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Fusion and non-fusion contributions to the intermediate mass fragment yields in nucleus-nucleus
collisions near the Fermi energy domain have been calculated in the framework of an integrated
theoretical model where the dynamical evolution of the colliding system leads to the formation of
either incompletely fused composite or incomplete deep inelastic and-or quasielastic fragments, which
subsequently undergo statistical binary decay to yield final fragments. Salient features of incomplete

fusion and incomplete deep inelastic collision processes have been studied in detail.

Predicted

yields from the incomplete fusionlike and non-fusionlike processes agree well with the respective
experimental data. Calculated total elemental yields of the primary fragments also compare well
with the experimental data in the whole range of intermediate mass fragments emitted in the Fermi
energy domain. It has been observed that the secondary deexcitation of the primary fragments does
not affect the total elementary yield distribution in a significant way.

PACS number(s): 25.70.Gh, 25.70.Jj

I. INTRODUCTION

The emission of intermediate mass fragments (IMF’s,
3<Z<25) in low-, intermediate-, and high-energy
nucleus-nucleus collisions has been a subject of intense
theoretical as well as experimental investigations in the
recent years. In case of high-energy (E/A >100 MeV /u)
collisions at low-impact parameters, there are some indi-
cations [1-3] that the fragments may be emitted through
“true” or instantaneous multifragmentation. In contrast,
at low energies (E/A <10 MeV/u), nuclear mean field
plays the most crucial role and IMF emission is believed
to be almost entirely due to asymmetric binary fragmen-
tation process [4,5], resulting from the dynamical de-
formation of the nuclear mean field. Therefore, in the
intermediate-energy domain, there is likely to be a tran-
sition from the binary fragmentation to the true multi-
fragmentation. The relative importance of the two pro-
cesses so far as the IMF emission in this energy domain
is concerned, is an interesting question which is yet to
be settled theoretically [6]. Detailed microscopic Vlasov-
Uehling-Uhlenbeck [7], Boltzmann-Nordheim-Vlasov (8],
or quantum molecular-dynamics [9] calculations are ex-
pected to shed some light on this problem. However, such
calculations are often prohibitive because of their inher-
ent complexity as well as their computer time require-
ments. Besides, for incident energies in and around the
Fermi energy domain, nuclear mean field, though con-
siderably weakened, plays a crucial role for the evolu-
tion of the nuclear dynamics. Consequently, the binary
fragmentation process would have a significant contribu-
tion to the IMF emission and it may not be easily differ-
entiated from other competing processes, i.e., instanta-
neous multifragmentation. Thus a systematic estimation
of IMF emission through asymmetric binary fragmenta-
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tion in the framework of a simple realistic model which
incorporates the basic physics of nucleus-nucleus colli-
sion in the Fermi energy domain, is quite useful and such
calculations may help in understanding, at least qualita-
tively, the degree of overlap between various competing
processes in this energy domain. However, such system-
atic model calculations are, to the best of our knowledge,
not available in the literature.

It is now well established that in nucleus-nucleus col-
lisions with incident energies less than 10 MeV/u, the
dominant mode of reaction is complete fusion, where
the total incoming linear momentum and available en-
ergy is deposited into the fused composite system (com-
pound nucleus). With the increase in bombarding energy
E/A >10 MeV /u, the phenomenon of incomplete fusion
starts showing up and gradually takes over the complete
fusion process [10,11]. In incomplete fusion process, light
particles emitted in the initial phase of the reaction carry
away a fraction of the linear momentum and energy from
the entrance channel [12-15] and the remaining parts of
the target and projectile fuse together to form an incom-
pletely fused composite (IFC). The fused composite thus
formed (through complete or incomplete fusion) then de-
excites statistically through evaporation and-or binary
fragmentation leading to the emission of two heavy frag-
ments. Each of the fragments emitted at any step may
in the next step undergo further binary division into two
fragments and-or light particle evaporation and the pro-
cess continues until the excitation energy remaining in
the fragments is insufficient for their subsequent decay.

Apart from the above-mentioned process of sequential
binary decay of the fused composite, which is predom-
inant for central and near-central collisions leading to
fusion, there are also significant contributions from pe-
ripheral collisions, i.e., quasielastic (QE) and deep in-
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elastic (DI) processes which does not lead to the fusion
of the reactants. In the intermediate-energy domain (10
MeV/u< E/A <100 MeV/u), non-fusion processes, es-
pecially the deep inelastic collision processes, are also
“incomplete” in the sense that the excitation energy de-
posited in the fragments emitted in these reactions are
significantly smaller than the total kinetic-energy loss
from the entrance channel. These processes, where a frac-
tion of the entrance channel kinetic energy is carried away
by preequilibrium emission and which thereby causes a
reduction of the intrinsic excitation of the fragments, are
called incomplete deep inelastic collision (INDIC) pro-
cesses. Similar incompleteness should also be observed
for quasielastic reactions. However, for quasielastic pro-
cesses, which are extremely peripheral in nature, preequi-
librium emission drops down considerably, and intrinsic
excitation of the fragments are also small; therefore, the
effect of “incompleteness” may not be quite significant in
this case. It is therefore evident that systematic theoret-
ical studies of “incomplete” QE and DI reactions are also
necessary for a proper understanding of the IMF produc-
tion scenario in the intermediate-energy regime. This, to
the best of our knowledge, has not been done in the past,
although such systematic studies of incomplete fusion re-
actions are available in the literature [16]. Moreover, real-
istic estimation of the physical quantities that character-
ize the fused composite becomes quite complicated in the
intermediate-energy regime with the onset of incomplete
fusion. Because of the preequilibrium emission of fast
particles which carry away significant amounts of energy,
linear and angular momenta [17], the composite formed
in incomplete fusion reactions is not uniquely defined as
in the case of complete fusion reactions; instead, each of
the observables, e.g., mass, charge, angular momentum,
and excitation energy of the incompletely fused compos-
ite will have a distribution [16] which has to be properly
taken care of for the subsequent decay of the composite.
Similarly, the relevant observables for QE and DI primary
fragment formed in peripheral reaction (non-fusion) will
have some distribution because of the nucleon exchange
between the reactants and preequilibrium emission. It is
evident from the above discussion that entrance channel
dynamics of the nucleus-nucleus collisions plays a vital
role and must be properly incorporated in the theory for
a proper understanding of the IMF emission near the
Fermi-energy domain. Here we present an integrated dy-
namical model [18], where the evolution of the colliding
system leads to the formation of incompletely fused com-
posite (fusion) or to DI and QE fragments (non-fusion).
Subsequent decay of these primary fragments leads to
the production of the IMF’s. The absolute individual
contributions of fusion and non-fusion processes to the
production of IMF’s are calculated.

