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We have measureg-particle spectra at different laboratory angles from the fusion reaét®it>*V at 140
MeV. These spectra deviate at higher energies from the statistical model calculations using rotating liquid drop
model values of the moment of inertia. In order to explain the experimental spectra, changes were required in
the moments of inertia corresponding to deformation, which suggests dynamical effects on the deexcitation
process for charged-particle emission. The comparison of decay times with formation times implies that light
charged particles are preferentially emitted prior to the full relaxation of the compound nucleus. Statistical
models and dynamical calculations have been employed in an attempt to interpret the experimental data. The
results were compared with ti&Si+27Al system studied earlier in order to understand the symmetric and
asymmetric entrance channel effects in the formation of the compound sy§8556-28138)02203-1

PACS numbd(s): 25.70.Gh, 24.60.Dr

INTRODUCTION deficiencies of an “average” one st¢f,7] or two step de-
cay [12] approximation employed in some statistical model

Heavy-ion reactions are routinely used to produce comeodes were pointed out, as well as the need for proper treat-
posite nuclei with large angular momentum and excitatiorment of level density for expected rotating liquid drop model
energies. Over the past few years, there has been a strofl§LDM) deformationd5,8,13,14.
interest directed towards inferring the statistical properties of Furthermore, the assumption of a very short formation
these hot, rapidly rotating nuclei. Statistical-model reactiortime in statistical model is one extreme of the general evo-
simulations are used in conjunction with experimental datdution process which in fact is a continuous relaxation pro-
in order to infer these properties. High excitation energy im-cess, leading to the composite system from the entrance
plies that the nucleus deexcites by emitting several particleshannel to the equilibrated configuration. Recent dynamical
and vy rays so that the decay pattern involves a number oflescriptions of heavy-ion collisions do not support this as-
different paths. High spins are expected to favor the emissiosumption in many casefl5,16. In symmetric entrance
of complex clusters which are more effective than nucleonghannels and for collisions where center-of-mass energy is
in removing the angular momentum. While the statisticalwell above the Coulomb barrier, formation time can be even
model has been used for many decades to analyze a varidgrger than decay time of the resulting composite system. In
of observables related to compound nucleus ddddythe  such cases a realistic approach will be to couple the dynami-
successful description of light-particle emission remains eseal evolution of the intrinsic excitation of the composite sys-
sential for evaluating the validity of the model and the choicetem to a time-dependent statistical model calculation. Such
of parameters within it. Studies of evaporated particle energgalculations have been reported where the dynamical part is
spectra yield direct information about the main statisticalcalculated using a realistic macroscopic description of the
model ingredients, the nuclear level densities, and barrienucleus-nucleus collision based on the concept of one body
penetration probabilities. Determination of these propertieslissipation [17—-19. However, in these calculations the
has applications to current research into fusion and fissiostructure or shape of the forming compound nucleus at each
dynamics which often depends on the statistical model irtime stage in terms of its level density, and transmission
some form for comparison to data. coefficients for particle emissions have not been considered

Over the past decade, there have been several claims aflequately. This can result in a major discrepancy in predic-
serious discrepancies between standard statistical model préen for all particle channels, if the formation time is compa-
dictions and measured light charged particle energy spectrable to or longer than the decay time of the eventually
[2-13. Measured light charged particles have been charadormed compound nucleus. Recently some authors have sug-
terized as having lower average energies than predicted. Segested the possibility of the dynamical effects on the deex-
eral papers reported that these nuclei are subjected to loweitation proces$20,21].
emission barriers as compared to inverse absorption channels A simplistic attempt to describe the collision has been
due to large deformations at the higher excitation energy antlased on a schematic picture of the collision process in terms
the angular momenturfi2—10.. Some other authors claim of the topology of the entrance channel potential. If the re-
that these spectra may be well explained in terms of a statisultant force is attractive, the collision will lead to fusion.
tical model incorporating only a spin-dependent level densityCalculations become elaborate if the dynamics of the process
and without lowering the emission barri¢d$—13. Possible is considered explicitly along the whole reaction path,
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mainly effect the lower-energy part of the particle spectrum.
In heavy ion induced fusion reactions, high excitation, and in
particular the levels at high angular momentum have an es-

