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Dynamical effects in the decay of a compound nucleus
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We have measured thea-particle spectra at different laboratory angles from the fusion reaction16O
154Fe at 110 MeV. The results are compared with the28Si127Al symmetric system. In the case of the
asymmetric16O154Fe systema spectra are consistent with the predictions of the statistical model calculations
but in the case of the symmetric28Si127Al system, experimental spectra deviate at higher as well as at lower
energies from the statistical model calculations. The results are also compared with a less asymmetric28Si
151V system. There is a systematic change in the formation time of the compound nucleus as we move from
the asymmetric to the symmetric systems. The dynamical trajectory model calculations have been done to
understand the possible entrance channel effects on the formation and the decay of the compound nucleus.

PACS number~s!: 25.70.Gh, 24.60.Dr
r
ho
es
rf
th
pi
en
w
x

in

s
l p
r

si
d
rg

th
ve

s-
or
fo

u-
s

th
n
ed
by

om
ic
a
om

ion
ral

ion
nce
au-
cts

n

del
pos-
cay

on
m

er is
y. A

ring

ty
bo-
rgy

the
ated

m-
f

fo-
INTRODUCTION

Over the past few years, there has been a strong inte
directed towards inferring the statistical properties of the
rapidly rotating nuclei. Evaporative light charged particl
from the compound nucleus have proved to be a powe
probe for the properties of the emitting nuclei such as
temperature, the effective emission barriers, and the s
@1–19#. In the case of the composite nuclei at moderate
ergies and angular momenta, such as those produced
light-ion projectiles, the evaporation spectra are well e
plained in terms of the standard statistical model employ
the optical model transmission coefficients@2–6#. However,
over the past decade, there have been several claims of
ous discrepancies between the standard statistical mode
dictions and the experimental light charged-particle evapo
tion from heavy-ion fusion reactions@7–19#. Several papers
reported that these nuclei are subjected to the lower emis
barriers as compared to the inverse absorption channels
to the large deformations at these higher excitation ene
and angular momentum@7–15#. Some other authors claim
that these spectra may be well explained in terms of
statistical model incorporating only a spin dependent le
density and without lowering the emission barriers@15–19#.
Possible deficiencies of an ‘‘average’’ one step@11,12# or
two step decay@17# approximation employed in some stati
tical model codes were pointed out, as well as the need f
proper treatment of the level density for the expected de
mations at higher angular momentum@10,13,18,20#.

It has been known for a long time that dissipation infl
ences the formation and decay of the compound nucleu
the heavy-ion reactions. One example of the process
which the dissipation plays a role is the mass transfer in
deep-inelastic collisions; a second example is the hindra
of fusion in certain very symmetric reactions first explain
within the framework of the dissipative dynamical model
Swiatecki and co-workers@21#. The hindrance of fusion due
to the energy dissipation into internal degrees of freed
leads to a long compound nucleus formation times wh
might be comparable to the decay times and thus might h
an important influence on the subsequent decay of the c
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pound nucleus. The assumption of a very short format
time in the statistical model is one extreme of the gene
evolution process which in fact is a continuous relaxat
process, leading to the composite system from the entra
channel to the equilibrated configuration. Recently some
thors have suggested the possibility of the dynamical effe
on the deexcitation process@22–28#.

In the present work, we have reported thea-particle en-
ergy spectra for the70Se* compound system, produced i
the heavy ion fusion reaction of16O154Fe asymmetric sys-
tem. The results are compared with the28Si127Al symmetric
system and an intermediate less symmetric28Si151V sys-
tem. Statistical model and the dynamical trajectory mo
calculations have been done in order to understand the
sible entrance channel effects in the formation and the de
of the compound nucleus.

