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Excitation energies and temperatures of hot nuclei produced
in the reactions of 63Cu1197Au at 35A MeV
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Z. Majka, J. Cibor, T. Kozik, and Z. Sosin
Institute of Physics, Jagellonian University, ul. Reymonta 4, 30-059 Krako´v, Poland

~Received 31 July 1996!

Observations of heavy remnants emitted at forward angles with high velocities and high associated particle
multiplicities have been used to select central collisions of 35A MeV 63Cu with 197Au. The data indicate that
these remnants, both fission fragments and evaporation residuelike products, result from the deexcitation of
nuclei withA;225–240 having excitation energies of; 800–1300 MeV. Similar particle multiplicities are
observed for both evaporative and fission decay channels. Modeling the results with hybrid codes which treat
entrance channel dynamics followed by sequential statistical decay requires the inclusion of some delay in the
fission channel to produce heavy remnants with massA>130, but the trend of the predicted velocities of these
heavy remnants is different from that of the experiments. Calculations with a dynamic model based on the
molecular dynamics approach have also been performed and lead to similar results. He and Li isotope yield
ratios and the apparent temperatures derived from those ratios are similar to those previously reported for
excited nuclei in this mass region. Temperatures derived from other yield ratios are also similar once a
self-consistent treatment, taking into account population and decay of known excited states, is applied. The
derived temperatures show little variation with excitation energy, suggesting that a limiting temperature may be
reached at relatively low excitation energy, although the interpretation of this result and the determination of
the actual initial value of this temperature is model dependent. Comments on the application of the double
isotope yield ratio technique to extraction of the nuclear caloric curve are made.@S0556-2813~97!01101-1#

PACS number~s!: 24.60.Dr, 25.70.Gh
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I. INTRODUCTION

The properties of atomic nuclei with large excitation e
ergies have been under extensive investigation in re
years@1–5#. In the low energy range (E/A<10 MeV!, fu-
sion processes dominate, with most of the incoming kine
energy dissipated into excitation energy of the fused sys
@6,7#. As the projectile energy increases, more and more
citation energy is deposited inside the nucleus but the fus
process progressively vanishes and is replaced by other
cesses@8–10#. Recently, in the work of Utleyet al. on
40Ar1232Th at 40A MeV, we reported the observation o
heavy reaction products, both fission fragments and resid
at small forward angles@11#. The derived excitation energie
associated with these heavy remnants reached approxim
900 MeV. While such heavy products have been obser
also in other works@12–15#, ambiguities still remain regard
ing the relative contributions of evaporation processes
binary deep inelastic processes to the production of th
heavy products.

We present here the results of an experiment in which
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production and deexcitation of heavy remnants from the
action 63Cu1197Au at 35A MeV have been studied. Th
principal decay modes associated with both fission fragm
and heavy residue production are established and prim
excitation energies are determined. The results are comp
with those of model calculations based on both dynam
and statistical approaches@10,16,17#. Apparent temperature
derived from double isotope ratios are compared with th
previously reported for similar systems@18–21#. The inter-
pretation of these ratios is discussed.

The paper is organized as follows: In Sec. II we pres
the experimental procedure. Section III is devoted to the
perimental results. In Sec. IV results of model calculatio
are presented. In Sec. V we present a reconstruction of
energy deposition and mass from the experimental res
We then present and discuss temperature determina
from double isotope ratio measurements. A summary of
results and conclusions are given in Sec. VI.

II. EXPERIMENTAL PROCEDURES

Two experiments were performed at the Texas A&
K500 Superconducting Cyclotron facility. In both exper
ments a63Cu beam of 2205 MeV energy was incident on
self-supporting197Au target having an areal density of 45
mg/cm2. Neutrons were measured by a 4p neutron ball de-
tector and charged particles by a large number of individ
detectors. The detectors are described in more detail be
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228 55R. WADA et al.
A. Neutron ball detector

The neutron multiplicity measurements were carried
using a 4p Gd-loaded liquid scintillator detector, the Texa
A&M Neutron Ball ~NBL! @22#. This device, with a spheri
cal shape and a volume of 1800 liters, consists of two he
spheres~top and bottom! and eight radial wedges arranged
the horizontal plane~each covering 40° in the lab!. The for-
ward wedge covering620° relative to the beam is normall
absent and replaced with an extension of the reaction ch
ber which allows time of flight measurements to be carr
out. Light produced by the scintillation process followin
neutron capture is detected during a 100ms counting gate by
18 phototubes. During the experiment background meas
ments are made by opening a second 100ms gate following
the counting gate. In order to reduce the background a t
fold coincidence is required for the photomultiplier signals
the top and bottom hemisphere. The background correc
was made by subtracting the average background du
each run from the average total multiplicity observed in
counting gate. For some runs the correction also was m
on an event by event basis for a comparison and both re
agreed within error bars. The typical average backgro
count was 1.4–3.7, depending on the beam intensity. M
coincidence results presented in this paper were taken w
background of 3.7. The detection efficiency of such a dev
depends on the kinetic energies and angular distribution
the neutrons, the amount of the liquid scintillator and t
Gadolinium concentration, which is 0.3% by weight in o
detector. A Monte Carlo simulation, performed with a mo
fied version of the codesDENIS @23# andEUGENE@10#, is used
to estimate the detection efficiency for neutrons emitted fr
sources of different velocities and temperatures. The neu
detector is more efficient for the neutrons emitted from
slow targetlike source than for those emitted from the p
jectilelike fragments. More details on these calculations
be found in@11#. Efficiency calibrations of the neutron ba
were carried out with a radioactive source,252Cf. The effi-
ciency for these neutrons was found to be 85%. The m
sured values were then used to normalize the efficie
curve deduced from the simulations of the neutron ball e
ciency, using the codeDENIS. The background corrections o
our measurements are made by subtracting the average
ground values from the average multiplicities. On the o
served multiplicity values we apply another 3% correction
neutrons which are not captured in the true counting gate
bleed over into the background gate.

B. Charged particle detectors

The scattering chamber of the neutron ball has an ex
sion in the forward direction with a620° opening along the
beam axis. In the first experiment we placed a 900 mm2, 200
mm thick silicon detector~RES! at16° relative to the beam
axis in the horizontal plane and 170 cm away from the tar
position. This detector was used for energy and time of fli
measurements of the heavy fragments emitted at forw
angles. For the time of flight measurements the neutron
fast signal, which has a typical time resolution of;3 ns, was
used as a timing signal. Overall time resolution of the time
flight measurement for heavy fragments was;3.5 ns, which
give a mass resolution of;6% for the fragments with a
t
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velocity of 1.5 cm/ns. The energy and time of flight calibr
tions were performed using radioactive sources241Am and
252Cf and by scattering 2A MeV 136Xe and 181Ta beams
with a thick 197Au target. In order to achieve accurate ma
and velocity determinations for heavy fragments, plasma
lay, and pulse height defect corrections have been made
order to detect projectilelike fragments, a hodoscope~HOD!,
made of a thin silicon detector~300mm! backed by a 5 mm
CsI~TI! scintillator crystal with covering angles from25° to
27°, was used.

A spherical ball~BALL ! of 10 cm radius surrounded th
target and held a set of 35DE2E telescopes, covering th
polar angles between 60° and 156°@24#. These detectors
were used for the detection of light charged particles a
intermediate mass fragments~IMF’s!. The DE detectors
were gas ionization chambers operated with a flow of iso
tane, C4H10, maintained at a constant pressure of 135 to
The E detectors were 2 mm thick, 31 mm diameter, L
drifted silicon detectors.