This paper is arranged as follows. The model along
with the necessary details is described in Sec. II. In
Sec. III, salient features of the present model are dis-
cussed along with the numerical results. Comparison of
the present model predictions with the experimental data
for some representative systems is also made in Sec. III.

Finally the summary and conclusions are given in Sec.
V.
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II. THE MODEL

The model basically consists of two parts: (i) the calcu-
lation of the initial dynamical phase or the preequilibrium
phase and (ii) the calculation of the subsequent equilib-
rium binary fragmentation phase. In the initial dynam-
ical phase, the time evolution of the dinuclear complex
formed in nucleus-nucleus collisions is followed until there
is no more preequilibrium emission. At the end of this
phase, the system is assumed to be equilibrated leading
to the formation of incompletely fused composite for the
central collisions or to the production of deep inelastic,
quasielastic fragments for the peripheral collisions. In the
next phase, the hot composite and the primary DI and
QE fragments are allowed to decay statistically through
evaporation and/or binary fragmentation to yield the fi-
nal fragments. The initial dynamical phase of the reac-
tion is characterized by the emission of fast particles or
promptly emitted particles (PEP’s) throughout the tem-
poral phase of the evolution of the dinuclear complex.
For the time evolution of this initial phase, semiclassi-
cal trajectories for each impact parameter are generated
by solving Euler-Lagrange equations. In the trajectory
calculation the conservative forces are the nucleon prox-
imity and Coulomb forces; the nonconservative frictional
forces are generated self-consistently using stochastic nu-
cleon exchanges. The trajectory calculation is started
when the two nuclei come closer than a critical distance
[17] where the densities of the two reactants start overlap-
ping and is stopped at the time when there is no further
preequilibrium emission. This time is typically ~50 fm/c.

A. Preequilibrium phase

For the calculation of preequilibrium emission, we have
employed the generalized version of the promptly emitted
particle model [17]. The transport of nucleons through
the window formed at the interface where the two den-
sities overlap and subsequent particle emission in the
continuum form the basis of the model. When a nu-
cleon is exchanged stochastically from nucleus A (donor)
to nucleus B (recipient), its energy in the recipient (3)
boosted by coupling of relative velocity U1 and the in-
trinsic Fermi velocity ¥, is given by

Ep = 1/2 m('aa + ﬁrel)z ) (1)

where m is the nucleon mass. The transfer of a single
nucleon from the nucleus A to the nucleus B induces an
elementary hole excitation AE# in the donor nucleus and
a particle excitation AEE in the recipient nucleus. The

quantities AE;;‘ and AEf are given by

AE# = Ep —1/2 mv2 , (2a)

AEE = 1/2 m(i)'a +'L7,e1)2 —FEr+tw.
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The corresponding angular momenta transfer 3‘,‘3, j’f are
given by

3B = miy X (Fa + Tre1), (2¢)
T = —m(Fa x ) , (2d)

where EFr is the Fermi energy and w is the driving force
per nucleon transfer and 7,, 7 are the position vectors
of the point on the common window plane measured
from the centers of the nuclei A and B, respectively.
The transferred nucleon has to overcome a barrier at
the interface: Coulomb plus nuclear for the protons and
only nuclear for the neutrons. The effect of the driving
forces caused by potential-energy surfaces on the nucleon
transfer is also properly taken care of. A shell-corrected
macroscopic driving force derived from the liquid-drop
model, is used in the present calculation. The one-way
transfer of nucleons from the nucleus A to the nucleus B
between the time interval t and t + At is then given by

