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ABSTRACT

Selected aspects of nuclear reactions between heavy ions involving two-and three-body
exit channels of comparable masses are reviewed. Correlation between energy dissipa-
f1on and nucleon exchange in the case of deep inelastic colhisions (DIC) involving two-body
decay 1s discussed. Recent experimental results on fusion-fission and the three-body
decay involving sequential fission of heavy and superheavy nuclei populated in DIC are
presented. Finally, the possibility of a fast sequential splitting of an intermediate nucleus
(fast fission) induced by the DIC process is discussed in the light of some recent results.

INTRODUCTION

ITH the availability of accelerators

capable of accelerating a wide species of
heavy lons of masses extending over the whole
periodic table and a broad range of energies, it is
now possible to study phenomena associated
with the nucleus-nucleus collisions under differ-
ent conditions. In the earlier studies of nuclear
reactions with light projectiles like p, d and 4 He,
the dominant reaction mechanism could be
categorized ejther as a “compound nucleus”
reaction or a “direct reaction”. It is now seen that
reactions induced by heavy ionsexhibit also such
characteristics which bridge the above two
extreme situations, This bridging process has
been given various names in the literature!:
“Strongly damped collisions™, “relaxation phe-
nomena”™ or “the deep-inelastic collisions
(D1C)™ The DIC process involves conversion of
a large fraction of the kinetic energy of the collid-
Ing nuclei into excitation energy with the simul-
taneous transfer of a significant orbital angular
momentum into  the fragment
exchange of a number of nucleons, although
these collisions involve a very shart contact time
of about 102! gec. The ultimate result of the
microscopic processes taking place during a
nuclear cncounter depends on the impact
parameter or the -wave involved and the initial

spins and.

collision energy and is governed by rate of energy
and angular momentum dissipation conve-
niently parametrized by a radial and a tangential
friction coefficient, rate of nucleon exchange
parametrized by diffusion and drift coefficients,
and finally Coulomb and nucleus-nucleus poten-
tials between the colliding nuclei. These pro-
cesses can be understood to a good degree onthe
basis of classical trajectory calculations?, which
show that trajectones for /~waves upto a critical
value, /crcan get trapped in the pocket exhibited
by the total nucleus-nucleus potential, resulting
in the fuston of the two nuclei. Only 1if such a
“complete fusion” intermediate system decays
after achieving equilibration in all the degrees of
freedom, the intermcediate state can be termed as
a compound nucleus state. On the other hand,
for cases where no trappingisinvolved, the result
ts the DIC process in which the two nuclet sepa-
rate out promptly, after exchanging nucleons
and dissipating energy which are expected to be
quantitatively correlated with the contact time,

Thus, as shown 1n figure 1, the compound
nucleus formation, the DIC process, and direct
reactions involving a few nucleon transfer result
from different regions of the ~waves. Although,
both the DIC process and fission following
fusion (or compound nucleus formation) result
in a binary fragment split in the exit channel,
these two proceses are distinguishable on the
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figure 1. Decomposition of the total reaction cross-
section into the cross-section @ fordirect reactions,

O i for deep inelastic collisions,and ¢ forcom-
plete fusion. The expected shapes ob fragment mass,
kinetic energy and angular distributions for the deep
inelastic collisions, and fusion-fission are also schem-
atically shown.

basis of different mass, angle and kinetic energy
distribution of the fission fragments for the two
processes, as schematically shown in figure 1. In
most cases where fission following complete
fusion can be clearly distinguished from the DIC
events, the study of fusion-fission can provide
characteristics of fission of nuclei rotating with
unusually high spins3. Sequential fission of the
intermediate nuclei formed in DIC leading to
three-body exit channe] provides a way to study
angular momentum transfer in DIC, and to
study fission of superheavy nuclei* which may be
temporarily populated in the DIC process. Study
of fission following DIC is also an 1deal process to
search for fast fission phenomenon, as the exist-
ence of fast fission can be sensed by the presence
of the proximity effects of the non-fissioning
third fragment.

