
PHYSICAL REVIEW C, VOLUME 60, 044606
Temperature measurements in Xe1Cu at 30 MeV/nucleon: Size effects in the caloric curve
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Results of experiments performed to investigate the Xe1Cu 30 MeV/nucleon reaction are presented. The
decay products coming from the disassembly of the unique source formed in central collisions and those
coming from the decay of the quasiprojectile in peripheral and midperipheral ones have been identified through
a careful data selection taking into account the experimental efficiency distortion on energy and angular
distributions. The nuclear temperatures of these decaying systems have been measured from the relative
isotopic abundances; the excitation energies of the fragment sources have been extracted by means of model
calculations. The results have been compared to those obtained in the study of the Au1Au 35 MeV/nucleon in
order to probe the effects of the finite size of the intermediate mass fragment emitting source on the relation-
ship between its excitation energy and temperature. The studied fragment emitting sources have massA1

.130, A2.200, A3.300; moreover, theA2 system have been investigated via two different reaction chan-
nels: the quasiprojectile of peripheral Au1Au and the unique fused system of the Xe1Cu central collisions.
The relationship between temperature and excitation energy seems to be almost independent on the size of the
emitting source and on the reaction entrance channel. On the contrary a weak dependence arises when indi-
vidual thermometers are considered.@S0556-2813~99!03009-5#

PACS number~s!: 21.65.1f, 25.70.Pq, 64.30.1t
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I. INTRODUCTION

In heavy ion reactions at intermediate energies differ
decaying systems are formed depending on the impact
rameter. The deexcitation of these systems takes p
through the emission of fragments~light, intermediate, and
heavy mass fragments!, i.e., they behave as fragment sourc
which differ in size, shape, excitation energy, and even
way in which they are formed. In particular for excitatio
energies above 2 MeV/nucleon multifragmentation ta
place as one of the possible deexcitation process.

One of the main goals of multifragmentation studies is
map the nuclear phase diagram. In fact the particular form
the nuclear forces leads, for infinite nuclear matter, to
equation of state similar to that of the Van der Waals g
which is likewise characterized by the existence of a liqu
gas phase transition@1#. For finite nuclear systems the situ
tion is more complicated; however, from the theoretical po
of view, microscopic statistical models predict the existen
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of a phase transition at excitation energies where nuc
systems undergo multifragment decays@2,3# and several ex-
periments@4–6,8# showed the existence of signals related
a possible liquid-gas phase transition. Some experime
signals rely on the particular shape of the caloric curve
some results@4# agree with predictions of statistical mult
fragmentation models@3# and are reminiscent of a~first or-
der! phase transition, other experimental data suggest
multifragmentation may result from a continuous phase tr
sition near the critical point@5,6#. The main difference in the
case of Au fragmentation@4,6,7# lies on the presence or ab
sence of a plateau of nearly constant temperature~4.5–5.5
MeV! for excitation energies ranging from about 4 to
MeV/nucleon, followed by a steep rise at higher excitati
energies. For lighter systems@9# the observed trend of the
caloric curve is a monotonic increase up to excitation en
gies of some tens of MeV/nucleon.

In this paper we investigate in detail the region of exci
tion energy 4–6 MeV/nucleon of the caloric curve. W
present the results of temperature measurements for ce
and peripheral Xe1Cu 30 MeV/nucleon. By comparing
these results with those obtained for the Au1Au 35 MeV/
nucleon@7# ~2–6 MeV/nucleon excitation energy! we also
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investigate size effects and entrance channel dependen
the caloric curve of finite and equilibrated systems.

In Sec. II a brief description of the experimental cond
tions is given. Section III describes the data analysis devo
to the identification and characterization of emitting sourc
In Sec. IV the experimental results, regarding the tempe
ture and excitation energy investigation, are presented
discussed, then the conclusions are drawn in Sec. V.