In a second experiment, two large ionization chamb
with entrance windows of 15 cm311 cm were used to detec
heavy fragments at forward angles between 6° and 15°.
ionization chambers consisted ofDE ~2 cm! andE ~18 cm!
sections. TheDE part was divided into seven sections f
angular distribution measurements. The chambers were
symmetrically on the two sides of the beam axis at a dista
of 100 cm from the target. The timing signals were obtain
from theDE detectors. In coincidence with heavy fragmen
five gas-Si-CsI telescopes~TEL’s! @25# were set at 44°, 72°
110°, 128°, and 148°, each having a covering angle of610°.
Each telescope consisted of a gas IC, 300mm Si, 1000mm
Si, and 2 cm CsI. The Si detectors~5 cm35 cm! are divided
into four sections and the solid angle of each section is
msr. In the telescopes used in both experiments, hydro
and helium isotopes are clearly identified. The atomic nu
bers of the fragments withZ>3 are also clearly established
Mass identification of He and Li isotopes in the second
periment allowed the determination of ‘‘temperatures’’ usi
the double isotope ratio technique@26#.

Several different triggers were used in the data acqu
tion. The prescaled NBL, itself, was used as a single trig
and coincidences between NBL and other triggers such
RES, HOD, BALL, and TEL were also used as event tr
gers.

III. EXPERIMENTAL RESULTS

A. Neutron multiplicities

The neutron multiplicity distribution reveals much abo
the dissipation profile of the reactions. Figure 1 shows
observed neutron multiplicity distribution after backgrou
correction ~dots!. No detection efficiency corrections hav
been made. This distribution exhibits a characteristic sh
with two primary components@27#. The first component,
centered at lower multiplicities, corresponds to neutron em
sion from low excitation energy peripheral collisions as w
as a large background contribution. The second, peak
near ^Mn&525 corresponds to highly damped collisions
which much larger excitation energy is deposited. O
should note, however, that on the lower multiplicity side, t
spectrum is significantly affected by background because
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55 229EXCITATION ENERGIES AND TEMPERATURES OF HOT . . .
spectrum is taken in the self-triggered mode. The histogra
present results of calculations discussed in Sec. IV.

The peripheral collisions are characterized by the em
sion of projectilelike fragments at forward angles with v
locities slightly lower than the beam velocity@9,28#. In our
experiment projectilelike fragments were detected, and t
charge identified, by the hodoscope detector. In Fig. 2 ba
ground corrected average neutron multiplicities are prese
as a function of charge for both the projectilelike fragme
and for fragments detected at larger angles@28#. Experimen-
tal results are shown by symbols~same data are used in bo
figures!. At u54°, the increase of the neutron multiplicit
with decreasing charge of the projectile remnant is cha
teristic of massive-transfer reactions and reflects the fact
the more violent the collision the more excited is the rema
ing intermediate nucleus. The fragments of small atom
number detected atu54° show a comparable neutron mult
plicity to those associated with fragments detected at la
angles, which suggests that these fragments have a sim
origin. The lines represent results of the calculations d
cussed in Sec. IV.

B. Heavy products

Focusing on reaction products at small forward ang
further enhances our ability to select the most dissipa
reaction mechanisms@11#. Figure 3 presents the mass dist
bution of products detected atu56°. Solid points~same ex-
perimental data are used in both figures! represent the experi
mental points. Histograms are the results of mo
simulations discussed below. The experimental result sh
a significant yield of products with a massA>120. To fur-
ther explore the nature of the heavy products a contour
of mass versus velocity for the heavy fragments detecte
u5 6° is shown in Fig. 4~a!. The products with large yields

FIG. 1. The detected neutron multiplicity distribution, correct
for background but not for detection efficiency, is indicated by do
Data belowMN55 are devided by a factor of 10. Also shown fo
comparison are the calculated distribution of total neutron mu
plicity obtained with the codeEUGENE-GEMINI ~thick solid line! and
the calculated multiplicity distribution for neutrons evaporated fro
the CN-like source~thick dashed line!. The distribution represente
by the thin solid line is the net distribution expected when
neutron ball detection efficiency is applied to the calculated to
distribution. The thin dashed line indicates the histogram of
tected neutrons which results from a similar filtering of the neut
distribution from the CN-like source.
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in the left-upper corner are the projectilelike fragments. T
other prominent groups of fragments with mass greater t
the projectile mass (A563) are observed. The group ce
tered atA;70–100 and velocityv;1.5 cm/ns, correspond

.
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FIG. 2. Average detected neutron multiplicities as a funct
of the atomic number for fragments observed atu54°, 30°, and
60°. Symbols show experimental results and lines are from
CHIMERA-GEMINI simulation ~top! and theEUGENE-GEMINI simula-
tion ~bottom!.

FIG. 3. The product mass distribution atu56°. Dots represent
the same experimental data in both figures.~a! The results from the
CHIMERA-GEMINI simulation. The solid and dashed histograms a
the results without fission delay and with a fission delay
10310221 s, respectively.~b! The results from theEUGENE-GEMINI
simulation. The solid, dashed, and dotted histograms are the re
without fission delay, with a fission delay of 1310221 s and with a
fission delay of 10310221 s.
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230 55R. WADA et al.
to fissionlike fragments. The yield of these fragments
tends up tov; 3 cm/ns. A group of heavier fragments wit
A;120–170 andv;0.5 to nearly 2.0 cm/ns is also seen.

The average detected neutron multiplicity^Mn&, corre-
sponding to the observed fragments in the velocity-m
plane in Fig. 4~a!, is shown in Fig. 4~b!. The associated
neutron multiplicities for the heavy fragments at the low
right of the upper figure arêMn&;20 at a velocityv;0.5
cm/ns and gradually increase as the velocity increases
higher observed velocities (v;1.75 cm/ns!, ^Mn& reaches
28. A similar trend of multiplicity increasing with velocity is
observed for the fissionlike fragments, but with a shift in t
velocity scale, i.e.,̂Mn& is around 20–22 for the fissionlik
fragments atv;1.5 cm/ns and increases as the velocity
creases. For the fission fragments the average neutron m
plicity reaches a maximum of̂Mn&;28–30 at velocities
near 3 cm/ns. The velocity shift is easily understood as in
cating that the heavy products and fission fragments dete
at the most forward angles results from events with sim
momentum transfers and excitation energies. For the fis
fragments, in this case, the additional velocity from the C
lomb energy reflects on their kinetic energies in the frame
the emitter, which is an order of 1–1.5 cm/ns.

FIG. 4. Correlations between velocity, mass and neutron mu
plicity for products detected atu56°. ~a! Velocity vs mass diagram
for products withMn>15. The contours are shown for changes
every 2 mb/sr/~cm/ns!. ~b! Average associated neutron multiplicitie
for fragments of a given mass and velocity. Each contour show
average number of neutrons detected for a given velocity and m
of the fragment. The contouring is linear.
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C. Charged particles

The deexcitation of the excited nuclei has been furt
investigated using measurements of the associated cha
particle and fragment emission. This is important since
neutron emission process becomes less probable at high
citation energies, reflecting the increasing competition fr
charged particle emission@11,14,29#.

Typical light charged particle spectra atu5110° are
shown in Fig. 5~dots! with the results of model simulation
~histograms!. ~The same data are used in the left and the ri
figures.! In the figure the helium spectrum includes3He and
4He, because no separation was achieved in the low en
region. The3He contribution to the spectrum is about 5%.
Fig. 6 carbon energy spectra at different angles are show
typical IMF spectra.