EXPERIMENT

The experiment was performed with the 15UD Pelletr
at Nuclear Science Centre, New Delhi, India, using the 1.5
diameter stainless steel scattering chamber. This chamb
specifically designed for the charged particle spectroscop
1-mg/cm2-thick spectroscopically pure54Fe foil was used as
the target and was located at the center of the scatte
chamber. The target was bombarded with 110 MeV16O pro-
jectile beam. Thea particles were detected withDE
2E (40 mm25 mm) detector telescopes. High quali
light charged particle spectra were obtained at different la
ratory angles with proper precautions regarding the ene
calibration and a very good vacuum of roughly 1027 Torr in
the scattering chamber so as to avoid the oxygen and
carbon buildup on the target. The telescopes were calibr
with the 5.486 MeVa particles from241Am source as well
as from the hydrogen recoil peak in proton spectra. The co
pound nucleus70Se* was formed at an excitation energy o
'85 MeV with l max548\. The angles (u>30°) were se-
lected so that the contribution of thea particles from pre-
equilibrium, inelastic, or breakup processes which are
cused in the forward direction is negligible.
©2000 The American Physical Society06-1
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ANALYSIS

Statistical model calculations

The statistical computer codeCASCADE @29# was used to
perform theoretical calculations, which assumes the reac
to occur in two steps. First the formation of the compou
nucleus and second the statistical decay of the equilibr
system. There are two aspects of the physics which gov
the flow of an evaporation cascade: the spin dependent l
density defining the available phase space and the trans
sion coefficients that control access to this space. The cha
in each of these quantities is associated with deformatio
shape of the nucleus. The transmission coefficients ma
effect the lower energy part of the particle spectrum.
heavy ion induced fusion reactions, high excitation and
particular the levels at high angular momentum have an
sential influence on the deexcitation cascade. The level d
sity formula, for a given angular momentumI and both pari-
ties 6p, can be written as

r~E,I !5
2I 11

12
a1/2S \2

2JD 3/2 1

~E2D2t2EI !
2

3exp$2@a~E2D2t2EI !#
1/2%,

where a is the level density parameter,t is the thermody-
namic temperature, andD is the pairing correction. This
level density formula is based on the approximation o
Fermi gas with equidistant single-particle levels and a c
stant level density parameter (a5A/8 MeV21). While such
a simple nuclear model clearly has insufficiencies, it is
sumed that it can be used to approximate the realistic le
density at the total excitation energyE and the spinI by
evaluating the model level density at an energy reduced
pairing correctionD and a spin-dependent parameterEI . In
the calculation, the quantityEI is parametrized as

EI5
\2

2J
I ~ I 11!5

\2

2J0

I ~ I 11!

~11d1I 21d2I 4!

in terms of the rigid-body moment of inertiaJ0 . The quan-
tities d1 andd2 are the adjustable input parameters provid
a range of choices for the spin dependence of the mome
inertia J and the level density.

However, in the application of the above formula to n
clei of high spins and the excitation energies, it must
emphasized thatEI is not necessarily the yrast energy.
particular, this quantity should be equated neither to the y
energy of a rigid body with a spin-independent moment
inertia as employed by Lang@30# nor to the yrast energy
~collective rotational plus deformation energy! of a rigid
body with a spin dependent moment of inertia. In gene
the quantityEI has a much more complex interpretatio
This is due, in part, to the rearrangement of the sing
particle levels near the Fermi energy that is associated
the spin dependent nuclear deformation, and the direct e
of this nuclear structure change on the level density. In
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formulation of r(E,I ) any dependence of the level-densi
parametera on the spin or deformation is incorporated in
EI .

The dependence of the level density on deformat
caused by the periodic changes in the shell structure is
known for the low-spin systems@31,32#. In the high-energy
limit, the shell effect on the level density can be described
terms of a constant correction to the intrinsic excitation e
ergy at which this density is to be derived using the Fer
gas formula. The dependence of the level density on
excitation energy and the spin is a crucial quantity in t
statistical model calculations for heavy-ion induced re
tions. However, very little is known experimentally about t
spin dependence for the large spins and high excitation
ergies. Therefore, to achieve the best fit to the experime
data, it appears justifiable to select to some extent a s
dependence of the level density, e.g., by adjusting the par
etersd1 andd2 in equation forEI . In the standard applica
tion of CASCADE, the transmission coefficients are derive
for neutrons@33#, protons@34#, and a particles@35# using
optical model parameters for the inverse fusion reactions