II. EXPERIMENTAL METHOD

In order to investigate the reactions Xe1Cu at 30 MeV/
nucleon and Au1Au at 35 MeV/nucleon experiments wer
performed at the National Superconducting K1200 Cyclot
Laboratory of the Michigan State University. The angu
range 3°,u lab,23° was covered by the MULTICS arra
@10#. The identification thresholds in the MULTICS arra
were about 1.5 MeV/nucleon for charge identification a
about 10 MeV/nucleon for mass identification. The MU
TICS array consisted of 48 telescopes, each of which
composed of an ionization chamber~IC!, a silicon position-
sensitive detector~Si!, and a CsI crystal. Typical energ
resolutions were 2, 1, and 5 % for IC, Si and CsI, resp
tively. Light charged particles and fragments with charge
to Z520 were detected at 23°,u lab,160° by the phoswich
detectors of the MSU Miniball hodoscope@11#. The charge
identification thresholds were about 2, 3, 4 MeV/nucleon
the Miniball for Z53, 10, 18, respectively. In the Xe1Cu 30
MeV/nucleon reaction the 3°,u lab,8° angular range was
covered by a mask to avoid radiation damage of silicon
tectors. However the geometric acceptance of the comb
array was greater than 87% of 4p.

The multiplicity of detected charged particles~Nc! was
used for impact parameterb reconstruction@12#:

b̂5b/bmax5S E
Nc

1`

P~N8c!dN8cD 1/2

.

Here P(Nc) is the charged particle probability distributio
and p•bmax

2 is the measured reaction cross section forNc
>3.

III. IDENTIFICATION OF THE FRAGMENT EMISSION
SOURCES

To gain more insight into the characteristics of the calo
curve of finite nuclear systems and the possible existenc
a phase transition, one must measure the temperature
well defined and experimentally identified systems, with d
ferent excitation energy and size, using reliable thermo
eters. Indeed to calculate the temperature through doubl
tios of isotope yields, following the prescriptions of Ref.@13#
one should have to verify that~i! free nucleons and compos
ite fragments are contained within a certain volumeV at a
single temperatureT and are in thermal equilibrium,~ii ! it is
possible to use the Maxwell-Boltzmann statistics,~iii ! the
system has reached the chemical equilibrium,~iv! the experi-
mental yield of a fragment is proportional to its density i
side the volumeV, ~v! all detected nuclei originate from
04460
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single source. The double ratioR of the yieldsY of four
isotopes in their ground states, prior to secondary deca
then given by

R5
Y~A1 ,Z1!/Y~A111,Z1!

Y~A2 ,Z2!/Y~A211,Z2!
5

eB/T

a
, ~1!

wherea is a constant related to spin and mass values an

B5BE~Z1 ,A1!2BE~Z1 ,A111!

2BE~Z2 ,A2!1BE~Z2 ,A211!,

andBE(Z,A) is the binding energy of a nucleus with charg
Z and massA @13#.

In principle, the temperature dependence of the isot
ratio R allows for determination of the temperatureT. How-
ever, primary fragments can be highly excited@14# so that
secondary decays from higher lying states of the same
heavier nuclei can lead to non-negligible distortions to
measured ratiosR, that need to be corrected@15# to recover
information on early temperature. To reduce the sensitiv
to such corrections, it is advisable to choose cases for wh
B@T since the uncertainties onT are proportional toT/B.

Since, however, not all the prescriptions related to
double ratios method@13# are experimentally accessible, it
worthwhile to apply to the data a procedure which allows
to identify the emitting systems and to verify that all th
isotopes, used for the temperature determination, come f
the same source. For this purpose in our analysis, for e
selected impact parameter range, we verify that all the
tected decay products are emitted nearly isotropically fr
the same source and that their energy distribution have M
wellian shapes, i.e., that angular and energy distributions
compatible with a statistical emission providing an expe
mental indication of reached thermalization.

