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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 irf®Ar+2°%Bi/ 1%7Au/*5°Tb/*%n reactions at 25 MeV/nucleon are used to extract the
mean time interval in cascade emission$ 6f intermediate mass and heavy mass fragmémisss number
greater than 20 It is shown that the mean time interval decreases from the characteristie 4i2@00—1000
fm/c for the Ar+Bi and Ar+Au reactions tor=750 fm/c for the Ar+Tb reaction and te=50 fm/c for the
Ar—+In 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 decf&a&ds6-28138)05006-1

PACS numbegps): 25.70.Gh, 25.70.Pq

[. INTRODUCTION nuclei has not been clearly discussed within those two mod-
els so far. A more realistic decay mode was suggested in

The decay of excited nuclei, formed in heavy ion fusionRefs.[9,13,19, that is, a cascade decay at low excitation
reactions at low energy, is dominated by light particle evapoenergy and a simultaneous decay at high excitation energy.
ration and/or fission. When the projectile energy increases up Recently, we have studied mass-symmetric ternary frag-
to the intermediate energy regid20—100 MeV/nucleonp  ment events and we have focused on the decay of a transition
highly excited nucleihot nuclej can be formed by incom- region from high excitation to low excitation energies. Evi-
plete fusion(ICF) reactions in asymmetric nuclear reaction dence that mass-symmetric ternary fragment events exist in
systems and the decay mechanism becomes more compliot nuclei decays in this excitation energy region has been
cated. The vanishing of the incomplete fusion peak for Ar-obtained. The relative angles and velocities of fission frag-
induced reactions at 44 MeV/nucleon from the folding anglements have been measured in the€+1%’Au reaction at
of binary fission[1] does not mean that highly excited com- 47.5 MeV/nucleon[22]. An excitation function of ternary
poundlike nuclei do not exist, but it infers the onset of a newfragment eventsthe ratios of ternary fragment events to bi-
decay mode that leads to the production of several large fragiary fission evenjshas been measured in thHéC+ 2°%Bi
ments. This decay mechanism is quite different from thereaction[23]; the excitation function has been successfully
standard evaporation and/or fission modes. Thus, the propereproduced by a statistical cascade model without any adjust-
ties and decay mechanisms of hot nuclei have become aable parameterg26]. The deformation potentials of ternary
important issue to be studied. fission by cascade, oblate, and prolate modes have been com-

It has been observed that nuclear systems at high excitpared[24,25; the most probable cascade fission mode has
tion energy decay via multiple emission of intermediate mas$een shown. Cascade emission has been confirmed in Ar
fragments(IMF’s, 3<Z<20) [2—8|. Recently, much atten- +Au/Bi/Tb reactions at 25 MeV/nucledi27,2§ in terms of
tion has been paid to derive the time scales involved ira kinematics analysid 3] for the ternary fragment event that
nuclear fragmentation. The studies on fragment-fragmenis dominated by Coulomb repulsive force among the exit
space-time correlation such as two-fragment angle correldragments. Finally, massive four-body events were observed
tion functions and two-fragment velocity correlation func- in Ar+Au/Bi/Tb reactions at 25 MeV/nucledr29].
tions have been applied to trace the decay evolution of hot In this paper, the two-fragment angle correlation functions
nuclei from a cascade process at low excitation energies to @ mass-symmetric ternary fragment events are used to ex-
simultaneous multifragmentation process at high excitatioriract the mean time interval in cascade emissions to directly
energied9—17]. However, the study of the multifragmenta- analyze the decay mechanisms of hot nuclei. The relation-
tion of hot nuclei(nuclear matter is kept as nuclei for a ship between angular correlation functions and emission time
period of time and reaches thermalized equilibriismmore intervals is discussed according to the calculation of Cou-
important. It is believed that such studies could help us tdomb trajectories. The mean time intervals are obtained for
enhance the understanding of fundamental properties of ngach reaction by comparing the calculated correlation func-
clei under extreme conditions. tions with the measured ones in the #Bi/Au/Tb/In reac-

