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Dynamical evolution of the nucleus-nucleus collisions in the Fermi energy domain is followed from

the point of interaction to the evaporation residues on an event-by-event basis by a Monte Carlo simula-

tion technique. The complete reaction process comprises two phases: (i) the preequilibrium phase and

(ii) the evaporation phase. The initial preequilibrium phase leads to the formation of an incompletely

fused composite that, assumed to be thermally equilibrated, subsequently decays leading to final residues.

The calculations are parameter free. The calculated inclusive residue charge distribution, exclusive pro-

ton and a-particle spectra, and other physical observables for the reaction Ar+' Mg and Ar+ "C at

1100 MeV are compared with the respective experimental data. The theoretical predictions are found to

be in good agreement with the experimental results.

PACS number(s): 25.70.—z, 25.70.Jj

I. INTRODUCTION

One of the basic motivations behind the theoretical and
experimental studies of nuclear reactions using nucleus-
nucleus collisions is to obtain a complete insight into the
gradual evolution of the reaction mechanism from the
point of interaction to the final stage of the reactions. It
is now established that in nucleus-nucleus collisions with
incident energies less than 10 MeV/nucleon the complete
fusion process is the dominant mode of reaction. In such
a process, the whole of the incoming linear momentum
and available energy is deposited into the compound nu-
cleus which then fissions or deexcites through statistical
evaporation, depending on whether the composite is
heavy or light. With increase in the incident energy
E/A ) 10 MeV/nucleon, the phenomenon of incomplete
fusion starts showing up and eventually takes over the
complete fusion process [1,2]. In the incomplete fusion
process, a part of the target and the projectile fuse to-
gether and there is incomplete linear momentum transfer,
for which "universal" energy dependences have been sug-
gested on the basis of several calculations [3]. The emis-
sion of light particles in the initial stage of the reaction
carries away linear momentum and energy from the in-
completely fused system [4—7]. This incompletely fused
composite then deexcites through statistical emission or
undergoes fission. So, the scenario for the nucleus-
nucleus reactions with energies well above the Coulomb
barrier is the following: Initially, there is a preequilibri-
um phase when a number of light particles are emitted
which carry away energy, linear momentum, and angular
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momentum and an incompletely fused composite is
formed; in the second phase this highly excited composite
deexcites through statistical processes leading to the final
residues. In the forward direction, the particle spectra
from the preequilibrium and the evaporation phases are
contaminated with the contributions from other direct re-
action mechanisms, whereas at the backward angles the
particle spectra are predominantly from the preequilibri-
um emission. For the inverse kinematical reactions, the
situation is more favorable to observe the uncontaminat-
ed preequilibrium particle spectra at the backward an-
gles. However, at the forward angles it is very much
necessary to separate the preequilibrium and the evapora-
tion components in the light particle spectra to have a
proper understanding of the reaction mechanism.

From the theoretical standpoint, there has been no sys-
tematic attempt, to our knowledge, to study the complete
dynamical evolution of the incomplete fusion process
starting from the initial preequilibrium phase to the final
decay of the incompletely fused composite. Landau-
Vlasov calculations, which have been quite successful in
explaining many of the experimentally observed quanti-
ties in the intermediate energy domain, are often prohibi-
tive because of their inherent complexity as well as their
computational time requirements. Moreover, a large
amount of the experimental data concerning the emission
of light particles and clusters at various stages of the re-
action cannot be explained in the framework of the mod-
el, as it is not clear how to determine the precise nature
of emission inucleon, light particles, and clusters) in such
calculations [8]. However, a proper understanding of the
light particle emission is crucial for complete insight into
the reaction mechanism of such processes. Therefore,
several alternative attempts have been made in recent
years to explain the light particle emission from the in-
completely fused composite where the initial mass num-
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ber and the excitation energy of the composite have been
estimated in an average manner, either from phenomeno-
logical considerations or from rigorous Landau-Vlasov
calculations I8]. In the present paper, we report a fully
dynamical calculation of the evolution of the nucleus-
nucleus collision process in the Fermi energy domain
where the initial preequilibrium phase is followed by the
evaporation of the incompletely fused composite on an
event-by-event basis using a Monte Carlo simulation
technique. At the end of the first phase there is a highly
excited incompletely fused composite whose mass,
charge, velocity, and excitation energy are known. Also
known are the velocities of the preequilibrium nucleons
emitted during this phase. In the next phase this incom-
pletely fused composite is allowed to decay. There is no
free parameter involved in the whole calculation from the
point of contact to the final formation of residues. The
reaction products for each event, i.e., light particles as
well as the heavy residues, are put into different energy
and angular bins from which the cross sections corre-
sponding to various observables are estimated. The mod-
el has already been applied for the reaction Ar+ Mg
at 1100 MeV and the predictions of the model have been
found to be in good agreement with the experimental
data. In the present paper, we report comprehensive
theoretical calculations for the reaction Ar+' C at
1100 MeV and for a few observables of the reaction