A difficulty in assessing isotropic emission comes fro
the fact that isotopic resolution was only obtained ove
limited angular range~MULTICS array!. Angular distribu-
tions and energy are thus distorted by the acceptance o
apparatus. To evaluate these distortions, a fragment so
isotropically emitting in its c.m. frame was simulated and t
calculated angular and energy distributions of its produ
were filtered by the acceptance of the apparatus. This
consistent method was used and results already publishe
the analysis of the Au1Au 35 MeV/nucleon@7#.

In the following we only describe the prescriptions a
plied to the Xe1Cu 30 MeV/nucleon experimental data, b
fore analyzing them in terms of temperatures. For cen
collisions the velocity of the unique isotropically emittin
source has been chosen as that of the center of mass i
laboratory frame~5.1 cm/ns!. On the contrary, when looking
at peripheral collisions, different velocities of the qu
siprojectile ~QP! source yield different angular and energ
experimental distributions in the c.m. of the QP; therefor
best fit to the experimental distribution of all isotopes from
to C was used to extract the velocity of the QP emitti
source (vQP) for each bin of impact parameter~see the sec-
ond column of Table II!. As it may be expected,vQP de-
creases going from peripheral towards midperipheral co
6-2



-
l

-
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FIG. 1. Angular distributions
for Carbon isotopes~upper panels!
and 6He ~lower panels! for the
three impact parameter region in
vestigated. Full line: experimenta
data, dashed line: simulation~see
text!. The vertical lines show the
angular range chosen for the tem
perature analysis.
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sions. This decrease in QP velocity is directly related to
increase on excitation energy of the emitting QP source
should be noted that a uniquevQP for each selected impac
parameter reproduces the experimental angular distribu
of each isotope.

Simulations indicate that distortions in the angular dis
bution, due to detection inefficiencies, are negligible in
range up to 60°, 55° and 45° in the reference frame of
emitting source for QP peripheral, QP midperipheral a
unique central source. Figure 1 gives an example of the
perimental~full lines! and simulated~dashed lines! angular
distribution for the three cases and for different fragmen
Some discrepancies between experimental and simulated
tributions appear in the backward angle region~in the analy-
sis only data at the right side of the vertical lines are cons
ered! due to the fact that the simulation does not take i
account in detail the inefficiencies introduced by dead s
faces on the array~i.e., detectors frames! or difference in the
energy threshold for mass identification~the silicon detectors
have different thickness, from 480 to 520mm!.

To further check the equilibration of the emitting sour
for the data selected with angular cuts we looked at the
ergy distributions of the emitted isotopes. The distributio
have Maxwellian shapes with similar slopes for all the is
topes. In Fig. 2 the energy distribution of three isotopes
presented together with the curves obtained by fitting
data with pure Maxwellian functions. The obtainedTMaxw
values are similar within the errors for all isotopes~in Table
II are reported the average values!. This holds for all cuts on
impact parameter considered. This behavior gives further
dications that the necessary condition of equilibration of
04460
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fragmenting systems is satisfied.
The obtained values for the parameter related to the

parent temperatureTMaxw ~see Table II! are higher than those
extracted from isotope ratios. Several experimental stud
showed temperature values obtained from Maxwellian
higher than that extracted from isotope ratios or level po
lation ratios@16#; moreover theTMaxw values are even highe
than typical temperatures used in statistical models to re

FIG. 2. Energy distribution and Maxwellian fit for different iso

topes in peripheral@~a!–~c!, b̂.0.8], midperipheral@~d!, 0.5,b̂
,0.8], and central collisions~e!. The obtained values for the pa
rameter related to the apparent temperatureTMaxw are 8.360.5 ~a!,
8.160.5 ~b!, 10.660.7 ~c!, 12.160.8 ~d!, 16.61.2 ~e!, respectively.
6-3
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duce the experimental spectra@2,3#. A tentative explanation
of this difference has been done in the framework of stand
statistical models@9#. In particular one has to take into ac
count the Fermi motion of nucleons@17# and variations in
the Coulomb barrier depending on the point of emiss
within the system; one has also to recall that theTMaxw val-
ues are averaged over the deexcitation chain and are
affected by successive recoil effects.

