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Study of the violent collisions between63Cu1 232Th at 35 MeV/nucleon
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A study of the decay of hot and heavy composite nuclei produced in the violent collisions between63Cu and
232Th at 35A MeV is presented. The measurement of fission fragment correlations indicates that; 70% of the
projectile linear momentum can be transferred to the fissioning system. Heavy reaction products were observed
at a laboratory angle ofu56° in coincidence with neutrons, light charged particles, and intermediate mass
fragments. The dynamical aspects of the collisions between the projectile and target nuclei were investigated
using the computer codeCHIMERA which is based upon the molecular dynamics concept. Asymptotic charac-
teristics of the reaction products were confronted with results of calculations of the tandemCHIMERA plus
GEMINI codes. The data and model comparisons show that a composite system of mass as high as 275 amu and
with an excitation energy; 1 GeV is formed in the most violent collisions. Some of the heavy reaction
remnants are located on the fragment mass versus velocity plane inside the area where the evaporation residues
resulting from the decay of the hot composite system are expected. A high neutron multiplicity associated with
these events indicates their origin in the most dissipative events. However, a low cross section for the produc-
tion of these remnants and the close similarity of their characteristics to the fission fragments do not allow
more conclusive statements.@S0556-2813~97!05801-9#

PACS number~s!: 25.70.Jj, 02.70.Ns, 21.65.1f, 24.10.Lx
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I. INTRODUCTION

Intermediate energy nucleus-nucleus collisions prov
opportunities for studying properties of nuclear matter
densities and temperatures far different than those enc
tered in nuclei near their ground states. This provides
opportunity to probe the physics contained in the equation
state for infinite nuclear matter@1#. In particular, it was sug-
gested by Boncheet al. @2# that a study of nuclei at the limi
of the excitation energies which they can sustain can be u
to verify parameters of the nuclear equation of state. Bef
any serious attempts can be made to approach this fu
mental problem, two crucial questions concerning the form
tion and decay of hot nuclear systems produced in nuc
collisions have to be solved; i.e., what is the maximum
citation energy which can be deposited in a nucleus be
complete disintegration, and what are the dominant mec
nisms responsible for the decay of the excited nuclear
tem?

In order to pursue these problems an exclusive experim
that imposed strong restrictive conditions was performed
the Texas A&M K-500 superconducting cyclotron facility.
brief report of this work was published previously@3#.

The paper is organized as follows. In Sec. II the expe
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mental procedure is presented. Section III is devoted t
presentation of the experimental data. The dynamical asp
of the collisions and asymptotic characteristics of the re
tion products are modeled in Sec. IV. A summary of t
results and conclusions are given in Sec. V.

II. EXPERIMENTAL PROCEDURE

The 35A MeV 63Cu beam was incident on the Thorium
target which was232Th of 0.375 mg/cm2 on 0.030 mg/cm2

C backing. The detectors for the charged fragments w
placed inside the scattering chamber of the 4p neutron ball
detector@4# containing about 1800 liters of a gadolinium
loaded liquid scintillator. The scattering chamber has a
lindrical shape~45 cm high and 40 cm in diameter! with a
wedge-shaped forward extension covering6 20° in the hori-
zontal plane. A multidetector arrangement constructed at
Institute of Physics of the Jagiellonian University was us
mainly for detection of the light charged particles~LCP’s!
with Z<2 and of intermediate mass fragments~IMF’s! with
3<Z<12. The 35 ionization chamber, Si telescopes, wh
are modified versions of the telescopes described in Ref.@5#,
were located between 50° and 150° in the laboratory
each one covered 42 msr of solid angle. A thin window~0.1
mg/cm2) and low operation pressure~isobutane at 135 torr!
of the ionization chambers of the telescopes allowed l
detection thresholds (,0.5A MeV! for the LCP’s and IMF’s.
The E detectors were 2 mm thick and 31 mm diam Si~Li !
detectors. Four of these telescopes were tuned to detec
sion fragments~FF’s!. The heavy residue Si detector wa
placed at 6° in a long extension tube 175 cm from the targ
This detector was 900 mm2 in area and 200mm thick. Three
Si detectors of large area and 300mm thick were used for
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55 265STUDY OF THE VIOLENT COLLISIONS BETWEEN . . .
fission fragment detection. Two of them labeled FF1 a
FF2 were placed above and below the horizontal plane
covered the azimuthal angles from 34° to 70° and fr
36° to 72° in the laboratory, respectively. These detec
were 6 cm long and 4 cm wide and divided into seven str
set horizontally. A third detector~FF3! was 535 cm2 and
placed in the horizontal plane on the left side of the be
and covered the range from 9.5° to 14.5°. The projectilel
fragment hodoscope was located on the other side of
beam. The hodoscope, consisting of one 535 cm2 area and
150 mm thick Si detector, backed with a CsI crystal 634
cm2 area and 0.5 cm thick, covered a range from 5° to
Two Si detectors sited at6 2° were used as monitors.