Figure 1 compares the cumulativea-particle spectra from
cascade calculations using the rotating liquid drop mo
~RLDM! moment of inertia and the normal optical mod
transmission coefficients with the experimental data for16O
154Fe system leading to70Se* at an excitation energy o
'85 MeV andl av'34\. It can be seen that the experiment
spectra can be well explained by the statistical model ca
lations using the RLDM moment of inertia corresponding
d152.4531025 and d253.0131028 @36# and the normal
transmission coefficients. The present results for the16O
154Fe asymmetric system were compared with the28Si
127Al symmetric system, studied by us earlier@15#. In the
case of symmetric28Si127Al system, the compound nucleu
55Co* was formed at an excitation energy of 84 MeV wi
l max'42\. In order to explain the experimental spectra
this case, the changes were required in the moment of ine
and the emission barriers corresponding to a large nuc
deformation.

The present result were also compared with the28Si
151V a less asymmetric system studied by us earlier@19#
where the compound nucleus79Rb* was formed at the sam
excitation energy of 85 MeV withl av'42\. Light charged
particle spectra were taken in coincidence with the evapo
tion residues~ER’s! in order to discriminate the particle
evaporation from various mechanisms viz. evaporation fr
projectile or targetlike nuclei or breakup reaction, etc. T
experimental spectra could not be explained by the RLD
values of moment of inertia. It is found that though the a
erage angular momentum of'42\ in the case of 28Si
151V system is higher as compared to'34\ in the case of
16O154Fe system, yet thea spectra are softer indicating tha
the former system being less asymmetric allows higherl val-
ues to decay before the system is relaxed. In the cas
28Si127Al system it is found that the experimentala spectra
is much softer than the predicted spectra by the statist
model. This may lead to the conclusion that thea-particle
spectra are effected by the dynamics of the entrance chan
In order to verify the symmetric and asymmetric entran
6-2
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FIG. 1. Comparison of the ex
perimentala spectra~circles! at
different angles with the statistica
model ~solid line! using transmis-
sion coefficients for the spherica
nuclei and the RLDM moment of
inertia with l max548\ for the re-
action 16O154Fe at 110 MeV.
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channel effects on the formation and subsequent decay o
compound nucleus, we did dynamical trajectory model c
culations.

Dynamical trajectory model calculations

In the model developed by Feldmeier@37#, various as-
pects of the dissipative heavy-ion collision are brought
for center of mass energies ranging from the Coulomb b
rier up to several MeV per nucleon above the barrier. T
lower limit is for treating classical trajectories and the upp
limit to ensure that the mean field assumption is valid. T
macroscopic properties of large scale nuclear motion are
tained, where the coupling between the intrinsic and the
lective degrees of freedom is treated in a microscopic pic
of particle exchange@38#, which provide the friction and the
diffusion tensor. The dynamical evolution of the two colli
ing nuclei is described by a sequence of shapes which b
cally consist of two spheres connected by a conical ne
Throughout the collision the volume of the shape is co
served so that the uniform mass and charge densities re
the same. The macroscopic shapes of the nuclear system
represented by axially symmetric configurations with sh
surfaces. These shapes are uniquely determined by t
macroscopic degrees of freedom: the distance between
nucleis ~elongation!, the neck-coordinate (s), and the asym-
metry coordinate (D), defined as

s5distance between two spheres,

s5
V02~4p/3!R1

32~4p/3!R2
3

V0
5

neck volume

total volume
,

D5
R12R2

R11R2
5asymmetry,

whereV0 is the total volume of the system and is indepe
dent of thes, s, andD. R1 andR2 are the radii of the two
interacting nuclei. In addition there are three rotational
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grees of freedom for the intrinsic and relative rotation of t
dinuclear complex. Denoting the six macroscopic coor
nates and their momenta by@q(t),p(t)#, the Langevin dy-
namical equations of motion can be written as

