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Breakup temperatures in central collisions of197Au 1 197Au at bombarding energiesEyA ­ 50 to
200 MeV were determined with two methods. Isotope temperatures, deduced from double ratios of
hydrogen, helium, and lithium isotopic yields, increase monotonically with bombarding energy from 5
to 12 MeV, in qualitative agreement with a scenario of chemical freeze-out after adiabatic expansion.
Excited-state temperatures, derived from yield ratios of states in4He, 5,6Li, and 8Be, are about 5 MeV,
independent of the projectile energy, and seem to reflect the internal temperature of fragments at their
final separation from the system. [S0031-9007(98)05934-1]

PACS numbers: 25.70.Pq, 21.65.+ f, 25.70.Mn, 25.75.Ld
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Recently, a caloric curve of nuclei has been obtaine
by correlating the values of temperature and excitatio
energy measured for spectator fragmentation in reactio
of 197Au 1 197Au at 600 MeV per nucleon [1]. The tem-
peratures were derived from double ratios of helium an
lithium isotopic yields while the excitation energies wer
obtained by adding up the kinetic energies of the produ
nuclei and the mass excess of the observed partition w
respect to the ground state of the reconstructed specta
nucleus. The double-bended shape of the caloric cur
and its similarity to predictions of microscopic statistica
models [2–4], has stimulated considerable experimen
and theoretical activities. In particular, the second rise
the temperature to values exceeding 10 MeV at high e
citation energies has initiated the discussion of wheth
nuclear temperatures of this magnitude can be measu
reliably (see Refs. [4–6], and references given in the
recent papers) and whether this observation may inde
be linked to a transition towards the vapor phase [7,8
Obviously, a well-founded understanding of the signifi
cance of the employed temperature observables [9]
indispensable when searching for signals of the predict
liquid-gas phase transition in nuclear matter.

Here, we present the results of temperature measu
ments for central collisions of197Au 1 197Au at incident
energiesEyA ­ 50 to 200 MeV. These collisions are
characterized by a collective radial flow of light parti
cles and fragments which, over the covered energy ran
evolves as a dynamical phenomenon closely connected
the initial stages of the reaction [10]. Global equilibrium
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is clearly not achieved. If local equilibrium is reached, th
associated temperatures should reflect the adiabatic co
ing of the rapidly expanding system.

Two temperature observables were used simultan
ously. Isotope temperatures were deduced from doub
ratios of isotopic yields [11] and excited-state tempera
tures were derived from the correlated yields of light
particle coincidences [9,12,13]. It will become eviden
from the diverging results that this represents more tha
a methodical test and that the two types of thermomete
are sensitive to different stages of the fragment formatio
and emission.

Beams of 197Au with EyA ­ 50, 100, 150, and
200 MeV, provided by the heavy-ion synchrotron SIS
were directed onto targets of75 mgycm2 areal density.
Two multidetector hodoscopes, consisting of 96 and o
64 Si-CsI(Tl) telescopes in closely packed geometrie
were placed on opposite sides with respect to the bea
axis. Four high-resolution telescopes [4] were used
measure the isotopically resolved yields of light charge
particles and fragments. The choice of angles, betwe
ulab ­ 24± and 58± for the hodoscopes andulab ø 40±

for the telescopes, was motivated by the aim of a goo
coverage at midrapidity.

Additional detectors were employed in order to prob
the charged-particle multiplicity for impact paramete
selection. The angular range ofulab ­ 6± to 20± was
covered by an azimuthally symmetric array of 36 CaF2-
plastic phoswich detectors [14]. Within the angular rang
30± to 55±, a solid angle of 0.7 sr was covered by an arra
© 1998 The American Physical Society
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of 48 elements of Si-strip detectors. The results presen
in the following were obtained after selecting an eve
class of highest associated multiplicity, corresponding
about 10% of the total reaction cross section.