Ar+ Mg at 1100 MeV for the sake of completeness,
and confront our calculated results with the experimental
data.

The paper is arranged as follows. The description of
the model is given in Sec. II; Sec. III contains the results
and discussions; and, finally, the summary and con-
clusions are given in Sec. IV.

II. DESCRIPTION OF THE MODEL

The model basically consists of two parts: (i) The cal-
culation of the preequilibrium phase and (ii) the calcula-
tion of the evaporation phase. In the preequilibrium
phase, we follow the time evolution of the dinuclear com-
plex formed in the nucleus-nucleus collision until the
preequilibrium emission is over and an incompletely
fused composite is formed. In the next phase, this com-
posite, assumed to be fully thermalized, is allowed to de-

cay by emitting light particles and clusters leaving behind
the final residue.

A. Preequilibrium phase

1. The dynamics

The time evolution of the initial dinuclear complex in
the preequilibrium phase of the reaction is calculated us-

ing classical trajectories obtained by solving Euler-
Lagrange equations. In the trajectory calculation the
conservative forces are the nuclear proximity and the
Coulomb forces; the nonconservative frictional forces are
generated self-consistently using stochastic nucleon ex-
changes. The trajectory calculation is started at an inter-
nuclear surface-to-surface separation of 3.74 fm where
the densities of the colliding nuclei start overlapping, and

is stopped at the time when there is no further preequili-
brium emission. This time, typically —50 fm/c, corre-
sponds to the internuclear distance of -2 fm; after this
time the system is assumed to be thermalized.

2. The preequilibrium emission

N„s(t)ht =A(t)rt(v, +v„,)f (e„,T„)f( ~E, T~)rht, (2)

where A(t) is the window area at time t; g is the bulk
flux; f, f are the occupancies and the unoccupancies in
nucleus A and nucleus B having instantaneous tempera-
tures Tz and T~, respectively; and ~ is the barrier
penetration factor calculated using Hill-Wheeler formula
assuming the barrier to be inverted parabola in the neigh-
borhood of its maximum. The particle transfer from nu-

cleus B to nucleus A at an instant of time can be calculat-
ed in a similar fashion. The time step ht is chosen in
such a way that the calculated flux N„z(t)ht between
time t and t +At is small compared to unity. A random
number is then generated, and if 2V~&ht is greater than or
equal to this number, a nucleon transfer is realized from
the donor to the recipient. The exchanged flux gives rise
to hole excitations in the donor and the absorbed part of
the flux gives rise to particle excitations in the recipient.
The total excitation energy of the nucleus A at time
t =(Nht) is given by

n=1

+O(Ns~ 6t R~ )AEp ] cpEp (3)

