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Observations of heavy remnants emitted at forward angles with high velocities and high associated particle
multiplicities have been used to select central collisions @ 8%V %Cu with %’Au. The data indicate that
these remnants, both fission fragments and evaporation residuelike products, result from the deexcitation of
nuclei with A~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 rfes4.30, 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 8@856-28187)01101-1

PACS numbd(s): 24.60.Dr, 25.70.Gh

[. INTRODUCTION production and deexcitation of heavy remnants from the re-
action ®3Cu+1%Au at 350 MeV have been studied. The
The properties of atomic nuclei with large excitation en-principal decay modes associated with both fission fragment
ergies have been under extensive investigation in recerfnd heavy residue production are established and primary
years[1-5]. In the low energy rangeH/A<10 MeV), fu-  excitation energies are determined. The results are compared
sion processes dominate, with most of the incoming kinetiGyith those of model calculations based on both dynamical
energy dissipated into excitation energy of the fused systemgng statistical approach§0,16,17. Apparent temperatures
[6,7]. As the projectile energy increases, more and more exderived from double isotope ratios are compared with those
citation energy is deposited inside the nucleus but the fUSiOBrevious|y reported for similar Systerﬁ$8_2]]_ The inter-
process progressively vanishes and is replaced by other prgretation of these ratios is discussed.
SSSSGEES—N]- Recently, in the work of Utleyetal. on The paper is organized as follows: In Sec. Il we present
Ar+2%Th at 40\ MeV, we reported the observation of the experimental procedure. Section I1l is devoted to the ex-
heavy reaction products, both fission fragments and residugferimental results. In Sec. IV results of model calculations
at small forward anglefl1]. The derived excitation energies are presented. In Sec. V we present a reconstruction of the
associated with these heavy remnants reached approximatedyiergy deposition and mass from the experimental results.
900 MeV. While such heavy products have been observegye then present and discuss temperature determinations

also in other work$12—13, ambiguities still remain regard- from double isotope ratio measurements. A summary of our
ing the relative contributions of evaporation processes angesults and conclusions are given in Sec. VI.

binary deep inelastic processes to the production of these
heavy products.
We present here the results of an experiment in which the Il. EXPERIMENTAL PROCEDURES

Two experiments were performed at the Texas A&M
*Also at 28 Chemin de la Bourdette, 31400 Toulouse, France. K500 Superconducting Cyclotron facility. In both experi-
TAlso at Subatech, 2 Rue de la Houssirie4072 Nantes Cedex, ments a®Cu beam of 2205 MeV energy was incident on a

France. self-supporting'®’Au target having an areal density of 450
*Also at Human Genome Project, Lawrence Berkeley Nationalug/cm?. Neutrons were measured by a 4eutron ball de-
Laboratory, 1 Cyclotron Road, Berkeley, CA 94 720. tector and charged particles by a large number of individual

8Also at Faculty of Science, Kyoto University, Kyoto, Japan 606. detectors. The detectors are described in more detail below.
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A. Neutron ball detector velocity of 1.5 cm/ns. The energy and time of flight calibra-

The neutron multiplicity measurements were carried oultzi‘s)nS were performed using radiolgctive soulrgé%m and
using a 4r Gd-loaded liquid scintillator detector, the Texas _ZCf and b¥97scatter|ng R MeV ¥Xe and *Ta beams
A&M Neutron Ball (NBL) [22]. This device, with a spheri- with a thick **/Au target. In order to achieve accurate mass
cal shape and a volume of 1800 liters, consists of two hemi;—”‘nd ve:;)cit31 de:]ermri]nagic;ns for heavy fraﬂmengs, plasmg de-

i i ; ight defect corrections have been made. In
spheregtop and bottorhand eight radial wedges arranged in '3y, @10 puiSe heignt det
the horizontal planéeach covering 40° in the labThe for- order to detect projectilelike fragments, a hodosc@p®D),

ward wedge covering-20° relative to the beam is normally made of a thin silicon detect¢B00 .m) backed ly a 5 mm

absent and replaced with an extension of the reaction chamQSIETI) scintillator crystal with covering angles froms5° to
ber which allows time of flight measurements to be carried_7 , was used.
9 A spherical ball(BALL ) of 10 cm radius surrounded the

out. Light produ_ced by the sci_ntillation process following target and held a set of 35E—E telescopes, covering the
neutron capture is detected during a }¥counting gate by olar angles between 60° and 158%4]. These detectors

18 phototubes. During th? experiment background MeasUrgiere used for the detection of light charged particles and
ments are made by opening a second #8Wate following intermediate mass fragment$MF’s). The AE detectors

the counting gate. In or_der to reduce the ba(_:kgrou_nd a WGy are gas ionization chambers operated with a flow of isobu-
fold coincidence is required for the photomultiplier signals iNiane CH o, maintained at a constant pressure of 135 torr

the top and bottom hemisphere. The background correctioqthe E detectors were 2 mm thick. 31 mm diameter. Li-
was made by subtracting the average background duringrifted silicon detectors ' '

each run from the average total multiplicity observed in the

counting gé:tg. For s;)lr)ne 'rufns the correptlon alzobwtis maﬁﬁith entrance windows of 15 cmll cm were used to detect
on an event by event basis for a comparison and both resulip, .y, fragments at forward angles between 6° and 15°. The

agreed within error bars. T_he typical average bac_kgroun(i‘:imization chambers consisted AE (2 cm) andE (18 cm)
count was 1.4-3.7, depending on the beam intensity. Mog ections. TheAE part was divided into seven sections for

Eg:l??oegr?s g?SSUI;S_?;nggtt:gﬁg]ntg%gzﬁgr ng;ié?]kaerégg? gular distribution measurements. The chambers were set
de egrllds on the .ki.netic energies and an J/Iar distributions g mmetrically on the two sides of the beam axis at a distance
P 9 9 f 100 cm from the target. The timing signals were obtained

tg: dgﬁgfaﬂioahciﬁg%gﬂt \(I)Jh;[:ﬁ ilslqg 'g(yict';;t'\lllva;gh? ?nd otSrGfmm theA!E detectors. In coincidence with heavy fragments,
detector. A Monte Carlo si’mulation pérformed with a modi- five gas-Si-Cs| teIescopeﬁEL’s). [25] were set at a4°, 72,
fied vers.ion of the codaseNIS[23] an,dEUGENE[10:| is used 1107, 1287, and 1480’. each having a covermg.angla 00"

to estimate the detection efficiency for neutrons émitted fro E_ach telescope con3|ste_d of a gas IC, 300 Si, 1000um
sources of different velocities and temperatures. The neutrr(?‘s" and 2 cm csl. The Si detegtd& cmx5 cm) are d|\(|de(_1
detector is more efficient for the neutrons emitfed from thr—z'rr']tO four sections and the SOI!d angle of egch section is 24
slow targetlike source than for those emitted from the pro—msr' In the telescopes used in both experiments, hydrogen
o . . and helium isotopes are clearly identified. The atomic num-
jectilelike fragments. More details on these calculations Call o rs of the fragments witA= 3 are also clearlv established
be found in[11]. Efficiency calibrations of the neutron ball 9 - y '

were carried out with a radioactive sourc&@cf. The effi- Mass identification of He and Li isotopes in the second ex-
. . eriment allowed the determination of “temperatures” using
ciency for these neutrons was found to be 85%. The med;

sured values were then used to normalize the efficienc ne double isotope ratio techniq{26].
. . Y Several different triggers were used in the data acquisi-
curve deduced from the simulations of the neutron ball effi-

ciency, using the codeeNis. The background corrections of tion. The prescaled NBL, itself, was used as a single trigger
our m)gasuregments are made b subtfqactin the average ba nd coincidences between NBL and other triggers such as
y cting 9 S, HOD, BALL, and TEL were also used as event trig-

ground values from the average multiplicities. On the ob-

O . gers
served multiplicity values we apply another 3% correction to
neutrons which are not captured in the true counting gate and
bleed over into the background gate.