The mechanism of multifragment emission is one of thetions at 25 MeV/nucleon. Our experimental analysis shows
key issues in the study of hot nuclei decay. The process dhat cascade decay dominates at an excitation energy of less
multifragment emission can be explained theoretically by @han 3 MeV/nucleon and the simultaneous multifragment
cascade mod¢ll8,19 or by a simultaneous multifragmenta- emission dominates at an excitation energy greater than 4.5
tion model[20,21]. However, within some reasonable range MeV/nucleon for the heavy hot nuclei. The correlation func-
of adjustable parameters, both of those two extreme theorid®ns show that the mean time interval decreases as the ex-
can reproduce experimental mass distributions and multipliceitation energy increases and/or the mass of hot nuclei de-
ity of the emitted particles. The essence of the decay of hotreases. The ternary fragment event comes from hot nuclei
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produced by central collisions and a space isotropy is shown (a) (b)
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 compli-
cated in intermediate energy reactions. A mixture of different
products coming from different mechanisms and/or from dif-
ferent emitters should be avoided. In order to study the reac-
tion mechanism, collision parameters for the entrance chan-
nel and the products from equilibrium or preequilibrium
systems should be separated from each other.

A series of experiments, using reactions induced*#Ar
bombarding on?%Bi/**"Au/t>°Tb/ N targets at 25 MeV/ AN
nucleon, was performed to study the transition characteristics j]’f/};(r(?;t“\\
of hot nuclei from cascade decay to simultaneous decay by @\X\'{%
mass-symmetric ternary fragment emission. The experiments = —
were carried out at a large cylindrical scattering chamber in
HIRFL in Lanzhou using a detection system consisting of FiG. 1. The calculated Daliz plot for a central collision
8-14 large area (2025 cnf) position sensitive parallel =2 fm) and(b) for a peripheral collisionlf=8 fm) using the Eu-
plate avalanche counte(BPAC’S with position resolution  gene code for thé°Ar+ **"Au (25 MeV/nucleon reaction are com-
of 4 mm (x andy) and time resolution of 0.3 ns. Six PPAC’s pared with the experimental plét) for the “°Ar+ 19Au (25 MeV/
were symmetrically set at the same polar angle (90° imucleon reaction and(d) for the *°Ar+2°Bi (25 MeV/nucleon
center-of-mass systerwith different azimuthal angles. With reaction.
this system, we could measure three sets of binary fission
and two sets of ternary fragment events. The other two tnenti
eight PPAC’s were located at different polar angles to exten ’
th? dgtectmg range from 45% 1o 150 and to increase th omentum distribution of fragments.
coincidence efficiency. This experimental setup can avoi T ifest hiahl ited lei h dth
measuring threefold fragment events in which the projectile- 0 maniest highly excited nuciel, we aveo measured the
like fragments(mainly deep-inelastically scattered partigles a-particle spectrgm at bagkward anglés 165.’ Wlt.h A.E
are followed by standard fission of targetlike fragments. T E surface barrier gold-silicon telescopes, in coincidence