We follow a generalized version of the promptly emit-
ted particle (PEP) model [9] for the calculation of pre-
equilibrium emission. When the densities of the colliding
nuclei start overlapping, a window is formed at the inter-
face through which nucleons can be stochastically ex-
changed between the reactants. The exchanged nucleon
in the recipient has its energy boosted by the coupling of
the intrinsic Fermi velocity and the nuclear relative ve-
locity. If nucleus A is the donor and B is the recipient,
then the energy of the transferred nucleon cb in the nu-

cleus B is

b =-,'m(v. +v- )'

where m is nucleon mass, v, its intrinsic velocity in A,
and v„~ is the nuclear relative velocity. A similar case is
if the nucleon is exchanged from nucleus B to nucleus A.
The transferred nucleon is to overcome a barrier at the
interface: Coulomb plus nuclear for the protons and only
nuclear for the neutrons. The effect of driving forces,
caused by the potential energy surfaces, on the nucleon
transfer has been properly taken care of. We use a shell
corrected macroscopic driving force, calculated from the
liquid drop model. The effect of the driving force is
essentially to change the chemical potential, i.e., Fermi
energies. This favors the nucleon transfer in the
forward/backward direction depending on its sign. The
number of particles transferred from nucleus A to nu-
cleus B (N„~ ) at an instant of time t between the time in-
terval t and t +b t is given by
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where 8 is the step function, R„,R„' are the random
numbers generated at the nth time step, and hE&" and
bE are the hole and particle excitations per nucleon

P
A Atransfer, respectively. The quantities b EI, and hE are

defined as follows:

being the distances traveled by the scattered nucleons in
the recipient and A. s the corresponding mean free paths)
and test them against the random numbers.

The total energy carried away by PEP's (primary plus
secondary) spEP is given by

hE&"=EF —,
' mv, , (4a) EFEp g (E —U),

bEp = , m(—v„,+vb) EF—+co, (4b)

where EF is the Fermi energy and co is the driving force
per nucleon transfer. The quantity e.pEp corresponds to
the total energy of the nucleons emitted in the continuum
until the instant t, which will be discussed later in the
text. The excitation energy Es(t) of the nucleus B is cal-
culated in a similar way. The temperature Tz s(t) of the
reactants at any instant of time t is given by

T„s(t)= [E„'s(t) la]'

where the level density parameter a is taken as
M„s(t)l10, M„s(t) being the dynamical mass numbers
of the reactants at any instant of time t. The dynamical
change in the intrinsic nucleon momentum distributions
is incorporated in the calculations as finite-temperature
Fermi distribution, as in Ref. [9]. Intrinsic nucleon ve-
locity and the point of transfer on the window plane are
generated randomly at every time step along the trajecto-
ry.

The exchanged nucleon during its passage through the
medium of the recipient may be completely absorbed in
the nucleus by way of successive two-body collisions and

dump its full energy and momentum, or it may pass
through the nucleus undisturbed with a probability
e ",where d is the path length and A, is the energy-
dependent mean free path, calculated from the nucleon-
nucleus optical potential [9]. These nucleons are finally
emitted in the continuum provided their energies satisfy
the following energy condition:

cb) U+ V~, (6)

where U is the depth of the nuclear potential and VC is
the Coulomb barrier (zero for neutrons). The emission
probability e " is calculated and is tested against a ran-
dom number. If the probability is greater than or equal
to the random number and the energy conditions men-
tioned earlier [Eq. (6)] are satisfied, a particle is emitted
in the continuum; otherwise, the exchanged particle is

completely absorbed in the system. These emitted parti-
cles constitute one-body or primary PEP's.

If the calculations are stopped at this stage then it is
assumed that, in case the exchanged particle suffers two-
body collisions in the recipient, it is completely absorbed
and there is no PEP emission. However, in the inter-
mediate energy domain, for the first two-body collision,
one or both of the scattered nucleons may have sufhcient
energy to be emitted in the continuum provided the ener-
gy condition [Eq. (6)] is satisfied. These emitted particles
are termed as secondary PEP's or two-body PEP's. For
the emission of secondary PEP's, we follow the identical
procedure as is done in the case of primary PEP's, i.e., we—d,. /A,calculate the emission probabilities e ' ', i =1,2 (d s

where E, is the energy of the nucleon in the medium and
the summation is over the number of emitted nucleons in
an event. For the primary PEP's, E; =cb and for the
secondary PEP's, E s are calculated using standard two-
body kinematics, assuming that the collisions are elastic
with isotropic angular distribution in the center of mass
of the colliding nucleons. Thus the particle absorption in
the recipient may be reduced due to the emission of two-
body PEP's. However, we do not consider further parti-
cle emission from sequential two-body collisions as they
are not of much importance at the energies considered
here.

