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Evolution of the decay of highly excited nuclei
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The two-fragment angle correlation functions of mass-symmetric ternary fragment events from highly ex-
cited nuclei produced in40Ar1209Bi/ 197Au/159Tb/115In reactions at 25 MeV/nucleon are used to extract the
mean time interval in cascade emissions (t) of intermediate mass and heavy mass fragments~mass number
greater than 20!. It is shown that the mean time interval decreases from the characteristic timet52000–1000
fm/c for the Ar1Bi and Ar1Au reactions tot5750 fm/c for the Ar1Tb reaction and tot550 fm/c for the
Ar1In reaction. The decay mode of hot nuclei evolves from cascade fission to simultaneous multifragmenta-
tion as the excitation energy increases and the mass of hot nuclei decreases.@S0556-2813~98!05006-7#

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

The decay of excited nuclei, formed in heavy ion fusi
reactions at low energy, is dominated by light particle eva
ration and/or fission. When the projectile energy increase
to the intermediate energy region~20–100 MeV/nucleon!,
highly excited nuclei~hot nuclei! can be formed by incom
plete fusion~ICF! reactions in asymmetric nuclear reactio
systems and the decay mechanism becomes more co
cated. The vanishing of the incomplete fusion peak for A
induced reactions at 44 MeV/nucleon from the folding an
of binary fission@1# does not mean that highly excited com
poundlike nuclei do not exist, but it infers the onset of a n
decay mode that leads to the production of several large f
ments. This decay mechanism is quite different from
standard evaporation and/or fission modes. Thus, the pro
ties and decay mechanisms of hot nuclei have become
important issue to be studied.

It has been observed that nuclear systems at high ex
tion energy decay via multiple emission of intermediate m
fragments~IMF’s, 3<Z<20) @2–8#. Recently, much atten
tion has been paid to derive the time scales involved
nuclear fragmentation. The studies on fragment-fragm
space-time correlation such as two-fragment angle corr
tion functions and two-fragment velocity correlation fun
tions have been applied to trace the decay evolution of
nuclei from a cascade process at low excitation energies
simultaneous multifragmentation process at high excita
energies@9–17#. However, the study of the multifragmenta
tion of hot nuclei ~nuclear matter is kept as nuclei for
period of time and reaches thermalized equilibrium! is more
important. It is believed that such studies could help us
enhance the understanding of fundamental properties of
clei under extreme conditions.

The mechanism of multifragment emission is one of
key issues in the study of hot nuclei decay. The proces
multifragment emission can be explained theoretically b
cascade model@18,19# or by a simultaneous multifragmenta
tion model@20,21#. However, within some reasonable ran
of adjustable parameters, both of those two extreme theo
can reproduce experimental mass distributions and multip
ity of the emitted particles. The essence of the decay of
570556-2813/98/57~6!/3178~7!/$15.00
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nuclei has not been clearly discussed within those two m
els so far. A more realistic decay mode was suggested
Refs. @9,13,15#, that is, a cascade decay at low excitati
energy and a simultaneous decay at high excitation ener

Recently, we have studied mass-symmetric ternary fr
ment events and we have focused on the decay of a trans
region from high excitation to low excitation energies. Ev
dence that mass-symmetric ternary fragment events exis
hot nuclei decays in this excitation energy region has b
obtained. The relative angles and velocities of fission fr
ments have been measured in the12C1197Au reaction at
47.5 MeV/nucleon@22#. An excitation function of ternary
fragment events~the ratios of ternary fragment events to b
nary fission events! has been measured in the12C1209Bi
reaction@23#; the excitation function has been successfu
reproduced by a statistical cascade model without any ad
able parameters@26#. The deformation potentials of ternar
fission by cascade, oblate, and prolate modes have been
pared@24,25#; the most probable cascade fission mode
been shown. Cascade emission has been confirmed in
1Au/Bi/Tb reactions at 25 MeV/nucleon@27,28# in terms of
a kinematics analysis@13# for the ternary fragment event tha
is dominated by Coulomb repulsive force among the e
fragments. Finally, massive four-body events were obser
in Ar1Au/Bi/Tb reactions at 25 MeV/nucleon@29#.

