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INTRODUCTION

The dependence of nuclear temperature upon excitation energy has been experimentally
studied with increasing values of excitation energy over the years. At excitation energies per
nucleon, E*/A, lower than 6 MeV the temperatures deduced from the kinetic properties of
the emitted particles and clusters follow the Fermi gas law : E* = (A4/k).T2? . The value of
the inverse level density parameter k was found to be in the range 8 to 13[1). When excitation
energies up to 10 MeV per nucleon were reached, temperatures obtained from the relative
populations of excited levels in the emitted light nuclei did not overcome 5-6 MeV 2] but
this limitation could be explained by side-feeding effects. Such hot nuclei were formed in
fusion or deep inelastic reactions. At incident energies above 40-50 MeV /u, binary dissipative
collisions dominate and the quasi-projectiles reach excitation energies per nucleon and kinetic
temperatures above 10 MeVI4 51, The study of projectile "spectators" in reactions at several
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Figure 1. Measured apparent temperature obtained from double isotopic yield ratios versus
excitation energy per nucleon of quasi-projectiles with masses 1115+20% formed in !2°Xe collisions
on Sn at 50 AMeV.

hundreds of MeV /u made it possible to reach similar excitation energies (3, In this Aladin
experiment at GSI, the temperature was obtained via the relative abundances of two isotope
pairs [6]. The relation between this temperature Tr® and E~/A was interpreted as indicating
a phase transition, with the nuclear gas regime dominating above E*/4 = 10 MeV, as pre-
dicted [, However, a monotonic increase of the temperature with excitation energy was
observed in similar conditions!®! and questions were raised about the significance of these cal-
oric curves [% 1011, 12] ahout the role played by the mass dependence of the decaying nucleus
upon E*/A [13], as well as the strong effects of side-feeding, especially at high temperatures
(24], This point will be discussed by Xi Hong Fei at this meeting.[18],

With Indra at GANIL, the temperature-excitation energy relationship was studied for
E~ ranging from 2 to 24 MeV per nucleon in the quasi-projectiles issued from the reaction
36 Ar+ 5Ni at 95 MeV /u. Different prescriptions for the determination of temperatures were
applied and compared: apparent temperatures extracted from several pairs of isotopes and
from the slopes of light charged particle kinetic energy spectra. No indication was found for
a fast phase transition 18], In this paper we show in addition temperatures determined from
the population of excited discrete levels, as well as results obtained at 52 and 74 MeV /u and
for quasi-projectiles from the reaction '?Xe +!?4Sn at 50 MeV /u. The strong role played by
successive de-excitation steps and side-feeding is studied within two very different scenarios.

EXPERIMENTS

The kinetic energies of charged products were measured with the 4= detector array
INDRA covering 90% of the 4 solid angle . Isotopic separation was achieved for elements
up to Z=4.

As for heavier and lighter systems having the same mass asymmetry studied previously °
at neighbouring incident erergies [4.5] the dominant process is the formation of a quasi-
projectile (QP) and a quasi-target (QT) accompanied by dynamical emission around mid-
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Figure 2. Same as Fig.1 for quasi-projectiles with masses 33+20% formed in 3%Ar collisions on Ni
at 52, 74 and 85 AMeV.,

rapidity. All QP products have velocities well above the detection and isotopic separation
thresholds. Therefore, the QP was reconstructed as in [5. To avoid mass dependence effects,
QP’s with equal masses (within £20%) were selected.

Determining a temperature value is justified only if thermal equilibrium was achieved in
the source. Experimentally one can check that the angular distributions of various products
are isotropic in the source frame (or forward-backward symmetric if the source has a large
spin). This is not sufficient to establish that equilibrium had been attained, but this is a
necessary condition. The QP products, ranging from protons to 8Li, fulfill this condition at
all impact parameters.

The QP excitation energy is equal to the mass balance between the QP mass and its
products, added to the sum of kinetic energies of its products in its frame. The kinetic energy
of neutrons was taken as the average kinetic energy of protons in the same impact parameter
bin, corrected for the absence of Coulomb barrier. Due to large fluctuations in the energy
sharing between QP and QT, the excitation energy per nucleon reaches values above the
available energy per nucleon in central collisions, as already seen for this system [17). Details
can be found in (18],

APPARENT TEMPERATURES FROM ISOTOPIC RATIOS

Temperatures were calculated from the yields Y of several pairs of light isotopes differing
by one neutron, according to (el

(Y(Zna An)/Y(Z“’ ‘4" + 1) (2)
"(Y(Z4, 44)/Y(Z4, Aa +1)

Tr_, = B/In(a

where n ( d) stands for the pair of isotopes with the smallest (largest) binding energy
difference, and appears at the numerator (denominator).
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Figure 3. Measured slope pafameters from kinetic energy spectra for light particles emitted by
quasi-projectiles formed in '?*Xe collisions on Sn at 50 AMeV. For orientation, the Fermi gas
relationship is shown with A/8 (solid line) and A/12 (dashed line).