NAB(t)At = ‘A(t)n(i)’a + Jrel)f(EAaTA)f(EB7TB)TAt ,
(3)

where A(t) is the window area at time t: 7 is the bulk
flux; f, f are the occupancies and nonoccupancies in nu-
cleus A and nucleus B having instantaneous tempera-
tures T4 and T; and T is the barrier penetration fac-
tor calculated using Hill-Wheeler formula, assuming the
barrier to be an inverted parabola in the neighborhood of
the maximum. The time step At is chosen such that the
transferred flux M4 (¢)At is small compared to unity. In
reality, in each time step, either a single nucleon is trans-
ferred (multiple nucleon transfer probability is negligible)
or there is no transfer at all. The transfer is simulated
through the generation of random numbers: if N4p(t)At
is greater than or equal to the random number, a particle
transfer is realized. The transferred nucleon may either
suffer two-body collision with the inmedium nucleons and
be absorbed in the recipient nucleus, or be emitted as a
prompt particle (one-body PEP’s) if its kinetic energy
satisfies the condition

eo > U+ Ve, (4)

where U is the depth of the nucleon potential and V¢ is
the Coulomb barrier (zero for neutrons). The absorption
probability of the transferred nucleon in the recipient is
(1 — e=4/}), where d is the path length in the recipient
and ) is the energy-dependent mean free path of the nu-
cleon [17]. However, in the intermediate-energy domain,
after the first two-body collision, either one or both of the
scattered nucleons may have sufficient energy so that en-
ergy condition [Eq. (4)] is satisfied and they may also be
emitted in the continuum (two-body PEP’s). As a con-
sequence, particle absorption in the recipient is further
attenuated (taken as e~%/*:| §=1,2). The probability
e~%/* is treated against a random number. If the prob-
ability is greater than or equal to the random number
and the energy restriction (4) is satisfied, then a particle
emission is realized. An identical procedure is followed
for particle emission following two-body collisions. At
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higher incident energies, there may be further reduction
in particle absorption due to emission from sequential
multiple collisions. This, however, is not important in
the energy range of our interest, and has been neglected.
In the course of evolution of the dinuclear complex, be-
cause of successive nucleon exchanges on either direction
the angular momentum as well as the elementary parti-
cle and hole excitation energies in the nuclei get added
up cumulatively. However, if the exchanged nucleon is
finally emitted in the continuum, then it does not con-
tribute either to the excitation energy or to the angular
momentum of the recipient. The excitation energy thus
generated, barring the collective energy due to the accu-
mulation of angular momentum from particle exchange,
is assumed to be thermalized at each instant. The in-
stantaneous temperatures T4 g(t) are then related to the
excitation energies E’ p(t) by the following relation:

Ta,B(t) = [E4 5(t)/d]"/?, (5)
where the level density parameter a is taken as
M4 5(t)/10, M4 p(t) being the dynamical mass numbers
of the reactants at any instant of time ¢t. The dynamical
change in the intrinsic nucleon momentum distribution
arising out of the nonequilibrium flow of energy and mo-
mentum between the two nuclei is simulated as a finite-
temperature Fermi distribution.

The exchange of nucleons causes energy and angular
momentum to be transferred from the relative to the in-
ternal degrees of freedom and there is a net loss of ki-
netic energy and angular momentum from the entrance
channel. The effect of preequilibrium emission is twofold:
(i) mass, charge, energy, and angular momentum are re-
moved from the system, and (ii) the fusion probability
distribution as a function of incident angular momen-
tum ! becomes diffused and is shifted towards lower [ as
compared to the same obtained in the case of complete
fusion [16]. Because of the stochastic nature of nucleon
exchange and preequilibrium emission, mass, charge, ex-
citation energy, and angular momentum of the incom-
pletely fused composite as well as the primary QE and
DI fragments will not have unique values. Each of these
observables will have some distribution and ensemble av-
erage of any such observable (X (b)) for an impact pa-
rameter b is calculated as

(X(®) =D Xu(b)/N(b) (6)

and the probability Pz(b), for getting a fragment with
charge number Z is given by

Pz(b) = 622, /N(b), (M
*

where N(b) = Np(b) for fusion reaction and N (b) =
N — Ng(b) for non-fusion reaction; Ng(b) being the to-
tal number of fused trajectories out of total N number
of trajectories. The summation extends over all respec-
tive trajectories. The impact parameter dependence of
(X (b)) are then approximated by appropriate analytical
functions to be used in subsequent calculations.

The calculation of trajectories are done on an event-
by-event basis using a Monte Carlo simulation technique
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[16]. Non-fusion and fusion (complete and incomplete)
events are identified from their respective trajectories.
Quasielastic and deep inelastic events are further differ-
entiated in the present calculation in the following man-
ner. If the total kinetic-energy loss in any event is less
than half of the total available energy in the center of
mass [19], then the event is classified as quasielastic event,
otherwise, as deep inelastic event. The primary charge
distribution of the deep inelastic, quasielastic fragments
and the fused composite are calculated using the follow-
ing expression:

o(Z) = 2 / P2 (B)[N(b)/N]b db. (8)

B. Statistical binary fragmentation phase

The primary deep inelastic, quasielastic fragments, and
the incompletely fused composite formed at the end of
this phase are assumed to be fully equilibrated. For fu-
sion reaction, the incompletely fused composite has its
mass (Arrc), charge (Zirc), excitation energy (Efpc) and
velocity (t1rc) given by

(Arrc (b)) = Ap + A7 — (Npep (b)) , (9a)
(Zgc(b)) = Zp + Zr — (NEge" (b)) , (9b)

(Hirc (b)) = (P — (Peep(b)))/(m(Arc(®))) ,  (9¢)

(Efpc (b)) = Eiap — 0.5m(Arrc (b)) (virc (b))
—(epepP (b)), (9d)
where Npgp is the total number of PEP’s

(proton+neutron)= Ngg’;‘)" Npgstron Ap, Zp, Ar, and

Zr are the mass and charge number of the projectile
and the target, respectively. P, is the incoming mo-
mentum, ﬁpEp, epep are the momentum and energy
carried away by PEP’s and Fj,;, is the incident energy.
For collisions not leading to fusion, the preequilibrium
phase leads to the emission of DI and QE fragments
with their masses, charges, and excitation energies signif-
icantly smaller compared to the case when preequilibrium
emission is absent. The relevant observables correspond-
ing to non-fusion reactions may also be calculated in a
similar manner through expressions like Eq. (9).

