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Temperature Measurements for CentralAu + Au Collisions at354 MeV
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The breakup temperatures for central AuAu collisions at35A MeV have been determined from
the relative populations of excited states ifi, *He, and '°B fragments and nine double ratios
involving the yields of elements witH = Z = 6. Unlike results reported at significantly higher
energies, all thermometers yield temperatures that are consistent within the experimental uncertainties.
Extrapolation of the data to zero impact parameter yiélds = 4.6 = 0.4 MeV, somewhat lower than
the temperature assumed in statistical multifragmentation model calculations which describe most of the
other features of this reaction. [S0031-9007(97)02589-1]

PACS numbers: 24.60.—k, 25.70.Ef, 25.70.Pq

Theoretically, there is little doubt that infinite nuclear duced in central Au- Au collisions atE/A = 35 MeV
matter undergoes a transition from a liquid to a gaseouf’]. Exceedingly flat charge distributions are observed
phase and supports a mixed phase equilibrium at temperf#] which calculations predict to be a consequence of
tures up to about 17 MeV [1,2]. Recent experimentalthe destabilizing Coulomb interaction [8]. Both fragment-
evidence for the onset and decline of fragment productiofragment correlations and fragment kinetic energy spec-
with increasing incident energy [3] or deduced excitationtra are reasonably well described by the Coulomb driven
energy [4] and the observation of short fragmentation timéoreakup of a single thermalized source [6,7]. These ob-
scales [5,6] reveal many of the necessary conditions foservations have been reasonably well reproduced by sta-
mixed phase equilibrium to be met in present experimentdistical multifragmentation model (SMM) [9] calculations
Despite these promising indications, information aboutvherein the fragments are produced via a bulk multifrag-
freeze-out temperature and density for bulk disintegrationsentation at a density gfy/6 = p < po/3 and a tem-
is necessary to proceed with the accurate extraction qierature off = 6 MeV [6]. Tests of the validity of such
thermodynamic quantities from such collisions. Tests oimodels, however, are more stringent if the assumed val-
the validity of the assumption of local equilibrium at ues of the temperature, density or both can be constrained
freeze-out are necessary to discern nonequilibrium anedxperimentally. In this Letter, we provide constraints on
dynamical effects. the assumed breakup temperature of this-Al\u system

Recent investigations reveal that approximately ten invia measurements of excited state populations and iso-
termediate mass fragment (IMF'3:= Z = 20) are pro- tope ratios.

1648 0031-900797/78(9)/1648(4)$10.00 © 1997 The American Physical Society



VOLUME 78, NUMBER 9 PHYSICAL REVIEW LETTERS 3 MRcH 1997

The experiment was performed by bombarding acompared. At higher incident energies, isotope ratios have
5 mg/cn? Au target with the35A MeV Au beam of yielded higher temperatures (upfo~= 15 MeV) [16] than
the National Superconducting Cyclotron Laboratory athave the excited state populations [21]; temperatures ex-
Michigan State University (MSU). Charged particles tracted from the latter have not exceededs 6 MeV [14].
were detected in the combined Miniball-Multics array A broad impact parameter gate< b = 0.45 is needed
[10,11], which has a geometric acceptance of greater thafior this comparison because yields of fragments in specific
87% of4dsr. highly excited states are small compared to the yields of
Light charged particles and IMF's were detected atstable nuclei. After extracting comparable temperatures
3° < O < 23° in the Multics array of 44 gas-Si-Csl with the two methods, the statistically more precise iso-
telescopes [11]. The position-sensitive Si detector in eactope ratio data are extrapolatedfto~ 0, where previous
Multics telescope provided a two-dimensional angularanalyses suggest that fragment emission is dominated by a
readout with an angular resolution (022fbr 5.8 MeV  single source [6,7].
a particles) sufficient for extraction of the excited state Models which describe the statistical decay of thermal-
populations of emitted fragments. The dynamic rangezed nuclear systems [12—14] predict that prior to the sec-
of the electronics for the Multics array was optimizedondary decay of the excited fragments, the ratip of
to provide maximum isotopic resolution fdr= Z = 6  states and; of a specific fragment should be given by