IV. TEMPERATURE MEASUREMENTS AND DEDUCED
EXCITATION ENERGY

In the previous section we have shown that the results
the angular and energy analysis confirm that the conditi
of the identification and equilibration of the isotope sour
seem to be satisfied. The isotope ratios method can be th
fore applied to calculate the temperature of the emitt
sources. Taking the set of data coming from a single sou
selected by means of the angular and charged particle
tiplicity cuts above described, the good isotopic resolution
the apparatus~up to carbon! allows the extraction of tem
peratures from a high number of isotope ratios~41!.

Figure 3 shows isotope-ratio temperatures as a functio
the parameter B@see Eq.~1!#. The best thermometers ar
those that deal with yields of isotopes with large differen
in the ground state binding energies — in fact for largeB
values we observe that the extracted temperatures ten
wards an asymptotic value — the average values of the t

FIG. 3. Temperature extracted from different isotope thermo
eters as a function of theB parameter@13#; the full line suggests the
asymptotic valueTiso of the isotope temperature.
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perature extracted from the highestB values thermometers
Tiso are 4.0, 4.3, and 4.3 MeV for QP peripheral, QP m
peripheral, and unique central source, respectively. Figu
and Table I give the values for 11 thermometers withB.9
MeV ~full circles!.

The fluctuations in the temperature obtained from diff
ent thermometers are likely due to secondary decays
highly excited fragments. As explained in Ref.@18# it is pos-
sible to use sequential decay calculations, to evaluate
modification to the initial distributions due to the partic
whose decay feeds the measured yields. In Refs.@15,19# an
empirical procedure was proposed, to strongly reduce th
fluctuations. It was also shown@15# that for temperatures in
the neighborhood of 4 MeV these empirical correction fa
tors do not depend either on the size or on theN/Z ratio of
the decaying systems. The experimental temperatures o
present measurement, corrected as suggested in Ref.@15# are
plotted in Fig. 4~open circles! and reported in Table I. The
11 thermometers used suggest a break-up temperatureT0 ,
defined as the mean value of the corrected temperature
the nuclear decaying system of 3.9, 4.2, and 4.2 MeV for
peripheral, QP midperipheral, and unique central source,
spectively. These values are slightly different from that pu
lished in Ref.@19# because of the different data selection;
the present study only the part of the angular distribut
consistent with a thermalized source is taken into account
the analysis. Since the aim of this paper is the identificat
of well defined emitting sources and the study of their th
malization we needed a refined and careful data selectio

Before we come to any conclusions on temperature m

-

FIG. 4. Temperature extracted from the ‘‘best’’ isotope the
mometers as a function of theB parameter@13#, from experimental
data~solid circles! and after correction for sequential decay feedi
@15,19# ~open points! @~a! Peripheral collisions,~b! midperipheral,
~c! central#.
6-4
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TEMPERATURE MEASUREMENTS IN Xe1Cu AND 30 . . . PHYSICAL REVIEW C 60 044606
surement we have to recall that the isotope temperature
result from an average upon the time-scale for source di
tegration@20#. In fact if the system deexcites by sequentia
emitting, theoretical predictions@21,22# indicate that differ-
ent isotope can be preferentially produced in different step
the disintegration chain. The observation of a non-negligi
decay time scale, however, does not necessarily imply a
ure of simultaneous decay models if the decay time is sho

TABLE I. Temperatures extracted from different double yie
isotope ratio (Texp) and calculated values after sequential feed
correction (Tcorr).

b̂ Texp ~MeV! Tcorr ~MeV!