The efficiency calibration of the neutron ball was done
using a 252Cf source and a computer simulation employi
the computer codeDENIS @6–8#. This simulation takes into
account the source dynamics of the emitters. The energy
brations of all the charged particle detectors were perform
by usinga particles from the148Gd and 252Cf sources and
the two-yield maxima in the252Cf fission fragment energy
spectrum. The total pulse height defects for the fission fr
ments were obtained by putting the fission fragment dete
inside the chamber and adjusting of the gas pressure in
chamber. The total pulse height defect for the residue de
tor was determined using252Cf and scattered and degrade
beams of 2A MeV 181Ta and 136Xe. Timing calibrations
were made using delay lines in the timing circuits. Plas
delays were determined according to the measured times
known timing of the scattered reference beam.

III. EXPERIMENTAL RESULTS

A. Fission fragments

During the past decade, there has been much discus
about a saturation in the energy deposition in the collisi
of heavy and asymmetric nuclei. The decline in the cr
section for the fusion-fission process investigated in term
the folding angle distributions has been interpreted as in
cating that, at beam energies above 30A MeV, the energy
deposition saturates@9#. However, this is inconsistent with
studies of the40Ar 1 232Th reaction reported in Ref.@8# and
of a very recent study of the FF’s, IMF’s and LCP’s pr
duced in 40Ar 1 232Th collisions atEbeam 5 ~15–115!A
MeV, which indicates no saturation in the deposited ene
in the central collisions of this system in the bombardi
energy range studied@10#.

In the present analysis, we use a variety of measure
establish the energy deposition in the violent collisions
63Cu1 232Th at 35A MeV. Since linear momentum transfe
~LMT ! and excitation energy are very closely related qu
tities, the fission fragment correlations have been inve
gated. The reconstructed characteristics of the fusion-fis
process were obtained from the measured energies an
angles of two detected fission fragments. Since we have
knowledge of their masses and velocities, we apply a ki
matical reconstruction procedure to achieve a descriptio
the fission events. A few assumptions have to be made.
first assumption is that the angular distributions of partic
emitted from the compound nucleus and from the fiss
fragments are isotropic in the source frames, and so the m
velocities of the recoiling compound nucleus and the fiss
d
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fragments are not affected on the average. We assume
that the reaction is a binary one~we will address this issue in
following sections!.

Applying the momentum conservation principle at t
scission point we can evaluate the fission fragment mass

M1
sc5

M totE2
scsin2u2

E1
scsin2u11E2

scsin2u2
~1!

and

M2
sc5

M totE1
scsin2u1

E1
scsin2u11E2

scsin2u2
, ~2!

whereE1
sc andE2

sc are the fission fragment energies,u1 and
u2 are the angles of emitted fission fragments, andM tot is a
total mass of a fissioning system. All those values are for
scission point.

M tot is actually not known. We estimate this mass in t
following way. For a given LMT the massive transfer h
pothesis is applied to predict the mass (M tot8 ) and excitation
energy of the compound nucleus after the preequilibri
emission. The previous works~see, e.g.,@11# and@12#! show
that fission is a relatively slow process and it takes place
low excitation energy (; 150 MeV!. We also assume tha
the prescission light particle emission takes 15 MeV p
nucleon on the average. From the excitation energy ca
lated for a given LMT we have subtracted 150 MeV a
divided the remainder by 15 MeV. Thus we have obtained
approximation to the number of particles evaporated bef
scission (MCN

ev ). In order to getM tot we have subtracted tha
value fromM tot8 For the LMT which could be investigate
by our set up of the FF detectors, the resulting massM tot was
about 225 and that value has been used in the data ana

The velocity of the compound nucleus at the sciss
point is given by

VCN5A 2E1
scE2

sc

M tot~E1
scsin2u11E2

scsin2u2!
sin~u11u2!. ~3!

All of the above equations are valid at the scission po
only. To apply them to the measured quantities we have
take into account postscission emission. Under the assu
tion that the light particle emission is isotropic in the sour
frame, the velocities and the trajectories of fission fragme
are not changed on the average. However, the masses an
energies of the fission fragments are changed.

In the case of symmetric fission, when each fission fr
ment emitsmfrag

evap'5 particles we have the following relatio
between the fragment energies at the scission point and t
measured by the detectors:

E1,2
sc 5E1,23

M1,2
sc

~M1,2
sc 2mfrag

evap!
. ~4!

Thus, the compound nucleus velocity@Eq. ~3!# can be
expressed by the measured quantities~fission fragment ki-
netic energies and emission angles!:
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FIG. 1. Reconstructed characteristics of t
fission process~see text!.
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VCN5A 2E1E2

~M tot22mfrag
evap!~E1sin

2u11E2sin
2u2!

sin~u11u2!.