At each time step, dynamical mass and charge num-
bers and excitation energies of the reactants as well as the
velocities of the emitted nucleons are calculated. Finally
the mass, charge, excitation energy, and velocity of the
composite are calculated, using the appropriate conserva-
tion laws. We present here the results of the calculations
for an impact parameter b =0.5 fm (typical of central
collisions). For any other fusion trajectories, the average
results do not change significantly.

B. Evaporation phase

The incompletely fused composite (IFC) obtained from
the previous phase has its mass A I„ccharge ZIFc, excita-
tion energy E,*„c,and velocity v»c give~ by

AIFC =. Ap+ AT NpEp 7

ZIFC =
P + T $E~P

VIFc (P1B PPEP)/(mAIFC) ~

'

IFC
'

lab 2 IFC IFC ~PEP

(8a)

(8b)

(8c)

(8d)

where NPEp is the total number of PEP's (proton + neu-
tron) NFEF=N@P" +NPE"p"", and Ap Zp Ar, and ZT
are the mass and charge number of the projectile and the
target, respectively. P;„ is the incoming moment, PpEp is
the momentum carried away by PEP's, and El,b is the in-
cident energy. This composite is allowed to decay (form-
ing the same event) according to the binary sequential de-
cay process. Detailed description of the binary sequential
decay process is already available in the literature
[10—12]. Here we give only the basic features. The frag-
mentation of the initially excited nucleus proceeds along
a chain of binary decays of the successive nuclei which
are generated at the previous step. In this way, the frag-
ments progressively lose their excitation energy and fly
apart in space under the effect of the kinetic energy ac-
quired from the Coulomb energy between the fragments
at the time of separation. The scenario of multisequential
decay is simulated event by event, by means of a Monte
Carlo technique [12].
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max

W, (, , )+, = J dEd m, , /dEdt, (9a)

where

A fragment j with 3 nucleons and Z - protons may de-
cay into two fragments i and (j —i ) with rate per unit
time given by

III. RESULTS AND DISCUSSIONS

We have studied the representative systems
Ar+ Mg and Ar+ ' C at 1100 MeV and have calcu-

lated the relevant physical observables which are com-
pared with the respective experimental observations.

A. Time evolutionE,„=E*+8—(8, +B,) . (9b)

2d Kj&' 1 J&Jj
Ecr .

,dE dt 2/3 J J' .(E. )I j

X dECOj —i 6 COi 8
0

(10)

E.* is the excitation energy of the fragment j; B;, B
B are the binding energies of the different fragments; and
Ec(j i;i—) and the Coulomb barrier between the frag-
ments i and (j i)—Th. e transition rate per time and en-
ergy units is written as

In Fig. 1 (upper half) we plot the average nucleon loss
from the projectile and the target versus time along the
trajectory in the preequilibrium phase of the reaction

Ar+ Mg at 1100 MeV. Our calculations show that
the target (the lighter partner in the reaction) loses more
particles as compared to the projectile (heavier partner).
This is in accordance with phenomenological analysis of
the intermediate energy nucleus-nucleus collisions by
Morgenstern et al. [1]. Moreover, it is observed that at
time t ~ 50 fm/c there is no further nucleon loss through
preequilibrium particle emission. The projectile and tar-
get temperature T evaluations as a function of time are
shown in the lower half of Fig. 1. It appears that the two

where Jk =2Jk+1 (Ji, is the average spin of the excited
cluster k), o; the fusion cross section for i + (j i )~—j, p
the reduced mass of the system, cok(e) the level density at
energy c of fragment k, and c.*=E,„—E. More details
about the different quantities can be found in Ref. [10].