The populations of particle-unstable resonances we
derived from two-particle-coincidence yields measure
with the Si-CsI hodoscopes. The peak structures we
identified by using the technique of correlation function
and background corrections were based on results
tained for resonance-free pairs of fragments withZ # 3,
such asp-d, d-d, up to 3He-7Li. Examples of correla-
tion functions constructed forp-4He andd-3He coinci-
dences are shown in Fig. 1. They are dominated by t
resonances corresponding to the ground state (g.s.)
16.66 MeV excited state of5Li. This pair of states rep-
resents a widely used thermometer for nuclear reactio
[12,13,15]. The observed weak peak intensities are e
pected for large source sizes and may indicate break
densities considerably below normal nuclear density [1
Correlated yields ofp-t, d-4He, 4He-4He, andp-7Li co-
incidences and4He singles yields were also measure
and used to deduce temperatures from the populations
states in4He (g.s.; group of three states at 20.21 MeV an
higher), 6Li (2.19 MeV; group of two states at 4.31 and
5.65 MeV), and8Be (g.s.; 3.04 MeV; group of five states
at 17.64 MeV and higher). The probabilities for the coin
cident detection of the decay products of these resonan
were calculated with a Monte Carlo model [13,17]. Th
uncertainty of the background subtraction is the main co
tribution to the errors of the deduced temperatures.

FIG. 1. Correlation functions constructed ford-3He (top) and
p-4He (bottom) coincidences as a function of the relativ
momentum q of the two particles for central collisions at
EyA ­ 150 MeV. The observed states in5Li are indicated.
The lines represent the adopted upper and lower bounds of
nonresonant background (see text).
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The obtained values for two isotope and three excite
state temperatures are given in Fig. 2. The isoto
temperaturesTHeLi and THedt were derived as described
in [4], and correction factors of 1.2 have been applied
order to account for the effects of sequential feeding. T
three excited-state temperatures are characterized by l
energy differences of the considered states (forTBe8 the
18 MeVy3.04 MeV result is shown), and no correction
for sequential feeding were applied (fully justified onl
for 5Li; see below and [12,15]). AtEyA ­ 50 MeV, all
temperature values coincide within the intervalT ­ 4 to
6 MeV, an observation made also atEyA ­ 35 MeV by
Huang et al. [18]. With increasing bombarding energy
however, the isotope temperatures rise approximat
linearly up to THeLi ø 12 MeV and THedt ø 9 MeV at
EyA ­ 200 MeV. The excited-state temperatures, on th
other hand, mutually consistent with each other, app
to be virtually independent of the bombarding energ
Their mean values, over the covered range of bombard
energies, are4.6 6 0.6 MeV, 5.1 6 0.3 MeV, and6.1 6

0.7 MeV for TLi5, THe4, and TBe8, respectively. These
differences may be significant but seem marginal
comparison to the apparent qualitative difference betwe
the isotope and excited-state temperatures [19].

The momentum-space acceptance of the detectors, k
at fixed positions in the laboratory, changes with bom
barding energy in the center-of-mass frame. For the c
of EyA ­ 150 MeV, the acceptance of the 96-elemen
hodoscope forp-a coincidences in the momentum inter
val corresponding to the5Li-g.s. resonance is shown in
Fig. 3 (top). It covers the region arounducm ­ 90± and,

FIG. 2. Measured isotope temperatures (full symbols) a
excited-state temperatures (open symbols) as a function of
incident energy per nucleon. The indicated uncertainties
mainly of systematic origin. The meaning of the lines
explained in the text.
3929
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FIG. 3. Top: Acceptance of the 96-element ho
doscope for p-4He coincidences with relative momenta
25 # q # 75 MeVyc in the plane subtended by relative trans
verse momentum and normalized rapidity of the correspond
5Li fragment for EyA ­ 150 MeV. The loci of Qcm ­ 30±,
45±, 90±, 135±, and 150± (thick lines) and of 5Li energies
ElabyA ­ 30, 50, and 70 MeV (thin lines) are indicated
Bottom: Temperatures derived from the yields of5Li ground
and excited states for the four intervals of the5Li laboratory
energy. Note that the errors are mainly of systematic origin.

in addition, extends to forward and backward angles w
a varying transverse-momentum acceptance. The w
acceptance and its shift with bombarding energy sho
not be crucial, however, because no significant variati
of TLi5 within the covered momentum space was foun
(Fig. 3, bottom).