In a second experiment, two large ionization chambers

Ill. EXPERIMENTAL RESULTS

A. Neutron multiplicities

B. Charged particle detectors The neutron multiplicity distribution reveals much about

The scattering chamber of the neutron ball has an exterthe dissipation profile of the reactions. Figure 1 shows the
sion in the forward direction with &20° opening along the observed neutron multiplicity distribution after background
beam axis. In the first experiment we placed a 90030200  correction (dotg. No detection efficiency corrections have
um thick silicon detectofRES at +6° relative to the beam been made. This distribution exhibits a characteristic shape
axis in the horizontal plane and 170 cm away from the targewith two primary component$27]. The first component,
position. This detector was used for energy and time of flightentered at lower multiplicities, corresponds to neutron emis-
measurements of the heavy fragments emitted at forwardion from low excitation energy peripheral collisions as well
angles. For the time of flight measurements the neutron balis a large background contribution. The second, peaking
fast signal, which has a typical time resolution-e8 ns, was near(M,)=25 corresponds to highly damped collisions in
used as a timing signal. Overall time resolution of the time ofwhich much larger excitation energy is deposited. One
flight measurement for heavy fragments wa3.5 ns, which  should note, however, that on the lower multiplicity side, the
give a mass resolution of6% for the fragments with a spectrum is significantly affected by background because the



55 EXCITATION ENERGIES AND TEMPERATURES OF HOT ... 229
5000 [ T T T T T T T T T ] [ T T T T T i
s o Experimentl . p
10 20 i~ B g
4000 & All . i
" e —_— All,Flltered. I CHIMERA- “ g
2 3000 | --- CN . ol GEMINI e
5 le I®* ™ - CN,Filtered] fe — 3= -y ]
o or'm
O 2000 | y— = A |
[ '8=600 Oba
e 1.-% o~ ! | | |
1000 ~N ' ' ! ‘
1 L ] d -
0 L 20F < R
0 10 20 30 40 50 J
M, &
10 | ‘% -
FIG. 1. The detected neutron multiplicity distribution, corrected | EUGENE- . ]
for background but not for detection efficiency, is indicated by dots. . GEMIINI ' .
0 1

Data belowM =5 are devided by a factor of 10. Also shown for
comparison are the calculated distribution of total neutron multi-
plicity obtained with the codeuGeENE-GEMINI (thick solid ling and

the calculated multiplicity distribution for neutrons evaporated from
the CN-like sourcéthick dashed ling The distribution represented FIG. 2. Average detected neutron multiplicities as a function
by the thin solid line is the net distribution expected when theof the atomic number for fragments observedéat4°®, 30°, and
neutron ball detection efficiency is applied to the calculated tota60°. Symbols show experimental results and lines are from the
distribution. The thin dashed line indicates the histogram of de-CHIMERA-GEMINI simulation (top) and the EUGENE-GEMINI simula-
tected neutrons which results from a similar filtering of the neutrontion (bottom).

distribution from the CN-like source.

10 15

. . . ) in the left-upper corner are the projectilelike fragments. Two
spectrum is taken in the self-triggered mode. The histogram§iher prominent groups of fragments with mass greater than
present results of calculations discussed in Sec. IV. _the projectile massA=63) are observed. The group cen-

The peripheral collisions are characterized by the emisio o4 atA~70-100 and velocity ~ 1.5 cm/ns, corresponds
sion of projectilelike fragments at forward angles with ve- ' '

locities slightly lower than the beam velocit9,28]. In our
experiment projectilelike fragments were detected, and their
charge identified, by the hodoscope detector. In Fig. 2 back-
ground corrected average neutron multiplicities are presented
as a function of charge for both the projectilelike fragments
and for fragments detected at larger angRfj. Experimen-

tal results are shown by symbdsame data are used in both

figureg. At 6=4°, the increase of the neutron multiplicity
with decreasing charge of the projectile remnant is charac-
teristic of massive-transfer reactions and reflects the fact that
the more violent the collision the more excited is the remain-
ing intermediate nucleus. The fragments of small atomic
number detected a&t=4° show a comparable neutron multi-
plicity to those associated with fragments detected at larger
angles, which suggests that these fragments have a similar
origin. The lines represent results of the calculations dis-
cussed in Sec. IV.

B. Heavy products

Focusing on reaction products at small forward angles
further enhances our ability to select the most dissipative
reaction mechanismid.1]. Figure 3 presents the mass distri-
bution of products detected at&=6°. Solid points(same ex-

a significant yield of products with a mass=120. To fur-
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. - ; . FIG. 3. The product mass distribution @t 6°. Dots represent
perimental data are used in both figyrespresent the experi- the same experimental data in both figur@s The results from the

mental points. Histograms are the results of modekyuera-cemni simulation. The solid and dashed histograms are
simulations discussed below. The experimental result showe results without fission delay and with a fission delay of

10X 10~2' s, respectively(b) The results from theUGENE-GEMINI

ther explore the nature of the heavy products a contour plogimulation. The solid, dashed, and dotted histograms are the results
of mass versus velocity for the heavy fragments detected atithout fission delay, with a fission delay 0$<110” % s and with a
#= 6° is shown in Fig. 49). The products with large yields fission delay of 110" %! s.
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FIG. 5. Proton(top) and helium (bottom) energy spectra at
6#=110°. The helium spectrum includésle and*He. The solid and

b dashed histograms are results without delay and with a fission delay
{ of 10x1072 s, respectively, for theeUGENE-GEMINI simulation
c (left) and the cHIMERA-GEMINI simulation (right). The calculated
Lo . results are normalized to the experimental data individually.
2 2 A .
'g vj:) : C. Charged particles
T lipeA g R The deexcitation of the excited nuclei has been further
= ; 5-24' SIS Ay =) investigated using measurements of the associated charged
0 . , N , T particle and fragment emission. This is important since the
0 50 160 150 200 neutron emission process becomes less probable at high ex-
Mass (u) citation energies, reflecting the increasing competition from

charged particle emissidi1,14,29.
Typical light charged particle spectra #=110° are
FIG. 4. Correlations between velocity, mass and neutron multishown in Fig. 5(dot9 with the results of model simulations
plicity for products detected a&=6°. (a) Velocity vs mass diagram (histogramy (The same data are used in the left and the right
for products withM ,=15. The contours are shown for changes of figures) In the figure the helium spectrum includésle and
every 2 mb/sem/ng. (b) Average associated neutron multiplicities 4He. because no separation was achieved in the low energy

for fragments of a given mass and velocity. Each contour shows aPegion. The3He contribution to the spectrum is about 5%. In
average number of neutrons detected for a given velocity and ma;

of the fragment. The contouring is linear. ﬁg_. 6 carbon energy spectra at different angles are shown as
typical IMF spectra.