In the second phase, the “hot” primary fragments
formed at the end of the first phase undergo dynami-
cal deformation, leading ultimately to asymmetric binary
fragmentation and thereby yielding intermediate mass
fragments. The statistical binary decay yields from the
excited primary fragments, are governed by the condi-
tional saddle-point potential barrier at the conditional
saddle point. The partial decay width for emission of a
fragment of atomic number Z from the hot composite
with angular momentum ! may be calculated using the
transition state formalism [20],

T2(l) = [2mpo(E)] / peadlEz(l) —e]de,  (10)
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where po (E*) is the level density of the primary frag-
ment of mass Ag before decay, psada[Ez(l) — €] is the level
density at the conditional saddle point having Bz(l) as
the barrier, and ¢ is the kinetic energy with which the
system is transiting. Integration of Eq. (10) leads to the
following expression for the decay width [21]:

Iz(l) = Tz(D)psaa[Ez(1)]/2mpo(E"), (11)

where Ez(l) = E* — Bz(l) is the excitation energy of the
fragment of atomic number Z above the barrier and Tz (1)
is temperature at the conditional saddle point extracted
using the relation Ez(I) = aT%(l), a being the level-
density parameter. The conditional barriers have been
calculated assuming the exit channel to be two diffused
spheres connected by a cylindrical neck [22]. The barrier
Bz(l) is calculated using the following expression [23]:

BZ(l) = (Ml + M2 - MO) + UCoul + Uprox

U (D) = Uge (D), (12)

rot

where My, M, are the masses of the binary fragments and
My is the mass of the primary fragment (IFC or primary
DI, QE fragments). Ugou is the Coulomb energy between
the two fragments at the conditional saddle point hav-
ing surface-to-surface separation d. The nucleus-nucleus
interaction is approximated by the proximity potential
Uprox- The last term is the difference of rotational en-
ergies between the initial (U2,) and final (Uf(;’td) config-
urations [23]. The total elemental IMF emission cross
section is calculated using the expression [22]

a(Z) =x®Y (2 + 1)Pr()Tz() /Tear(I'),  (13)
l

where P (l) is the fusion probability for angular momen-
tum [, I'z is the decay width for the element of charge
Z, and I'tet (= T'p + Ty + Ty; p,n,a refer to proton,
neutron, and alpha particle, respectively) is the total de-
cay width. The fusion probability Pg(l) is defined as
Pr(l) = Np(l)/N, where Ng(l) is the number of trajec-
tories fused out of N trajectories for the incident angular
momentum [. The fusion probabilities, calculated as a
function of [/, are found to be approximated by a diffuse
Fermi distribution, i.e., Pr(l) = 1/{1 + exp[(l — lo)/A]}.
Using the statistical model expression [24] for level den-
sities,

p(E*) x E*~?exp[2(aE")"/?] (14)

we arrive at the following expression for decay width [23]:

Tz(l) o« Tz(1)[E*/EZ(1)]?
x exp{2[aE%(1)]}/? — 2(aE*)/?} . (15)

The quantity I’ in Eq. (13) is the ensemble-averaged an-
gular momentum of the incompletely fused composite.
For complete fusion, I’ = [, but for incomplete fusion re-
action, the emitted PEP’s carry away some amount of
angular momentum from the entrance channel and the
residual angular momentum [’ is generally less than .
Typically, the angular momentum of the composite I’ is
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found to be ~ 0.8l [16]; the remaining 20% of the angu-
lar momentum is carried away by the emitted preequi-
librium nucleons. Each of the decay products may fur-
ther undergo successive binary fragmentation in the same
manner as described above. This process stops when the
excitation energy of the decaying nucleus is less than the
respective conditional barrier. At each stage of fragmen-
tation, the excitation energy and angular momentum are
assumed to be shared in ratios of the masses and mo-
ments of inertia of the fragments, respectively. In the
present calculation, it has been found that the excitation
energy left in the system after the preequilibrium emis-
sion is not large enough and the contribution to the IMF
production through successive binary decay beyond the
first stage is not significant. Therefore, the statistical bi-
nary decay of the incompletely fused composite, beyond
the first stage, has not been included in the present cal-
culation.

For the QE and DI processes, we have considered only
the primary projectilelike fragments. The excitation en-
ergies of these primary fragments are found to be small
enough for further binary decay.

III. RESULT AND DISCUSSIONS

We have studied the IMF emission in the representa-
tive systems 2°Ne+1%9Tb at 294 MeV, 4°Ar+197Au at
1200 MeV, and ?°Ne+'%°Ag at 400 and 800 MeV and
have calculated relevant physical observables which have
been compared with respective available experimental
data.