The mass symmetry for ternary fragment events can pith the b_mary fission event. The linear momentum transfer
shown by Dalitz plots where a three-body event is repreﬂ-MT) ratios covereq the range of 0.2—-1.0, corresponding to
sented by a point inside a triangle. The three distances of th@ temperature ranging from 3 MeV to 5.4 MeV. The most
point to the sides of the triangle are proportional to the thredrobable LMT factor was close to 0.85, which corresponds
masses of the fragments. Dalitz plots were calculated usintp @ nuclear temperature of 4:4.5 MeV, in the “°Ar
an event generatdiEugene code[30] to simulate ternary +'°’Au reaction at 25 MeV/nucleof81].
fragment events with different collision parameters. The Dal- The ratio of the probability of ternary fragment event to
itz plots for central collisiongFig. 1(a)] are different from  binary fission increases with increasing excitation energy and
that for peripheral collision§Fig. 1(b)] in the 4°Ar+1%7Au  decreases with decreasing system mass. The measured values
reaction at 25 MeV/nucleon. The peripheral ternary fragmentvere 4.43% for theé?*Bi target, 1.79% for the*’Au target,
events mainly contain two large fission fragments from tar-0.65% for the ***Tb, and 0.095% for the'n target, all
getlike nuclei and one projectilelike fragment emitted for- bombarded by a 25 MeV/nucledfAr beam.
ward with mass number around 40. These events were lo- An angular distribution of fission direction of “ternary
cated near the midpoints of the sides of the triangle. Thdission” has been defined as the distribution of normal direc-
events, in which fragments were emitted from the highlytions of the exit plane of the three fragments. The experimen-
excited nuclei in a central collision, were plotted at the centetal distribution (histogram in Fig. 2 is compared with the
of the triangle. The measured ternary fragment events wergimulated one, filtered by the geometrical acceptance of the
selected and analyzed. The experimental data shown in Figletector, in which a space isotropic distribution was assumed
1(c) show that symmetric ternary fragment emission was(dot in Fig. 2. The agreement between experimental and
identified in the present experiment. simulated distributions shows that the orientation of the exit

To verify that the fragments are emitted from an equili- plane of three fragments is independent of the beam direc-
brated system, the isotropy of the fragments emitted wagon.
determined in their center-of-mass systems as

respectively. It has been shown in REZ7] that the
%xperimental distribution dR indicates an equilibrium of the

— E 2Ai|vii| ] Ill. CORRELATION FUNCTION
m A Vi FOR CASCADE EMISSIONS
HereA, is the deduced mass of fragmeénandV;, andV;, Using the Coulomb minimization procedurE3], we have

are the polar and radial components of the velocities of fragsuccessfully analyzed the cascade emissions of ternary frag-
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400 1 from the first splitting, and fragments F3 and F4, coming
] A o & 2095 from the second splitting of nuclei F1. The axes of each
300 9 - 1047 4-209B1 L ) .
3 splitting are randomly oriented in the center-of-mass system
200 4 of the hot nuclei and the masses of F2, F3, and F4 are deter-
3 '\, mined from the experimental mass distribution. The uncor-
100 3 related events could be generated by taking into account the

sl

Coulomb velocities and recoil effect. Events with a charac-
] teristic time interval were produced and the angles of the exit
300 3 DA 19740 fragments were obtained by tracking the trajectory, by as-

400 3

- suming that the kinetic energy at the scission point is zero
g 200 4 and the relative motion of the splitting fragments is decided
© oo 3 by the Coulomb repulsive force.

The kinematic trajectories of the emitted fragments were
400 analyzed, when the Coulomb action in the final state with a
E ©Ar419Th characteristic emission timer) was taken into account. At
300 1 the beginning of a decay process, the initial nuclear system
(at the first splitting was composed of three fragments with
experimental mass and with spherical shape. The three-ball
system had at least two touching points. The positions of the
fragments and their emission mode were simulated with a
Monte Carlo method. First, one fragment escaped and the
residual two balls were split at a time intertawheret was
Fission Direction (deg) given by a probability distributiofP(t) = (1/7)e"Y". The ki-
' nematics of fragment trajectories were calculated by solving
FIG. 2. The experimental angular distributions of the normalthe differential equation of motion including rotations.
line of the ternary fragment plar(@istogram are compared with a The essence of the angular correlation function is a devia-
simulated value, in which the space isotropic distribution of ternarytion of the fragment-emitting directions due to the mutual
fragment events is assumetiere the angle between normal line of Coulomb action. If the emitted three fragments are closer,
the ternary fragment plane and beam line is used. the deviations become larger. This correlation is related to
two factors: one is the relative position of emitted fragments
ment eventd28], but the time scale of emission was still that is determined by the free parameter of emission time and
unknown. To extract the time scale with angular correlationinitial position; the other is the mutual forces among the
techniques, one needs to reconstruct the experimental corrgplitting fragments that are determined by the mass and
lation function and to calculate the correlation functions forcharge of the fragments. The correlation function only de-
different emission time scales. pends on the masses of the initial nuclei, on the mass sym-
The relative angles of two fragments need to be reconmetry of the ternary fragment event, and on the time scale for
structed in the center-of-mass system of the ternary fragmemimission. It is independent of the excitation energy or the
event, the correlative spectrum is obtained by summing ugemperature of the hot nuclei that determine the probabilities
all pairs of fragments. The experimental distribution of theof mass-symmetric ternary fragment events.
relative angle should be peaked at 120°. In fact, the simu-
lated distributions show a peak at 120° for both the cascade IV. TRANSITION FROM CASCADE
ternary fragment events and simultaneous ones. This peak TO SIMULTANEOUS DECAY
was sharpgned by. th‘? e_xperlmental setup. An angular COIMe- The evolution of the emission mode can be understood by
lation function, which is independent of detector geometrical