dp/dt52dT/dq2dV/dq1X~ t !,

dq/dt5M 21p,

whereT is the collective kinetic energy andM is the mass
tensor,V is the conservative potential, andX(t) is the fluc-
tuating force due to the coupling of the collective degrees
freedom to the intrinsic degrees of freedom. The mass ten
is calculated from the profile function by assuming inco
pressible and irrotational flow of mass during the shape e
lution in the collision. The potential energyV is calculated
by associating with each shape the nuclear and Coulo
energies; the nuclear potential is obtained as a double
ume integral of a Yukawa plus exponential folding functio
the Coulomb potential is calculated assuming a unifo
charge distribution with a sharp surface. The motion of
system is governed by strong dissipative forceX(t), which is
related to the friction and the diffusion terms obtained fro
particle exchange model@38#. One-body dissipation is as
sumed to be predominant as it has been found to be m
relevant for these type of reactions@39#. This model gives a
realistic macroscopic description of the nucleus-nucleus
lision, based on the concept of one-body dissipation. It d
not contain any free parameter and consistently describes
dynamical evolution of various composite systems form
in nucleus-nucleus collisions in a wide range of impa
parameters.

The results of theHICOL calculations are given in Figs. 2
and 3. In Fig. 2, the elongation of the fusing nuclei is plott
as a function of time. The calculations were done for t
whole range ofl values as given in the plot. Since the com
pound nucleus is formed for the trajectories which are cau
behind the barrier, it is imperative that for the higherl values
trajectories do not lead to an equilibrated compound nucl
6-3
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due to the lowering of the barriers. The thermal excitat
energy as a function of time is plotted in Fig. 3. It can
seen that the excitation energy available for particle emiss
achieves its final value roughly in 5310222 s after the zero
time. Zero time is defined as the time when the participat
nuclei begin to feel the nuclear force and deviate from
earlier Coulomb trajectories. Furthermore, the excitation
ergy available for particle emission decreases as the ang
momentum increases.

In the dynamical model calculations the shapes for wh
the neck area between the two nuclei is small compare
surface area are called dinuclear shapes. Mononuclear sh
do not have a neck and are more or less convex objects.
wall friction and window friction are the two main sources
the dissipation of the total energy. The window disappear
mononuclear shapes so dissipation is only due to wall f
tion and system reaches in the equilibrium state. The t
taken in this process to reach the full shape equilibrium is
formation time. Decay times were estimated using the co
puter codePACE2 @40#. These times were compared with th
formation times of the compound nuclei in order to s
whether evaporation is significant during the formation p
cess. The average formation times and average decay t
for all the systems studied are given in Table I. It can be s
that the formation time for16O154Fe system is much les
than the formation time for the28Si151V and 28Si127Al
systems. This is in accordance with the fact that the symm
ric systems evolve more slowly as compared to the asymm

FIG. 2. Calculated evolution of the separation~s! of the collid-
ing nuclei as a function of time for the reactions16O154Fe at 110
MeV, 28Si151V at 140 MeV, and28Si127Al at 140 MeV.
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ric systems. As is evident from Fig. 4 where the time evo
tion of all the reactions for an angular momentum of 20\ is
plotted, the symmetric system28Si127Al evolve more
slowly as compared to the less symmetric28Si151V and
asymmetric16O154Fe systems. This indicates that there is
gradual increase in the formation time of the compou
nucleus as one goes from the asymmetric to the symme
systems in the entrance channel.

In the case of16O154Fe system the formation time i
found to be much less than the decay time. Therefore, in
case one does not expect much evaporation during the
mation process and therefore the evaporation is mostly g
erned by the statistical model without any modifications. T
a particles emitted from the composite system before rel

FIG. 3. Calculated evolution of the excitation energy of t
colliding nuclei (E* ) as a function of time for the reactions16O
154Fe at 110 MeV,28Si151V at 140 MeV, and28Si127Al at 140
MeV.

TABLE I. Comparison of formation times with decay times.

Average Average

S. No. System studied
formation time

~s!
decay time

~s!