and isotopically resolved yields could be determined for Y, (2 + 1) L
emitted "23H, 346He, 6789 79.10ge 101LI12138 gnd R = Lo 2t L EE) Ty (2)
1213.14C nuclei. Representative identification thresholds Y; @+

of 8.5, 5.5, 4, 85, 10.5, 12, and3.5A MeV were where Y; is the measured yieldE; is the excitation
achieved in the Multics array fop, d, t, «, °Li, °Be, energy, andJ; is the spin of the staté. Following
and'°B nuclei, respectively. Energy calibrations accuratetechniques described in Refs. [13,14], relative populations
to 2% were obtained by irradiating each telescope wittof specific states ofLi, “*He, and!°B fragments were
228Th and***Cm « sources and with low intensity direct measured by detecting the coincident decay products and
beams ofa, '2C, and!°O particles at40A MeV, °Be at an “apparent temperaturel,,, was obtained for each
11.4 and 15.94 MeV, '°Be at8.1 and9.3A MeV, !B at  ratio by inverting Eq. (2). The leftmost data point in
12.7 and20.1A MeV, ''B at10.5 and 124 MeV, and'?B  the left panel of Fig. 1 indicates the measured apparent
particles atl0A MeV. Fragments detected at,, > ven  temperature calculated from the yield of thel (E; =
in the Multics array were used to extract temperatures. 16.66 MeV, J; = 3/2%) excited state divided by the
Light charged particles and fragments with= Z =  vyield of the’Li (E; = 0 MeV, J; = 3/27) ground state.
20 were detected aR3° < 61,, < 160° by 158 fast The middle data point shows the measured apparent
plastic-Csl phoswich detectors of the MSU Miniball temperature calculated from the yield of thee (£ =
array [10]. Following Ref. [7], we assumed that the20.1 MeV, J; = 0") excited state divided by the yield
charged particle multiplicityvc detected in Miniball array  of the *He (E; = 0 MeV, J; = 07) ground state. The
depends monotonically upon the impact parameter

_ b _ * . 1/2 T T T
b bmax |:/Nc(b) dNe P(NC):| @ 7 ®Data T Tem=4.4 MeV+
and assigned a mean “reduced” impact paraméﬂeto O,?eq'zzzc;ivcalc
each data point using Eq. (1). HeN() is the proba- 6r
bility distribution for the charged particle multiplicity for
N¢ = 3, and b« is the mean impact parameter with " I
NC = 3. é T
< 0

Temperatures determined from the relative yields of A L )
different decay channels [12—21] have the advantage of .& 4 [ QM
being insensitive to collective motion [22] and Coulomb h it

barrier fluctuations [23]. However, these temperatures 5[ l T ]
do require corrections for secondary decay [13,17-20].

These corrections are more problematic for the relative iso- Excited States Isotope ratios
tope yields because of their sensitivity to the uncertainties < ’ ' )

. . : " i * 10 12 14 16 18
in the isotopic composition of the system at breakup [24— L He 7B B (MeV)

26]. These effects do not strongly influence the excited

ftate poFuIatlonsd[%6]£ I?{hcros,; (_:heck tthef IISOtOIpti yiel jons of excited states fdLi, “He, and'°B nuclei using Eqg. (2)
emperatures and fo test the attainment of focal therma|qg panel) and from isotope ratios using Eg. (3) (right panel).

equilibrium, the relative excited state populations and thgsee also Table 1) The closed points are the data and the open
isotopic abundances of fragments wih= Z = 6 were  points are the predictions of sequential decay calculations.