The decay of the incompletely fused composite
(A,„c,Z,„c) starts with a temperature T,„z obtained
from the excitation energy E,*„c using Eq. (5). At any
given step of the decay process the number of fragments
of a given type j, their velocities and kinetic energies with
respect to the initial reference frame, as well as their exci-
tation energies, are known. For each fragment j one
chooses a decay channel j~(j i)+i and —the total kinet-
ic energy Ek;„[Ec(j i;i) ~ Ek;—„~E,„]of the emerging

fragments by means of probability laws obtained from
8'z [;]+;and de (j ')+ /dE respectively. The an-

gle of i and (j i) within t—he reference frame attached to
j is chosen at random over the whole solid angle 4m. Ve-
locities v; and v[j;] and kinetic energies Ek'„, Ek;„' are
calculated under the constraint of momentum conserva-
tion and the excitation energies are obtained from energy
conservation

A

v

10

Tor get
/

/

tile

20 40

Target

Ar (1100 MeV ) + Mg

60

B +E' =Ek;„+E;*+E*;+B;+B; )

by assuming that the remaining excitation energy is
shared by the fragments in proportion to their masses.
Finally, the velocities of the fragments in the reference
frame of the incompletely fused composite (A,„c,Z,„c)
are computed and the total conversation is checked. The
same procedure is applied to all existing fragments. The
simulation proceeds up to the point where all the frag-
ments present in the system can no longer decay.

The decay process yields all types of clusters smaller
than the initial composite. However, we pick up only nu-
cleons, alphas, and the heaviest residue in each event for
the present calculations. The number of nucleons and al-
phas emitted and mass of the residues are determined by
the initial excitation and the dynamics of the decay pro-
cess.

20 40 60

TIME (fm/c )

FIG. 1. (Upper half): Total number of nucleons lost from the
target and the projectile during the preequilibrium phase of the
reaction as a function of time for the system Ar+ Mg at
El,b =1100 MeV. (Lower half): Projectile and target tempera-
ture as a function of time.
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temperatures remain close together and saturate at t -50
fm/c. So, in the present model, up to this time the reac-
tion is in the preequilibrium phase; beyond this time the
incompletely fused composite formed at the end of pre-
equilibrium stage is assumed to be fully equilibrated
which subsequently undergoes binary sequential decay.
This time corresponds to internuclear distance of -2 fm
where we stop the trajectory calculation. The system

Ar+ ' C follows the similar type of time evolution (not
shown in Fig. 1).

B. Inclusive fragment charge distribution

Inclusive fragment charge distributions for the reaction
Ar+' C at 1100 MeV have been plotted in Fig. 2 for

the fragment detection angles of 5' and 8' along with the
experimental data [8]. It is seen that the theoretical cal-
culations are in good agreement with the respective ex-
perimental data. However, the peaks of the calculated
distributions are shifted on the higher side by 1 —2 charge
units, as compared to the experimental peaks. The posi-
tion of the peak depends on the charge and excitation en-

ergy of the incompletely fused composite. The inclusion
of complex particles emission at the preequilibrium phase
would definitely affect both of these quantities and this
would bring the desired change in the peak positions as
indicated in Ref. [14], where it has been shown in an in-
direct way that the complex particle emission in the pre-
equilibrium stage does shift the inclusive mass distribu-
tions towards lower masses.

C. Exclusive proton and alpha-particle yields

40 24
Ar (1100 MeV) + Mg

210—

gl ~I

ep = 25

served peak is well reproduced. The dashed line histo-
grams in Figs. 3 and 4 correspond to the contributions to
the exclusive proton yield from the evaporation stage
only. It is observed that at the forward angle (Fig. 3), the
contribution from the evaporation stage is quite sizable,
whereas at the backward angle (Fig. 4), the contribution
to the proton yield from the evaporation stage is
significantly smaller. So, the protons observed at the
backward angle originate mainly during the preequilibri-
um phase of the reaction.