Light particle and IMF multiplicities associated with the
to fissionlike fragments. The yield of these fragments exheavy products were measured as a function of the heavy
tends up tw~ 3 cm/ns. A group of heavier fragments with product velocity. The results are given by the solid symbols
A~120-170 and~0.5 to nearly 2.0 cm/ns is also seen. in Fig. 7. On the left side of Fig. 7 the multiplicities observed

The average detected neutron multiplicity,,), corre- in coincidence with fragments with mass $8<90 are
sponding to the observed fragments in the velocity-masplotted. On the right side the multiplicities observed in co-
plane in Fig. 4a), is shown in Fig. 4b). The associated incidence with the heavy products, 88=<170, are given.
neutron multiplicities for the heavy fragments at the lowerin order to minimize a contribution from the preequilibrium
right of the upper figure aréM)~20 at a velocityy~0.5  emission, the proton and multiplicities have been evalu-
cm/ns and gradually increase as the velocity increases. Adted from the telescopes set@&t110°—148° in the second
higher observed velocitiesv -1.75 cm/ng, (M,) reaches experiment, assuming isotropic emission from a single
28. A similar trend of multiplicity increasing with velocity is source. As seen in the top of Fig. 5 the proton spectrum
observed for the fissionlike fragments, but with a shift in theshows a hard component even at 110°, which may originate
velocity scale, i.e.(M) is around 20—-22 for the fissionlike from the preequilibrium emissions. The possible contribution
fragments ab ~1.5 cm/ns and increases as the velocity in-of the preequilibrium emission to the evaluated proton mul-
creases. For the fission fragments the average neutron multiplicity is estimated to be at most 30% #=110° and
plicity reaches a maximum ofM,)~28-30 at velocities smaller for the larger angles by comparisons with the simu-
near 3 cm/ns. The velocity shift is easily understood as indifated results discussed below. No such contribution is ob-
cating that the heavy products and fission fragments detectesrved in thex spectrum. The IMF multiplicity is evaluated
at the most forward angles results from events with similaffrom the telescopes at 72° and 110°, also with isotropy as-
momentum transfers and excitation energies. For the fissiosumed. The yields of charged particles observed show a sig-
fragments, in this case, the additional velocity from the Cou-ificant variation with velocity, reflecting a broad range of
lomb energy reflects on their kinetic energies in the frame okxcitation energies leading to these reactions. The yields ob-
the emitter, which is an order of 1-1.5 cm/ns. served in both parts of the figure are similar. For the heavy
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5 E X cee o . . ranges. To determine light charged particle multiplicities only data

from the backward angle telescopes have been employed. The IMF
multiplicities are determined from detectors at 72° and 110°. Ex-
perimental results are indicated by the solid symbols. The solid
lines show the results of theHIMERA-GEMINI simulation and the
Hashed lines show the results of theGENE-GEMINI calculation.

0 50 100 150 200 250 300
EL (MeV)

FIG. 6. Carbon energy spectra at different angles as indicated i
each figure. The solid and dashed histograms are results of the
CHIMERA-GEMINI simulation without delay and with a fission delay but receives a little excitation energy. Using this code, the
of 10X 10" %' s. The calculated results are normalized to the expel’i-properties of the primary excited nuclei, were generated for
mental data ap=39°. the impact parameter range o&b<12 fm.
The EUGENE code uses a simplified treatment of the en-

. . L. ... .tran ics. i i-
residues at higher velocities the average neutron multiplici- ance channel dynamics. In order to describe more compli

ties are slightly lower and the averagemultiplicities higher cated mechanisms in the entrance c_hannel, we also used a
than for fission. The IMF multiplicities are not large. There €0d€ based on the molecular dynamics approach. The code
might be some more catastrophic multifragmentation in ouPHMERA [17], which was used, is a combination of the ap-

system, but selection of events with heavy products focusedroaches taken by two recent models, the quantum molecular

on the processes in which a large remnant remains. dynamics modelQMD) of Aichelin and Steker [31] and
the quasiparticle dynamic model of Boal and GIdgR].
IV. MODEL SIMULATIONS CHIMERA has been applied successfully to study linear mo-

mentum transfer in heavy ion reactions in the intermediate

The experimental results have been compared with modéhcident energy rangg33]. In that work the comparison of
calculations based on several reaction scenarios. In order tbe model results with a substantial body of experimental
simulate an incomplete fusion process a model based on @ata favored a soft equation of state. The calculations pre-
massive transfer scenario is used. For this purpose, thgented in this paper have been performed using the incom-
EUGENEcode[10] was selected. This code has been shown tgressibility of nuclear mattelk =200 MeV. The need for a
be very successful in modeling similar collisiofisl,30. In  soft equation of state is also manifested in recent studies of
this program, for a given impact parameter, the maximurinear momentum transfer for different effective potentials
number of nucleons from the projectile trapped in the targef34].
is obtained in the pure geometrical limit corresponding to the In the EUGENE simulation a hot composite nucleus forma-
straight trajectory of the incoming projectile. Preequilibriumtion is assumed by the massive transfer reaction process.
emission is then treated by following nucleon-nucleon colli-Since our version oEUGENE does not treat angular momen-
sions in the overlap region of the projectile and the targettum in the deexcitation cascade, the statistical decay of the
The rest of the projectile is treated essentially as a spectat@rimary composite nuclei was then followed using the code
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GEMINI [16]. In thecHIMERA simulation a composite nucleus the CN-like source. Only 1-2 neutrons from the preequilib-
formation is observed for central collisions in a study of arium source are detected, partially because there is no scin-
log time period {<3000 fm£). The progranGEMINI, there- tillator segment in the forward angle-(20°) and partially
fore, was also used as an afterburner for ¢h@ERA code, because these neutrons are more energetic.

because in the QMD approach, following the history of the  The neutron multiplicity associated with IMF emissions
excited primary reaction products to long times requires &as also been studied. The results of t@MERA-GEMINI

very large amount of computing time. In the programcaicylation are shown in the top of Fig. 2 and those of the
GEMINI, thermal equilibrium is assumed and all particles are-;cene-ceEmINI calculation are shown in the bottom. The

emitted sequentially. Light particle emission is treated by the.5|cyjated results are presented by lines for IMF's detected at
Hauser-Feshbach formalisfB5] and the emission of frag- different angles. Atd=4°, the experimental trend is well
ments withZ=3 is treated by the transition state formalism reproduced in theHIMERA-GEMINI Simulation. TheEUGENE.
[36]. Throughout this paper the level density parameter '

- g : . GEMINI simulation gives about two neutrons higher for a
a=A/10 (A is the mass of the decaying systema used, iven charge of the projectilelike fragments. This suggests

unless otherwise specified. Special care has been paid to %at the enerav transfer and dissioation processes in the pe-
tablish the switching time t@EMINI in the CHIMERA calcu- . ray ISSipation pro : P
ripheral collisions are well taken care of in tl®iIMERA

lation [37] by observing both the velocity of the fused sys- . . . :
tem and the particle emission as a function of time. Thetde, but a little overestimated in tE&GENE-GEMINI Simu-

combined system has the full center of mass velocity at Aa_tion. On thg other hand the trend.of the neutron multiplicity
very early stage of the collisiof0—20 fmk). The velocity with IMF emltted_ at Iarger angles is well reproduced by the
rapidly decreases up to 50 fenand becomes more or less EUGENE-GEMINI simulation for Z,yz=5 and theCHIMERA-
constant after 100 fra/ Observation of the calculated differ- GEMINI simulation predicts slightly less neutrons for these
ential particle multiplicity indicates that the preequilibrium IMFs.
emission also ceases around 100dn#or peripheral colli- The neutron multiplicities associated with heavy frag-
sions another 100-200 fm/is required for the system to ments are shown in the top row of Fig. 7. In that figure,
break into two early stage binary fragments. In the followingassociated neutron multiplicity is plotted as a function of
simulation, therefore, the change to the afterburner has bedragment velocity, for a given experimental mass range.
made at a time of 300 fro/ unless otherwise specified. For Dashed lines show results from tBBGENE-GEMINI calcula-
the central collisions a switching time of 200 friias been  tion and solid lines show those from tlE@HIMERA-GEMINI
made for comparisons. No significant change in observablesode. Although the experimental trend is reasonably repro-
has been observed between the two choices of switchinguced in both calculations, the filtered results of the code
time. EUGENE differ from our observed experimental neutron mul-
In the following comparisons with the experimental re- tplicity by about 3—-5 neutrons. The difference becomes
§ults, all calculatgd events were filtered by the same conqgnghﬂy larger for thecHIMERA calculation.
tions of the experimental setups, such as fragme_nt_ detection |t gne can assume the formation of an equlibrated com-
angle, energy threshold, neutron ball detection efficiency a”Bosite nucleus, the associated neutron multiplicity gives a

so on, unless otherwise specified. good measure of the excitation energy. To obtain a first es-
timate of the excitation energy deposited in the composite
nucleus, the neutron multiplicity is plotted as a function of
] ] o ) ) excitation energy in Fig. 8, using results B§GENE-GEMINL.
With the kinematic information provided by the model The composite nuclei with different excitation energies are
calculations, a comparison of experimental and Calcmateg]enerated by changing the impact parameter from O to 12 fm
neutron distributions is possible. The neutron multiplici'[yand the neutron multiplicity for a given excitation energy

d|str|but|on_ calculated by the CO(.EJGENE'G.EM!N“S ShOV.V” window is plotted as an approximate measure, neglecting
together with the observed experimental distribufidots in : : L ;
éjlffernces in the mass of the initial composite nuclgd$e