In this paper, the two-fragment angle correlation functio
of mass-symmetric ternary fragment events are used to
tract the mean time interval in cascade emissions to dire
analyze the decay mechanisms of hot nuclei. The relat
ship between angular correlation functions and emission t
intervals is discussed according to the calculation of C
lomb trajectories. The mean time intervals are obtained
each reaction by comparing the calculated correlation fu
tions with the measured ones in the Ar1Bi/Au/Tb/In reac-
tions at 25 MeV/nucleon. Our experimental analysis sho
that cascade decay dominates at an excitation energy of
than 3 MeV/nucleon and the simultaneous multifragm
emission dominates at an excitation energy greater than
MeV/nucleon for the heavy hot nuclei. The correlation fun
tions show that the mean time interval decreases as the
citation energy increases and/or the mass of hot nuclei
creases. The ternary fragment event comes from hot nu
3178 © 1998 The American Physical Society
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57 3179EVOLUTION OF THE DECAY OF HIGHLY EXCITED . . .
produced by central collisions and a space isotropy is sh
by orientation of the ternary fragment event plane.

II. SELECTION OF HOT NUCLEI FORMED
IN CENTRAL COLLISIONS

The exit channel identification of hot nuclei is comp
cated in intermediate energy reactions. A mixture of differ
products coming from different mechanisms and/or from d
ferent emitters should be avoided. In order to study the re
tion mechanism, collision parameters for the entrance ch
nel and the products from equilibrium or preequilibriu
systems should be separated from each other.

A series of experiments, using reactions induced by40Ar
bombarding on209Bi/ 197Au/159Tb/115In targets at 25 MeV/
nucleon, was performed to study the transition characteris
of hot nuclei from cascade decay to simultaneous decay
mass-symmetric ternary fragment emission. The experim
were carried out at a large cylindrical scattering chambe
HIRFL in Lanzhou using a detection system consisting
8–14 large area (20325 cm2) position sensitive paralle
plate avalanche counters~PPAC’s! with position resolution
of 4 mm (x andy) and time resolution of 0.3 ns. Six PPAC
were symmetrically set at the same polar angle (90°
center-of-mass system! with different azimuthal angles. With
this system, we could measure three sets of binary fis
and two sets of ternary fragment events. The other two
eight PPAC’s were located at different polar angles to ext
the detecting range from 45° to 150° and to increase
coincidence efficiency. This experimental setup can av
measuring threefold fragment events in which the project
like fragments~mainly deep-inelastically scattered particle!
are followed by standard fission of targetlike fragments.

The mass symmetry for ternary fragment events can
shown by Dalitz plots where a three-body event is rep
sented by a point inside a triangle. The three distances o
point to the sides of the triangle are proportional to the th
masses of the fragments. Dalitz plots were calculated u
an event generator~Eugene code! @30# to simulate ternary
fragment events with different collision parameters. The D
itz plots for central collisions@Fig. 1~a!# are different from
that for peripheral collisions@Fig. 1~b!# in the 40Ar1197Au
reaction at 25 MeV/nucleon. The peripheral ternary fragm
events mainly contain two large fission fragments from t
getlike nuclei and one projectilelike fragment emitted fo
ward with mass number around 40. These events were
cated near the midpoints of the sides of the triangle. T
events, in which fragments were emitted from the high
excited nuclei in a central collision, were plotted at the cen
of the triangle. The measured ternary fragment events w
selected and analyzed. The experimental data shown in
1~c! show that symmetric ternary fragment emission w
identified in the present experiment.

To verify that the fragments are emitted from an equ
brated system, the isotropy of the fragments emitted w
determined in their center-of-mass systems as

R5
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SAi uVi'u
SAi uVi //u

.