In Fig. 5, we display the calculated exclusive proton
and alpha yields (energy integrated) for the reaction

Ar+' C at 1100 MeV in coincidence with the frag-
ments detected at 5' along with the experimental data [8].
The upper and middle parts of the figure correspond to
protons detected at +30' and +125' respectively and the
lower part corresponds to alpha particles detected at
+30'. Positive (negative) angles correspond to the pro-
tons or alphas detected on the same (opposite) side of the
fragment detector with respect to the beam direction. In
all the cases, the calculations reproduce the experimental
trends and the peak positions fairly well.

In Figs. 3 and 4 we show the calculated exclusive pro-
ton yield (energy integrated) at 25' and 165' respectively
for the reaction Ar+ Mg at 1100MeV versus the mass
of the coincidental residues detected at 8.5' along with
the experimental data [14]. The agreement achieved be-
tween the experimental results and the theoretical results
(solid line histogram) is good. The experimentally ob-
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FICx. 2. Inclusive fragment yield as a function of fragment
charge (Zz) detected at 0+=5' and 8 for the reaction Ar+' C
at E„b= 1100 MeV. Filled circles are the experimental data [8]
and the solid curves correspond to the results of the present cal-
culation.

FIG. 3. Exclusive (integrated) proton yield as a function of
residue mass for the protons detected at Op =25 in coincidence
with residues at OF=8.5' for the reaction Ar+ Mg at 1100
MeV. Filled circles are the experimental data [14]. The solid
histogram corresponds to the calculated total (preequilibrium
plus evaporation) proton yields and the dashed line histogram
corresponds to the calculated proton yield from the evaporation
phase only.
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duced. However, at forward angles the calculated proton
yield is less compared to the experimental yield at low en-
ergies. The departure at low proton energies between the
calculations and the data may be due to the contributions
from the targetlike fragments produced in peripheral col-
lisions, which have not been considered in the present
calculations. This effect could unbalance the preequilibri-
um to evaporation yield ratio as discussed to some extent
in Ref. [14].

In Fig. 8 we have plotted the calculated exclusive +-
particle spectra for 15' and +30' angles in coincidence
with the residues detected at 5' along with the experimen-
tal data [8]. The calculated spectra at all the angles agree
well with the experimental spectra, though the tails of the
spectra are not reproduced. In our model, the preequili-
brium phase is constrained only to the nucleon degrees of
freedom as there is no simple way known to include the
cluster emission, like a particle. Hence the high energy
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FIG. 4. Same as Fig. 3 for the protons detected at 165'.

D. Average velocity of the emitted protons

We have calculated the average velocity of the protons
emitted at backward angles —125' and —165' for the re-
action Ar+ Mg at 1100 MeV as a function of residue
mass measured in coincidence with the residues detected
at 8.5' and confront our calculated results with the exper-
imental data [15] (Fig. 6). There is good agreement be-
tween the calculated and the experimental results. The
increase in the average proton velocity with increase in
mass of the residue can be understood as follows. In an
inverse kinematical reaction the backward particle emis-
sion is predominantly from the preequilibrium phase of
the reaction. Therefore, the composite formed after the
preequilibrium phase through emission of more energetic
particles would yield larger mass residues (less excitation
energy in the composite) and vice versa, and hence the in-
crease of average particle velocity with increase in resi-
due mass.

E. Exclusive proton and alpha energy distributions

In Pigs. 7 and 8 we have plotted the calculated ex-
clusive proton and a energy spectra, respectively, for the
reaction Ar+' C at 1100 MeV in coincidence with the
residues measured at 5 along with the respective experi-
mental data [8]. Figure 7 corresponds to the proton spec-
tra calculated for the angles 15, +30, and +125 . The
calculated proton spectra agree well with the experimen-
tal spectra at the forward as we11 as the backward angles.
The slopes of the experimental spectra are well repro-
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FIG. 5. Exclusive energy integrated yields for the protons

detected at 0P =+30 (upper}, +125' (middle), and for the n par-
ticles detected at 0 =+30' (lower) in coincidence with the resi-
dues at 5 for the system Ar+' C at 1100 MeV. Filled (open)
circles are the experimental data and solid (dashed) curves are
the theoretical results for positive (negative) angles, respective-
ly. The meaning of positive (negative) angles is described in the
text.
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FIG. 6. Average velocity (( Vz) ) of the protons emitted at
Hz = —125' (upper half) and —165' (lower half) as a function of
mass of the residues detected at OF=8.5' for the reaction