Fig. 1. The histogram represented by a thick solid line and ... :

peaking near Mn~ 43 shows the calculated neutron multi- Initial mass for Ex=200 is around 200 gnd thatfor
plicity from all sources, i.e., from projectilelike, preequilib- Ex=1500 IS 240. The total n'eutron muIFlpllcmes galculated
rium, and compound nucled&N) like sources. The histo- 25 & function of the deposited exmtatlpn energies are pre-
gram represented by the thick dashed line and peaking at veented both before and aft_er_th_e detection efficiency filter of
~ 34 shows the calculated multiplicity distribution for the the neutron ball. The multiplicities of the neutrons from all
neutrons from the CN-like source alone. In order to comparé&ources are plotted both without filterétick solid ling and

the calculated multiplicities with the experimental results,with filtered (dashed ling The neutron multiplicities of the
the calculated primary neutron distributions have been fil-CN-like source are shown by thin lines. When the excitation
tered by the 4 neutron ball detection efficiency, incorporat- energy increases the rate of increase of neutron multiplicity
ing both energy and geometry corrections and a normalizadecreases, pointing to the important charged particle compe-
tion to the efficiency obtained forP®2Cf neutrons. The tition at high excitation energy. The detection efficiency of
filtered results are shown by a thin solid histogram for thethe neutrons from the CN-like source is 70—75 %. From the
neutrons from all sources and by a thin dashed histogram fdigure the observed highest neutron multiplicity of Mn
those from the CN-like source alone. Both results show a&=28-30 would correspond to an excitation energy of 1500
peak around Mn~ 22-24. This indicates that ourmdneu-  MeV, but an uncertainty of a few neutrons causes a differ-
tron ball has much higher efficiency for the neutrons fromence of a few hundred MeV in this energy range.

A. Neutron multiplicities
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emission angle for the calculated heaviest products irCHIRERA-

o . GEMINI calculation. Neutron multiplicity given in the figure is total
FIG. 8. Calculated average neutron multiplicity as a function of yonerated neutron multiplicity without any filtering.eft) Mass vs

excitation energy obtained with tHUGENE-GEMINI simulation. A 4 tron multiplicity diagram for no fission deldgop) and a fission

thick solid Iine_ indi(_:atgs _the average total neutron ”Umberdelay of 10< 1072 s (bottom. (Right) Mass Vs, for no fission
(M) otar @nd a_thm solid line is the average neutrqn number em'tteddelay(top) and a fission delay of 2010~2% s (bottom).

from the CN-like sourcéM)cy. The corresponding results after
efficiency filtering are indicated by a thick dashed line for
(M p)ota @nd by a thin dashed line fgM ,)cy . originate from more peripheral collisions. The result for the
remnants produced by incorporating a fission delay of

B. Heavy remnant production 10x 10 2! s is plotted in the lower part of Fig. 9. A large

Recent studies of fissidi38—40 have shown that dynam- &mount of heavy remnants witk=150 and Mn~ 30-40 is
ics plays an important role in that decay mode. At low exci-Produced as one can see on the left side of the figure and the
tation energy fission competes statistically with light particlethese heavy remnants are emitted at more forward angles.
emission, since the time required for light particle emission The generated events are filtered by the experimental
is comparable to the fission decay time. As the excitatiorf€tup and plotted in the top of Fig. 3, where the calculated
energy increases, light particle emission becomes faster conmass distributions a#=6° (histogramg are compared with
pared to the time required for fission to take place. Therefor¢he experimental results on an absolute scdlee discrep-
it may be important to consider this effect in the presentancy below the projectile mass is caused by the fact that
statistical decay calculations. most projectilelike fragments punch through the Si detector

For a heavy nucleus with mags=200 and excitation in the experiments and their masses cannot be calculated
energies more than a few hundred MeV, a standard statisticaroperly) The same velocity threshold as in the experiments
model predicts large decay widths for fission channels at thév=0.5 cm/n$ is applied to the calculated results. The re-
beginning of the deexcitation cascade and thus no heavy resiults with a fission delay of 2010 2 s incorporated repro-
dues remain. In order to produce the fast forward directedluce the experimental data very well for both fission frag-
heavy fragments witth=130 in these calculations a fission ments and heavy remnants, whereas in the results without
delay can be incorporated. The fission process is delayed Hission delay the cross section of fission fragments is overes-
suppressing decay channels wike 3 until the cumulative timated and no heavy remnants wi#te=150 are produced.
decay time of light particles reaches a certain time, called thiMore detailed information appears in Fig. 10 where the cal-
fission delay time. culated mass versus velocity is plotted. In the top of Fig. 10

In the upper part of Fig. 9, calculated remnant mass verthe result without fission delay is plotted and in the bottom
sus associated neutron multiplicity, Mteft), and polar the result with fission delay is shown. In both parts of this
angle in the laboratory frame,,, (right), are shown in the figure fission fragments with masses around 100 and
case of thecHIMERA-GEMINI calculation without fission de- v~1.5 cm/ns are rather well reproduced, as compared to the
lay. No experimental filtering is applied in this figure. The experimental results in Fig.(d. On the other hand, heavy
remnants with masa~ 150 have a neutron multiplicity of remnants with velocity ~0.5-1.0 cm/ns are missing in both
around 30 but most of them are emitted arodg~50° and  figures. When the fission delay of 00 %! s is incorpo-
no remnants with mass around 150 are emitted at smathted, heavy remnants are produced as seen in Fig. 3, but
angles. Thus these products in the calculation appear tihey have a peak at~1.75 cm/ns and show a quite different
originate in dissipative collisions while those observed attrend compared to that of the experimental results.
0..,=6° appear to have a different origin. At larger angles A similar study has been done for tHEJGENE-GEMINI
there are, in fact, some heavy remnants produced. Thesimulation. In the bottom of Fig. 3, the mass distributions
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. , In conclusion both simulations failed to reproduce the
heavy remnants observed at the forward angle in the experi-
ment, even by incorporating fission delays. The role of the
(a) fission. delay is not clear in thig reaction system, because

some important mechanisms, which lead to production of hot
composite nuclei at forward angles, seem missing both in the
EUGENE andCHIMERA simulations. This discussion is further
addressed in Sec. VI.

No Delay

Velocity (cm/ns)