~5!

Now, assuming that the unfused part of the projectile
capes forward with the beam velocity, the LMT,r, to the
fused system is given as

r5
M target

Mprojectile

VCN

~Vprojectile2VCN!
. ~6!

Figure 1 displays the resultant mass distributions@column
~a!# and the energy spectra@column ~c!#, when one of the
fission fragments is detected by the FF1 detector in coi
dence with the second fission fragment, detected by the
detector. The velocities of the fissioning system and
LMT are shown in columns~b! and ~d!, respectively. Sym-
metric detection angles for both fission fragments were
lected. The bottom row in Fig. 1 shows the results obtain
imposing the condition of symmetric fission with bo
masses of the fragments detected atuFF 5 77° equal to the
most probable value of the observed fission fragment m
distribution,610 amu. Here, one can notice that the m
probable value of the LMT is located in the vicinity o
70%. Assuming a simple massive transfer hypothesis,
LMT can be used to estimate the excitation energy of
fused system. Figure 2 shows the derived excitation ene
of the fused system obtained by assuming that the unfu
projectile fraction escapes with the beam velocity. T
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circles and squares represent, respectively, the results
tained assuming that the unfused projectile fraction esca
as one piece of nuclear matter or as a collection of separ

FIG. 2. The calculated excitation energy of the fused syst
versus the linear momentum transfer. The solid circles and squ
represent the results which have been obtained assuming tha
unfused projectile fraction escapes with the beam velocity as
piece of nuclear matter and as a collection of separated nucle
respectively. The small dots represent theCHIMERA code results for
the central collisions.
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55 267STUDY OF THE VIOLENT COLLISIONS BETWEEN . . .
nucleons. This indicates that, at the highest observed ex
mental value of the LMT, the fused system can acqu
above 1 GeV excitation energy. Although this intuitive re
tion between the LMT and the excitation energy is use
the precise link of both quantities has been modeled~see area
indicated by the dots in Fig. 2! and results are discussed
the next section.

B. Light charged particles and intermediate mass fragments

The emission of the IMF’s is an important decay mode
highly excited nuclear systems formed in proton-nucleus
nucleus-nucleus collisions. A variety of mechanisms t
could be responsible for fragment production have been s
gested@13#. Conventional statistical models have very su
cessfully reproduced many features of the fragment data
order to recognize the collision product deexcitation patte
the experimental energy spectra of the LCP’s and IM
have been analyzed in terms of a multisource fit method.
fitted energy distributions of evaporated charged fragme
in the source rest frame have been parametrized in the f
@14#

d2s

dVdE
;

M

4pT2
~E2VCB!3exp@2~E2VCB!/T#, ~7!

whereM is the particle multiplicity,T is the temperature
parameter, andVCB is the Coulomb energy of the particle
Since the LCP and IMF telescopes were located predo
nantly at the backward hemisphere, we expect that the
ergy spectra recorded by these detectors originate ma
from the deexcitation of the heavy and hot composite sys
formed in the massive transfer process. In Fig. 3 we show
inclusive energy spectra of the carbon fragments~solid
points!. The global fits to the backward angle spectra w

FIG. 3. The inclusive energy spectra of carbon fragments~dots!.
Solid lines were obtained from a global fit with a single compou
nucleus source.
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one moving source are shown as the solid lines. In t
analysis the particle multiplicity, the quantitiesT and VCB
and the moving source velocityVCN were treated as adjust
able parameters in the least–squares fitting procedure.
like those shown in Fig. 3 were made for fragments with
<Z<7 and the fitted parameters that characterize the m
ing source are plotted in Fig. 4 and listed in Table I. F
increasingZ of the IMF, the values ofVCB were found to be
systematically lower than those calculated~histogram! from
systematics@15# which assumes a spherical shape of t
daughter nucleus. This observation suggests that the he
IMF’s are emitted from a more deformed system. Howev
our measurements do not allow us to exclude other fact
such as cooling, expansion, and secondary decays, which
affect the height of the Coulomb barriers. Both the tempe
ture parameter and the source velocity show a correlated
pendence on theZ value of the IMF~a lower source velocity
indicates that a lower value of the linear momentum w
transferred to the composite system producing a less exc
source!. However, the LMT range which corresponds to t
deduced source velocities cannot account for a large t
perature variation between the light and heavy IMF’s. A
other effect which might cause the observed trend in
temperature parameter dependence on theZ value of the IMF
can be explored in terms of a model based on random w
in momentum space@16#. In this model, the fragment mo
mentum is obtained by summing up the momentum vec
of its constituent nucleons. The solid line histogram in F
4~b! was obtained@17# assuming that a decaying ensemble
nucleons has temperature~internal! Tin 5 6 MeV and a
freeze-out density of 0.85r0. This value of the freeze-ou
density was obtained with theCHIMERA simulations~see Sec.