accentance. was defined as the ratio of two distributions: studying the evolution of the correlation function with the
P ' " mean time interval in fragmentation emissions. In our case,

the time interval ranges from 0 fmto 2000 fmt where the
R(6;)= _YCO'( 0;j) , Ipnggr time is rela_ted to cascade.er_nission and the shorter
" Yineol 6ij) time is related to simultaneous emission. The calculated cor-
relation functions show that the method of measurement cor-
where 6;; is the relative angleY(6;;) is the measured relation functions is moderate when the measured mean time
normalized angular distributiofor simulated onewith a  interval is in the range from 0 fro/to 2000 fmk. For a time
characteristic time interval, andy,co(6;;) is the simulated interval longer than 2000 fro/ the multifragment events are
one for uncorrelated events, respectively. All the simulatedassociated with uncorrelated events. The events in which the
distributions were filtered by the geometrical acceptance ofnean time interval is less than 100 fenéxhibit a strong
the detectors. Coulomb interaction among fragments. In this situation, a
The uncorrelated events are supposed to be two succesimultaneous decay is thought to occur.
sive binary splittings, in which there is no interaction be- The simulated correlation functions are represented in
tween the fragments of the first and of the second splittingFigs. 3 to 6 by histograms in different frames with the mean
In other words, the time interval of two splittings is much time interval in cascade emissionsindicated in the frame.
longer than the time necessary for the first fragment to esThe experimental correlation functions are displayed as open
cape from the main Coulomb field of the residue part. Adots with an error bar. One can notice that the shapes of the
typical case is that of fragments, say, F1 and F2, comingorrelation functions are independent of théor both small

200 3
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FIG. 3. The measured angular correlation function of fragments*?ar+2°°Bi (open circles with error baris compared with a
simulated one with a different mean time interval in cascade emissions. The mean time intervals are indicated in each frame.

and large relative angles. A difference from Réf3] is due The cascade decay occurs naturally when the excitation
to different definitions of the correlation function. Using our energy cannot be totally taken away by one decay of the
experimental data, the shapes of correlation functiongxcited nucleus. If the mean time intervais longer than the
strongly depend on the in the angular range of 60°—-160°, time of deformation of normal binary fission, a cascade fis-
allowing the extraction of time information on the fragment- Sion mode occurs. The cascade fission can be treated with a
emission process. For shor(r<100 fm/c), we find a  Statistical model for hot nuclei at low temperat(is]. One
“positive” correlation. A Gauss-like distribution with a ¢an find that the probability of cascade fission increases, as
sharp peak at=0 fm/c is obtained. The distributions of  the fragment mass of the first splitting increases and the sur-
at 200—300 fm¢ tend to be flat. For large(7=500 fm/c), viving excitation energy of the fragment also increases.

a “negative” correlation is shown. The best measured rangd/n€n the temperature of hot nuclei increases, the width of
to extract 7 is therefore ther-sensitive range of 0—500 he mass Q|s'gr|but|on of .f'SS'On fragm.ents grows and the re-
fm/c sidual excitation energy increases. It is well known that a lot

he 40Ar-i llisi | ith of intermediate mass fragments are emitted from hot nuclei,
209:3”, the 'f‘sr(;;_ndi%led collisions at 25 MeV/nucleon with ,nq the |MF mass increases when the temperature increases.
i/=*"Au/">"Tb/*In targets, hot nuclei are assumed to be|t e take the heavy IMF emission as a first splitting and the

formed in central collisions. The two-fragment angle corre-gequential fission of residues as the second splitting, mass-

lation functions of mass-symmetric ternary fragment eventgymmetric cascade fission should take place.