CORRELATION BETWEEN ENERGY
DISSIPATION AND CHARGE OR MASS
DISTRIBUTIONS IN DIC

Experimentally well established correlation’-7
between the dissipated energy and the variance
of the fragment charge or mass distribution in
the DIC process has lent crucial support to the

assumption that the nucleon exchange mecha-
nism 1s an important source of energy loss in
these reactions’s’, In these studies, the observed
correlations between the fragment charge or
mass distributions and the energy loss have been
compared with the predictions of the one-body
transport model’ to infer if the observed energy
loss can be accounted primarily by the nucleon
exchange process. It is now recognised that the
Fermion nature of the exchanged particles and
the associlated Pauli blocking effect should be
included in a theoretical description of the corre-
lation between energy dissipation and mass dis-
persion. While companng the data on the
measured variance,oz2 , of the fragment charge
distributions, versus the energy loss, E Loss, with
the model predictions®, due consideration is
made for the degree of neutron-proton correla-
tions in the exchange process which determines?
the value of the parameter x 1n the
transformation

o, =(..'_4..) ' o
Z
where ¢4 2isthe variance of the fragment mass
distributions. For uncorrelated neutron-proton
motion, x =1, while for a fully correlated
motion x = 2. Thus in these studies, a quantita-
tive comparison of thedata on &,2 (Eloss) with
the model involved the parameter x, which intro-
duced some ambiguity regarding the extent to
which nucleon exchange process could account
for the energy loss. We have recently pointed out
that in order to deduce the contribution of the
nucleon exchange process to the energy loss, it is
important that the effect of correlations is consi-
dered not only in deducing the total number of
exchanges N from ¢.% but also on the trans-
port model results in a mutually consistent way.
In this earlier work 9, the transport model des-
cription was modified to include in the model,
the effect of iso-spin correlations in the particle
exchanges and it was found that the comparison
of ¢,? (ELoss), data with this modified model
was nearly independent of the knowledge of the
degree of iso-spin correlations. This phenomeno-
logical approach thus provided a rather unam-
biguous way to determine the contribution of the
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particle exchange mechanism to the energy loss.

In a phenomenological approximation based
on the transport model for tangential relative
velocity, the mass dispersion and the Kkinetic
energy £, are related as

4
1 ! 1/ m 2
E = = E 2( T Er ) T (1)

where Ej is the inttial collision energy; m is the
nucloen mass, g is the reduced mass of the
system, £, is the Fermi energy and E 1s the
kinetic energy in relative motion during colli-
sions above the Coulomb barrier V¢ given by
E=E.,, —Vd{R ) ~EvLos. lf one considers
the effects of neutron-proton correlations in
deducing ¢ ,2? from ¢ .2, but not on the trans-
port model results, one obtains following
relationship:

)
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Figure 2. A plot of cxperimental data on £ versus
o 2 for three different bombarding energies of ' Xe
on 2 Bi. The solid and dashed curves are the predic-
tions of Eq. (2) for X =l and 2.
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Thus, if one plots E” versus .2 one gets a
straight line, the slope being given on the basis of
Eq. (2). Figure 2 shows the resufts of analysis of
the datas:"+!2 for the system 136 Xe + 20°B1 at the
three bombarding energies of 940 Mev,
1130 Mev and 1422 Mev. It is seen from figure 2
that the data follow the slope reasonably well for
x = 1. The valug of EF‘ the only parameter enter-
ing into the formulation, wastaken to be 37 Mev.
A serious disagreement with the data results if x
is assumed to be 2. However, studies!3s'¢ in
which both charge and mass distributions have
been measured, show that at the energy losses
involved, the neutron-proton motion is expected
to be correlated. This descrepancy is resolved by
including the effect of correlations also in the
transport model in a manner which is consistent
with the assumption of x in the transformation of
¢ ,2to a2 Itisthenseenthat nearly independ-
ent of the assumption of neutron-protoncorrela-
tion, the following relationship holds:

1
1 .4 ] t [ A
£5 = b = E(%EF) <"‘) o)

However, the relationship between E"and o 4 ?
depends on the neutron-proton correlations and

is given approximately by

Y/ x-1
1 | < b
o~ EO-_T( {E"EF> (\A ) O"Jz,(‘d')

Thus, the good fit to the data obtained in figure |
with x =1 imply that the encrgy loss at all the
bombarding energies can be accounted reason-
ably well primarily by the nucleon exchange
mechanism without much ambiguity arsing
from the absence of the knowledge of ncutron-
proton correlations. On the other hand, compar-
ison of Eq. |1 and Eq. 4 shows that the basic
theoretical relationships between E”versus o4 2
are different for uncorrelated and correlated
motion. Figure 3 shows comparison of ‘experi-
mental® ¢ , 2 versus £%for the system 86 Kr /66 Er
with the model wherein good f{it to the data is
obtaincd only for fully correlated iso-spin
exchanges (x= 2) for which there 1s also
evidence from direct measurements of -2 and
oA for this reaction. Thus, in conclusion,
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experimental data on 6z 2 (E|.,) and ¢, 2
(L, ..} Tor most of the systems studied can be
satis{actorily explained by the nucleon exchange
mechanism based on the Fermi gas model des-
cription of nuclei.