HereAi is the deduced mass of fragmenti , andVi' andVi //
are the polar and radial components of the velocities of fr
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ment i , respectively. It has been shown in Ref.@27# that the
experimental distribution ofR indicates an equilibrium of the
momentum distribution of fragments.

To manifest highly excited nuclei, we have measured
a-particle spectrum at backward anglesu5165°, with DE
1E surface barrier gold-silicon telescopes, in coinciden
with the binary fission event. The linear momentum trans
~LMT ! ratios covered the range of 0.2–1.0, corresponding
a temperature ranging from 3 MeV to 5.4 MeV. The mo
probable LMT factor was close to 0.85, which correspon
to a nuclear temperature of 4.460.5 MeV, in the 40Ar
1197Au reaction at 25 MeV/nucleon@31#.

The ratio of the probability of ternary fragment event
binary fission increases with increasing excitation energy
decreases with decreasing system mass. The measured v
were 4.43% for the209Bi target, 1.79% for the197Au target,
0.65% for the 159Tb, and 0.095% for the115In target, all
bombarded by a 25 MeV/nucleon40Ar beam.

An angular distribution of fission direction of ‘‘ternar
fission’’ has been defined as the distribution of normal dir
tions of the exit plane of the three fragments. The experim
tal distribution ~histogram in Fig. 2! is compared with the
simulated one, filtered by the geometrical acceptance of
detector, in which a space isotropic distribution was assum
~dot in Fig. 2!. The agreement between experimental a
simulated distributions shows that the orientation of the e
plane of three fragments is independent of the beam di
tion.

III. CORRELATION FUNCTION
FOR CASCADE EMISSIONS

Using the Coulomb minimization procedure@13#, we have
successfully analyzed the cascade emissions of ternary

FIG. 1. The calculated Daliz plots~a! for a central collision (b
52 fm) and~b! for a peripheral collision (b58 fm) using the Eu-
gene code for the40Ar1197Au ~25 MeV/nucleon! reaction are com-
pared with the experimental plot~c! for the 40Ar1197Au ~25 MeV/
nucleon! reaction and~d! for the 40Ar1209Bi ~25 MeV/nucleon!
reaction.
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3180 57H.-Y. WU et al.
ment events@28#, but the time scale of emission was st
unknown. To extract the time scale with angular correlat
techniques, one needs to reconstruct the experimental c
lation function and to calculate the correlation functions
different emission time scales.

The relative angles of two fragments need to be rec
structed in the center-of-mass system of the ternary fragm
event, the correlative spectrum is obtained by summing
all pairs of fragments. The experimental distribution of t
relative angle should be peaked at 120°. In fact, the sim
lated distributions show a peak at 120° for both the casc
ternary fragment events and simultaneous ones. This p
was sharpened by the experimental setup. An angular co
lation function, which is independent of detector geometri
acceptance, was defined as the ratio of two distributions

R~u i j !5
Ycor~u i j !

Yuncor~u i j !
,

where u i j is the relative angle,Ycor(u i j ) is the measured
normalized angular distribution~or simulated one! with a
characteristic time interval, andYuncor(u i j ) is the simulated
one for uncorrelated events, respectively. All the simula
distributions were filtered by the geometrical acceptance
the detectors.

The uncorrelated events are supposed to be two suc
sive binary splittings, in which there is no interaction b
tween the fragments of the first and of the second splitti
In other words, the time interval of two splittings is muc
longer than the time necessary for the first fragment to
cape from the main Coulomb field of the residue part.
typical case is that of fragments, say, F1 and F2, com

FIG. 2. The experimental angular distributions of the norm
line of the ternary fragment plane~histogram! are compared with a
simulated value, in which the space isotropic distribution of tern
fragment events is assumed.~Here the angle between normal line
the ternary fragment plane and beam line is used.!
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from the first splitting, and fragments F3 and F4, comi
from the second splitting of nuclei F1. The axes of ea
splitting are randomly oriented in the center-of-mass sys
of the hot nuclei and the masses of F2, F3, and F4 are de
mined from the experimental mass distribution. The unc
related events could be generated by taking into account
Coulomb velocities and recoil effect. Events with a chara
teristic time interval were produced and the angles of the
fragments were obtained by tracking the trajectory, by
suming that the kinetic energy at the scission point is z
and the relative motion of the splitting fragments is decid
by the Coulomb repulsive force.