Light particle and IMF multiplicities associated with th
heavy products were measured as a function of the he
product velocity. The results are given by the solid symb
in Fig. 7. On the left side of Fig. 7 the multiplicities observe
in coincidence with fragments with mass 60<A<90 are
plotted. On the right side the multiplicities observed in c
incidence with the heavy products, 130<A<170, are given.
In order to minimize a contribution from the preequilibriu
emission, the proton anda multiplicities have been evalu
ated from the telescopes set atu5110°–148° in the second
experiment, assuming isotropic emission from a sin
source. As seen in the top of Fig. 5 the proton spectr
shows a hard component even at 110°, which may origin
from the preequilibrium emissions. The possible contribut
of the preequilibrium emission to the evaluated proton m
tiplicity is estimated to be at most 30% atu5110° and
smaller for the larger angles by comparisons with the sim
lated results discussed below. No such contribution is
served in thea spectrum. The IMF multiplicity is evaluated
from the telescopes at 72° and 110°, also with isotropy
sumed. The yields of charged particles observed show a
nificant variation with velocity, reflecting a broad range
excitation energies leading to these reactions. The yields
served in both parts of the figure are similar. For the hea
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f

n
ss

FIG. 5. Proton~top! and helium ~bottom! energy spectra a
u5110°. The helium spectrum includes3He and4He. The solid and
dashed histograms are results without delay and with a fission d
of 10310221 s, respectively, for theEUGENE-GEMINI simulation
~left! and theCHIMERA-GEMINI simulation ~right!. The calculated
results are normalized to the experimental data individually.
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55 231EXCITATION ENERGIES AND TEMPERATURES OF HOT . . .
residues at higher velocities the average neutron multip
ties are slightly lower and the averagea multiplicities higher
than for fission. The IMF multiplicities are not large. The
might be some more catastrophic multifragmentation in
system, but selection of events with heavy products focu
on the processes in which a large remnant remains.

IV. MODEL SIMULATIONS

The experimental results have been compared with mo
calculations based on several reaction scenarios. In ord
simulate an incomplete fusion process a model based
massive transfer scenario is used. For this purpose,
EUGENEcode@10# was selected. This code has been shown
be very successful in modeling similar collisions@11,30#. In
this program, for a given impact parameter, the maxim
number of nucleons from the projectile trapped in the tar
is obtained in the pure geometrical limit corresponding to
straight trajectory of the incoming projectile. Preequilibriu
emission is then treated by following nucleon-nucleon co
sions in the overlap region of the projectile and the targ
The rest of the projectile is treated essentially as a spec

FIG. 6. Carbon energy spectra at different angles as indicate
each figure. The solid and dashed histograms are results o
CHIMERA-GEMINI simulation without delay and with a fission dela
of 10310221 s. The calculated results are normalized to the exp
mental data atu539°.
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but receives a little excitation energy. Using this code,
properties of the primary excited nuclei, were generated
the impact parameter range of 0<b<12 fm.

The EUGENE code uses a simplified treatment of the e
trance channel dynamics. In order to describe more com
cated mechanisms in the entrance channel, we also us
code based on the molecular dynamics approach. The c
CHIMERA @17#, which was used, is a combination of the a
proaches taken by two recent models, the quantum molec
dynamics model~QMD! of Aichelin and Sto¨cker @31# and
the quasiparticle dynamic model of Boal and Glasli@32#.
CHIMERA has been applied successfully to study linear m
mentum transfer in heavy ion reactions in the intermedi
incident energy range@33#. In that work the comparison o
the model results with a substantial body of experimen
data favored a soft equation of state. The calculations p
sented in this paper have been performed using the inc
pressibility of nuclear matterK5200 MeV. The need for a
soft equation of state is also manifested in recent studie
linear momentum transfer for different effective potentia
@34#.

In theEUGENEsimulation a hot composite nucleus form
tion is assumed by the massive transfer reaction proc
Since our version ofEUGENEdoes not treat angular momen
tum in the deexcitation cascade, the statistical decay of
primary composite nuclei was then followed using the co

in
he

i-

FIG. 7. Multiplicities of light particles and fragments as a fun
tion of the velocity of the heavy products in two different ma
ranges. To determine light charged particle multiplicities only d
from the backward angle telescopes have been employed. The
multiplicities are determined from detectors at 72° and 110°. E
perimental results are indicated by the solid symbols. The s
lines show the results of theCHIMERA-GEMINI simulation and the
dashed lines show the results of theEUGENE-GEMINI calculation.
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232 55R. WADA et al.
GEMINI @16#. In theCHIMERA simulation a composite nucleu
formation is observed for central collisions in a study o
log time period (t<3000 fm/c). The programGEMINI, there-
fore, was also used as an afterburner for theCHIMERA code,
because in the QMD approach, following the history of t
excited primary reaction products to long times require
very large amount of computing time. In the progra
GEMINI, thermal equilibrium is assumed and all particles a
emitted sequentially. Light particle emission is treated by
Hauser-Feshbach formalism@35# and the emission of frag
ments withZ>3 is treated by the transition state formalis
@36#. Throughout this paper the level density parame
a5A/10 (A is the mass of the decaying system! is used,
unless otherwise specified. Special care has been paid t
tablish the switching time toGEMINI in the CHIMERA calcu-
lation @37# by observing both the velocity of the fused sy
tem and the particle emission as a function of time. T
combined system has the full center of mass velocity a
very early stage of the collision~0–20 fm/c). The velocity
rapidly decreases up to 50 fm/c and becomes more or les
constant after 100 fm/c. Observation of the calculated differ
ential particle multiplicity indicates that the preequilibriu
emission also ceases around 100 fm/c. For peripheral colli-
sions another 100-200 fm/c is required for the system to
break into two early stage binary fragments. In the followi
simulation, therefore, the change to the afterburner has b
made at a time of 300 fm/c, unless otherwise specified. Fo
the central collisions a switching time of 200 fm/c has been
made for comparisons. No significant change in observa
has been observed between the two choices of switc
time.

In the following comparisons with the experimental r
sults, all calculated events were filtered by the same co
tions of the experimental setups, such as fragment detec
angle, energy threshold, neutron ball detection efficiency
so on, unless otherwise specified.

A. Neutron multiplicities

With the kinematic information provided by the mod
calculations, a comparison of experimental and calcula
neutron distributions is possible. The neutron multiplic
distribution calculated by the codeEUGENE-GEMINI is shown
together with the observed experimental distribution~dots! in
Fig. 1. The histogram represented by a thick solid line a
peaking near Mn; 43 shows the calculated neutron mul
plicity from all sources, i.e., from projectilelike, preequilib
rium, and compound nucleus-~CN! like sources. The histo
gram represented by the thick dashed line and peaking a
; 34 shows the calculated multiplicity distribution for th
neutrons from the CN-like source alone. In order to comp
the calculated multiplicities with the experimental resul
the calculated primary neutron distributions have been
tered by the 4p neutron ball detection efficiency, incorpora
ing both energy and geometry corrections and a normal
tion to the efficiency obtained for252Cf neutrons. The
filtered results are shown by a thin solid histogram for
neutrons from all sources and by a thin dashed histogram
those from the CN-like source alone. Both results show
peak around Mn; 22–24. This indicates that our 4p neu-
tron ball has much higher efficiency for the neutrons fro
a
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the CN-like source. Only 1–2 neutrons from the preequil
rium source are detected, partially because there is no s
tillator segment in the forward angle (620°) and partially
because these neutrons are more energetic.

The neutron multiplicity associated with IMF emission
has also been studied. The results of theCHIMERA-GEMINI

calculation are shown in the top of Fig. 2 and those of
EUGENE-GEMINI calculation are shown in the bottom. Th
calculated results are presented by lines for IMF’s detecte
different angles. Atu54°, the experimental trend is we
reproduced in theCHIMERA-GEMINI simulation. TheEUGENE-
GEMINI simulation gives about two neutrons higher for
given charge of the projectilelike fragments. This sugge
that the energy transfer and dissipation processes in the
ripheral collisions are well taken care of in theCHIMERA
code, but a little overestimated in theEUGENE-GEMINI simu-
lation. On the other hand the trend of the neutron multiplic
with IMF emitted at larger angles is well reproduced by t
EUGENE-GEMINI simulation for ZIMF>5 and theCHIMERA-
GEMINI simulation predicts slightly less neutrons for the
IMFs.