HEAVY-ION FUSION ACCOMPANIED BY
FISSION

While, the formation, of a “complete-fusion”
system during nucleus-nucleus colliston 1s char-
acterized by the parameter /,, the intermediate
rotating nucleus i1s predicted by the rotating
liquid drop model’ (RLDM}) to have a non-zero
fission barner only for 1 { /,. Thus the forma-
tion of a “complete {usion” systemn is accompa-
nied by any of the following two situations:

(i) I, D1, (i) I, {le.

Case [. ,f >I“.

In this regime, characterized by the presence of
fission barrier for all the partial waves leading to
fusion, the fusion complex is expected to decay
via truly equilibrated compound nucleus system.
In this regime, analysis of the fragment angular
distributions can provide information on the
effective moment of inertia Jefr (hence, nuclear
shape) at the rotating saddle point, on the basis
of the statistical theory!s. Such analysis!é earlier
carried out for alpha induced fusion reactions led
to values of J., in agreement with the saddle
shapes predicted by the liquid drop model. If one
uses the predictions of RLDM for estimating
Jeti, it 1s then possible to indirectly infer the
values of [er, and hence the complete fusion
cross-section through the relation

Try=m A (1 41)2

where A is the De Broglie wave length corres-
ponding to the collision energy. This provides a
different approach to the determination of
heavy-ion fusion cross-section by measuring
fragment angular distributions alone, without
going to more difficult absolute measurements of
the fission and evaporation residue cross-
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Figure 3. Plot of Ef as a function of the observed
a A for the system 8 Kr 4 16 Er, The full lines refers
to the theoretical prediction for the case of uncorre-
lated neutron-proton transfer, and the dashed line
results if the theory is modified to include correlated
motion.

sections. The published data!” on fission frag-
ment angular distributions 1n fisston of 97Au
and 2Bi by B, C, N and O ions in the bombard-
ing energy range of 60 Mev to 120 Mev were analysed 18
by us taking into consideration the problem of mulu-
ple chance fission and the fusion cross-sections
were indirectly deduced. The value of Jer versus
energy were also determined by trajectory calcu-
lations on the basis of the proximity potential!9,
and 1t was seen that satisfactory fits to the data
can be achieved only with the incluston of one-
body friction®.

The avove method to deduce 75 1s suitable if
one Is dealing with a composite system character-
1zed by the fissility paramater X, and rotation
parameter Y for which saddle shapes could be
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extrapolated without much uncertainty, from
those measured by alpha induced fission. In
several other cases explonng unknown regions,
it would be of greater interest to analyse the data
to determine rotating saddle point shapes, by
using either calculated or measured (through
¢ suion) Values of [,. Recent theoretical
calculations?! suggest that in some cases the
height and shape of the fission barner of a rotat-
ing nucleus can get considerably modified due to
the inclusion of the nuclear shell effects. Further
studies on the fragment angular distributions in
the heavy-ion induced reactions can provide a
test to these models provided the excitation ener-
gies are chosen such that the shell effects are not
wiped out?2,

Case 2: !f Il-,-

In a number of heavy 10n induced reactions
induced by heavier projectiles such as 2#Mg,
WVAr, ¥Cl, 8Kr at Ecy of a few hundred MeV
forming fusion systems with more than, say 150
particles, it has been observed that the cross-
section for symmetric splitting into the two frag-
ments is greater than that expected for / waves
upto /. Thus it appears that the band of Fwaves (/; < ]
< lec) for which By = 0, also leads to reactions with
symmetric sphtting characterizing complete energy.
mass and charge relaxation clearly separated

from the DIC mass distributions. Thus, in these
cases, the experimental situation 1s that the sys-

tem has lived a rather long life to achieve mass
equilibration, although the theoretical expecta-
tion for a nucleus with B,= 0, isitsfastdecay via
fission mode. A distinguishing experimental fea-
ture of the fission of nuclel with B,y =0 is the
observation of an increase in the width of frag-
ment mass distributions?3, as compared ta that
for the case of finite By This feature is seen
whether B, ~0 is achieved by moving over to the
superheavy region on a single system or by vary-
ing?4 the bombarding energy to populate waves
above /.