FIG. 4. Characteristics of the compound emission source
tained from a global fit~dots!. The solid dots represent experiment
data. The histogram in the upper panel shows the calculated C
lomb barriers for a spherical shape of the daughter nucleus obta
from systematics@15#. Histograms in the middle panel show resu
of model calculations~see text!.
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FIG. 5. The inclusivea particle energy spec-
tra ~dots!. Dashed lines represent a global fit o
tained with three sources~a compound nucleus
and two fission fragments!. Solid lines were ob-
tained when these three moving sources w
supplemented by an additional near scissi
emission source.
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IV and Ref.@18#!. Here, the experimental spectral slopes
well reproduced by the model calculations forZ.3. A varia-
tion of the model spectral slope temperatures with the in
nal temperature and density of the decaying system is sh
by dashed (Tin 5 5 MeV andr5r0) and dotted (Tin 5 6
MeV andr5r0) line histograms in Fig. 4~b!.

Although the higher energy parts of the fragment kine
energy spectra are rather well described by assuming
moving source, there are significant discrepancies in low
ergy fits. Taking into account thata particle spectra have
much better statistics than the IMF spectra, thea spectra
measured in coincidence with two near symmetric fiss
fragments@0.3,M1/(M11M2),0.7# were carefully ex-
amined. The FF’s were detected at the symmetric ang
Central collisions with the LMT larger than 50% were s
lected by a condition that sets an appropriate gate on the
folding angle. In this case, global fits with three movin
sources have been used to reproduce the experimentala par-
ticle spectra. The dashed curves shown in Fig. 5 represen
results of fits in which emission from the composite syst
and from the fully accelerated FF’s was assumed. As is s
from Fig. 5, the combined yield from the three assum
sources ofa particles reproduces quite well the observ
distributions. However, in a few detectors~e.g., atu5143°,
f 5 90° andu 5 87°,f 5 270°) a considerable excess
the observed yields above the global fit predictions
present.

The near-scission emission~NSE! of a particles has been
reported by several groups@19#. In a succeeding analysis, w
introduced an additional source ofa particles that moves
with the velocity of the composite system but that emits,
the average,a particles of lower energies. The solid curv
e
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n

ne
n-

n
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FF

the

en
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shown in Fig. 5 represent results of fits in which thisa
particle emission from the neck region has been included
addition to the emission from the composite system and
fully accelerated FF’s. The yield of this additional comp
nent was determined individually for each detector by requ
ing the best fit of the combined yield of all assumed sourc
In Fig. 6 we show the angular dependence of the NSE yi
The angleC is that between the velocity vector of thea
particle direction and the fission axis, measured in the
frame of the fissioning nucleus. The result presented in Fi
demonstrates that thea particles originating from the neck
source are emitted preferentially in the direction perpendi
lar to the fission axis. In Table II, the fitted parameters
listed. The multiplicity ofa particles emitted from the nec
source was derived from the data in Fig. 6.

We mentioned before that one-moving-source fits to
IMF spectra do not reproduce correctly the low energy
gion. However, our calculations indicate that this low ener
fragment can originate from the neck region emission as w
from the secondary decay of the excited heavier species.
inclusive data are not a sufficient constraint to disentan
the origin of these low energy fragments.

C. Neutron multiplicities

The conventional folding-angle technique, which h
been used in Sec. III A as a tool to determine the LMT fro
the laboratory angle of the correlated FF’s, has several
certainties at the projectile mass and energy investigate
the present experiment. At 35A MeV beam energy, even fo
a violent collision, a largely varying fraction of the projecti
can be captured by a target nucleus and the LMT is
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55 269STUDY OF THE VIOLENT COLLISIONS BETWEEN . . .
precisely determined because the transferred mass is no
cessible experimentally. Furthermore, an escaping m
causes a non-negligible transverse momentum compo
which together with a recoil of the fused system induced
the IMF emission leads to a broad momentum distribut
~see Fig. 1!.

In order to have a better insight into the reaction scena
when the highest amount of the available energy is depos
in the composite system, we have detected neutrons in c
cidence with the charged reaction products. For the neut
rich nuclei produced in the63Cu 1 232Th reaction, neutron
evaporation is a dominant emission process and above
of the thermal energy is carried away by neutrons.