By choosing isotopes which do not have low lying levels decaying via 7 emission, one
can calculate a with the ground states only, as in [¥l. This approximation is indicated by the
index 0. But at high temperatures, high lying levels contain a significant part of the yield,
especially when they have a large spin. When they decay via v emission, they contribute
to the yields in eq. 1. Another problem is due to particle-unbound levels. This reduces the
yields of the decaying fragments and increases the yields of daughter fragments (side-feeding)
[14, Therefore Tr° is only an apparent temperature.

Let us examine the Tr° values obtained with various isotope pairs listed in fig. 1,2. When
B is not large (~ 5 MeV), i.e. p,d-°Li,"Li and “Li  Li-®Li, Li, the curves increase very slowly
with E*/A and saturate at low values. Such ratios are useless. When the isotopes having
the largest binding energy difference, >He — a, are involved, larger B values are obtained and
Tr° increase more with E*/A. However the values obtained with the isotopes p,d and d,t at
the numerator never exceed 6 MeV. Only T°(°Li"Li —3 Hea) (used by Aladin group) reaches
high values, but instead of a plateau a small and gradual variation of slope is observed.

Since low values of excitation energies are reached in peripheral collisions and high values
in central collisions, different collision dynamics at different impact parameters could possibly
contribute to the observed behavior. To check this point, Ar + Ni data obtained at 52, 74
and 95 MeV/u were analyzed with the same method, after removing the larger part of the
few fusion events present at 52 MeV/u. At the same excitation energy obtained at different
impact parameters, the three Tr° values are equal: fig. 2.

APPARENT TEMP. FROM KINETIC ENERGY SPECTRA
Kinetic energy spectra in the QP frame were analyzed for light charged particles, since

they are less sensitive to possible collective expansion. The (inverse) slope parameters T's were
obtained via the usual fits with Marwell-Boltzmann distributions. Results for quasi-Xe nuclei
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Figure 4. Same as fig. 3 for 36Ar at 52, 74 and 95 AMeV, for deuterons (left) and 3He (right). The
symbols are the same as in fig. 2. For orientation, the Fermi gas relationship is shown with A/10

~ (solid lines).

are shown in fig. 3. 3He slope parameters are higher than those of other light particles, which
may mean they are emitted earlier, but this effect is not seen with quasi-Ar ; a specific study
is in progress. The slight increase from p’s to a’s can be due to a small collective expansion.
Each type of particle exhibits a monotonic and fast increase with E* /A, as is also the case for
quasi-Ar in Fig. 4. This figure also shows a very good agreement between the values obtained
at 3 incident energies for deuterons (left panel). The same independence on incident energy is
obtained for p and t. For *He (right panel) and a, differences in T's reach 10% at high E*/4
values. This is related to the error made on the velocity of the reconstructed QP in central
collisions.

APPARENT TEMP. FROM EXCITED STATE POPULATION

The third available method is the relative population of excited states. When a nucleus
is emitted from a source with a temperature Tems, two levels of this nucleus separated by AE
are populated in proportion to e"3E/Temi 3n 4 their spins. The levels which could be identified
are those which decay via emission of two charged products detected by two modules. INDRA
was not designed for this purpose and only well separated levels can be identified. A detailed
discussion of the methods and results will be given [18]. Here is shown only the emission
temperature obtained for °Li between the g. s. and 16.6 MeV : fig.6, bottom panel. The
huge statistics needed does not allow to get narrow bins of E* /A. Temi(°Li) does not exceed
6 MeV.

SEQUENTIAL DECAY CALCULATIONS

In order to investigate the difference between the initial temperature, Tini, and the
various apparent temperatures, we applied the standard evaporation model. Even if its basic
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Figure 5. Sequential statistical model calculations. Solid lines: assumed initial temperature versus
the excitation energy per nucleon. Points: calculated apparent temperatures obtained via 3 methods.
Top panel : particles evaporated first, before decay of discrete levels. Bottom panel : particles
emitted at all de-excitation steps, after decay of discrete and continuum states.

assumption (thermal equilibrium re-established between successive independent emissions) is
not valid at very high E~, it allows us to see the effects of several de-excitation steps and
side-feeding. The Fermi gas relationship was assumed at all excitation energies.