The neutron multiplicities associated with heavy fra
ments are shown in the top row of Fig. 7. In that figur
associated neutron multiplicity is plotted as a function
fragment velocity, for a given experimental mass ran
Dashed lines show results from theEUGENE-GEMINI calcula-
tion and solid lines show those from theCHIMERA-GEMINI
code. Although the experimental trend is reasonably rep
duced in both calculations, the filtered results of the co
EUGENEdiffer from our observed experimental neutron mu
tiplicity by about 3–5 neutrons. The difference becom
slightly larger for theCHIMERA calculation.

If one can assume the formation of an equlibrated co
posite nucleus, the associated neutron multiplicity give
good measure of the excitation energy. To obtain a first
timate of the excitation energy deposited in the compo
nucleus, the neutron multiplicity is plotted as a function
excitation energy in Fig. 8, using results ofEUGENE-GEMINI.
The composite nuclei with different excitation energies a
generated by changing the impact parameter from 0 to 12
and the neutron multiplicity for a given excitation energ
window is plotted as an approximate measure, neglec
differnces in the mass of the initial composite nucleus.~The
initial mass for Ex5200 is around 200 and that fo
Ex51500 is 240.! The total neutron multiplicities calculate
as a function of the deposited excitation energies are
sented both before and after the detection efficiency filte
the neutron ball. The multiplicities of the neutrons from a
sources are plotted both without filtered~thick solid line! and
with filtered ~dashed line!. The neutron multiplicities of the
CN-like source are shown by thin lines. When the excitat
energy increases the rate of increase of neutron multipli
decreases, pointing to the important charged particle com
tition at high excitation energy. The detection efficiency
the neutrons from the CN-like source is 70–75 %. From
figure the observed highest neutron multiplicity of M
528–30 would correspond to an excitation energy of 15
MeV, but an uncertainty of a few neutrons causes a diff
ence of a few hundred MeV in this energy range.
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55 233EXCITATION ENERGIES AND TEMPERATURES OF HOT . . .
B. Heavy remnant production

Recent studies of fission@38–40# have shown that dynam
ics plays an important role in that decay mode. At low ex
tation energy fission competes statistically with light parti
emission, since the time required for light particle emiss
is comparable to the fission decay time. As the excitat
energy increases, light particle emission becomes faster c
pared to the time required for fission to take place. Theref
it may be important to consider this effect in the pres
statistical decay calculations.

For a heavy nucleus with massA>200 and excitation
energies more than a few hundred MeV, a standard statis
model predicts large decay widths for fission channels at
beginning of the deexcitation cascade and thus no heavy
dues remain. In order to produce the fast forward direc
heavy fragments withA>130 in these calculations a fissio
delay can be incorporated. The fission process is delaye
suppressing decay channels withZ>3 until the cumulative
decay time of light particles reaches a certain time, called
fission delay time.

In the upper part of Fig. 9, calculated remnant mass v
sus associated neutron multiplicity, Mn~left!, and polar
angle in the laboratory frame,u lab ~right!, are shown in the
case of theCHIMERA-GEMINI calculation without fission de
lay. No experimental filtering is applied in this figure. Th
remnants with massA;150 have a neutron multiplicity o
around 30 but most of them are emitted aroundu lab;50° and
no remnants with mass around 150 are emitted at sm
angles. Thus these products in the calculation appea
originate in dissipative collisions while those observed
u lab56° appear to have a different origin. At larger angl
there are, in fact, some heavy remnants produced. T

FIG. 8. Calculated average neutron multiplicity as a function
excitation energy obtained with theEUGENE-GEMINI simulation. A
thick solid line indicates the average total neutron num
^Mn& total and a thin solid line is the average neutron number emi
from the CN-like sourcêMn&CN . The corresponding results afte
efficiency filtering are indicated by a thick dashed line f
^Mn& total and by a thin dashed line for^Mn&CN .
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originate from more peripheral collisions. The result for t
remnants produced by incorporating a fission delay
10310221 s is plotted in the lower part of Fig. 9. A larg
amount of heavy remnants withA>150 and Mn; 30–40 is
produced as one can see on the left side of the figure and
these heavy remnants are emitted at more forward angle

The generated events are filtered by the experime
setup and plotted in the top of Fig. 3, where the calcula
mass distributions atu56° ~histograms! are compared with
the experimental results on an absolute scale.~The discrep-
ancy below the projectile mass is caused by the fact
most projectilelike fragments punch through the Si detec
in the experiments and their masses cannot be calcul
properly.! The same velocity threshold as in the experime
(v>0.5 cm/ns! is applied to the calculated results. The r
sults with a fission delay of 10310221 s incorporated repro-
duce the experimental data very well for both fission fra
ments and heavy remnants, whereas in the results with
fission delay the cross section of fission fragments is ove
timated and no heavy remnants withA>150 are produced
More detailed information appears in Fig. 10 where the c
culated mass versus velocity is plotted. In the top of Fig.
the result without fission delay is plotted and in the botto
the result with fission delay is shown. In both parts of th
figure fission fragments with masses around 100 a
v;1.5 cm/ns are rather well reproduced, as compared to
experimental results in Fig. 4~a!. On the other hand, heav
remnants with velocityv;0.5–1.0 cm/ns are missing in bot
figures. When the fission delay of 10310221 s is incorpo-
rated, heavy remnants are produced as seen in Fig. 3
they have a peak atv;1.75 cm/ns and show a quite differen
trend compared to that of the experimental results.

A similar study has been done for theEUGENE-GEMINI
simulation. In the bottom of Fig. 3, the mass distributio

f

r
d

FIG. 9. Correlations between mass, neutron multiplicity a
emission angle for the calculated heaviest products in theCHIMERA-

GEMINI calculation. Neutron multiplicity given in the figure is tota
generated neutron multiplicity without any filtering.~Left! Mass vs
neutron multiplicity diagram for no fission delay~top! and a fission
delay of 10310221 s ~bottom!. ~Right! Mass vsu lab for no fission
delay ~top! and a fission delay of 10310221 s ~bottom!.
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234 55R. WADA et al.
with different fission delays are shown by histograms. F
theEUGENE-GEMINI simulation a large amount of heavy rem
nants is already produced for a fission delay of 1310221 s
and the cross section of heavy remnants is higher by a fa
of 5 than observed in the experiment~dashed histogram in
the lower figure!. For a delay of 10310221 s, the cross sec
tion is overestimated by a factor of 20–30. For the sh
delay of 1310221 in theCHIMERA-GEMINI simulation no no-
table difference from the results without fission delay is o
served. This difference originates from the different avera
excitation energies given to the primary composite nucl
in the central collisions in the two models. In theEUGENE
simulation the average excitation energy of the primary co
posite nucleus reaches a value of 1400 MeV, whereas in
CHIMERA simulation the average excitation given to the p
mary excited nucleus reaches only 800 MeV at 300 fm
when the switching toGEMINI is made.~A more detailed
discussion of the excitation energy will be presented late
the following section.! The lifetime, t, of the light particle
evaporation in theGEMINI calculation ist,1.0310221 sec
for excitation energies above 600 MeV, for nuclei wi
A;200–250. In theEUGENE-GEMINI simulation the primary
composite nucleus cools down significantly during this sh
time period, to an excitation energy around 600 MeV,
light particle evaporation and the production of a relative
large number of nonfissioning heavy residues is more
vored.

FIG. 10. Correlations between velocity, mass, and neutron m
tiplicity for products calculated from theCHIMERA-GEMINI simula-
tion at u56°. The contours are shown for changes of every
mb/sr/~cm/ns!. ~a! No fission delay is employed.~b! A fission delay
of 10310221 s is employed.
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In conclusion both simulations failed to reproduce t
heavy remnants observed at the forward angle in the exp
ment, even by incorporating fission delays. The role of
fission delay is not clear in this reaction system, beca
some important mechanisms, which lead to production of
composite nuclei at forward angles, seem missing both in
EUGENEandCHIMERA simulations. This discussion is furthe
addressed in Sec. VI.