The experimental neutron distributions presented in
paper include background corrections but no efficiency c
rections. The inclusive neutron multiplicity spectrum@Fig.
7~a!# exhibits two components that can be attributed to
ripheral ~at lower multiplicity! and central~at higher multi-
plicity! collisions@20#. As already observed in Fig. 1, the F
detectors cover the folding-angle range which selects la
momentum transfers to the fissioning system. In Figs. 7~b!–
7~e!, we show the neutron multiplicity spectra when tw
near-symmetric FF’s have been used to trigger the neu
measurement. The FF’s have been detected at the n
symmetric angles and the corresponding folding-an
ranges are indicated in each panel. Here we observe tha
shift of the neutron distribution to a lower multiplicity with
an increasing folding angle~decreasing LMT! is small. De-
spite the fact that our detection system selects events wit
apparent LMT range from 20% to 75%~see Fig. 1!, the
centroid of the neutron distribution shifts by only three ne
trons~by four after efficiency correction!. This result appears
to reflect both fluctuations in the folding angle induced
particle emission and increasing competition of charged p
ticle emission as the excitation energy increases. It shoul
noted that, at 20% LMT, the compound nucleus can be
cited above 400 MeV.

We have already shown in Sec. III B that the IMF’s a
predominantly emitted from the hot composite system bef
scission. In Fig. 7~f! we show the neutron multiplicity spec
trum when neutron counting was triggered by the detec

FIG. 6. The angular dependence of the near-scission emis
source yield for thea particles.
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of an IMF in the backward hemisphere. As expected,
IMF emission is associated with high neutron multiplicitie
The results of the model calculations which are shown
Fig. 7 by the dashed and dotted lines will be discussed in
next section.

To provide an overall view of the cooling pattern of th
hot composite system by different deexcitation channels,
define the normalized differential multiplicity by the follow
ing relation:

d2s

dVdMn
5S 4pNCF

VNn, incl
D
Mn

, ~8!

whereNCF is the number of charged fragments~CF’s! ob-
served in the backward hemisphere with a solid angleV and
associated with the neutron multiplicityMn . Nn, incl is the
number of events with the neutron multiplicityMn observed
with the neutron ball running in the inclusive mode.

Several noteworthy features of the cooling pattern can
obtained from Fig. 8. First of all, neutron multiplicity thresh
olds are observed for the all CF emission. In other words,
CF emission is allowed if a sufficient amount of excitatio
energy has been transferred to the system. Once the thres
has been passed, the CF multiplicities increase roughly
early with the measured neutron multiplicity, until the d
tected neutron multiplicity reaches a value^Mn&' 42 which
is somewhat larger than the location of the maximum of
neutron multiplicity distribution obtained for the large
LMT @see Fig. 7~e!#. In the high multiplicity tail of the neu-
tron multiplicity distribution, the emission of the charge
particles and IMF’s stays constant within the statistical u
certainties. This feature may be interpreted as a statis
balance between the neutron and charged particle evap
tion.

To recognize further the deexcitation pattern of the h
compound nucleus, the backward anglea particle spectra
were sorted according to six neutron multiplicity bin
~0,18!, ~19,25!, ~26,32!, ~33,40!, ~41,50!, and ~51,60!. The
results of the global fit are given in Table III. Here, one c

TABLE II. The global fit parameters for thea particle spectra
detected in coincidence with two fission fragments.

Z52 M Tapp ~MeV! VCB ~MeV! VCN ~cm/ns!

CN 1.3760.11 5.1860.25 18.4061.4 0.8760.07
NSE 0.0860.03 3.5060.31 13.7861.1 0.8760.07
per FF 0.360.02 3.2460.29 11.9061.0 1.5660.12

TABLE I. The global fit parameters for the inclusive IMF spe
tra.

Z M Tapp ~MeV! VCB ~MeV! VCN ~cm/ns!

3 0.09760.009 7.861.00 33.064.9 1.1460.14
4 0.04160.005 10.761.19 40.065.8 1.2560.14
5 0.03560.006 12.561.35 46.266.7 1.3160.12
6 0.03760.007 12.961.31 50.466.6 1.3560.11
7 0.02560.007 13.361.55 54.367.2 1.3560.12

on
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270 55J. CIBORet al.
see also that thea particle @multiplicity levels off at the
highest neutron multiplicity bin, however, the alpha particle
are more energetic~spectral temperature is the highest for th
highest neutron multiplicity bin!. This observation, that the
highest neutron multiplicity selects the hottest nuclei is
agreement with the highest velocity of the system.

Using the same neutron multiplicity gate bins, we inves
tigated the charge distribution of the IMF’s emitted into th
backward hemisphere. These experimental charge distri
tions for 3<Z<9 were fitted by a power law. The charge
distributions are much flatter for higher neutron multiplicity
bins and the apparent exponentt stays constant at the value
of 1.5060.05 for the neutron multiplicities higher than 25.