Firstly, the code was stopped after first chance emission. Ts and Tem: have to be
equal to the initial temperature : fig. 5a,c. 7Tr° also should be equal, provided we take
only fragments emitted in the ground state ; since excited fragments are included (as in the
experiment), it is a bit lower at high E~/A: fig. 5b. When the particle decay of discrete levels
is allowed, all temperatures decrease quite moderately.

A very different situation is obtained when the full evaporation chain is studied. Detailed
studies were performed by switching off or on particle decay of discrete levels, and taking into
account the maximum width of these levels [21]. Fig. 5d,e,f show the final step. T'r® values
obtained with small values of B (not plotted) are almost constant with E*/A, like experimental
data (fig. 1,2). When B is large, some increase is kept, especially for 6Li “Li-3Hea which
exhibits a change of slope with E* quite similar to the data (fig. 2) and almost mimics
a liquid-gas phase transition ! Even with very large AE values, T'emi is severely reduced
by side-feeding: fig. 5f. The slope parameters are much less influenced by both disturbing
processes: fig. 5e. ’

If the decaying nucleus is thermalized, the various apparent temperatures must be re-
produced with the same initial temperature, T'ini. The calculations in fig. 5 were made
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Figure 6. Extended QSM calculations compared to data. Solid symbols: experimental data; upper
panel: T»0 values; bottom panel: T's for deuterons, Temi for Li (preliminary values). Dashed line:
correlation between initial temperature and excitation energy assumed in the calculation. Solid lines
and open symbols : calculated apparent temperatures corresponding to the solid symbol with the
same shape.

for Ar nuclei with the Fermi gas relationship and can be compared to data (fig. 2, 4 and
6). Temi(°Li) is too large, but a rather good agreement is seen with 7°(p,d-3He,a), T°(p,d-
6Li,’Li) and T's values, while a correlation assuming a plateau (T;,; constant for E*/4 =
3.6-11 MeV,shown in [16]) clearly disagrees with most data.

EXTENDED Q.S.M. AND INITIAL TEMPERATURES

At high E"/A, sequential decay is not likely, so an opposite assumption was studied(??] :
the emitting source is viewed as a nuclear gas in thermal and chemical equilibrium undergoing
simultaneous disassembly at a given density p and temperature 7' [19],

Corrections to the ideal gas were included in the form of excluded volume effects [20],
This correction plays an important role. The excitation energy has been calculated as the total
energy of the freeze-out configuration.This latter quantity has been fixed to reproduce the
experimental excitation energy dependence of the measured ratio between the charge carried
by light charged particles (Z=1,2) and the total charge. This leads to a good reproduction of
the charge distributions for /A > 10 MeV. The initial temperatures steadily increase from
2 to 18 MeV.

In fig. 6 the calculated Tr° values, T's for deuterons and Temi(°Li) are compared
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to the data. The differences between the various apparent temperature are essentially due
to side-feeding. These results were obtained by taking into account levels with widths < 2
MeV (source lifetime > 100 fin/c). The sensitivity to this parameter is shown in {16, 22]  Above
~ 6 MeV per nucleon, all apparent temperatures are rather well reproduced.

CONCLUSION

Apparent temperatures obtained from isotope ratios, kinetic energy distributions and
excited state populations were determined for quasi-projectiles formed in collisions of *Ar
on Ni at 95, 74 and 52 MeV/u and '?°Xe on Sn at 50 MeV /u. Nearly constant QP masses
were selected over the whole range of excitation energies which reaches 24 MeV per nucleon
or 13 MeV, depending on the system. Two types of calculations show that apparent tem-
peratures based on isotope yield ratios or excited level populations are very sensitive to the
role of high energy resonances and that the initial temperature values are subject to a large
uncertainty. At excitation energies above 10 MeV per nucleon, these apparent temperatures
are much lower than the initial temperatures. The kinetic temperatures (slope parameters)
of light particles keep a good memory of the initial temperature, provided no large collective
motion is present. No evidence is found for a plateau followed by a rise (first order liquid-
gas phase transition) in the relationship between T’ and E* /A, neither in the experimental
data (apparent temperatures), nor in the initial temperatures obtained via calculations. The
initial temperature grows steadily with excitation energy on the whole range of excitation
energies. Up to ~10 MeV per nucleon, this increase is very close to that of a Fermi gas. At
higher excitation energies, multifragmentation sets in and the temperature increases faster
with excitation energy. Instead of a rather sharp transition, a gradual evolution is found.
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