H H ; 1000 . ..
show that the correlation functions give= 2000”150, fm/c The three possible modes for ternary fission are cascade

for the “°Ar+2°Bi reaction(Fig. 3), 7=1000"700°fm/c for  fission, oblate ternary fission, and prolate ternary fission.
the “%°Ar+1"Au reaction(Fig. 4), 7="750"333 fm/c for the  Their deformation potentials were calculated with suitable
40Ar+15°Th reaction (Fig. 5), and 7="50"30 fm/c for the  one-, two-, and three-axis deformations including Coulomb
4%Ar+119n reaction(Fig. 6). The large errors are resulting potential, surface energy, shell energy, and nuclear potential
from the fact that the correlation functions are not sensitivg25]. The simulated barrier of 150 MeVfor the 33'Cm

to this time scale in ArAu and Ar+Bi systems. As the nucleus, at a temperatufe=2 MeV) for the oblate mode is
mass of the target decreases, as the excitation energy of h@markably higher than that of the cascade mode and prolate
nuclei increases, and as the mass of hot nuclei decreasesrntode. However, the oblate mode is one of the open decay
the present case, the transition behavior for multifragmenthannels of hot nuclei because the excitation energy is higher
decay evolves from cascade splitting to simultaneous multithan the barrier.

fragmentation. As the excitation energy increases, the cascade emission
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FIG. 4. The angular correlation functions for theAr+ 1%7Au reaction(same as Fig.)3
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FIG. 5. The angular correlation functions for tA®%r + 5°Th reaction(same as Fig.)3
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FIG. 6. The angular correlation functions for th&r+1In reaction(same as Fig. )3

time reduces and the decay mode evolves from cascade def the large fragment. We have shown that the higher the
cay to simultaneous decay. When the time is less than theemperature of the excited nuclei, the shorter the mean time
deformation time of normal binary fission, a multiple-axis interval of the sequential splitting. With increasing excitation
deformation of hot nuclei takes place. Mass-symmetric terenergy and/or decreasing the mass of hot nuclei, the mean
nary fission is therefore suggested to take place in hot nucleiime interval decreases. When it decreases to a value of
200 fm/c or even smaller, the decay mode evolves to a si-
V. CONCLUSION multaneous decay.
_ ) It is suggested that mass-symmetric ternary fission is pro-
The mass-symmetric ternary fragment events, whictyyced by cascade fission at low temperature in hot nuclei.
come from hot nuclei with mas&=130-220, show a space \when the ternary fission evolves to simultaneous oblate ter-
isotropy orientation in the exit plane of ternary fragmentnayry fission andlor prolate ternary fission at high tempera-

events. The two-fragment angle correlgtion _functions of theyre, a multiple-axis deformation of hot nuclei is implied.
events are used to extract the mean time intervat de-

creases from 2000 to 1000 fm/for the “°Ar+20%Bi and
40Ar 4+ 197Au reactions, to 750 fnw for the “CAr+1°%Tb re-
action, and to 50 fm¢ for the “°Ar+9n reaction with
beam energy at 25 MeV/nucleon. This work is supported by the National Natural Science

When the excitation energy of excited nuclei is less tharFoundation of China under Grants No. 19505007, 19175053,
or equal to 3 MeV/nucleon, mass-symmetric ternary frag-19275054, and 19675053. The authors would like to express
ment events take place. Those events are mainly caused bypreciation to the staff of HIRFL at the Institute of Modern
an asymmetric splitting of hot nuclei followed by a splitting Physics for providing the good experimental conditions.
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