C. Charged particle spectra and multiplicities

Calculated energy spectra of light charged particles ob-
200 served at backward angles are compared with the experimen-
tal spectra in Fig. 5 for theUGENE-GEMINI simulation on the
- left and theCHIMERA-GEMINI simulation on the right. The
results with no fission delay are shown by solid histograms
] and those with a delay of 2010 2! are shown by dashed
histograms. The calculated spectra are arbitrarily normalized
to the experimental spectra. For both simulations the low
energy parts of the experimental spectra for protons and
particles are more or less reproduced similarly. On the other
hand, on the higher energy side, a significant difference is
observed, reflecting the different treatment of the entrance
channel dynamics in both simulations. TBBGENE-GEMINI
simulation reproduces the high energy part for both protons
o = ' ' ’ and « particles better than theHIMERA-GEMINI simulation.
50 100 150 200 R . ) )
This is interesting because in theHIMERA calculation
(w) nucleon-nucleon collisions are treated microscopically and a
better result is expected. As one can see in the figure, the low
FIG. 10. Correlations between velocity, mass, and neutron mulenergy part of the spectrum is sensitive to the fission delay.
tiplicity for products calculated from theHIMERA-GEMINI simula-  This originates from the kinematical recoil effects in the de-
tion at #=6°. The contours are shown for changes of every 2cay process of an excited daughter fragment emitted from a
mb/sr(cm/ng. (@) No fission delay is employedb) A fission delay  harent nucleus. The recoil effect appears at both lower and
of 10x10"*' s is employed. higher energies, but it is more clearly seen at lower energy
side because of the Coulomb barrier. For HUSENE-GEMINI
with different fission delays are shown by histograms. Forsimulation (on the lefy the helium spectrum is well repro-
the EUGENE-GEMINI simulation a large amount of heavy rem- duced with fission delay, whereas for tGe&IMERA-GEMINI
nants is already produced for a fission delay of 0% s simulation the fit seems better without the fission delay. For
and the cross section of heavy remnants is higher by a fact@rotons the low energy part of the spectrum is better fit with-
of 5 than observed in the experimeftashed histogram in  out fission delay for both simulations. On the higher energy
the lower figurg. For a delay of 1610 %' s, the cross sec-  side, the proton spectra show a high energy component even
tion is overestimated by a factor of 20—-30. For the shortat the backward angles, compared to the model simulation,
delay of X 10" 2! in the CHIMERA-GEMINI simulation no no-  whereas the helium spectrum is well reproduced at this
table difference from the results without fission delay is ob-angle. This is also seen in tl@iIMERA-GEMINI calculation.
served. This difference originates from the different average\ similar high energy component is also seen in the deuteron
excitation energies given to the primary composite nucleuand triton spectrgsee Fig. 13 and these components are
in the central collisions in the two models. In tB&@GENE  generally observed regardless of different neutron multiplici-
simulation the average excitation energy of the primary comties.
posite nucleus reaches a value of 1400 MeV, whereas in the IMF spectra are also compared to the simulations. In Fig.
CHIMERA simulation the average excitation given to the pri- 6 the results of theeHIMERA-GEMINI calculation are shown
mary excited nucleus reaches only 800 MeV at 300 fm/cfor carbon energy spectra both wifhashed histograjmand
when the switching tacEMINI is made.(A more detailed without fission delaysolid histogram The calculated spec-
discussion of the excitation energy will be presented later irtra are normalized to the experimental dat#-aB9°. As one
the following section. The lifetime, 7, of the light particle  can see, the experimental spectragat39° and 49° show a
evaporation in thesemini calculation is7<1.0X10 2! sec  significant enhancement at the higher energy side. The dis-
for excitation energies above 600 MeV, for nuclei with crepancy becomes larger when theGENE-GEMINI simula-
A~200-250. In theeUGENE-GEMINI simulation the primary tion is used.
composite nucleus cools down significantly during this short In Fig. 11 the experimental charge distribution at
time period, to an excitation energy around 600 MeV, by#=39° is compared with theeHIMERA-GEMINI calculation
light particle evaporation and the production of a relativelyboth with and without fission delay. The calculated distribu-
large number of nonfissioning heavy residues is more fations are normalized to the experimental distribution at
vored. Z=2. The calculated distribution with the fission delay gives

D=10"gec

Velocity (cm/ns)
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a slightly better fit atZz=10. For the IMF's with lowerz, 200 2 5 3 2 .
both calculations underestimate the cross section by a factor - 1
of 2—5, excepZ=4. The good agreement Zt=4 is artifi- 180 -
cial, becauséBe is treated as a stable nucleus in the calcu- PRNAT NS S S Y D Y PR T
lation. This yield difference originates from the high energy 0 200 400 600 800 1000 1200 1400
component, i.e., all light IMF'Y3<Z< 7) show a signifi- E, (MeV)

cant high energy component in the energy spectra, which can

not b(la r(TprO((jleIF:ehd by thei simulations. L . FIG. 12. (Top) Double differential cross section of the heavy
Calculated light particle and IMF multiplicities, associ- remnant observed a1=6°. The results of th&eUGENE calculation

ated with heavy fragments, are shown by histograms in Figare plotted using open triangles and those ofcheaera calcula-

7 for the two fragment mass windows. The experimentakion using open circles. The scale for the experiment is indicated on
light charged particle multiplicities were determined from the rightY axis. Units are given in an absolute scale of mb/sr/MeV.
the backward emitted particles, assuming a single sourc&he scale for the calculations is given on the Igftaxis in an
Therefore the calculated light charged particle multiplicitiesabsolute scale of mb/MeMBottom) Primary composite nucleus
are determined from particles emitted from the CN-likemass vs excitation energy. The results reconstructed from the ex-
source in the case of the€UGENE simulation. For the Perimental observables are shown by the solid symbols. Symbols
CHIMERA simulation the light charged particle multiplicities '€ the same as in the top part of the figure. TheiErA results for

are obtained by observing those particles emitted in the back® Mass and excitation energy are corrected for evaporated par-

ward hemisphere in the moving source frame and then dout'-CIes' See detalls in the text.
bling their yield. IMF multiplicities are determined from
IMF’s emitted at the same angles as the experimental result§xcitation energy from the experimental data and compare
Generally the observed multiplicities associated with fissiorfhem to those obtained from the simulations.
fragments are better predicted by theIMERA-GEMINI simu- The calculated masses and excitation energies of the pri-
lation, whereas those associated with the heavy remnants afgary composite nuclei are shown in the lower part of Fig. 12
better reproduced by theUGENE-GEMINI simulation. In the by open circles for theHIMERA code and open triangles for
above simulations a fission de|ay of)lQOfZl is app“ed for the EUGENE calculation. For thecHIMERA calculation, mass
both calculations. In general, however, the different fissiorand excitation energy of the primary heavy nuclei were cal-
delays do not make a notable change in these multiplicitiesculated att=200 fmt and then corrected by estimating the
mass and energy carried away by evaporative particles emit-
V. PROPERTIES OF HOT NUCLEI ted beforet=200 fmk, which were evaluated by doubling
the number of light particles emitted at the backward hemi-
sphere in the moving source frametat200 fmk. This pro-
The dynamical modetHIMERA predicts the formation of cedure was also performed for events calculated at 300 fm/
a hot composite nucleus in central collisions, whereas ag and the extracted excitation energy agrees within 10 MeV
equilibrated hot composite nucleus formation is assumed ifor the highest remnant velocity window. For central colli-
the EUGENE calculation. The experimentally observed heavysions the calculated excitation energy for a given mass is
remnants and fast fission fragments provide a strong indiceslightly smaller in thecHIMERA calculation than that in the
tion of formation of such a nucleus, although there is a sigEUGENE calculation. This originates from the fact that the
nificant difference in the velocity distribution of the heavy binding energy calculated in theHIMERA code is slightly
remnants between the experimental and calculated results.dteater than that used in the empirical mass formula in the
is very interesting, therefore, to reconstruct the mass andUGENE code. In the upper part of Fig. 12 differential cross

A. Reconstruction of the primary composite system
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TABLE |. Parameters used for the evaluation of the primary heavy remnégtis the velocity of the

heavy remnant in cm/ndM; andE; (in MeV) are the average multiplicity and average energy of particle
i

Ve M,*E,"M, E, Mg E4 M E. M, E, M, E, M, E; M, E Quale

0.625 336 6.0 44 157 14 214 08 226 0.2 303 39 232 04 506 06 714 303.0
0875 354 6.4 51 155 16 219 1.0 224 0.2 308 45 238 04 520 0.7 69.7 326.1
1125 357 6.8 57 16.6 1.7 229 12 242 03 356 4.8 257 04 454 0.7 76.1 3437
1375 361 7.2 54 178 2.0 243 13 26.1 0.3 346 51 265 05 438 0.7 77.1 348.1
1625 374 76 6.8 173 24 288 15 264 04 33.0 57 294 04 511 0.7 645 3635
1875 38.7 82 79 188 29 278 1.6 296 04 36.3 63 327 0.6 48.0 0.7 70.2 3728

fficiency corrected.
PCalculated.