It is not immediately obvious that the divergence of th
isotope and excited-state temperatures, growing dram
cally with bombarding energy, contradicts the concept
a common fragment freeze-out at a single temperatu
Xi et al. report that their recent statistical calculations in
dicate a strongly reduced sensitivity of the helium-lithiu
thermometer at high temperature, such that it may p
vent reliable temperature measurements atT . 7 MeV
[5]. Accordingly, a consistent common temperature, if e
isting, should be low. The excluded-volume effect, as i
corporated in the quantum-statistical model by Gulmine
and Durand [6], causes a suppression of particle-unsta
resonances decaying into loosely bound products, such
the 16.66-MeV excited state of5Li. It will have the effect
that the apparentTLi5 is low while a common emission
temperature may be high. These calculations demonst
that large effects can be caused by sequential decay
by structural differences of the nuclear states employed
the temperature measurements, even though they may
suffice to give a consistent explanation of all the prese
observations.
3930
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The dynamical evolution of the fragment formatio
has very recently been investigated with transport mod
[20], including nuclear molecular-dynamics [21,22] an
quantum molecular-dynamics [23,24] models, applied
the present and similar reactions. These studies sug
that the asymptotic fragments can be identified at
early stage of the reaction, typically atø40 fmyc. These
times coincide with the development of the collectiv
flow component of the fragment motion [20–22].
local chemical equilibrium has been reached the isoto
composition should reflect the temperature of the syst
at that particular time.

According to various flow analyses, between 40% a
60% of the collision energy is converted into collectiv
flow energy [10]. In the simplest approximation, th
breakup temperature is then estimated asT ­ sEyAdy12.
This assumes complete stopping of the incident nuclei a
a classical gas with3 3 2A degrees of freedom carrying
thermal energy component of 50% of the collision energ
This relation (dashed line in Fig. 2) does not describe
data very well, but it illustrates the expected linear ri
and shows that the measured isotope temperatures
about the right order of magnitude. Better agreeme
with the data at the lower energies is obtained if, f
the same thermal energies, the experimental tempera
vs energy relation of Ref. [1] is used (Fig. 2, full line
Even though it remains to be understood whyTHedt is
considerably lower in the present case (cf. [4,25–27
the comparison suggests that the isotope thermometers
sensitive to the local temperature at freeze-out in a b
scenario [28–30].

The excited states used for the temperature eva
tion are very specific quantum states with widths
1 MeV or less. They are unlikely to exist in the nu
clear medium in identical forms [20,31,32]. The ob
served asymptotic states can develop or survive o
at very low densities that may not be reached befo
the cluster is emitted into vacuum. Accordingly, th
excited-state populations should reflect the temperat
and its fluctuations at this final stage of fragment em
sion. The molecular dynamics calculations show tha
cluster continues to interact with the surrounding coo
ing and expanding matter for a considerable time afte
has been formed [21]. This will lower its internal excita
tion but, apparently, does not change as much the isoto
composition.

Excited state populations have thermal characteris
[33] and have been shown to correspond to expec
temperatures in compound reactions [15,34]. In t
present case, the observed internal fragment excitatio
associated with the final breakup of the system, are fou
to be consistent with a thermal population atT ­ 5 to
6 MeV (Fig. 4). The apparent temperaturesLLi6 and
TBe821 s3.04 MeVyg.s.d, derived from states not widely
separated in energy, are lower but in accordance with
side-feeding effects predicted by the quantum-statisti
model [35].
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FIG. 4. Six values of apparent excited-state temperatur
deduced from states in4He, 5Li, 6Li, and 8Be (open circles)
in comparison to predictions of the quantum-statistical mod
(bars) forEyA ­ 100 MeV (top) and 200 MeV (bottom). The
calculations were performed withT ­ 5 MeV (dashed lines)
and ryr0 ­ 0.1. The notation forTBe8 is (1) 3.04 MeVyg.s.;
(2) 18 MeVyg.s.; and (3)18 MeVy3.04 MeV.

The presented interpretation of the observed qua
tative difference between the isotope and excited-sta
temperatures seems rather attractive. It implies th
isotope yields may be used to probe the early stages
the fragment formation process, and it may explain th
saturation of the excited-state temperatures that charact
izes a wide variety of measurements at intermediate a
relatiistic energies [13,15]. This interpretation, therefore
should be confirmed by further work which may aim
at a quantitative interpretation of the internal fragmen
excitation but also address current open questions su
as the role of initial correlations (see, e.g., [21,24,36,37
and of quantum effects in the fragment formation
process [38–41]).
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