A. Incomplete fusion: Fusion probability
and excitation energy distribution

In Fig. 1 (lower half), we have plotted the fusion prob-
ability Pp(b) for the incomplete fusion reactions against
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FIG. 1. Fusion probability Pr(b) plotted as a function of
impact parameter b (lower half) for the reactions Ne (800
MeV)+Ag (solid curve) and Ar (1200 MeV)+Au (dashed
curve). Ensemble averaged excitation energy of the incom-
pletely fused composite (Efpc) plotted as a function of b for
the reaction Ne+Ag at 800 MeV (upper half).
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the impact parameter b for the systems Ar+Au at 30
MeV/u and Ne+Ag at 40 MeV/u. Fusion probability
distribution for the system with higher per particle in-
cident energy falls less sharply as compared to that of
the system with lower per particle energy. This trend
is similar to the one observed in our earlier work [17].
For the reaction Ne+Ag the fusion probability falls to
50% at b=2.4 fm and for the Ar+Au reaction it occurs
at b=2.95 fm. The upper part of Fig. 1 shows the plot
of ensemble-averaged excitation energy (Ejpc) of the in-
completely fused composite against impact parameter b
for the reaction Ne+Ag at 800 MeV. The excitation en-
ergy is almost constant at about 300 MeV. The upward
trend in the excitation energy in the region of decreasing
fusion probability is due to the decrease in the preequilib-
rium emission with the increase in b. These fusion proba-
bilities and excitation energies of the incompletely fused
composite have been used in calculating the primary IMF
yields. The calculated fusion probability distribution for
the reaction Ne+Tb has a similar trend (not shown in
the figure).

B. Incomplete deep inelastic process
1. Energy loss and ezcitation energy

In deep inelastic collisions at intermediate energies,
preequilibrium particles emitted at the early phase of the
reaction deplete the excitation energy and the mass of
the observed primary fragments. Such events are called
“incomplete” deep inelastic collisions, in analogy to in-
complete fusion at low-impact parameters. In Fig. 2(a),
we have plotted the average energy loss (FEjoss), i.€., en-
ergy removed from the relative motion to the intrinsic

40 197
—~ 120F Ar (1200MeV) +  Au
>
> -
=
~ 80}
VAN r
*U:‘n- 40+
A L
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>
3 750}
=
/\a 500
'd
°
(1]
NV
250 L
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FIG. 2. (a) Average kinetic-energy loss (Eloss) and (b) av-
erage excitation energy (E) of the fragment of charge Zr=10
plotted as a function of impact parameter b for the reaction
Ar+Au at 1200 MeV. Solid (dashed) curve corresponds to the
calculation without (with) PEP emission.
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excitation of the colliding partners, as function of impact
parameter b for the reaction Ar (1200 MeV)+Au for two
cases: (i) without preequilibrium emission (solid curve)
and (ii) with preequilibrium emission (dashed curve). In
the absence of preequilibrium emission the energy loss is
quite high and decreases with the increasing impact pa-
rameter. This is due to the decrease in the number of
particle exchange with increase in b [17]. The decrease in
kinetic-energy loss when the preequilibrium emission is
present may be understood as follows. The intrinsic ex-
citations of the reactants depend upon the total number
of nucleonic exchanges. An exchanged nucleon causes an
elementary particle excitation in the recipient and the
hole excitation in the donor nucleus. If the exchanged
nucleon in the recipient is emitted in the continuum then
there is no corresponding particle excitation in the recip-
ient. Since the intrinsic excitation energy is the cumula-
tive effect of the elementary particle and hole excitations,
therefore preequilibrium emission causes net decrease in
the excitation energy (i.e., kinetic-energy loss from the
entrance channel) of the system by reducing the number
elementary particle excitations. It is well known that
with the increase in the impact parameter, the preequi-
librium emission decreases and therefore the two curves
gradually come closer. This is further evident from Fig.
2(b), where we have plotted the ensemble-averaged exci-
tation energy (E}) for a particular primary fragment of
charge Zp=10 for the case of incomplete deep inelastic
process where PEP emission have been (dashed curve)
and have not been (solid curve) included in the calcula-
tions.

2. Fragment velocity distribution

In Fig. 3 (lower half) we have plotted the inclusive
relative velocity distributions in the exit channel as a
function of vie1/v;, where v; and v are the relative ve-
locities in the entrance and exit channels, respectively, for
a few impact parameters for the reaction Ar+Au. The
solid (dashed) curve corresponds to the calculation with
(without) PEP emission. It is observed that in the case
of incomplete deep inelastic collision the velocity ratio
shifts to higher velocities as compared to the deep inelas-
tic collision when there is no PEP emission. This means
that the events considered to be deep inelastic in the
case of no PEP emission may be termed as quasielastic
in the case of incomplete deep inelastic events purely on
the relative velocity considerations as the most periph-
eral events would be having the relative velocity close
to the incident velocity in both the cases. The increase
in relative velocity is a consequence of the PEP emis-
sion which, in turn, decreases the reduced mass in the
exit channel. Moreover, with the increase in the impact
parameter, the velocity distribution is shifted towards
higher velocity. At higher impact parameters the number
of nucleonic exchanges is small and therefore the energy
damping is also small. This leads to the observed shift
in the velocity distribution to higher relative velocities
at large impact parameters. In the upper half of Fig.
3 we have plotted the exclusive velocity distributions of