The kinematic trajectories of the emitted fragments w
analyzed, when the Coulomb action in the final state wit
characteristic emission time (t) was taken into account. A
the beginning of a decay process, the initial nuclear sys
~at the first splitting! was composed of three fragments wi
experimental mass and with spherical shape. The three
system had at least two touching points. The positions of
fragments and their emission mode were simulated wit
Monte Carlo method. First, one fragment escaped and
residual two balls were split at a time intervalt, wheret was
given by a probability distributionP(t)5(1/t)e2t/t. The ki-
nematics of fragment trajectories were calculated by solv
the differential equation of motion including rotations.

The essence of the angular correlation function is a de
tion of the fragment-emitting directions due to the mutu
Coulomb action. If the emitted three fragments are clos
the deviations become larger. This correlation is related
two factors: one is the relative position of emitted fragme
that is determined by the free parameter of emission time
initial position; the other is the mutual forces among t
splitting fragments that are determined by the mass
charge of the fragments. The correlation function only d
pends on the masses of the initial nuclei, on the mass s
metry of the ternary fragment event, and on the time scale
emission. It is independent of the excitation energy or
temperature of the hot nuclei that determine the probabili
of mass-symmetric ternary fragment events.

IV. TRANSITION FROM CASCADE
TO SIMULTANEOUS DECAY

The evolution of the emission mode can be understood
studying the evolution of the correlation function with th
mean time interval in fragmentation emissions. In our ca
the time interval ranges from 0 fm/c to 2000 fm/c where the
longer time is related to cascade emission and the sho
time is related to simultaneous emission. The calculated
relation functions show that the method of measurement
relation functions is moderate when the measured mean
interval is in the range from 0 fm/c to 2000 fm/c. For a time
interval longer than 2000 fm/c, the multifragment events ar
associated with uncorrelated events. The events in which
mean time interval is less than 100 fm/c exhibit a strong
Coulomb interaction among fragments. In this situation
simultaneous decay is thought to occur.

The simulated correlation functions are represented
Figs. 3 to 6 by histograms in different frames with the me
time interval in cascade emissions,t indicated in the frame.
The experimental correlation functions are displayed as o
dots with an error bar. One can notice that the shapes of
correlation functions are independent of thet for both small

l

y
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FIG. 3. The measured angular correlation function of fragments for40Ar1209Bi ~open circles with error bar! is compared with a
simulated one with a different mean time interval in cascade emissions. The mean time intervals are indicated in each frame.
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and large relative angles. A difference from Ref.@13# is due
to different definitions of the correlation function. Using o
experimental data, the shapes of correlation functi
strongly depend on thet in the angular range of 60° –160°
allowing the extraction of time information on the fragmen
emission process. For shortt(t<100 fm/c), we find a
‘‘positive’’ correlation. A Gauss-like distribution with a
sharp peak att50 fm/c is obtained. The distributions oft
at 200– 300 fm/c tend to be flat. For larget(t>500 fm/c),
a ‘‘negative’’ correlation is shown. The best measured ran
to extract t is therefore thet-sensitive range of 0 – 500
fm/c.