Ar+ Mg at 1100 MeV. Open and filled circles correspond to
the present calculations and the experimental results, respec-
tively.

tails in the u-particle spectra which may have come from
the preequilibrium a-particle emission cannot be repro-
duced in our model. From the good fit of the calculated
spectra with experimental spectra, it can be inferred that
the a emission is mainly from the binary sequential decay
phase of the reaction. The calculated spectrum at 15'
reproduces nicely the double peak which corresponds to
the two kinematical solutions for the a-particle emission
in this reaction [8].

IV. SUMMARY AND CONCLUSIONS

In summary, we have developed a dynamical prescrip-
tion for the study of incomplete fusion processes in inter-
mediate energy heavy ion reactions. The calculations are
comprised of two parts: (i) The calculation of the initial
preequilibrium phase, followed by (ii) the calculation for
the evaporation phase. The calculations have been per-
formed on an event-by-event basis using a Monte Carlo
simulation technique and are parameter free. The excited
primary composite formed after the initial preequilibrium
phase is assumed to be thermally equilibrated. Typical
time taken by the system to reach the end point of the
preequilibrium phase (after which the thermally equili-
brated primary composite is assumed to be formed) is
found to be -50 fm/c. Similar results are also obtained
from the Landau-Vlasov calculations. The inclusive frag-
ment charge distributions predicted from the present
model are found to be in fair agreement with the corre-
sponding experimental values, except that the peaks of
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FIG. 8. Same as Fig. 7 for the u particles at Or p= 15 (upper)
and +30' (lower). All the symbols have the same meaning as in

Fig. 7.

FIG. 7. Exclusive proton energy distribution at Hrp=15'

(upper), +30' (middle), and +125' (lower) for the reaction
Ar+' C at 1100 MeV obtained in coincidence with the resi-

dues detected at 6IF =5'. Open and filled circles correspond to
the experimental data for the positive and negative angles, re-

spectively. Solid and dashed curves are the results of the

present calculations for the positive and negative angles, respec-
tively.
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the calculated charge distributions are shifted by 1 —2
units on the higher side as compared to the experimental
values. The peak of the charge distribution generally de-
pends upon the excitation energy and the charge of the
incompletely fused composite. Therefore, the inclusion
of complex particles (like a particles) emission in the
preequilibrium phase may have improved the quality of
the fit. Exclusive proton yields as a function of fragment
mass and charge have been quite well reproduced at all
angles considered, both forward and backward. At the
backward angles proton yield is dominantly due to the
preequilibrium emission, whereas at the forward angles
the proton yield from the evaporation phase has a sizable
contribution. The exclusive proton emission spectra at
both forward and backward angles predicted from the
present model are in very good agreement with the
respective experimental measurements for both the sys-
tems Ar+ Mg and Ar+' C. However, the e emis-
sion spectra measured for the system Ar+' C at 1100
MeV show a high energy tail which extends beyond the
present theoretical predictions. Since this high energy
tail of the a emission spectra is most likely to have a

preequilibrium origin, it is natural that the present mod-
el, where preequilibrium emissions of only nucleons are
considered, would fall short of explaining the high energy
tail of the alpha particles. Thus, it would be worthwhile
to incorporate the emission of complex particles (at least
up to a' s) in the preequilibrium phase of the present mod-
el to be able to have a better agreement with the experi-
mental data.

Hence, the present model, though having certain limi-
tations, is able to explain reasonably well most of the ex-
perimentally observed quantities in intermediate energy
incomplete fusion reactions and is a viable candidate for
the reaction mechanism dominant in this energy domain.
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