Combining together all observations presented above
dicates the following scenario for deexcitation of the hot an
heavy nuclei. At excitation energy below 300650 MeV the
heavy system deexcites predominately by neutron emiss
~see also Fig. 3 in Ref.@8# where model calculations are
presented!. At higher excitation energies, the emission of th
charged particles and fragments contributes strongly to t

FIG. 7. The experimental neutron multiplicity spectra~dots! af-
ter background correction and without efficiency corrections. Pan
~a! shows the inclusive neutron multiplicity spectrum, and pane
~b!–~e! show the neutron multiplicity spectra when two near sym
metric FF’s have been used to trigger the neutron measurement
panel~f! we show the neutron multiplicity spectrum when neutro
counting was triggered by the detection of an IMF in the backwa
hemisphere. The results of the model calculations are shown by
dashed and dotted lines~see text!.
s

-

u-

n-
d

on

e

cooling process and the neutron multiplicity changes slow
with increasing excitation energy.

D. Heavy residues

We have shown in the former sections that, in the violen
collisions between the63Cu and232Th at 35A MeV, the sta-
tistical deexcitation by the neutrons, LCP’s, and IMF’s fol
lows the formation of the hot composite system and the fi
sion occurs at the end of the evaporation chain. Such a de
of the fission process might favor the survival of heavy res
dues. Observations of heavy residues have been reported
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FIG. 8. Differential multiplicity for thea particles and IMF’s as
a function of the detected neutron multiplicity.

TABLE III. The global fit parameters for thea particle spectra
gated on the neutron multiplicity.

Mn gate M Tapp~MeV! VCB ~MeV! VCN ~cm/ns!

0–18 0.116 0.02 - - -
18–25 0.236 0.03 4.236 0.19 18.8 0.486 0.14
25–32 1.406 0.15 4.756 0.25 19.0 0.906 0.11
32–40 1.866 0.21 5.056 0.23 19.5 1.046 0.15
40–50 2.176 0.25 5.126 0.23 19.7 1.056 0.11
50–60 2.176 0.27 5.416 0.45 19.4 1.056 0.16
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cently in radiochemical measurements@21# as well as by
using direct detection techniques@8,22#.

Focusing on the reaction products at small forward ang
we present in Fig. 9 scatter plots of the number of eve
versus the mass and velocity of heavy fragments detecte
the hodoscope. Panels~a! and ~b! show the results obtaine
by introducing the neutron multiplicity gate requirement i
dicated in each panel by the numbers in the brackets.
can see that the fission fragment events form a w
separated island of events and the heavy survivors of
composite system deexcitation are populated with m
lower statistics. An expected area where the heavy surviv
residues should be located is marked by the crossed ci
~see discussion in the following section!. Additional coinci-
dence conditions@e.g., that at least one IMF was detected
the backward hemisphere as shown in Fig. 9~c!# imposed on
the reaction products detected at small forward angles do
reveal a pronounced group of events which could be ide
fied unambiguously as the heavy reaction remnants. E
though the fission process is delayed as indicated by the
and IMF emission measurements, the cooled nuclei seen
in the deexcitation chain decay predominately by fission.

FIG. 9. The scatter plot of the number of events versus the m
and velocity for the heavy fragments detected by the hodosc
The circles show the area where heavy residues are predicted b
CHIMERA-GEMINI model calculations.
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IV. MODEL CALCULATIONS

In this section, the predictions from two models are d
cussed and compared with the experimental results. The
namical aspects of collisions between the projectile and
get nuclei ~preequilibrium phase! are followed using the
computer codeCHIMERA @23# which is based upon the mo
lecular dynamics concept. The code is a combination of t
recently devised models, namely, the quantum molecular
namics~QMD! model of Aichelinet al. @24# and the quasi-
particle dynamics~QPD! model of Boal and Glosli@25#. Re-
cently, theCHIMERA code was applied with the great succe
to study linear momentum transfer in nuclear reactions fo
range of incident energies systems@26#. The comparison of
the model calculations with a substantial body of data fav
a soft equation of state and the calculations presented in
paper have been performed using the incompressibility
nuclear matter,K5200 MeV.

The further history of the excited primary reaction pro
ucts is simulated by using the Monte Carlo computer co
GEMINI @27#. In this code, all possible binary decays of th
compound nucleus, from light particle emission to symm
ric division, are considered. After each binary splitting, fu
ther decay of the resulting excited fragments is continu
until all the available excitation energy is exhausted. At ea
decay step, the remaining excitation energy is divided un
the assumption of equal temperatures in the two fragme
Details of these calculations are described in@27#.

A. Early phase of the reaction

It has been shown@26# that the time evolution of the
longitudinal velocity of the fused system produced in t
incomplete fusion reactions approaches its asymptotic va
at the end of the preequilibrium phase. This observable
used to establish the time at which one can calculate
characteristics of the equilibrated reaction products~e.g.,
mass and excitation energy of the composite system
duced in the nucleus-nucleus collision!.