3He/4He26Li/ 7Li .0.8 4.5960.04 4.5660.04
3He/4He27Li/ 8Li .0.8 3.9860.03 4.5860.03
3He/4He29Be/10Be .0.8 6.1160.13 4.0860.09
3He/4He211B/12B .0.8 3.7660.06 4.0160.06
3He/4He212C/13C .0.8 4.0060.06 4.0860.06
3He/4He213C/14C .0.8 4.0060.09 4.2960.10
6Li/ 7Li211C/12C .0.8 4.1760.14 3.4460.12
7Li/ 8Li211C/12C .0.8 3.7060.08 4.1360.09
9Be/10Be211C/12C .0.8 5.6660.30 3.4160.18
11B/12B211C/12C .0.8 3.4760.11 3.5060.11
11C/12C212C/13C .0.8 3.6760.12 3.5960.12
3He/4He26Li/ 7Li 0.5–0.8 5.0060.05 4.9660.05
3He/4He27Li/ 8Li 0.5–0.8 4.2960.03 4.9960.03
3He/4He29Be/10Be 0.5–0.8 7.1660.17 4.5360.11
3He/4He211B/12B 0.5–0.8 4.1260.06 4.4360.06
3He/4He212C/13C 0.5–0.8 4.3060.07 4.3960.07
3He/4He213C/14C 0.5–0.8 4.3560.10 4.6960.11
6Li/ 7Li211C/12C 0.5–0.8 4.2660.14 3.5060.12
7Li/ 8Li211C/12C 0.5–0.8 3.8360.08 4.2960.09
9Be/10Be211C/12C 0.5–0.8 6.1060.34 3.5660.20
11B/12B211C/12C 0.5–0.8 3.6560.11 3.6960.11
11C/12C212C/13C 0.5–0.8 3.7660.12 3.6860.12
3He/4He26Li/ 7Li ,0.2 4.9760.07 4.9360.07
3He/4He27Li/ 8Li ,0.2 4.2960.04 5.0060.05
3He/4He29Be/10Be ,0.2 7.4160.24 4.6360.15
3He/4He211B/12B ,0.2 4.1360.08 4.4460.09
3He/4He212C/13C ,0.2 4.3060.09 4.3960.09
3He/4He213C/14C ,0.2 4.2860.13 4.6160.14
6Li/ 7Li211C/12C ,0.2 4.2260.20 3.4860.16
7Li/ 8Li211C/12C ,0.2 3.8360.12 4.2960.13
9Be/10Be211C/12C ,0.2 6.2960.49 3.6260.29
11B/12B211C/12C ,0.2 3.6660.14 3.7060.14
11C/12C212C/13C ,0.2 3.7660.17 3.6860.17
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than the equilibration time@23#. In previous studies on the
Xe1Cu 30 MeV/nucleon reaction@24# the three-body Cou-
lomb trajectory calculations showed a mean emission time
'200 fm/c, consistent with a fast sequential decay. In t
same spirit the double ratio method can operate an averag
the temperature over the isotope emission time.

In order to investigate the caloric curve of the fini
nuclear matter we need to extract information also on
excitation energy values of the decaying studied syste
Starting from thevQP values obtained we can fix an upp
limit to the excitation energy (Ev* ) of the source in a simple
way using momentum conservation and assuming that
excitation energy is shared between projectile and targe
proportion to their mass~Table II!:

Ev* 5
mXe

~mXe1mCu!
S 1

2
mXe~vP

2 2vQP
2 !2

1

2

mXe
2

mCu
~vP2vQP!

2D ,

~2!

wherevQP andvP are the QP and projectile velocity in th
laboratory frame. In this way we completely neglect pr
equilibrium emission and mass and excitation energy tra
ferred to a neck or fireball system, if formed. Since for t
considered system sizes and incident energy nonequilibr
fragment emissions are present@25# the expected excitation
energy must have lower values than theEv* ones.

Excitation energies were also estimated assuming
equilibration of the emitting systems and comparing the d
with the microcanonical statistical multifragmentation mod
~SMM! @3# to describe the experimental findings of the fra
ment emission. The statistical model SMM was used to
vestigate the decay of the QP peripheral, QP midperiphe
and central unique source by looking at the excitation ene
ranges able to reproduce the measured charge distributio
the peripheral and midperipheral cases the calculations w
made for a Xe nucleus, while a chargeZ571, as suggested
by systematics studies on incomplete fusion@26#, was used
as input for the central source. In all the three cases one t
of the normal density was fixed and excitation energies ra
ing from 0 to 8 MeV/nucleon were considered.