sections are given for both simulations. ThgcENESIimula-  and 1.7 for the highest velocity window. For tloeiMERA
tion produces a large number of composite nuclei withsimulation only the average number of the detected preequi-
E,~1000-1400 MeV, whereas in theHIMERA code the librium neutrons is evaluated, because of the low statistics.
cross section for such a composite nucleus vanishes quicklfhe average number of 2.5 is obtained by subtracting the
at 1000-1100 MeV. detected neutron numb¢®.2) in the backward hemisphere
From the experimental results the primary mass and th&om those (2.7) emitted in the forward hemisphere at
excitation energy of the composite system have been recom= 200 fmkt.
structed in the following manner: First the events in which a The extracted masses and excitation energies of the pri-
heavy remnant A=130) is observed were selected. The mary composite system are plotted as the solid circles and
mass and excitation energy are evaluated in the six differerdompared to the calculated distributions from the simulations
velocity windows of the heavy remnant. For each velocity(open symbols in Fig. 12. The experimentally extracted
window of the heavy remnants, the mass of the primary commasses of the composite system remains more or less a con-
posite system was simply obtained by adding up all thestant for different excitation energies, except at the highest
evaluated charged particle multiplicities from the compositeexcitation energy, whereas in both simulations the masses
system, the efficiency corrected neutron multiplicity from theshow a slight increase with increasing excitation energy. For
composite system and the observed mass of the heavy rertiie most central collisions the experimentally evaluated mass
nant. The efficiency corrected neutron multiplicity from the and excitation energy of the primary composite system reach
composite system was evaluated from the detected neutrons~240 andE,~1280 MeV, respectively. This excitation
using the calculated detection efficiency of the neutrons fronenergy is between the maximum values derived from the two
the composite system. The excitation enekgy was calcu-  calculations, whereas the mass is consistent with those of the
lated assuming; composite nucleus in the calculations. The values used for
the evaluation are summarized in Table | for the different
velocity windows of the heavy remnants and the extracted
masses and excitation energies are given in Table Il. The
error bars in the experimental data points are estimated over
i _ . all errors. The error for the mass determination reflects the
Here (Ey) and (M) are, respectively, the average kinetic oy nerimental errors on the remnant mass and on the particle
energy in the moving frame and the average multiplicity oftiplicity determination. The error on the excitation en-

the particlei. This determination included a-II atomic num- ergy primarily reflects the calculated average kinetic energy,
bers up toz=10. All these values are experimentally deter-

mined, excepE, for the neutrons, for each remnant velocity .
window. The average kinetic energy of neutrons was calcu- TABLE II. The extracted average masses and excitation ener-
lated using the simulatior is the reactiorQ value and was ~91€S ©f the primary heavy remnanigg (cm/ns is the velocity of

calculated from the charges and masses of the observed pcjj\l?Se heavy remnankig (1), Acs (W), andEc (MeV). are the average

. . .~ mass of the heavy remnant, the extracted primary mass, and the

ticles. The mass to charge ratio of 2.4 was used to estimate e . _
. . . . extracted excitation energy of the primary composite system, re-

the charge of the primary composite system. This is consis:

Eq=20 ((B)(Mi)+Q+E,. @

. . - ; tively.
tent with the results of the simulation. The remnant charge igPectvel
that of the primary composite system minus the total chargg *
. R AR ACS Ecs
removed by the observed charged particleswas assumed
to be 20 MeV. 0.625 155.4+2.8 224.6x7.4 803.6+100.3/-70.3

In order to correct for the contribution from the detection 0.875 148.1+2.6  224.4*7.2 895.9+104.8/-79.8
of preequilibrium neutrons in the detected neutron multiplic-1.125 146.3+2.6  2259+7.3 978.0+103.3/-78.3
ity, the number of the detected preequilibrium neutrons is1.375 142.1+2.5  223.8+7.2  1025.9+103.8/-78.8
evaluated for different velocity windows of the heavy rem-1 625 139.7+25 227.6+7.5 1139.8+110.1/-80.1
nants using the simulations. The extracted numbers in the g7s5 143.1+3.0 2385+84  1283.0+114.3/-84.3
EUGENE calculation are 1.2 for the lowest velocity window




55 EXCITATION ENERGIES AND TEMPERATURES OF HOT ... 237
the number of preequilibrium neutrons in the detected neu- B. Temperature determinations

tron number and th@®-value estimation. The calculated neu-
tron average kinetic energy depends on the level density pa- o _ ) )
rameter used. Therefore the value given in the Table | was Determining the temperatures of highly excited nuclei
a=A/8.5, A/10, andA/13 and the error assigned was ob- pf reaction dynamics and secondary decays, coupled with
tained as a maximum deviation from the average values. Thi@herent mechanism questions, can lead to significant uncer-
error in the average neutron energy was 0.35 MeV for thdainties in “temperature” measurements. The measurements
lowest velocity of the remnant and 0.56 MeV for the highestof spectral slopes, traditionally used at lower energies to ex-
velocity. These give about 15—-25 MeV energy uncertainty intract temperaturef42,43, become less useful at very high
the final results. The uncertainty from ti@@ value is esti- energies due to dynamical effects. Alternative measurements
mated to be about 28—30 MeV for different assumptions ofemploying ratios of excited stat¢44—46 or double isotope

A/Z values of the primary composite system ratios[18-21,28 offer some potential advantages in that
(A/Z=2.3-2.5. The number of detected preequilibrium they may be less susceptible to some of the dynamic effects
neutrons in the different remnant velocity windows is takenwhich render the slope measurements suspect. At the same
from the EUGENE calculation. The difference from the time, questions of sequential decay effects, both in the pro-
CHIMERA calculation is taken into account in the error esti- duction of primary fragments and in the subsequent deexci-
mation. tation of the species employed in these ratio measurements

In the upper part of Fig. 12 the experimental double dif-[20,21,47, together with the ever present questions of pro-
ferential cross section of these heavy remnantg§=a6° is  duction mechanism mean that, even in the ratio measure-
plotted in an absolute scale given on the right. Since thénents, care must be taken in interpreting the observed results
calculated cross sections in the same figure are given in i@ terms of temperatures.
single differential cross section fornd§/dQ dE,), one can- One recent study of the isotope ratio method was carried
not directly compare to the experimental data. However asut by Tsanget al. [20] who have derived isotope tempera-
one can expect that the angular distribution of the heavyures for the reactions of 26MeV “°Ar with 1%Au, and
remnants is similar at forward angles for the different veloc-have indicated that modifications of the He-Li ratios result-
ity windows, the shape of the double differential cross secing from secondary decay processes require detailed infor-
tion is more or less similar to the angle-integrated cross segnation on product mass distributions to make these ratios
tion. The shape of the experimental cross section is similar tsuitable as thermometers. While our systemA 38leV
the result ofCHIMERA calculation, but has a longer tail to- %Cu + °7Au is similar to that studied by Tsanet al.,
wards the higher energy side. One should note, however, thabmewhat higher excitation energies are realized and can be
this experimental cross section was extracted only from theelected using the velocity and/or particle multiplicity data.
heavy remnants and the cross section on the higher enerd@ihus it is interesting to see what can be learned from an
side will be enhanced when the fission channel contributiorexploration of the double isotope ratio temperatures in our
is taken into account. system.