The time evolution of the63Cu 1 232Th composite sys-
tem characteristics for the violent collisions (b,5 fm! at
35A MeV is shown in Fig. 10. The timet50 fm/c corre-
sponds to the configuration when surfaces of the projec
and target nuclei are separated by 3 fm. Figure 10~a! shows
the temporal evolution of the longitudinal momentum carri
by the fused system normalized to the linear momentum
the projectile. During the early phase of the collisio
(t,120 fm/c) one can observe a sudden decrease of
longitudinal momentum of the fused system. This behavio
correlated with the high emission rates at the same time
terval @Fig. 10~b!#. Figure 10~c! displays the time evolution
of the number of nucleons bound in the fused system.
order to estimate at which time instant the preequilibriu
emission becomes negligible and the system deexcites s
tically, the temporal evolution of the longitudinal velocity o
the fused system in the laboratory frame was calculated.
asymptotic value of this quantity is an experimentally inve
tigated observable used to characterize the incompletene
the fusion process. Figure 10~d! shows that aftert5120 fm/
c the composite system moves with constant velocity wh
is considerably lower than the value calculated for the co
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272 55J. CIBORet al.
plete fusion reaction. The degree of the system equilibra
can be quantified by computing thezth component of the
quadrupole moment tensor of the one-body density in m
mentum space@18#. The investigation of this quantity show
also that the equilibration of the composite system produ
in the violent collision of 63Cu 1 232Th at 35A MeV is
achieved at about 120 fm/c. Then, calculating the averag
value of the mass and velocity of the equilibrated compo
system, the LMT for the violent collision was estimate
'73%. This value reproduces well the experimental value
the LMT which was determined in Sec. III A using th
folding-angle technique.

The linear momentum transferred to the system is prim
rily converted into a thermal excitation. In Fig. 2 we prese
the scatter plot of the number of events versus the percen
of the LMT and the excitation energy calculated by theCHI-

MERA code at 120 fm/c. Here we can see that the mod
calculations indicate a scenario in which all preequilibriu
particles are emitted as separated nucleons for the most
lent collisions. On the other hand, in less violent collisio
~larger impact parameter! the unfused mass escapes less fr
mented.

Figure 11 shows the scatter plots of the number of eve
for the heaviest fragment mass~upper panel! and for the

FIG. 10. TheCHIMERA code prediction of the time evolution o
the 63Cu 1 232Th system characteristics for the violent collisio
(b,5 fm) at 35A MeV.
n

-

d

e

f

-
t
ge

io-

-

ts

heaviest fragment excitation energy~lower panel! versus the
impact parameter. We note that the highest predicted exc
tion energy near 950 MeV is attained in the fused system
the most central collisions. The average mass of the com
ite system was about 273 amu.

The codeCHIMERA cannot be used to study the asympto
properties of the reaction products due to the extremely l
computer time required and possible error propagation. N
ertheless, the continuation of the calculations with this co
up to one order of magnitude longer in time~3000 fm/c) is a
tractable task. Such calculations can give an intuitive pict
of further reaction scenario in terms of the same model.

Figure 12 presents the probabilities of fission, compos
system survival, and fission with IMF emission, calculated
different time instants. Central collisions with the impact p
rameters below 5 fm were selected. Here, one can obs
that over 60% of the composite systems decays be
t510220 s and that about 15% of fission decay is associa
with IMF emission. A closer inspection of the reaction sim
lation reveals that the emission of the IMF takes place b
from the composite system before the fission decay and f
the neck between two fission fragments at the time of fiss

B. Asymptotic properties of reaction products

The model calculations presented in the former sect
indicate that the composite system produced in the vio
collisions of 63Cu 1 232Th at 35A MeV equilibrates after
about 120 fm/c. In order to trace the further evolution of th
system, the statistical codeGEMINI @27# has been emloyed
Here, the output of theCHIMERA code~i.e., A, Z, excitation
energy and angular momentum of all the fragments! at the
time instant 120 fm/c has been taken as an input to th
GEMINI simulations. The results of theCHIMERA-GEMINI
model calculations presented in this section are limited to
central collisions (b, 5 fm!.

FIG. 11. The scatter plot of the number of events versus
impact parameter and compound nucleus mass@panel~a!# and ex-
citation energy per nucleon@panel~b!# obtained from theCHIMERA
code calculations.
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Figure 13 shows the scatter plots of the mass and velo
of the final cold reaction products. The results in the up
panel were obtained with no dynamic fission delay. Those
the lower panel are for a fission delay time of 10220 s. We
note that for both simulations an island of fission events w
60,A, 120 and 1.0,V, 3.0 cm/ns is present. Howeve
the heavy residue survivals with 130,A, 180 and 1.0
,V, 2.0 cm/ns are produced if the fission delay is intr
duced. The predicted region of the surviving heavy resid
also was indicated in Fig. 9 where the experimental data
presented. While the model indicated that some fission d

FIG. 12. The calculated probabilities of the fission~dashed line!,
compound nucleus survivals~solid line!, and fission accompanie
by the IMF emission~dotted line!. The results are obtained with th
codeCHIMERA.