Mechanism of the fisston like process for 8,0
can also be probed by studying fragment angular

distributions which, as mentioned earlier can be
analysed to determine the saddle point shapes.

Angular distribution measurcments for very
heavy nucle:r Z =109 and large angiular momen-
tum were first measured?? in the study of sequen-
tial fission of the heavy products produced in
D1C, where the deduced values of K7 were seen
to be in serious disagreement with the values
expected for a spherical saddle shape.: Similar
results have been recently reported 2 for the case
of fusion-fission by bombarding S on
232Th, 2% U and 2¥Cm where again on¢ is dealing
with nuclei having B, =0. Explanations tor this
which have been forwarded in the past are based
on the assumption that the system does not go
through its saddle shape before tissioning. How-
ever, the observed angular distnbutions can also
be understood if we take 1nto account the fact
that the expected saddle shape for a rotating
nucleus is oblate and not spherical.

FISSION FOLLOWING DIC PROCESS

Considerable kinetic energy damping and
angular momentum transfer during the DIC pro-
cess may result tn one or both ot the fragments
having sufficient excitation and spin to undergo
subsequent fission. The great interest in the study
of fission, following DIC stems from the fact that
from such studies one can (1) investigateangular
momentum transfer in DIC, (11} study fission of
superheavy nuclei transiently populated through
the reaction mechanism of DIC, (i11) search for
“fast™ fisston through the strong Coulomb and
nuclear forces exerted by the heavy reaction
partner.,

Fission of equilibrated nucleus following DIC

A study of sequential fission following DIC
has been undertaken by several groups, Using
the heavy ion accelerator UNILAC at GSI
Darmstadt, Specht and Co-workers3:2¢ have
been investigating fission following DIC with
experimental techniques in which phase space of
two and three (also sometimes four) hody pro-
ducts are completely determined. The results of
such measurements have been reported?? lor
7.5MeV /u beams of 2%Ph and 2¥ U on various
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targets. In all of these studies. the observed three
hody events were consistent with the sequential
linston tollowing the DIC process, as the mea-
surcd relative velocity of the two fission frag-
ments was tound to be independent of the
vanabie paramcters of DIC, and the centre of
mass fragment kinetic energies deduced were in
agrcement with the fission systematics 2,

I'he results on the fragment kinetic energics,

out of plane fragment angular distributions and

fragment mass distnbutions in the sequentialfis
sion of projectile hke nuclet in the reaction of
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Figure 4. (a) Avcrage fragment total kinetic energy
compared with viola systematics; (b) FWHM of the
out-of-plane fisston fragment angular distributions;
(c¢) average oriented spins 1 compared to sticking-
model dependence (the K values used are also
shown); {d) extrapolated oriented spins and deduced
effective values for Ko, compared to the LDM predic-
tions; (e) width of the fragment mass distributions,
defined asrms of A,/ A, + A,. All quantities are plot-
ted vs the atomic number ef the fissioning nucleus
(taken from ref. 23).
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7.5 Mev/ nucleon ¥ U, on several targets from
¥N110 % Cm are shown in figure 4, as obtained
in a series of measurements by Glassel er /23, It 1s
interesting to note that the DIC process in the
reactions of 2% U on 22U and 2#Cm, can popu-
late intermediate nuclei all the way upto Z ~116
of the superheavy region. Assuming that the
equilibrated A/ Z of these nuclet is same as that
of the composite system, one would expect sig-
nificant population of intermediate nuclet
around the predicted* doubly magic(Z = 14 and
N= 184)superheavy nuclei in these reactions.
Although these do not survive fission due to the
presence of considerable angular miomentum
which reduces the barrier and excitation energy
which wipes out the shell effect 22, these reactions
do provide a way to study fission characteristics
of the super-heavy nuclei. It is seen that in the
fisston of these hot nuclel. the Viola systematics?®
of the fragment kinetic energies hold all the way
upto Z =116. However, as was mentioned
earlier, the fragment mass distributions become
increasingly broader as one moves into the
superheavy region. For nuclei with Z.< 100, the
analysis of the out-of-plane fragment angular
distribution gives the transferred average
oriented spins of the fragments which are in
agreement with the expectations of the “sticking’
model dependence!. In this analysis the values of
K, were those estimated with the values of J
given by the RLDM. Thesituationfor Z &1101s
guite different. In this region characterized by
B, =0, if the saddle shape is regarded as spheri-
cal (J ,, = 0) the angular distributions should
be isotroptc which is contrary to the observation.
The angular distributions for Z »108 are found
to be as anisotropic as those for Z <108. Two
alternatives have been put forward earlier?’ to
explain the above behaviour: (1) anequilibrated
saddle is reached before fission, but the quantum
number K may not be conserved {rom saddle to
scission such that the system drifts towards
fower K, (i1) the system formed beyond 1ts sad-
dle point starts descending towards scission
before reaching an equilibrated saddle and the
angular distributions may be determined by the
shape of an intermediate configuration. How-
ever, the anisotropic fragment angular distribu-
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tions can also arise in the framework of an
equilibrated saddle and without going to K-
nonconservation {from the consideration that the
shape of this equilibrated saddie for rotating
nuclei with 8,20, is an oblate and not spherical.