C. Charged particle spectra and multiplicities

Calculated energy spectra of light charged particles
served at backward angles are compared with the experim
tal spectra in Fig. 5 for theEUGENE-GEMINI simulation on the
left and theCHIMERA-GEMINI simulation on the right. The
results with no fission delay are shown by solid histogra
and those with a delay of 10310221 are shown by dashed
histograms. The calculated spectra are arbitrarily normali
to the experimental spectra. For both simulations the l
energy parts of the experimental spectra for protons ana
particles are more or less reproduced similarly. On the ot
hand, on the higher energy side, a significant difference
observed, reflecting the different treatment of the entra
channel dynamics in both simulations. TheEUGENE-GEMINI
simulation reproduces the high energy part for both prot
anda particles better than theCHIMERA-GEMINI simulation.
This is interesting because in theCHIMERA calculation
nucleon-nucleon collisions are treated microscopically an
better result is expected. As one can see in the figure, the
energy part of the spectrum is sensitive to the fission de
This originates from the kinematical recoil effects in the d
cay process of an excited daughter fragment emitted fro
parent nucleus. The recoil effect appears at both lower
higher energies, but it is more clearly seen at lower ene
side because of the Coulomb barrier. For theEUGENE-GEMINI

simulation ~on the left! the helium spectrum is well repro
duced with fission delay, whereas for theCHIMERA-GEMINI
simulation the fit seems better without the fission delay. F
protons the low energy part of the spectrum is better fit wi
out fission delay for both simulations. On the higher ene
side, the proton spectra show a high energy component e
at the backward angles, compared to the model simulat
whereas the helium spectrum is well reproduced at
angle. This is also seen in theCHIMERA-GEMINI calculation.
A similar high energy component is also seen in the deute
and triton spectra~see Fig. 13! and these components a
generally observed regardless of different neutron multipl
ties.

IMF spectra are also compared to the simulations. In F
6 the results of theCHIMERA-GEMINI calculation are shown
for carbon energy spectra both with~dashed histogram! and
without fission delay~solid histogram!. The calculated spec
tra are normalized to the experimental data atu539°. As one
can see, the experimental spectra atu539° and 49° show a
significant enhancement at the higher energy side. The
crepancy becomes larger when theEUGENE-GEMINI simula-
tion is used.

In Fig. 11 the experimental charge distribution
u539° is compared with theCHIMERA-GEMINI calculation
both with and without fission delay. The calculated distrib
tions are normalized to the experimental distribution
Z52. The calculated distribution with the fission delay giv

l-
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55 235EXCITATION ENERGIES AND TEMPERATURES OF HOT . . .
a slightly better fit atZ>10. For the IMF’s with lowerZ,
both calculations underestimate the cross section by a fa
of 2–5, exceptZ54. The good agreement atZ54 is artifi-
cial, because8Be is treated as a stable nucleus in the cal
lation. This yield difference originates from the high ener
component, i.e., all light IMF’s~3<Z< 7! show a signifi-
cant high energy component in the energy spectra, which
not be reproduced by the simulations.

Calculated light particle and IMF multiplicities, assoc
ated with heavy fragments, are shown by histograms in
7 for the two fragment mass windows. The experimen
light charged particle multiplicities were determined fro
the backward emitted particles, assuming a single sou
Therefore the calculated light charged particle multiplicit
are determined from particles emitted from the CN-li
source in the case of theEUGENE simulation. For the
CHIMERA simulation the light charged particle multiplicitie
are obtained by observing those particles emitted in the b
ward hemisphere in the moving source frame and then d
bling their yield. IMF multiplicities are determined from
IMF’s emitted at the same angles as the experimental res
Generally the observed multiplicities associated with fiss
fragments are better predicted by theCHIMERA-GEMINI simu-
lation, whereas those associated with the heavy remnant
better reproduced by theEUGENE-GEMINI simulation. In the
above simulations a fission delay of 10310221 is applied for
both calculations. In general, however, the different fiss
delays do not make a notable change in these multiplicit

V. PROPERTIES OF HOT NUCLEI

A. Reconstruction of the primary composite system

The dynamical modelCHIMERA predicts the formation of
a hot composite nucleus in central collisions, whereas
equilibrated hot composite nucleus formation is assume
the EUGENEcalculation. The experimentally observed hea
remnants and fast fission fragments provide a strong ind
tion of formation of such a nucleus, although there is a s
nificant difference in the velocity distribution of the heav
remnants between the experimental and calculated resul
is very interesting, therefore, to reconstruct the mass

FIG. 11. Atomic charge distribution of IMF’s emitted atu539°.
Experimental results are shown by solid symbols and histogr
are the results from theCHIMERA-GEMINI simulation for no fission
delay ~solid! and a fission delay of 10310221 s ~dashed!. The cal-
culated results are normalized to the experimental data atZ52.
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excitation energy from the experimental data and compa
them to those obtained from the simulations.

The calculated masses and excitation energies of the p
mary composite nuclei are shown in the lower part of Fig. 1
by open circles for theCHIMERA code and open triangles for
the EUGENE calculation. For theCHIMERA calculation, mass
and excitation energy of the primary heavy nuclei were ca
culated att5200 fm/c and then corrected by estimating the
mass and energy carried away by evaporative particles em
ted beforet5200 fm/c, which were evaluated by doubling
the number of light particles emitted at the backward hem
sphere in the moving source frame att5200 fm/c. This pro-
cedure was also performed for events calculated at 300 f
c and the extracted excitation energy agrees within 10 Me
for the highest remnant velocity window. For central colli-
sions the calculated excitation energy for a given mass
slightly smaller in theCHIMERA calculation than that in the
EUGENE calculation. This originates from the fact that the
binding energy calculated in theCHIMERA code is slightly
greater than that used in the empirical mass formula in th
EUGENE code. In the upper part of Fig. 12 differential cross

s

FIG. 12. ~Top! Double differential cross section of the heavy
remnant observed atu56°. The results of theEUGENE calculation
are plotted using open triangles and those of theCHIMERA calcula-
tion using open circles. The scale for the experiment is indicated
the rightY axis. Units are given in an absolute scale of mb/sr/MeV
The scale for the calculations is given on the lefty axis in an
absolute scale of mb/MeV.~Bottom! Primary composite nucleus
mass vs excitation energy. The results reconstructed from the e
perimental observables are shown by the solid symbols. Symb
are the same as in the top part of the figure. TheCHIMERA results for
the mass and excitation energy are corrected for evaporated p
ticles. See details in the text.
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TABLE I. Parameters used for the evaluation of the primary heavy remnants.VR is the velocity of the
heavy remnant in cm/ns.M̄ i and Ēi ~in MeV! are the average multiplicity and average energy of part
i .

V R M̄n
a Ēn

b M̄ p Ēp M̄d Ēd M̄ t Ēt M̄ h Ēh M̄a Ēa M̄Li ĒLi M̄ I ĒI Q value

0.625 33.6 6.0 4.4 15.7 1.4 21.4 0.8 22.6 0.2 30.3 3.9 23.2 0.4 50.6 0.6 71.4 3
0.875 35.4 6.4 5.1 15.5 1.6 21.9 1.0 22.4 0.2 30.8 4.5 23.8 0.4 52.0 0.7 69.7 3
1.125 35.7 6.8 5.7 16.6 1.7 22.9 1.2 24.2 0.3 35.6 4.8 25.7 0.4 45.4 0.7 76.1 3
1.375 36.1 7.2 5.4 17.8 2.0 24.3 1.3 26.1 0.3 34.6 5.1 26.5 0.5 43.8 0.7 77.1 3
1.625 37.4 7.6 6.8 17.3 2.4 28.8 1.5 26.4 0.4 33.0 5.7 29.4 0.4 51.1 0.7 64.5 3
1.875 38.7 8.2 7.9 18.8 2.9 27.8 1.6 29.6 0.4 36.3 6.3 32.7 0.6 48.0 0.7 70.2 3

aEfficiency corrected.
bCalculated.
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sections are given for both simulations. TheEUGENEsimula-
tion produces a large number of composite nuclei w
Ex;1000–1400 MeV, whereas in theCHIMERA code the
cross section for such a composite nucleus vanishes qu
at 1000–1100 MeV.