In the calculations the excitation energies shown in the To pursue these measurements we have used data from
lower part of Fig. 12 are treated as thermal energy and cathe backward angle detectors in our second experiment to
ried away by evaporative particles. For the experimentallydetermine the spectra of H, He, Li, and Be isotopes, either in
extracted energies it should be noted that the proton energyoincidence with the heavy fragments or, using the self-
spectrum shown in Fig. 5 has a harder energy componettiggering mode of the neutron ball, as a function of neutron
than that of the calculations, whereas thepectrum is well  multiplicity. Using the backward angle detectors for this pur-
reproduced by the simulations. The contribution of the harc¢pose resulted in significant energy thresholds for identifying
component to the proton spectra, evaluated from the differthe Li and Be isotopes but reduced the possible contributions
ence between the experimental and calculated spectra, filom projectile like sources. The observed energy spectra are
about 10-15% of the total yield at backward angles. Theshown in Fig. 13. Solid points are experimental data and
information for the neutron energy spectra is not available irhistograms are from th&UGENE-GEMINI simulations with
this experiment. and without fission delay. Except for the He isotopes the

While one might also estimate the excitation energy depoisotope pairs used show very similar energy spectra. The
sition by comparing selected evaporated particle neutrouifference observed in théHe and*He spectra have been
multiplicities with results of the model calculations, given noted previously in other studig®0,48. Tsanget al. at-
the discrepancies between calculation and experiment otiribute the differences to an enhancementidé at the lower
served in Fig. 7, application of such a technique does nokinetic energies reflecting the more favored evaporation of
appear justified here. It is interesting to note that, in studie$He at the lower energies sampled during the deexcitation
of the binary collisions of%Pb + °7Au at 29A MeV [41]  cascade. This explanation appears quite reasonable.
excitation energies for each of the partners in the most dis- In Fig. 14 we present, as a function of observed neutron
sipative binary collisions have been found to-b&A MeV.  multiplicity, isotope ratios determined from our measure-
In that work, the measured evaporated neutron multiplicitiesments. Based on the results in the Sec. V A, we estimate that
obtained with discrete detectors, have been reported 88, these ratios span an excitation energy range from 3.6 to
i.e., 30 per fragment witlh~200. These results appear to be 5.3A MeV. Spectra used in these experiments were taken at
quite consistent with those derived for the fusionlike centralf=110°. Using the technique of Alberga al., but ignoring
collisions seen in our work. all questions of the effect of population of decaying excited

1. Experimental results
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states or secondary decay on the ratios, double isotope ratio

temperatures can be extracted. The formula used is
from [26],

taken
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FIG. 13. Typical isotope energy spectra at
6=110°, used for the temperature evaluation. The
solid and dashed histograms are results of the
EUGENE-GEMINI simulation without delay and
with a fission delay of 1810 2! s. The calcu-
lated results are normalized to the experimental
data individually.

B=BE(A;,Z;)-BE(A +1Z)+BE(A; ,Z))
-BE(A+1Z)), ©)

CY(ALZDIY(A+1Z)
CY(ALZ)IY(A+1Z))

FIG. 14. Isotope yield ratios for light isotope
products as a function of the associated neutron
multiplicity. Only the backward angle telescopes
have been used to determine these ratios. The re-
sults for different isotope pairs are presented as a
function of the detected neutron number cor-
rected for the background. Error bars are shown
when statistical errors exceed the size of the sym-
bol.
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- ] | [26] was used to find population of excited states of frag-
= 4L o o - i ments. The population of the excited states which decay on
L = T - _ the way to the detector by or particle emission into the
2+ §'""°"““§""”§""”°9"""g"“ ;3 4 ground state of the fragments were taken into account to
- ‘ . ] ‘ 1 calculate experimentally measured yields. The ratios of
" 1 : " L 1 : ' .
0 0 10 20 20 <0 50 - yields atM =28 were then used to extract the temperature.
M_0bs The results obtained are shown in Fig. 16. We used experi-
n

mentally measured excited states frpB0,51. The values of
binding energies were taken frofs2]. Following assump-
FIG. 15. Apparent temperatures calculated from the observegions made if49], the particle-decay feeding 3He. *He as
double isotope ratios using Eq®)—(5). No corrections have been ell as2H and 3H ground populations was ignored. We took
g

made f_or seq_uentlal deCf”‘y effects. Se_e text and Fig. 1.6' Solid & nly the double ratios for those pairs which have a suffi-
open circles in the top figure are derived from the ratios %/ (

3H)/(®He/*He) and ELi/ 'Li)/(*He/*He), respectively. Shown in cient!y Ifarge value 0B of Eq. (3), in order to avoid a strong
the bottom are results fo? i/ 8Li)/("Be/’Be) (downward trianglp ~ Sensitivity of the extracted temperature on the experimental
(SLi/ "LiY/("Li/8Li) (diamond, (7Li/8Li)/(SHe/*He) (square, and  €rror[21]. On the left side of Fig. 16 temperatures without
("Be/°Be)/(*He/*He) (upward triangle the feeding correction are plotted. One can see large fluctua-
tions. In the middle are presented the results when only
312 vy-decay feeding is taken into account. A significant decrease
of the fluctuations is observed. On the right side of Fig. 16
(5) temperatures derived correcting for combined feedings of
both y and particle decay are plotted. This combined feeding
HereY(A;.Z;), BE(A;,Z), S(A;,Z;) are the yield, binding s an estimation at this stage because of the lack of compre-
energy, and spin of the ground state of a specific isotope withensive experimental information on the excited states of
massA;, and Z;. The derived temperatures from several huclei. Most of the derived temperatures are in the range of
isotope pairs are presented in Fig. 15 as a function of ass@—5 MeV. In particular, our derivedl ; temperatures are
ciated neutron multiplicity. These temperatures show someuite similar to these observed for heavy nuckei(190) by
variation with neutron multiplicity, but tend toward essen-the ALADIN [18] and EOS Collaboratior4.9], as well as to
tially constant values at the largest multiplicities. Assuming ahose obtained by Tsareg al. [20], although for such nuclei

similar mechanism of production for the observed isotopespur data extend to somewhat higher excitation energy.
the wide variation of the derived temperatures confirms that

a more detailed treatment is required to extract meaningful .
information. 2. Model comparisons

In the spirit of earlier isotope ratio and state ratio mea- As noted, the interpretation of these results still demands
surements it is certainly of interest to see whether a selfassumptions about the emission mechanism. To probe this
consistent treatment of the full set of observed yields andjuestion one can consider the two extreme cases of purely
yield ratios can lead to the extraction of a single primarysimultaneous emission or purely sequential emission of the
temperature of the deexciting systd20,49. A model to isotopes observed. The former case has recently been treated
attempt this has been constructed by Kolomigttsl. [49]. by Majkaet al. using a quantum statistical mod&3]. The
The statistical model with chemical equilibrium condition results of that calculation show that at temperatures greater

_[2S(A},Z) +1[2S(Aj+1Z)) + 1] AjI(Aj+1)
T [2S(A;,Z)+1]/[2S(A+1.Z)+ 1]\ A /(A +1)
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than 4-5 MeV large numbers of fragments can result at
freezeout. In the high temperature region the calculated iso- 8
tope ratios reflect the freezeout temperature. However, the
apparent temperatures determined from the isotope ratios are 7k
lower than the freezeout temperature. In such a scenario iso-
tope ratio apparent temperatures near 4 MeV observed in our

work would indicate a freezeout temperature~0b MeV. In d )

this range the quantum statistical model suggests that a large

excited cluster is very probable. o~ 5t T
In Sec. VA we have already noted that theA28eV Q

208pp 4+ 197Ay collision which has been extensively studied Z 4| .

using the GANIL acceleratd41] leads to the production of —

A~200 nuclei at excitation energies 6f5A MeV, similar 3l
to those in the present work. Measurementsaoparticle
spectra for that system have led to the conclusion that appar-

ent temperatures of 4.5-6.9 MeV are sé&d]. Based on Zr : ::;;:::: : :llll g::ﬁ:g:: T

those results the argument has been made that the initial O  Li/He : First chance

temperatures in this mass range are higher than those re- 1 O  H/He : First chance

ported in the ALADIN and EOS work and support a sequen- — TaK=

tial decay mechanism of IMF production. Qb v
In a sequential decay model the isotope ratios would also 0 200 400 600 800 1000 1200 1400 1600

be expected to vary with the particle kinetic energy in the E, (MeV)

source frame, reflecting the emission of higher energy par-
ticles early in the cascade. To search for such an effect in our ) ) ) )
data, we have divided the observed He and Li spectra in the FIG. 17. Double isotope ratio temperatures in a sequential

rce frame into thr ins of kinetic ener ve th rr_nodel. Using theeUGENE-GEMINI code the temperatures from the
source frame into three bins of kinetic energy above the bar_ | 0 = cevir 71 i(3He/*He) and EHI*H)/(*Hel*He) have

rier an riv hei ratio temperatur rr nir@;e ; ) ) .
er and derived the isotope ratio temperatures correspond en determined from the calculated ratios for first chance emission

to the three different bins. The results, at higher excitation( o ) o

. 3 . ) open symbolsand for emission over the entire deexcitation cas-
S.hOW. an increase .'m .Of 71. MeV Wlthllncreasmg fragment cade(solid symbol$. The solid line indicates jJ;; for the assumed
klnetlc energy. This is similar to the 'ncrease,calcmated USihverse level density parameter kf=10. See details in the text.
ing EUGENE-GEMINI and suggests that sequential decay may,
in fact, be important in this system.