The velocity of the fragment source was assumed as in
experimental case. The events generated by SMM for dif
ent input excitation energies were filtered by the appara
Each experimental charge distribution was reproduced
properly choosing SMM excitation energy intervals. It w
found that the minimum value of the excitation energy
fixed by the reproduction of the high tail of the charge d
tribution, while the upper value is fixed by the reproducti
of the yield of light fragments. In Fig. 5 the experiment
TABLE II. Emitting source characteristics for each bin of impact parameter.

vsource Ev* /A ESMM* TMaxw Tiso

b̂ ~cm/ns! ~MeV/nucleon! ~MeV/nucleon! ~MeV! ~MeV! T0

.0.8 6.360.1 5.1 4.060.5 9.062.0 4.0 3.960.4
0.5–0.8 6.060.1 5.7 5.060.5 11.062.0 4.3 4.260.5
,0.2 5.160.1 5.560.5 15.063.0 4.3 4.260.5
6-5
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P. M. MILAZZO et al. PHYSICAL REVIEW C 60 044606
charge distributions and the corresponding SMM predicti
are shown for the three impact parameter intervals. I
worthwhile to stress that for peripheral collisions the range
which it is possible to choose the source size is strictly li
ited by the value of the highest observed charges. Moreo
to evaluate the sensibility of the extracted excitation energ
to the value of the source density and size the procedure
been repeated for different density values~1/6–1/2r0) and
system charge~80–90 % of the total charge for central co
lisions! finding differences of the order of 0.5 MeV/nucleo
in the extracted excitation energy values. In fact charge
tributions appear to be more sensitive to excitation ene
than to the other SMM input parameters@27#.

In Table II the excitation energy ranges used to get ag
ment between SMM predictions and experimental data
summarized. For this experiment it was not possible to p
form an evaluation of the excitation energy through calori
etry since in a large fraction of events the largest fragm
was not detected because of the mask covering angles l
than 8°. We want to stress that in previous applications@7#
within the uncertainties of the two procedures a good ag
ment between the values predicted by SMM and those
tained with the calorimetric method was found.

In order to have a comparison with other published res
in Fig. 6 the temperatures obtained with the6Li/ 7Li- 3He/4He
thermometer (THeLi) are plotted as a function of the excita
tion energy for which SMM predictions match the expe
mental charge distributions~solid points, black for Xe1Cu,
red Au1Au, circles for peripheral, squares for central col
sions!. They show a slow, continuous increase with exci
tion energy. The shape of the obtained caloric curve ag
with previous results of the EOS Collaboration@6# ~double
squared points! and with studies on the fragmentation
lighter projectiles~open triangles! @9#.

One should note that the fused system in central Xe1Cu

FIG. 5. Charge distributions~solid points: experimental data
full line: SMM predictions!.
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collision has charge and mass characteristics similar to an
nucleus. Therefore we can compare the QP formed
Au1Au peripheral collisions with the source formed in ce
tral Xe1Cu reactions. In particular we note that both the
systems show within the experimental errors the same t
perature at the same excitation energy~about 5.5 MeV/
nucleon!. Since the same system was formed starting fr
different entrance channel for the reaction this is an indi
tion that thermodynamical equilibrium was achieved befo
the deexcitation.

The presented data are coming from systems differen
size, from a mass 129 for the QP of the Xe1Cu collisions up
to more than 300 nucleons of the central Au1Au ones. We
wish to point out that care must to be taken before draw
conclusions based on the observation of a single isotope t
mometer~i.e., 6Li/ 7Li- 3He/4He!. In Fig. 7 we plot the tem-
peratures obtained with the6Li/ 7Li- 3He/4He (THeLi) and the
12C/13C-11C/12C (TC) thermometers as a function of the e
citation energy; open points correspond to Xe1Cu data,
solid points are for the Au1Au reaction. We observe tha
using different isotope thermometers one could get confl
ing results; looking, for instance, at theTHeLi one gets a slow
increasing behavior with excitation energy~and it would be
possible to infer on a second order phase transition of
nuclear matter!; on the contrary theTC thermometer shows a
flat caloric curve~from which one could suggest a first ord
phase transition!. Moreover even if the behavior of the ca
loric curve is similar for the two measured reactions, one
to note that the values of the temperatures are slightly dif
ent. This is due to theN/Z ratio of the different emitting
systems, that directly implies on the probability of produ