0.10 —— .
! *9ar (1200 Mev) + '°"Au

Probability
(@] o]
o °
» (2]
T T

A =

‘b(fm)= 6
‘ ~

Probability

FIG. 3. Inclusive relative velocity distribution in the exit
channel in Ar (1200 MeV)+Au deep inelastic collisions (lower
half) plotted as a function of vrei/v; (vi,vrel being the rela-
tive velocities in the entrance and exit channels, respectively).
Solid and dashed curves have the same meaning as in Fig. 2.
Exclusive fragment velocity distributions (upper half) for the
fragments emitted in the above reaction plotted as a function
of Vrag/VL, Vfrag and vy being fragment laboratory velocity
and the projectile incident velocity, respectively.

the fragment (Vgag/VL, Vrag and vy being the fragment
and projectile velocities in the laboratory, respectively) of
various projectilelike fragments at an impact parameter
b=6 fm. It is observed that the peak of the distribution
moves from lower to higher velocities as one goes from
heavier to lighter fragments. This may be intuitively un-
derstood in the following manner. Assuming that at a
particular impact parameter the average energy loss for
all the events leading to the emission of different frag-
ments is same, the observed fact is simply a consequence
of momentum conservation.

3. Fragment charge distributions

In Fig. 4 we have plotted fragment charge distribu-
tions at various impact parameters for the “incomplete”
deep inelastic collisions [Fig. 4(a)] and for deep inelastic
collisions when there is no PEP emission [Fig. 4(b)] for
the system Ar+Au. It is evident from the figure that in
the case of incomplete deep inelastic collisions, the peak
of the charge distributions shifts to a lower value of Zg
as compared to the case when there is no PEP emis-
sion. The shift is found to be of the order of 3—4 units
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FIG. 4. Fragment charge distributions plotted as a function
of fragment charge Z for Ar (1200 MeV)+Au deep inelastic
collisions at impact parameters b=4, 5, 6, and 8 fm. (a) [(b)]
corresponds to calculations with (without) PEP emission.

of charge except for large impact parameter where the
shift is reduced to ~1 unit. At large impact parameters
the number of emitted preequilibrium particles is small
and this causes the reduction in the observed shift in the
charge distribution.

The widths of the charge distributions in the case of
incomplete deep inelastic collision are also found to be
smaller than those when there is no preequilibrium emis-
sion. Intuitively, this may be understood as follows. In
the evolution of the dinuclear complex nucleon exchanges
take place in both directions, inwards and outwards. The
inward (outward) nucleon exchange flux increases (de-
creases) the mass and charge of the reactants. When
PEP emission is switched on a fraction of the inward flux
of nucleons is emitted in the continuum. This therefore
effectively reduces the net number of exchanges. As the
widths of the distributions are proportional to the net
number of exchanges between the reactants this causes
the observed reduction in charge distribution widths.
The reduction in the width is typically ~30% in this case,
which is in fair agreement with a simple estimate of the
same assuming the stochastic nature of nucleon exchange.

C. Elemental IMF yield distributions

The calculated intermediate mass fragment yields for
the reaction 2°Ne+5°Tb at 294 MeV, *°Ar+197Au at
1200 MeV, and 2°Ne+1%9Ag at 400 and 800 MeV bom-
barding energy have been plotted in Figs. 5-7, respec-
tively along with the respective experimental data for
comparison. In the following we shall be using the term
deep inelastic for the incomplete deep inelastic process
unless mentioned specifically.

Figure 5 shows the predicted values of the total ele-
mental cross sections for the quasielastic and the com-
bined deep inelastic and quasielastic processes for the re-
action Ne+Tb along with the experimental data [25]. It
is clear from Fig. 5 that the theoretical predictions are in
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FIG. 5. Angle-integrated cross sections for QE and
(DI+QE) reactions for the system *°Ne+'*°Tb at 294 MeV
plotted as a function of fragment atomic number Z. Solid
circles are the experimental measurements [25], and the solid
histograms refer to the present theoretical predictions.

good agreement with the experimental data for both QE
and (QE+DI) processes. Experimentally, the QE and DI
components of the cross sections are determined from the
shape of the inclusive kinetic-energy spectra of the ejec-
tiles which exhibit double-humped structure [25]. How-
ever, at larger angles and for smaller ejectiles, these two
components are not easily separable and this introduces
some degree of uncertainties in the estimation of individ-
ual QE and DI components. Similarly, some uncertainty
may also creep up in the theoretical estimation of QE
and DI components depending on the energy-loss cutoff
used in the calculation. Nevertheless, the estimation of
total non-fusion (QE+DI) contribution to the IMF yield
would be rather free from such ambiguities, and a good
agreement achieved between the theoretical results and
the experimental data in this case points to the success
of the present model.

The experimental data for the deep inelastic fragment
emission cross sections for the system °Ar+97Au at 30
MeV /u bombarding energy [26] as well as the correspond-
ing theoretical predictions are displayed in Fig. 6. It
is seen that, except for lighter fragments (Z < 8), the
present calculation is in fair agreement with the data.

4
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FIG. 6. Angle-integrated IMF emission cross sections as a
function of fragment Z for the reaction *°Ar+!°"Au at 30
MeV /u bombarding energy. The solid histograms represent
theoretical predictions and the solid circles are the experimen-
tal data [26].
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The peak of the distribution appears at Z=11, which is
considerably lower than the projectile Z. At interme-
diate energies, a number of preequilibrium nucleons are
emitted as PEP’s from both the projectile and the target.
It is well known that, for an asymmetric target-projectile
combination, the lighter of the two loses more particles
on the average [10]—which explains the inward shift of
the peak of the DI fragments charge distribution. The
cross sections for the lighter elements (Z < 8) cannot be
explained in terms of primary DI emission alone. How-
ever, in this case, there may be some enhancement due to
successive binary decay of the heavier (targetlike) deep
inelastic fragments which has not been considered in the
present calculation.