From the experimental results the primary mass and
excitation energy of the composite system have been re
structed in the following manner: First the events in which
heavy remnant (A>130) is observed were selected. T
mass and excitation energy are evaluated in the six diffe
velocity windows of the heavy remnant. For each veloc
window of the heavy remnants, the mass of the primary co
posite system was simply obtained by adding up all
evaluated charged particle multiplicities from the compos
system, the efficiency corrected neutron multiplicity from t
composite system and the observed mass of the heavy
nant. The efficiency corrected neutron multiplicity from th
composite system was evaluated from the detected neut
using the calculated detection efficiency of the neutrons fr
the composite system. The excitation energyEcn* was calcu-
lated assuming;

Ecn* 5(
i

~^Ek
i &^Mi&!1Q1Eg . ~1!

Here ^Ek
i & and ^Mi& are, respectively, the average kine

energy in the moving frame and the average multiplicity
the particlei . This determination included all atomic num
bers up toZ510. All these values are experimentally dete
mined, exceptEk for the neutrons, for each remnant veloci
window. The average kinetic energy of neutrons was ca
lated using the simulation.Q is the reactionQ value and was
calculated from the charges and masses of the observed
ticles. The mass to charge ratio of 2.4 was used to estim
the charge of the primary composite system. This is con
tent with the results of the simulation. The remnant charg
that of the primary composite system minus the total cha
removed by the observed charged particles.Eg was assumed
to be 20 MeV.

In order to correct for the contribution from the detecti
of preequilibrium neutrons in the detected neutron multip
ity, the number of the detected preequilibrium neutrons
evaluated for different velocity windows of the heavy rem
nants using the simulations. The extracted numbers in
EUGENE calculation are 1.2 for the lowest velocity windo
ly
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and 1.7 for the highest velocity window. For theCHIMERA
simulation only the average number of the detected pree
librium neutrons is evaluated, because of the low statist
The average number of 2.5 is obtained by subtracting
detected neutron number~0.2! in the backward hemispher
from those ~2.7! emitted in the forward hemisphere a
t5200 fm/c.

The extracted masses and excitation energies of the
mary composite system are plotted as the solid circles
compared to the calculated distributions from the simulatio
~open symbols! in Fig. 12. The experimentally extracte
masses of the composite system remains more or less a
stant for different excitation energies, except at the high
excitation energy, whereas in both simulations the mas
show a slight increase with increasing excitation energy.
the most central collisions the experimentally evaluated m
and excitation energy of the primary composite system re
A;240 andEx;1280 MeV, respectively. This excitatio
energy is between the maximum values derived from the
calculations, whereas the mass is consistent with those o
composite nucleus in the calculations. The values used
the evaluation are summarized in Table I for the differe
velocity windows of the heavy remnants and the extrac
masses and excitation energies are given in Table II.
error bars in the experimental data points are estimated
all errors. The error for the mass determination reflects
experimental errors on the remnant mass and on the par
multiplicity determination. The error on the excitation e
ergy primarily reflects the calculated average kinetic ener

TABLE II. The extracted average masses and excitation en
gies of the primary heavy remnants.VR ~cm/ns! is the velocity of
the heavy remnant.AR ~u!, Acs ~u!, andEcs ~MeV! are the average
mass of the heavy remnant, the extracted primary mass, and
extracted excitation energy of the primary composite system,
spectively.

VR AR Acs Ecs*

0.625 155.462.8 224.667.4 803.61100.3/-70.3
0.875 148.162.6 224.467.2 895.91104.8/-79.8
1.125 146.362.6 225.967.3 978.01103.3/-78.3
1.375 142.162.5 223.867.2 1025.91103.8/-78.8
1.625 139.762.5 227.667.5 1139.81110.1/-80.1
1.875 143.163.0 238.568.4 1283.01114.3/-84.3
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55 237EXCITATION ENERGIES AND TEMPERATURES OF HOT . . .
the number of preequilibrium neutrons in the detected n
tron number and theQ-value estimation. The calculated ne
tron average kinetic energy depends on the level density
rameter used. Therefore the value given in the Table I w
obtained by averaging over the three calculations w
a5A/8.5, A/10, andA/13 and the error assigned was o
tained as a maximum deviation from the average values.
error in the average neutron energy was 0.35 MeV for
lowest velocity of the remnant and 0.56 MeV for the highe
velocity. These give about 15–25 MeV energy uncertainty
the final results. The uncertainty from theQ value is esti-
mated to be about 28–30 MeV for different assumptions
A/Z values of the primary composite syste
(A/Z52.3–2.5!. The number of detected preequilibriu
neutrons in the different remnant velocity windows is tak
from the EUGENE calculation. The difference from th
CHIMERA calculation is taken into account in the error es
mation.

In the upper part of Fig. 12 the experimental double d
ferential cross section of these heavy remnants atu56° is
plotted in an absolute scale given on the right. Since
calculated cross sections in the same figure are given
single differential cross section form (ds/dVdEx), one can-
not directly compare to the experimental data. However
one can expect that the angular distribution of the he
remnants is similar at forward angles for the different velo
ity windows, the shape of the double differential cross s
tion is more or less similar to the angle-integrated cross s
tion. The shape of the experimental cross section is simila
the result ofCHIMERA calculation, but has a longer tail to
wards the higher energy side. One should note, however,
this experimental cross section was extracted only from
heavy remnants and the cross section on the higher en
side will be enhanced when the fission channel contribu
is taken into account.

In the calculations the excitation energies shown in
lower part of Fig. 12 are treated as thermal energy and
ried away by evaporative particles. For the experimenta
extracted energies it should be noted that the proton en
spectrum shown in Fig. 5 has a harder energy compon
than that of the calculations, whereas thea spectrum is well
reproduced by the simulations. The contribution of the h
component to the proton spectra, evaluated from the dif
ence between the experimental and calculated spectr
about 10–15% of the total yield at backward angles. T
information for the neutron energy spectra is not available
this experiment.

While one might also estimate the excitation energy de
sition by comparing selected evaporated particle neu
multiplicities with results of the model calculations, give
the discrepancies between calculation and experiment
served in Fig. 7, application of such a technique does
appear justified here. It is interesting to note that, in stud
of the binary collisions of208Pb1 197Au at 29A MeV @41#
excitation energies for each of the partners in the most
sipative binary collisions have been found to be;5A MeV.
In that work, the measured evaporated neutron multiplicit
obtained with discrete detectors, have been reported as; 60,
i.e., 30 per fragment withA;200. These results appear to b
quite consistent with those derived for the fusionlike cen
collisions seen in our work.
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B. Temperature determinations

1. Experimental results

Determining the temperatures of highly excited nuc
such as those studied here has proved to be difficult. Eff
of reaction dynamics and secondary decays, coupled w
inherent mechanism questions, can lead to significant un
tainties in ‘‘temperature’’ measurements. The measureme
of spectral slopes, traditionally used at lower energies to
tract temperatures@42,43#, become less useful at very hig
energies due to dynamical effects. Alternative measurem
employing ratios of excited states@44–46# or double isotope
ratios @18–21,26# offer some potential advantages in th
they may be less susceptible to some of the dynamic eff
which render the slope measurements suspect. At the s
time, questions of sequential decay effects, both in the p
duction of primary fragments and in the subsequent dee
tation of the species employed in these ratio measurem
@20,21,47#, together with the ever present questions of p
duction mechanism mean that, even in the ratio meas
ments, care must be taken in interpreting the observed re
in terms of temperatures.

