possible compression of the system. are consistent with those extracted for the large system
In Refs.[9,33] we showed that in the same reactitAG  formed in central collisions. This suggests that the relation-
experiment the peripheral events, in which the largest frag-ship between temperature and excitation energy seems to de-
ment has a velocity along the beam axis larger or equal tpend weakly on detailed characteristics of the emitting
75% of the beam velocity, present signals compatible withsource(such as nuclear density and Size
the presence of a liquid-gas phase transition near the critical Moreover, we compared our data to those obtained by the
temperature. Since the 75% of the beam velocity is 6.2 cmAladin and EOS Collaborations for the QP system at much
ns, all the events here considered bor 0.5 satisfy this con- higher energies; the values of the temperatures are in fair
dition and, therefore, if that phase transition is really presentpverall agreement. Our data indicate a slow increase of the
we may argue that the temperature of the most excited sysemperature with the excitation energy, qualitatively similar
tem formed in the peripheral collisions could be very close tao the EOS results. This increase has been interpreted by the

the critical temperature. EOS collaboration in forms of a continuous phase transition
Moreover, it has to be noted that within the framework of near the critical point.
classical molecular dynamics mod€&€MD) [33], which pre- The predictions of a statistical modéSMM) for the

dicts critical behaviors, the reaction AWAu at 35 MeV/  Tye i Vs E*/nucleon curve are in fair agreement with experi-
nucleon leads to a formation of a system undergoing amental data, however this model gives higher values for the

liquid-gas phase transition just arourf=0.5-0.8[33].  freeze-out temperatures. _

From the experimental point of view we can say ttiatve For the present reaction model calculatig@vD) sug-
measured the temperature of the system formed in midpeest that for m|_dp_er|pheral collisions _t_here should_ be the oc-
ripheral collisions(ii) it was observed that this system seemscurrence of a liquid-gas phase transition; theoretical statisti-
to present signals compatible with criticalitg], and(iii) its ~ ¢@l model(SMM) predict that a phase transition will occur
temperature is about 4.5 MeV and its excitation energy idOr Systems having excitation energies around 5-6 MeV/

around 6 MeV/nucleon. nucleon, in rough correspondence to the value experimen-
tally extracted for the system investigated. Previous experi-
V. CONCLUSIONS mental results showed the possible presence of signals

compatible with criticality for systems formed in these col-
In the study of the Ad-Au 35 MeV/nucleon reaction it lisions. We measured the temperature of these systems and,
has been possible to investigate the characteristics of twib the phase transition really occurs near the critical point,
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