In the 40Ar-induced collisions at 25 MeV/nucleon wit
209Bi/ 197Au/159Tb/115In targets, hot nuclei are assumed to
formed in central collisions. The two-fragment angle cor
lation functions of mass-symmetric ternary fragment eve
show that the correlation functions givet5200021000

11000 fm/c
for the 40Ar1209Bi reaction~Fig. 3!, t510002700

11000 fm/c for
the 40Ar1197Au reaction~Fig. 4!, t57502200

1200 fm/c for the
40Ar1159Tb reaction ~Fig. 5!, and t550220

130 fm/c for the
40Ar1115In reaction~Fig. 6!. The large errors are resultin
from the fact that the correlation functions are not sensit
to this time scale in Ar1Au and Ar1Bi systems. As the
mass of the target decreases, as the excitation energy o
nuclei increases, and as the mass of hot nuclei decreas
the present case, the transition behavior for multifragm
decay evolves from cascade splitting to simultaneous m
fragmentation.
s

e

-
ts

e

hot
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The cascade decay occurs naturally when the excita
energy cannot be totally taken away by one decay of
excited nucleus. If the mean time intervalt is longer than the
time of deformation of normal binary fission, a cascade
sion mode occurs. The cascade fission can be treated w
statistical model for hot nuclei at low temperature@26#. One
can find that the probability of cascade fission increases
the fragment mass of the first splitting increases and the
viving excitation energy of the fragment also increas
When the temperature of hot nuclei increases, the width
the mass distribution of fission fragments grows and the
sidual excitation energy increases. It is well known that a
of intermediate mass fragments are emitted from hot nuc
and the IMF mass increases when the temperature incre
If we take the heavy IMF emission as a first splitting and t
sequential fission of residues as the second splitting, m
symmetric cascade fission should take place.

The three possible modes for ternary fission are casc
fission, oblate ternary fission, and prolate ternary fissi
Their deformation potentials were calculated with suita
one-, two-, and three-axis deformations including Coulo
potential, surface energy, shell energy, and nuclear pote
@25#. The simulated barrier of 150 MeV~for the 96

234Cm
nucleus, at a temperatureT52 MeV) for the oblate mode is
remarkably higher than that of the cascade mode and pro
mode. However, the oblate mode is one of the open de
channels of hot nuclei because the excitation energy is hig
than the barrier.

As the excitation energy increases, the cascade emis
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FIG. 4. The angular correlation functions for the40Ar1197Au reaction~same as Fig. 3!.

FIG. 5. The angular correlation functions for the40Ar1159Tb reaction~same as Fig. 3!.
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FIG. 6. The angular correlation functions for the40Ar1115In reaction~same as Fig. 3!.
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time reduces and the decay mode evolves from cascade
cay to simultaneous decay. When the time is less than
deformation time of normal binary fission, a multiple-ax
deformation of hot nuclei takes place. Mass-symmetric
nary fission is therefore suggested to take place in hot nu

V. CONCLUSION

The mass-symmetric ternary fragment events, wh
come from hot nuclei with massA5130–220, show a spac
isotropy orientation in the exit plane of ternary fragme
events. The two-fragment angle correlation functions of
events are used to extract the mean time intervalt. t de-
creases from 2000 to 1000 fm/c for the 40Ar1209Bi and
40Ar1197Au reactions, to 750 fm/c for the 40Ar1159Tb re-
action, and to 50 fm/c for the 40Ar1115In reaction with
beam energy at 25 MeV/nucleon.

When the excitation energy of excited nuclei is less th
or equal to 3 MeV/nucleon, mass-symmetric ternary fra
ment events take place. Those events are mainly cause
an asymmetric splitting of hot nuclei followed by a splittin
de-
he

r-
ei.

h

t
e

n
-
by

of the large fragment. We have shown that the higher
temperature of the excited nuclei, the shorter the mean t
interval of the sequential splitting. With increasing excitati
energy and/or decreasing the mass of hot nuclei, the m
time interval decreases. When it decreases to a value
200 fm/c or even smaller, the decay mode evolves to a
multaneous decay.

It is suggested that mass-symmetric ternary fission is p
duced by cascade fission at low temperature in hot nuc
When the ternary fission evolves to simultaneous oblate
nary fission and/or prolate ternary fission at high tempe
ture, a multiple-axis deformation of hot nuclei is implied.
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