One recent study of the isotope ratio method was car
out by Tsanget al. @20# who have derived isotope temper
tures for the reactions of 35A MeV 40Ar with 197Au, and
have indicated that modifications of the He-Li ratios resu
ing from secondary decay processes require detailed in
mation on product mass distributions to make these ra
suitable as thermometers. While our system, 35A MeV
63Cu 1 197Au is similar to that studied by Tsanget al.,
somewhat higher excitation energies are realized and ca
selected using the velocity and/or particle multiplicity da
Thus it is interesting to see what can be learned from
exploration of the double isotope ratio temperatures in
system.

To pursue these measurements we have used data
the backward angle detectors in our second experimen
determine the spectra of H, He, Li, and Be isotopes, eithe
coincidence with the heavy fragments or, using the s
triggering mode of the neutron ball, as a function of neutr
multiplicity. Using the backward angle detectors for this pu
pose resulted in significant energy thresholds for identify
the Li and Be isotopes but reduced the possible contributi
from projectile like sources. The observed energy spectra
shown in Fig. 13. Solid points are experimental data a
histograms are from theEUGENE-GEMINI simulations with
and without fission delay. Except for the He isotopes
isotope pairs used show very similar energy spectra.
difference observed in the3He and 4He spectra have bee
noted previously in other studies@20,48#. Tsanget al. at-
tribute the differences to an enhancement of4He at the lower
kinetic energies reflecting the more favored evaporation
4He at the lower energies sampled during the deexcita
cascade. This explanation appears quite reasonable.

In Fig. 14 we present, as a function of observed neut
multiplicity, isotope ratios determined from our measur
ments. Based on the results in the Sec. V A, we estimate
these ratios span an excitation energy range from 3.6
5.3A MeV. Spectra used in these experiments were take
u5110°. Using the technique of Albergoet al., but ignoring
all questions of the effect of population of decaying excit
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FIG. 13. Typical isotope energy spectra
u5110°, used for the temperature evaluation. T
solid and dashed histograms are results of
EUGENE-GEMINI simulation without delay and
with a fission delay of 10310221 s. The calcu-
lated results are normalized to the experimen
data individually.
ra
k

states or secondary decay on the ratios, double isotope
temperatures can be extracted. The formula used is ta
from @26#,

T5
B

ln~aR!
~2!

where
tio
en

B5BE~Ai ,Zi !2BE~Ai11,Zi !1BE~Aj ,Zj !

2BE~Aj11,Zj !, ~3!

R5
Y~Ai ,Zi !/Y~Ai11,Zi !

Y~Aj ,Zj !/Y~Aj11,Zj !
, ~4!
e
ron
s
re-
s a
r-
wn
m-
FIG. 14. Isotope yield ratios for light isotop
products as a function of the associated neut
multiplicity. Only the backward angle telescope
have been used to determine these ratios. The
sults for different isotope pairs are presented a
function of the detected neutron number co
rected for the background. Error bars are sho
when statistical errors exceed the size of the sy
bol.
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a5
@2S~Aj ,Zj !11#/@2S~Aj11,Zj !11#

@2S~Ai ,Zi !11#/@2S~Ai11,Zi !11# SAj /~Aj11!

Ai /~Ai11! D
3/2

.

~5!

HereY(Ai ,Zi), BE(Ai ,Zi), S(Ai ,Zi) are the yield, binding
energy, and spin of the ground state of a specific isotope w
massAi , and Zi . The derived temperatures from seve
isotope pairs are presented in Fig. 15 as a function of a
ciated neutron multiplicity. These temperatures show so
variation with neutron multiplicity, but tend toward esse
tially constant values at the largest multiplicities. Assumin
similar mechanism of production for the observed isotop
the wide variation of the derived temperatures confirms t
a more detailed treatment is required to extract meanin
information.

In the spirit of earlier isotope ratio and state ratio me
surements it is certainly of interest to see whether a s
consistent treatment of the full set of observed yields a
yield ratios can lead to the extraction of a single prima
temperature of the deexciting system@20,49#. A model to
attempt this has been constructed by Kolomietset al. @49#.
The statistical model with chemical equilibrium conditio

FIG. 15. Apparent temperatures calculated from the obser
double isotope ratios using Eqs.~2!–~5!. No corrections have bee
made for sequential decay effects. See text and Fig. 16. Solid
open circles in the top figure are derived from the ratios of (2H/
3H!/(3He/4He! and (6Li/ 7Li !/(3He/4He!, respectively. Shown in
the bottom are results for (7Li/ 8Li !/(7Be/9Be! ~downward triangle!,
(6Li/ 7Li !/(7Li/ 8Li ! ~diamond!, (7Li/ 8Li !/(3He/4He! ~square!, and
(7Be/9Be!/(3He/4He! ~upward triangle!.
th
l
o-
e

a
s,
t
ul

-
f-
d

@26# was used to find population of excited states of fra
ments. The population of the excited states which decay
the way to the detector byg or particle emission into the
ground state of the fragments were taken into accoun
calculate experimentally measured yields. The ratios
yields atMn

obs528 were then used to extract the temperatu
The results obtained are shown in Fig. 16. We used exp
mentally measured excited states from@50,51#. The values of
binding energies were taken from@52#. Following assump-
tions made in@49#, the particle-decay feeding of3He, 4He as
well as 2H and 3H ground populations was ignored. We too
only the double ratios for those pairs which have a su
ciently large value ofB of Eq. ~3!, in order to avoid a strong
sensitivity of the extracted temperature on the experime
error @21#. On the left side of Fig. 16 temperatures witho
the feeding correction are plotted. One can see large fluc
tions. In the middle are presented the results when o
g-decay feeding is taken into account. A significant decre
of the fluctuations is observed. On the right side of Fig.
temperatures derived correcting for combined feedings
bothg and particle decay are plotted. This combined feed
is an estimation at this stage because of the lack of com
hensive experimental information on the excited states
nuclei. Most of the derived temperatures are in the range
4–5 MeV. In particular, our derivedTHeLi temperatures are
quite similar to these observed for heavy nuclei (A;190) by
the ALADIN @18# and EOS Collaborations@19#, as well as to
those obtained by Tsanget al. @20#, although for such nucle
our data extend to somewhat higher excitation energy.

2. Model comparisons

As noted, the interpretation of these results still dema
assumptions about the emission mechanism. To probe
question one can consider the two extreme cases of pu
simultaneous emission or purely sequential emission of
isotopes observed. The former case has recently been tre
by Majka et al. using a quantum statistical model@53#. The
results of that calculation show that at temperatures gre

d

nd

FIG. 16. Temperatures derived from double isotope ratios w
Mn528. ~Left! Temperatures derived using Eqs.~2!–~5! which ig-
nores excited state population and decay.~Middle! Temperatures
derived with population andg decay of known excited states in
cluded. ~Right! Temperatures derived including population
known states together withg and particle decay. Results in the latt
two panels contain corrections calculated using the model of Ko
mietz et al. @48#. Letters on thex axis indicate the ratios useda;
(6Li/ 7Li !/(3He/4He!, b;(9Be/10Be!/(3He/4He!, c;(2H/3H!/(3He/
4He!, d;(7Li/ 8Li !/(3He/4He!, e;(8Li/ 9Li !/(3He/4He!, f ;(6Li/ 8Li !/
(7Be/9Be!, g;(7Li/ 9Li !/(7Be/9Be!, h;(6Li/ 9Li !/(7Be/10Be!.
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than 4–5 MeV large numbers of fragments can result
freezeout. In the high temperature region the calculated
tope ratios reflect the freezeout temperature. However,
apparent temperatures determined from the isotope ratio
lower than the freezeout temperature. In such a scenario
tope ratio apparent temperatures near 4 MeV observed in
work would indicate a freezeout temperature of; 5 MeV. In
this range the quantum statistical model suggests that a l
excited cluster is very probable.