In Fig. 7, the theoretical predictions and the ex-
perimental measurements [27] of total elemental cross-
sections for the 2°Ne+N2tAg system at the incident en-
ergies of 20, 40 MeV /u as a function of fragment charge
have been displayed for comparison. The dashed lines
correspond to the contribution of the DI component and
the solid lines represent the total (DI+binary decay of
IFC) calculated cross sections. It is clear from Fig. 7
that IMF’s having Z < Z(projectile) are emitted almost
entirely through deep inelastic process, whereas the emis-
sion of IMF’s with Z > Z(projectile) is dominated by the
binary decay of the incompletely fused composite. How-
ever, the calculated yields of the fragments with Z in
the range of 10-13 are underestimated. As the lighter
of the reactants lose more particles in the preequilib-
rium phase, the non-fusion (QE and DI) processes in
the present model will not contribute significantly to the
fragment yield for Z larger than Z(projectile) and the
discrepancy for the fragments with Z=10-13 may be due
to the noninclusion of some other direct reaction chan-
nels (pickup reactions, say) in the present calculation. A
good agreement between the theoretical predictions and
the experimental data is achieved over the whole range
of Z if contributions from both the deep inelastic process

o(z) [mb]

5 10 15 20

FIG. 7. Same as Fig. 2 for the system 2°Ne+"**Ag at 20
and 40 MeV /u bombarding energy. Solid circles are the ex-
perimental data [27]. The dashed histogram is the theoretical
contribution from DI process and solid histogram is the com-
bined contribution of the DI and the fusion process.
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and the decay of the incompletely fused composite are
properly taken into account.

D. Secondary deexcitation

It is evident from the above discussion that the present
model without having any adjustable parameter is quite
successful in explaining a wide variety of IMF emission
data near the Fermi-energy domain. The predicted IMF
yields presented above are those of the calculated primary
fragments. The evaporative deexcitation of the primary
fragments may affect the above results to some extent.
However, the emission of preequilibrium particles in both
fusion and non-fusion events cools the primary fragments
sufficiently and thereby reduces the intrinsic excitations
of the primary fragments as has been discussed earlier.
Moreover, the increase in the yield of any fragment due
to the evaporative secondary decay of the higher charge
fragments may substantially be compensated by the sec-
ondary evaporative decay of the fragment itself and the
total elemental cross section may not change significantly
and the physics involved may remain the same. In or-
der to verify the above conjecture, we chose two systems
with maximum available energy i.e., (i) “°Ar+197Au at
1200 MeV for the non-fusion process leading to primary
fragments and, (ii) 2°Ne+1°°Ag at 800 MeV for the pri-
mary fragments originating from fusion process. Typi-
cal excitation energies per nucleon for the primary deep
inelastic fragments for the system Ar+Au are found to
be of the order of 1-1.5 MeV/nucleon (Table I). For
the primary fragments emitted through binary decay of
the fused composite formed in Ne+Ag reaction, the ex-
citation energies are of the order of 2-2.5 MeV /nucleon
(Table II). In Fig. 8 (lower half), we have plotted the
decay probabilities Pz(AZ) of the primary fragments for
AZ=1 and AZ=2 decays [AZ is the difference of the
atomic numbers between the primary fragment (parent)
and its postevaporative daughter nucleus for the reaction
Ar+Au|. The decay probabilities have been calculated
using the code CASCADE [28]. In the upper half of Fig. 8
we have plotted the ratio of the final yield to the primary
yield (0nal/0prim) for the fragments versus the fragment

TABLE 1. Ensemble-averaged mass (A) and excitation en-
ergy (E™) of the incomplete deep inelastic primary fragments
of charge Z in the reaction *°Ar+'°"Au at 30 MeV /u.

z (A) (E*) (MeV)
6.0 14.7 15.30
7.0 17.8 19.00
8.0 20.1 20.80
9.0 22.6 23.20
10.0 25.9 27.90
11.0 26.0 26.92
12.0 27.2 26.85
13.0 29.0 28.67
14.0 30.5 33.85
15.0 31.6 31.60
16.0 33.3 38.10
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TABLE II. Average mass (A) and excitation energy (E™) of
primary fragment of charge Z from the binary fragmentation
of fused composite in the reaction *°Ne+'°°Ag at 40 MeV /u.

(E™) (E7)
VA (A) (MeV) VA (A) (MeV)
6.0 13.0 30.0 13.0 28.0 61.2
7.0 14.0 33.5 14.0 30.0 68.1
8.0 17.0 33.4 15.0 32.0 72.1
9.0 20.0 45.3 16.0 34.0 76.9
10.0 22.0 48.1 17.0 36.0 80.4
11.0 24.0 52.4 18.0 39.0 87.5
12.0 26.0 58.0 19.0 41.0 91.0
charge Z. 0fina1 has been calculated as follows:
aﬁnal(Z) = aprim(Z) - Z Uprim(Z)PZ(AZ)
AZ
+Eaprim(z + AZ)-PZ+AZ(AZ), (16)

AZ

where Pz(AZ) is the decay probability for the primary
fragment of charge Z in the decay mode where it loses
AZ amount of charge through evaporation, leading to the
final fragment of charge (Z — AZ). From this curve it
appears that ogpa) varies at most by 10% from o'prim. The
decrease in the final cross section for Z=14,15 may be due
to the noninclusion of the deexcitation of the primary
fragments of charge greater than Z=15.