FIG. 13. The scatter plot of the number of events versus
mass and velocity of the heavy fragment obtained from
CHIMERA-GEMINI simulation with no dynamic fission delay~a! and
with 310220 s dynamic fission delay~b!.
ty
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is required to produce such heavy residues, we have alre
noted in Sec. III D that, given the low cross section for hea
fragments detected in the high mass region, a convinc
verification of the mechanism of their production is difficu
It may be that for nuclei with such compact saddle po
shapes the prescission emission does little to modify the
sion probability. This dynamical consideration is not we
modeled by a fixed delay time in the statistical code. On
other hand, model calculations predict properties of the
tected fission products well.

The CHIMERA-GEMINI model calculations of the neutro
multiplicities gated on the folding angle and on the IMF
detected in the backward hemisphere are shown in Figs.~e!
and 7~f!, respectively. In this simulation we used the inver
level density parameterK510 and we applied a fission dela
time of 10220 s. This value of the fission delay time wa
chosen in order to be in agreement with the experime
observation that the heavy residues are produced with m
lower probability than the fission fragments. The dotted lin
in Figs. 7~e! and 7~f! show the calculated primary distribu
tions of emitted neutrons and the dashed lines were obta
when the detection filter was applied. The results of
CHIMERA-GEMINI model calculations, after being filtere
through the experimental conditions, are in satisfact
agreement with the experimental neutron distributions,
though for the neutron multiplicity gated on the foldin
angle, the model calculations slightly underpredict the
perimental data. The widths of the experimental neutron d
tributions are larger than those from the model calculatio
which suggests too small an excitation energy dispers
given by the model.

The dependence of the observeda particle multiplicities
Ma on the number of the detected neutrons,Ndet, and on the
LMT are also reproduced reasonably well by the model c
culations@see Figs. 14~a! and 14~b!, respectively#.

In conclusion, the hybridCHIMERA-GEMINI code appears
to be a good tool to simulate the violent collisions betwe
heavy ions in the intermediate energy domain.

e
e

FIG. 14. Thea particle multiplicities as a function of the aver
age number of the detected neutrons~a! and on the LMT~b!. The
experimental data are shown by the dots and the results of
CHIMERA-GEMINI simulations are displayed by the lines.
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V. DISCUSSION AND CONCLUSIONS

We have studied the properties and decay of hot
heavy composite nuclei produced in the violent collisio
between63Cu and232Th at 35A MeV. The excitation energy
that can be deposited into the compound system has
evaluated using fission fragment correlation measurem
and coincident detection of the ejectiles and heavy reac
products. From both methods we have concluded that a c
posite system with an excitation energy close to 1 GeV
formed. This result is in good agreement with dynami
model calculations using codeCHIMERA. The mass of the
composite system produced in the most violent collisio
was estimated as 275 amu.

A dominant decay mode of these hot and heavy nucle
fission accompanied by a large number of emitted neutr
and charged particles. Approximately one in three of the
sion events is associated with the emission of IMF’s. A m
probable number of 5163 neutrons is emitted in collision
when the largest value of the linear momentum is transfe
and;9 out of this number are emitted in the preequilibriu
phase. The LMT is correlated with the neutron, LCP, a
IMF multiplicities and can be used as a indicator of the e
ergy deposited. However, at the higher excitation energ
the sensitivity of the neutron multiplicity gauge to the ex
tation of the nuclei decreases. In order to obtain better qu
titative information about the excitation energy the charg
particle and fragment emission must also be taken into
count.

The initial temperature of the system was estimated fr
the a particle and IMF energy spectra. The alpha partic
are emitted in a long deexcitation chain and in order to c
vert the slope temperature into the initial temperature
applied the procedure developed in Ref.@28#. Here, we take
advantage of the observation that the light particle multipl
try
.
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ties scale linearly with the excitation energy per nucleon
their emitters. Using this procedure, we find that the init
temperature of thea particle emitters produced in the mo
violent collision is equal to 6.560.5 MeV. The temperature
of the IMF emission sources were also evaluated from
IMF spectral slope temperatures in terms of the random w
in momentum space model@16#. The model calculation gives
an IMF emission source temperature of 6.0 MeV f
ZIMF.3.

The analysis of the events in which a heavy fragmen
detected at small forward angles suggests but does not p
that evaporation residues resulting from the decay of the
test composite systems were observed.

The dynamical aspects of the collisions between the p
jectile and target nuclei were investigated in terms of a
namical modelCHIMERA and asymptotic characteristics o
the reaction product were confronted with the hybridCHI-
MERA plusGEMINI codes. The output of theCHIMERA code at
the time instant when equilibration was achieved~120 fm/
c) has been taken as an input to theGEMINI simulations. A
comparison between the model calculations and the exp
mental data shows that the hybridCHIMERA-GEMINI code is a
good tool to simulate the violent collisions between hea
ions in the intermediate energy domain.
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