IG. 1. Apparent temperatures obtained from relative popula-
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four excited states dfB (7.43 MeV,2™; 7.467 MeV,1*; fications to the initial populations of excited states caused
7.478 MeV,2"; 7.5599 MeV,0") are unresolved. The by the sequential feeding from heavier particle unstable
rightmost data point in the left panel shows the apparentuclei. In these calculations, the excited states of pri-
temperature calculated from the sum of the yields ofmary emitted fragments are populated thermally, and
the four '°B excited states divided by the yield of the then allowed to decay, using approximations outlined in
(4.77 MeV, 3™) excited state. The error bars of the Refs. [13,18,20,26]. Unknown spins or parities of low
apparent temperature reflect both the statistical uncertaintying discrete states were assigned randomly and the cal-
and the uncertainty due to background subtraction. culations were repeated to assess the sensitivities of the
Following Albergo et al. [15], chemical potential ef- population probabilities and isotope ratios to these spec-
fects were eliminated by constructing double ratlyg,  troscopic uncertainties. This unknown spectroscopic in-
from the yields of four isotopes to obtain an apparent temformation contributes a 5% uncertainty to the calculated
perature Typp ratios. An additional 8% uncertainty stemming from the
unknown isotopic composition of the emitting system at
freeze-out was assessed by varying the assu¥etl ra-
tio of the decaying system. These are the major uncer-
tainties that our investigation has shown to influence the
Secondary decay corrections [20,26].
i These calculations were performed for initial tempera-
BE(A3,7,) + BE(A; + 1,7); and BEHA;,Z) is the 165 ranging from 2 to 6 MeV and the agreement between
binding energy of theith nucleus. We restrict Our heory and experiment was assessed by calculating corre-

investigation to thermometers .WitB _values in excess sponding values for the reduced using the expression
of 10 MeV to reduce fluctuations in the temperature Reato s (Tor )T
calc,i\f em
’ 4)

14
measurement [17]. Table | lists the nine possible double X2 (Tem) = 1 Z [ReXPt’Z" _ :
isotope yield ratios with values ai and B computed Vi3 Oexpti T Ocalc.i

from the relevant ground state spectroscopic informationindependently for the isotope ratios and for the excited
Also listed in Table | and shown in the right hand panelstate populations. Here theep; and o, are the

in Fig. 1 are the corresponding “apparent temperaturesgxperimental and theoretical uncertainties and the sum-
obtained by inverting Eq. (3). The uncertainties reflectmation runs over the relevant excited state populations

the changes iR}, obtained by choosing different gates or isotope ratios. The solid and dashed lines in the
on the velocity of the emitted fragments in the center ofypper panel of Fig. 2 show thg?2 values for isotope

mass and by considering the sensitivity of the isotopic
yields to uncertainties in the precise placement of the

Riso = quB/Tapp)/a s (3)
where Ry, = {Y(A1, Z1)/Y(A1 + 1, Z)}{Y (A2, Z)/
Y(Ay + 1, Zo)}; Y(X) is the yield for isotopeX; a
is a constant determined by spin values and kine
matics factors; B = BE(A,Z;) — BE(A; + 1,Z;) —

isotope gates. 10

The fluctuations in the apparent temperatures from ra- 8L B<.45 3
tio to ratio, shown in Fig. 1, are not a manifestation of isotope
nonequilibrium effects but instead are the direct conse- 6F ratios .
quences of the secondary decay of highly excited frag-
ments whose decay feeds the measured yields. We have 4r ]
used sequential decay calculations to calculate the modi- . | Stafe Tatios T
TABLE I. List of isotope ratio thermometers withB > o2 10 | ! | | |
10 MeV and the corresponding measured apparent tempera-
tures. The uncertainties ifi,,, are larger forb =~ 0 than for 81 7
the broad impact parameter gdie< b = 0.45 reflecting un- isotope
certainties in the extrapolation o~ 0. 6 ratios .
Isotope ratio a B Topo (b < 0.45) T, (b = 0) b~

P Mev) ' (MeV) IMev) 4p b=0

BlC/4He 072 1239 4.04 = 0.10 4.04 = 0.16 2t
87Li /3>*He 218 13.32 451 = 0.02 4.64 = 0.05
%10Bg/3*He 0.38 13.76 7.00 = 0.24 7.8 = 109 0 . ‘ ! . !
23H/34He 159 14.29 421 =001 442 = 0.04 30 35 40 45 50 55
RBCA4He 2,94 1562 4.00 £ 005 415 = 0.08 T, (MeV)
213 /34He  1.95 15.69 3.48 * 0.02 347 £ 0.03
89 /34He  1.24 1651 3.71 = 0.02 3.79 + 0.07 FIG. 2. Results of the least squares analysis [Eq. (4)] for the
IL2B 34He 111 17.20 402 + 003 420 = 0.08 relative populations of excited states’df, *He, and'’B nuclei
8LiA4He  1.98 1854  3.94 + 0.01 4.04 + 003 (dashed line) and for the nine isotope double yield ratios (solid
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