Proximity effects as direct clock for measuring
first scission 10 second scission time

The question of fast fisston has usually been
considered in the context of fusion-fission, where
the tntermediate fusion system may ve {formed
with sufficient angular momentum so that 8,2
and fission decay may procced on a fast time
scale. For fusion-fission case, there is no direct
experimental probe for timing the dynamics of
the reaction. But in the case of fast fission
induced in a DIC product, the strong proximity
effects expected between the fission pairand the
non-{issioning third particles can provide a
direct clock for measuring the time of scisston of
the intermediate system as measured from the
rera time of (irot sctssian of the DIC process.

Recently, the existence of projectile splitting
(fission) was suggested on the basis of tnclusive
datad? for the 12.4 MeV/U ¥ Kr on "“Zr and
16 Er, First experimental evidence for strong
proximity effects between the f1ssion pair and the
non-fissioning third particle were later found by
carrying out kinematically complete experi-
ments on the two-and three bodyexit channels in
[2.4 MeV/U #Kr on 99Zr and % Er, and (2.5
MeV /U 122 Xe on 1228n. These experiments were
performed at the GSI heavy-ion accelerator
employing position-sensitive paraliel platc
avlanche counter which enabled complete deter-
mination of the phase space available to two-and
three-body events. The three body cvents were
found to arise predomtnantly from a two step
reaction, with large energy losses in the first step
leading to fission in the second. For large encrgy
losses, the probability of ternary events is found
to be 109 of the binary. This is abnormally a
large fission probability of the intermediate
nuclet with mass ~ 125, as compared to the stu-
tistical model predictions even with the assump-
tion of extreme {unrealistic) parameters: spins of

125 MeV/y '8Xe + 102G,

-8C 60 -¢0 -20 © 20 (O §0 80
AZIMUTHAL ANGLE ©¢*-toeg)

Figure 5. Average relative velocity <120 =}, -
V2D of fragmentpair (1, 2) vsthe azimuthel angle

The data are integrated overall polar angles, but
represent a selection in TKE (350-450 Mev),
my; (110-130) and 0 n(10-40°). The dashed line i3

the ¢ averaged value of. <V12> (ref. 31)

60-70 fi and the liquid drop model barrier
reduced to 80%. In the final three-body state of
the Xe-Sn reaction. strong proximity cffects
were vbserved, which established a scission-to
scission time of 1 x 10-21 S, These proximity effects
can be seen from figure 3, where the average relative
velocity < V,h > = hvy— v,|>  of forward
going fragment pair (1.2) 1s plotted versus the
orientation of the fission axis relative to c.an
velocity dircction of the third particle. {Here,
¢ = 0 describes an asymptotically collinears final
state, and positive angles are towards the beam
direction.) The sole existence of a modulation of
order Mega-electron volt in the fragment kinetic
energies £, (£, =1/ 2u<V 0} suggests the influ-
ence of a final-state Coulomb interaction between
the fission pair and third particle operating on
distances of the order of 20-200 fm, equivalent to
times of the order of 10°2 — 1008, This is the
first time in heavy-ion physics that a direct clock
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for the reaction dynamics has been found out.
Further detailed analysis3? of the 129Xe + 1228
system has brought out that the angular distnibu-
tion of the fission axis in the reaction plane is
appmximatel} collinear with the axis of the first
scission, and the mass distributions of the fission
is asymmetric with the heavier mass
preferentially emitted opposite to the direction
of the third particle. The proximity effect, short
time scale of fission and the large fission probabi-
lities, and the anisotropic fragment angular
distnibutions in the reaction plane are thus atl
indicative of the fission of the intermediate
nucleus by further elongation of the deformation
axis acquired 1n the exit channel of the DIC. The
above experiments have thus unfolded a new
phenomenon of non-¢quilibrium fission induced
through the process of deep inelastic collisions.
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