In Sec. V A we have already noted that the 29A MeV
208Pb1 197Au collision which has been extensively studie
using the GANIL accelerator@41# leads to the production o
A;200 nuclei at excitation energies of;5A MeV, similar
to those in the present work. Measurements ofa particle
spectra for that system have led to the conclusion that ap
ent temperatures of 4.5–6.9 MeV are seen@54#. Based on
those results the argument has been made that the in
temperatures in this mass range are higher than those
ported in the ALADIN and EOS work and support a seque
tial decay mechanism of IMF production.

In a sequential decay model the isotope ratios would a
be expected to vary with the particle kinetic energy in t
source frame, reflecting the emission of higher energy p
ticles early in the cascade. To search for such an effect in
data, we have divided the observed He and Li spectra in
source frame into three bins of kinetic energy above the b
rier and derived the isotope ratio temperatures correspon
to the three different bins. The results, at higher excitat
show an increase inT of ;1 MeV with increasing fragmen
kinetic energy. This is similar to the increase calculated
ing EUGENE-GEMINI and suggests that sequential decay m
in fact, be important in this system.

We have also used calculations with the combin
EUGENE-GEMINI code to explore the relationship between t
initial input temperature and the apparent temperature
rived from the yield calculations in a sequential model. R
sults of these calculations are summarized in Fig. 17. H
we note that temperatures, derived from the double ra
between yields of the first chance emission hydrogen
helium isotopes, are quite close to the calculated initial te
peratures. On the other hand, those derived from first cha
helium and lithium isotope emission yields are well belo
the initial temperature. If the entire deexcitation cascade
sampled, then both apparent temperatures are similar an
the range 4–5 MeV, but much lower than the initial tempe
tures of 5.5–7.5 MeV, as expected in such a sequen
model. This model calculation includes secondary emiss
from the IMF’s, but only in a purely statistical approac
without inclusion of detailed information on low lying state
in the IMF. Clearly an unambiguous determination of t
mechanism of IMF production is required before an app
priate interpretation of the temperatures derived from isot
ratios can be made.

VI. SUMMARY AND CONCLUSIONS

We have presented results of a study of excitation ene
deposition and evacuation in the reaction of 35A MeV
63Cu on 197Au. Heavy remnants with mass;130–170 were
observed at laboratory angle ofu56° with velocities be-
tween 0.5 to near 2.0 cm/ns. These fragments are assoc
t
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with high neutron and charged particle multiplicities. The
multiplicities increase as the remnant velocity increases
similar behavior is also observed for fission-like fragme
detected at the same angle. These results suggest that
composite nucleus is formed in an incomplete fusion or m
sive transfer process. The masses and excitation energi
the primary composite system have been reconstructed
the events in which heavy remnants are observed. The re
structed masses of the primary nucleus are;225–240 and
the excitation energies are 3.6–5.3A MeV. The highest exci-
tation energy extracted is;1280 MeV for the primary mass
of ;240.

The experimental results are compared with those
model simulations, which are based on the massive tran
code EUGENE-GEMINI and the quantum dynamical mod
codeCHIMERA-GEMINI. The maximum excitation energy o
the primary composite system derived from the experime
data is in between the predicted excitation energies of
primary composite nucleus of the two models, whereas
reconstructed mass is consistent with those in the mo
simulations. The observed trend of the particle multipliciti
as a function of the velocity of the associated fission fra
ments and heavy remnants is well reproduced by the
model simulations. On the other hand the observed mas
the heavy remnants can not be reproduced by both mo
without incorporation of the fission delay. Even with inco
poration of the fission delay in both simulations, howev
the experimental trend of the heavy remnant velocity is
reproduced. This may indicate that the entrance channel

FIG. 17. Double isotope ratio temperatures in a sequen
model. Using theEUGENE-GEMINI code the temperatures from th
isotope ratios of (6Li/ 7Li !/(3He/4He! and (2H/3H!/(3He/4He! have
been determined from the calculated ratios for first chance emis
~open symbols! and for emission over the entire deexcitation ca
cade~solid symbols!. The solid line indicates Tinit for the assumed
inverse level density parameter ofK510. See details in the text.
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namics treated in both models is insufficient and some
portant mechanisms, which leads to the production s
heavy remnants, are missing in these treatment. Although
EUGENEprogram is designed for a event generator and us
simple treatment of the entrance channel dynamics@10#, it
reproduces the experimental results almost as well as
QMD does. This may indicate that, in this energy region,
reaction dynamics is governed by the preequilibrium em
sion and no exotic process such as a simultaneous multif
mentation is yet taking place.

Pollacoet al. reported a similar heavy remnant observ
tion in the study of40Ar1232Th at 27–77A MeV @13,15#. In
their analysis they found that the yield of the heavy remna
observed at forward angles is significantly enhanced whe
additional IMF coincidence is required and they are ass
ated with two IMF’s on average. In our simulations show
above, the calculated IMF multiplicity from the compoun
system is of the order of one and the higher energy com
nent of the IMF energy spectrum is missing. This may s
gest that an IMF is emitted at an early stage even for cen
or midcentral collisions.

Recently Ono and Horiuchi@55# applied antisymmet-
rized quantum molecular dynamics~AMD ! to the data for
40Ca140Ca at 35A MeV @56# and made a significant im
provement of the fits to the experimental results, compa
to a QMD calculation. It is very interesting that the incorp
ration of the antisymmetrization in the quantum molecu
dynamics makes a drastic change in the reaction dynam
especially in the emission of the IMF’s. Many IMFs a
emitted at very early stages of the reaction. This may af
significantly the formation of the hot compound nucleus. U
fortunately we cannot presently apply the AMD to our sy
tem because of the huge computing time required. For
present AMD framework, the computing time increases
A4, whereA is the total mass of the system.

Double isotope ratio measurements have been used i
attempt to derive source temperatures using the techn
proposed by Albergoet al. @26#. When emission tempera
tures are derived from the observed isotope yield ratios
taking into account the population and decay of exci
states in a self-consistent way, apparent temperatures of
MeV are derived for the most excited nuclei,E* ;5.3A
MeV. Those are similar to temperatures derived for sim
bl
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mass nuclei in other recent experiments@18–21#. However
the interpretation of these results is subject to model assu
tions and there is some evidence that production of IMF i
sequential decay cascade is important in this system.

In closing we note that in some recent work, temperat
determinations based on the measurements of double iso
ratios have been used to probe nuclei with initial excitat
energies as high as 15A MeV @18,19#. Interesting trends in
the ‘‘caloric curves’’ extracted from such measureme
have been noted. It has been proposed that the transition
vapor stage is signaled by this temperature evolution@18#.
The data presented have usually spanned a significant r
of isotope masses and it was suggested, by us, that the
dependence of the temperatures may have much to do
the observed trends@57#. We also suggested that, for a sing
mass nearA;125, a much smaller variation ofT with exci-
tation is indicated by the available data. This appears to
confirmed by a comparison of the ALADIN results@18# with
recently published EOS results@19#. The latter show signifi-
cantly lower isotope temperatures at 15A MeV excitation
energy. This may result from the fact that the masses of
deexciting systems sampled at that excitation are much
ferent in the EOS data than in the ALADIN data. Take
together the two results show that, forA;125, there is little
change in the isotope ratios and thus in the derived limit
temperature from 11 to 15A MeV. Given the uncertainties in
interpretation of those ratios the results are reasonably c
sistent with theA;125 data at lower excitation energies a
suggest relatively little change in the limiting temperatu
from 3 to 15A MeV. On the other hand, as indicated in Se
V B, further explorations of the applicability and sensitivi
of the double isotope ratio method are needed before
result is considered validated.
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