The CASCADE code has been further used to calculate
the decay probabilities Pz(AZ), for AZ=1,2,3 decays of
the primary fragments obtained from the fusion events in
the reaction Ne+Ag at 800 MeV. The results have been
plotted in Fig. 9 (lower half) against the charge number
Z. The ratio 0gnal/0prim have been plotted versus Z in
the upper half of Fig. 9. Except for the strong feeding
to the fragments with Z=9,10 from primary fragments
with Z > 10, the overall fragment cross section does not
change appreciably. However, this strong feeding to Ne
and F fragments would decrease the dip observed in the

4% r (1200 MeV) +'97Ay

FIG. 8. Secondary decay probability Pz(AZ) (lower half)
and the ratio ofnal/0prim (upper half) plotted as a function
of fragment charge Z for the reaction Ar (1200 MeV)+Au.
Ofinal and Oprim are as defined in the text. The lines are to
guide the eye.
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FIG. 9. Same as Fig. 8 for the system Ne (800 MeV)+Ag.

primary fragment cross sections for these Z values. But
the smallness of the primary fragment cross section will
not change the results significantly. The decrease in the
final cross section for the high-Z fragment, as mentioned
earlier, is due to the noninclusion of the decay of the
higher charge primary fragments.

From the above discussion it is clear that the deexcita-
tion of the primary fragments emitted either from deep
inelastic collisions or from the decay of incompletely fused
composite does not change the results significantly so far
as elemental charge distributions are concerned. For the
primary fragments originating from the QE process, the
excitation energy of the fragments would be rather small
compared to those originating from the deep inelastic or
fusion events and as such the effect of deexcitation of
the primary fragments from QE process would be still
smaller. Similarly, the deexcitation of the primary frag-
ments from low-energy reaction Ne+Tb will not be of
much importance.

IV. SUMMARY AND CONCLUSIONS

In summary, we have studied the IMF yields from a
few asymmetric systems with the incident energies in the
Fermi-energy domain and found that the present model
is quite successful in explaining a wide variety of IMF
emission data. Individual contributions of the fusion and
non-fusion processes to the IMF emission are quite suc-
cessfully predicted by the model. In the present paper,
we have made a detailed study of incomplete deep in-
elastic process, in particular. It has been shown that
the incompleteness leads to a shift in the relative veloc-
ity distribution of DI fragments towards higher veloci-
ties. Charge distribution of DI fragments has also been
observed to have shifted towards lower Z due to pre-
equilibrium emission. In addition, the width of the
charge distribution is also smaller in the case of incom-
plete deep inelastic process. This is due to the decrease in
the net number of exchanges as a fraction of the exchange
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flux is emitted in the continuum as prompt particles. In
the intermediate-energy domain, PEP’s carry away sig-
nificant amounts of energy; therefore the primary frag-
ments are left with less excitation energy as compared
to those in the case of complete fusion. This lowers the
probability of successive binary decay beyond the first
stage. Therefore, successive binary decay of the primary
fragments beyond the first stage have not been consid-
ered in the present calculation. The quasielastic reactions
are generally dominated by a few nucleons transfer to
the target. Therefore, the excitation energies of the QE
fragments are not sufficiently high and as such further
light charge particle evaporation from these fragments
may not be quite significant [14]. In the intermediate-
energy domain, deep inelastic processes are incomplete
in the sense that a major fraction of the available energy
is carried away by the fast particles (PEP’s). As a result
of the preequilibrium emission, the DI fragments are left
with relatively small excitation energies compared to the
situation where fast particle emission is absent. This low-
ers the probability of further light charge particle evap-
oration from the projectilelike deep inelastic fragments.
Moreover, the decrease in the inclusive fragment yield
due to light charge particle evaporation is more or less
compensated by the feeding from the evaporative decay
of the higher charge fragments. Therefore, the results of
the present calculation for the inclusive elemental yield of
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the primary IMF’s will not be significantly affected due
the noninclusion of the evaporative decay of the frag-
ments. To verify this, statistical deexcitation of the ex-
cited primaries have been studied for a few systems using
the code CASCADE. It has been observed that the statisti-
cal deexcitation of the primary fragments does not affect
the primary fragment yield distribution significantly.

To conclude, the present model is thus found to be
quite successful in bringing out the distinctive features
and estimating quantitatively the individual contribu-
tions of both fusion and non-fusion processes respon-
sible for intermediate mass fragments emission in the
intermediate-energy nucleus-nucleus collisions in an in-
tegrated manner. For asymmetric systems, the total el-
emental cross sections for the whole range of IMF’s can
be fairly well explained with this model up to the Fermi-
energy domain and contribution from the true multifrag-
mentation process, if there be any, may not be of much
significance in this energy domain. However for symmet-
ric systems in this energy domain, the excitation energies
of the composite systems are quite high and there may
be significant contributions to the IMF yields from pro-
cesses like true multifragmentation—which are beyond
the scope of the present paper.

The authors would like to thank S. K. Basu and A.
Roy for their help in using the code CASCADE.
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