FIG. 6. ~Color! Experimental caloric curve: open points, Re
@4#; double squared open symbols, Ref.@6#; open triangles, Ref.@9#;
full points, present data~red Au1Au, black Xe1Cu; the full
squares refer to central collisions!.
6-6
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tion of neutron-poor fragments~as in the11C case!. In order
to avoid this kind of problem we believe that using a full s
of reliable thermometers override the effect of size andN/Z
ratio of the emitting source on each single isotope dou
ratio, since a more detailed dependence of temperature
the excitation energy can be investigated. In this resp
looking at the lowest panel of Fig. 7, where the extrac
correctedT0 temperatures are plotted for the different an
lyzed systems, it is possible to conclude that, within the
perimental errors, the caloric curve does not seem to be
fected significantly from the mass of the emitting system

We should note that the procedure used for the cor
tions of the isotope temperature is not unique, e.g., eve
SMM calculations reasonably reproduce the behavior of
caloric curve extracted from isotope thermometers, howe
this model gives values approximately 1–1.5 MeV higher
the freeze-out temperatures@7#. On the other hand, the pre
dictions of SMM on the excitation energies are directly
lated to the charge distributions and, then, in the thermal
tion assumption, represent a reliable evaluation. Moreo
when a comparison with excitation energy measurement
possible, a good agreement with SMM predictions was fou
@7#.

V. CONCLUSION

In the study of the Xe1Cu 30 MeV/nucleon and Au1Au
35 MeV/nucleon reactions it was possible to investigate

FIG. 7. THeli , TC ~see text! and the corrected temperatureT0 as
a function of the excitation energy. Open symbols Xe1Cu reaction
~present work!, full symbols Au1Au @7#; squares indicate centra
collisions.
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characteristics of different types of emitting sources:
unique one formed in central collisions and the quasiproj
tile sources at different excitation energies in periphe
ones. The studied fragment emitting sources have mass r
ing from 129 up to more than 300 nucleons. The same s
tem, Au-like, has been investigated via two different react
channel comparing the peripheral Au1Au collisions with the
Xe1Cu central ones.

All these sources emit several light and intermediate m
fragments. A careful data selection was devoted to iso
single emitting sources. The experimental angular distri
tions of the fragments and model calculations indicate t
these sources may have reached a thermal equilibrium.
measured the temperatures of these emitting systems w
high number~41! of isotopes ratios. The best thermomete
are those with a high value of theB parameter of Eq.~1!,
therefore we used only those withB.9 MeV. In this way
we had 11 measurements of the temperature for each nu
system, 5 of which do not use the3He/4He ratio, but involve
heavier isotopes for which the problem of pre-equilibriu
contamination is expected to be less important. The value
these temperatures have been corrected empirically for
ondary decays and a very good agreement has been foun
all the 11 corrected temperatures.

We also compared the experimental charge distributi
with the predictions of the SMM model to get information o
the excitation energy of the emitting sources. In order
investigate the trend of the caloric curve we have use
large set of isotope thermometers. Even if some single th
mometers reveal a dependence on the size andN/Z of the
emitting system, their average is almost insensitive to
entrance channel. Therefore we conclude that the obse
trend of the global caloric curve, both for the reactio
Xe1Cu 30 MeV/nucleon and Au1Au 35 MeV/nucleon,
shows a monotonic increase with the excitation energy
summary we showed that in order to investigate the calo
curve it is advisable to deal with a full set of reliable the
mometers.
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