We have also used calculations with the combinegVith high neutron and charged particle multiplicities. These
EUGENE-GEMINI code to explore the relationship between themultiplicities increase as the remnant velocity increases. A
initial input temperature and the apparent temperature desimilar behavior is also observed for fission-like fragments
rived from the yield calculations in a sequential model. Re-detected at the same angle. These results suggest that a hot
sults of these calculations are summarized in Fig. 17. Hereomposite nucleus is formed in an incomplete fusion or mas-
we note that temperatures, derived from the double ratiosive transfer process. The masses and excitation energies of
between yields of the first chance emission hydrogen anthe primary composite system have been reconstructed for
helium isotopes, are quite close to the calculated initial temthe events in which heavy remnants are observed. The recon-
peratures. On the other hand, those derived from first changgructed masses of the primary nucleus ar225-240 and
helium and lithium isotope emission yields are well belowthe excitation energies are 3.6-A.81eV. The highest exci-

the initial temperature. If the entire deexcitation cascade igatign energy extracted is 1280 MeV for the primary mass
sampled, then both apparent temperatures are similar and §3 —240.

the range 4-5 MeV, but much Iowertha}n the initial tempera-  Tpe experimental results are compared with those of
tures of 5.5-7.5 MeV, as expected in such a sequentiglogel simulations, which are based on the massive transfer
model. This model calculation includes secondary emissioRode euUGENE-GEMINI and the quantum dynamical model
from the IMF’s, but only in a purely statistical approach ¢qge crivErA-GEMINI. The maximum excitation energy of
yvithout inclusion of detailed inf(_)rmation on Iovy Iyilng states ine primary composite system derived from the experimental
in the IMF. Clearly an unambiguous determination of thegais js in between the predicted excitation energies of the
mechanism of IMF production is required before an approyrimary composite nucleus of the two models, whereas the
pric_':lte interpretation of the temperatures derived from isotopgaconstructed mass is consistent with those in the model
ratios can be made. simulations. The observed trend of the particle multiplicities
as a function of the velocity of the associated fission frag-
VI. SUMMARY AND CONCLUSIONS ments a_nd he_avy remnants is well reproduced by the two
model simulations. On the other hand the observed mass of
We have presented results of a study of excitation energthe heavy remnants can not be reproduced by both models
deposition and evacuation in the reaction ofA3B1eV  without incorporation of the fission delay. Even with incor-
3Cu on °’Au. Heavy remnants with mass130-170 were poration of the fission delay in both simulations, however,
observed at laboratory angle @=6° with velocities be- the experimental trend of the heavy remnant velocity is not
tween 0.5 to near 2.0 cm/ns. These fragments are associategproduced. This may indicate that the entrance channel dy-
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namics treated in both models is insufficient and some immass nuclei in other recent experimefit8—21. However
portant mechanisms, which leads to the production sucthe interpretation of these results is subject to model assump-
heavy remnants, are missing in these treatment. Although théns and there is some evidence that production of IMF in a
EUGENEprogram is designed for a event generator and uses $gquential decay cascade is important in this system.

simple treatment of the entrance channel dynarfid, it In closing we note that in some recent work, temperature
reproduces the experimental results almost as well as tHéeterminations based on the measurements of double isotope
QMD does. This may indicate that, in this energy region, thgatios have been used to probe nuclei with initial excitation
reaction dynamics is governed by the preequilibrium emis€nergies as high as ASMeV [18,19. Interesting trends in

sion and no exotic process such as a simultaneous multifrad€ “caloric curves” extracted from such measurements
mentation is yet taking place ave been noted. It has been proposed that the transition to a

Pollacoet al. reported a similar heavy remnant observa-YapPor stage Is signaled by this temperature gvo!u_[[tﬂ].
tion in the study of*°Ar+232Th at 27—7A MeV [13,15). In The data presented have usually spanned a significant range

their analysis they found that the yield of the heavy remnantgf isotope masses and it was suggested, by us, that the mass
ﬂependence of the temperatures may have much to do with

observed at forward angles is significantly enhanced when !
additional IMF coincidence is required and they are assoc?Ihe observed trendS7]. We also suggested that, for a single

ated with two IMF’s on average. In our simulations shownMass r‘e‘f"A’f 125, a much sm'aller variation ‘?TW'”‘ excr-
above, the calculated IMF multiplicity from the compound tation is indicated by the available data. This appears to be

: - firmed by a comparison of the ALADIN resu[ts8] with
system is of the order of one and the higher energy compoQOn . I
nent of the IMF energy spectrum is missing. This may Sug_recently publ|§hed EOS resuff£9]. The latter show .S|g_n|f|-
gest that an IMF is emitted at an early stage even for centr;ﬁan“y 'OW‘?r Isotope temperatures atAl3/eV excitation
or midcentral collisions. energy. This may result from the fact that the masses of the

: . : deexciting systems sampled at that excitation are much dif-
Recently Ono and Horiuchj55] applied antisymmet- ) :
rized quantum molecular dynami¢dMD) to the data for ferent in the EOS data than in the ALADIN dat"?‘- Taken
4Ca+%Ca at 3R MeV [56] and made a significant im- together the two results show that, fr- 125, there is little

provement of the fits to the experimental results, c:ompare&hange in the isotope ratios and thus in the derived limiting

to a QMD calculation. It is very interesting that the incorpo- temperature from 11 to ¥5MeV. Given the uncertainties in

ration of the antisymmetrization in the quantum m0|ecu|ar|nterpretation of those ratios the results are reasonably con-

dynamics makes a drastic change in the reaction dynamicé‘!Stent with th_ea‘N 1_25 data at Iovyer exci.tat_ic_)n energies and
especially in the emission of the IMF's. Many IMFs are suggest relatively little change in the limiting temperature

emitted at very early stages of the reaction. This may affecffo™ 3 to 1% MeV. On the other hand, as indicated in Sec.
significantly the formation of the hot compound nucleus. Un-¥.B: further explorations of the applicability and sensitivity
fortunately we cannot presently apply the AMD to our syS_of the.double. isotope ratlo method are needed before this
tem because of the huge computing time required. For thEeSult is considered validated.

present AMD framework, the computing time increases by
A% whereA is the total mass of the system.

Double isotope ratio measurements have been used in an We thank D. Durand for providing us treJGENE code
attempt to derive source temperatures using the techniquend R. J. Charity for thesEmiNI code. We especially ac-
proposed by Alberget al. [26]. When emission tempera- knowledge the operating staff in the Cyclotron Institute for
tures are derived from the observed isotope yield ratios byheir excellent job during our beam time. This research was
taking into account the population and decay of excitedsupported by U.S. Department of Energy under Grant No.
states in a self-consistent way, apparent temperatures of 4-5E-FE05-86ER40256, by the Robert A. Welch Foundation,
MeV are derived for the most excited nucl&’ ~5.3A  and by the Polish Scientific Research Committee under
MeV. Those are similar to temperatures derived for similarGrant No. 2 2392 91 02.
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