1 16O154Fe at 110 MeV 15.7310222 26.3310222

2 28Si151V at 140 MeV 20.0310222 31.0310222

3 28Si127Al at 140 MeV 25.0310222 17.8310222
6-4
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DYNAMICAL EFFECTS IN THE DECAY OF A . . . PHYSICAL REVIEW C62 064606
ation are focused in the forward direction and hence, d
not contribute significantly to the spectra foru.30°. This is
evident from the coincidence spectra with the evapora
residue in case of28Si151V system shown in Fig. 5. The
singles and the coincidence spectra slightly deviate fr
each other at 30°, while at 60° they completely overlap
dicating that the contribution from the breakup, fragmentli
or precompound emission for the angles>30° is insignifi-
cant.

The semiclassical codeHICOL does not predict the fusion
to occur for 28Si127Al system@19# for angular momentum
larger than 23\, instead the system remains in a rotati
configuration for long times. Figure 6 shows the experim
tal data compared with the theoretical predictions for28Si
127Al system with theHICOL predictedl max523\. It is evi-
dent that the statistical model predictions are in good ag
ment with the experimental data with theHICOL predictedl
values. A similar effect was also noticed in the28Si151V, a
less asymmetric system@19#. However, in the case of16O
154Fe asymmetric system most of thel values undergo fu-
sion, thea-particle spectra are therefore well explained

FIG. 4. Time evolution for an angular momentum of 20\ for the
reactions~a! 16O154Fe at 110 MeV,~b! 28Si151V at 140 MeV, and
~c! 28Si127Al at 140 MeV.
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the standard statistical model calculations. Further in the
tistical model calculations, the assumption for the format
times to be much smaller than the decay times is true o
for the asymmetric systems. However, in the case of
symmetric systems this assumption is no longer true and
experimental spectra are explained only by usingHICOL pre-
dicted l values since higherl values do not lead to the com

FIG. 5. Comparison of the experimentala spectra~triangles for
coincidence with ER and circles for singles! at different angles with
statistical model~solid line! using normal transmission coefficien
for the inverse fusion reactions and the RLDM values of the m
ment of inertia for the reaction28Si151V. ~a! With l max556\. ~b!
Same withl max530\.

FIG. 6. Comparison of the experimentala spectra for the reac-
tion 28Si127Al at different angles with the statistical model~solid
line! with l max523\ as predicted by the dynamical model~HICOL!
calculations.
6-5
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pound nucleus formation. The above results clearly indic
the role played by the entrance channel dynamics in the
mation and the decay of the compound nucleus.

SUMMARY

We have measured the evaporateda-particle energy spec
tra from the 70Se* (16O154Fe) composite nucleus at 8
MeV excitation energy. The measured spectra are consis
with the prediction of the standard statistical model calcu
tions using RLDM values of moment of inertia and the o
tical model transmission coefficients for the respective
verse absorption channels. The results are compared with
symmetric 28Si127Al and 28Si151V systems studied earlie
where the dynamical effects prior to the formation of t
compound system play an important role in deciding the fi
l values and the excitation energy of the compound nucle
Dynamical trajectory model~HICOL! calculations predicted
lower formation times for asymmetric16O154Fe system
than the symmetric28Si151Al system. Therefore, the spectr
in the case of16O154Fe system are well explained by th
standard statistical model calculations using RLDM mom
of inertia and optical model transmission coefficients. Wh
in the case of symmetric systems, the experimental spe
uc

ys
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are explained only by usingHICOL predictedl values since
higher l values do not lead to the compound nucleus form
tion. As the symmetry of the system increases the forma
times becomes more and more comparable to the de
times of the resulting compound nucleus and can even
greater than the decay times. Therefore, the statistical m
which assumes the formation times to be much smaller t
the decay times, seems to overpredict the evaporation sp
for the symmetric systems using the RLDM values of m
ment of inertia and the normal optical model transmiss
coefficients. The present study gives new insight regard
the role of the dynamics of the nuclear reaction in the eva
ration of thea particles from the hot rotating nuclei forme
in the heavy-ion collisions.
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