Focal

Plane sential influence on the deexcitation cascade. The level den-
s Systen sity formula, for a given angular momentunand both pari-
focuen ties = 7r, can be written as
FIG. 1. The schematic layout of the scattering chamber and 21+1 72\ 372 1
HIRA. B.C. is the beam catche®;, Q,, Qs;, Q,, the quadru- p(E,1)= 1 a' ﬁ) (E-A_t-E )
poles; ED1, ED2, the electric dipoles; M the multipole; MD the :
magnetic dipole, and;, T, are the two telescopes. xexp{2[a(E—A—t—E|)]¥3,

through the multidimensional space of relevant collective dewhere a is the level density parametet,is the thermody-
grees of freedom of the nuclear system by incorporating disnamic temperature) is the pairing correction, an, is the
sipation[22]. A more correct approach will be to divide the rotational energy. The rotational energy in terms of rigid
total decay time in two part§) decay during the formation pody moment of inertid, is given by

of the equilibrated system, arfd) decay of the equilibrated

compound nucleus. However, results from this approach also £2 £2 [(1+1)

become qualitative as noted by Thoennesseml. [19], ] |(|+1)=ﬁm

since the statistical model is being applied to the nonequili- 0 ! 2

brated system also. where §; and &, are the input parameters providing a range

In the present work, we have measured d¢hparticle en- , . .
i o ; . . of choices for the spin dependence of the level density.
ergy spectra in coincidence with evaporation residues for the' _. ! .
Figure 2 compares the experimental data with the cumu-

79 % . _. .
Rb. compound system,' produced in the hgavy lon fu5|or] tive o and proton spectra from cascade calculations using
reaction with great experimental care. Statistical model an

dynamical calculations have been used in an attempt to in_otating quuid_dr(_)p mode_l moment of inertia and the optical
terpret the experimental data. modgl transmission coeff|C|ent§ for the respective inverse ab-
sorption channels. The experimental data is presented for
singles as well as in coincidence with the residues. The co-
EXPERIMENT incidence measurements are done by rotating the HIRA
The experiment was performed with the 15UD PelletronS€tUP from 0° to 15° to account for the recoil of the residual
at NSC, New Delhi, India. The 140 MeV®Si beam was nucleus. The coincidence data at different angles of HIRA is
used to bombard a 10Q@g/cn? spectroscopically purély  then normalized by the total charge on the target and then
foil as target. The experiment was done using the heavy iolf't€grated. It can be seen that the experimental spectra differ
reaction analyzefHIRA) (recoil mass separatoiThe evapo-  1om the theoretical calculations. In order to fit these spectra,
ration residues were separated from the beam and were d&€ introduced a spin-dependent level density éffvalues
tected by the focal plane detector at different angles of HIRAJENerated with increased values &f and 5, and without
to take into account the recoil due to theparticle emission. c€hanging the optical model transmission coefficients. The
Figure 1 shows the experimental setup. High quality particlesPin dependence of the level density, effected by the varia-
spectra were obtained at different laboratory angles usin§on Of E; produces a noticeable change in the slope of high-
AE—E(40 um—5 mm) detector telescop€,; andT,) with ~ ENergy tail of the spectrum. However, the peak position and
proper precautions regarding the energy calibration, and H1€ lower-energy part of the spectrum remains unchanged.
very good vacuum of roughly 18 Torr in the scattering 'Ncreasing the values of, and 6, parameters and thus re-
chamber so as to avoid oxygen and carbon built-up on thgucing the value o, , enhances the available phase space
target. Light charged particle spectra were taken in coinci{or 1ow |-wave emission of neutrons and protons from high
dence with the evaporation residues in order to discriminatPin compound nuclear states relative to the higherve
the particle evaporation from various mechanisms viz€Mmission ofa particles from these states. As a result the
evaporation from projectilelike nuclei. The compound More strongly competing neutron and proton emission sup-

nucleus "Rb* was formed at an excitation energy of 85 Presses the early emission of particles from high spin
MeV With | ,5,=56%. states. The suppression of first chane@article emission

leads to the softening of the high-energy part of thepec-
trum. However, the lower-energy part of the spectrum re-
mains uneffected due to this change of level density.
Statistical model calculationsThe statistical computer ~ The present results were compared Wifsi+2’Al sys-
codecAscADE [23] was used to perform the theoretical cal- tem studied by us earli¢f0]. It is found that the experimen-
culations, which assumes the reaction to occur in two stepsal spectra in the present case 88i+°V system may be
First the formation of the compound nucleus and second thexplained by the statistical model calculations taking into
statistical decay of the equilibrated system. There are tw@ccount much less deformation of the compound nucleus as
aspects of the physics which govern the flow of an evaporacompared to the?®Si+2’Al system, though the average an-
tion cascade, the spin-dependent level density defining thgular momentum of 404 in the 28Si+5V asymmetric sys-
available phase space and the transmission coefficients thi@m is higher as compared t030% in 28Si+2’Al symmetric
control access to this space. The transmission coefficientsystem. To understand the above behavior, we did dynamical

ANALYSIS
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FIG. 2. Comparison of the experimental spedtriangles for coincidence with ER and circles for singlasth the statistical model
(solid line) using transmission coefficients for the spherical nuclei and the RLDM moment of inertial with56% for the reaction
285i+-51y/, (@) « spectra at angles 30° and 60B) Same for the proton spectra.

analysis in order to verify the symmetric and asymmetricgrees of freedom: the distance between the nucleionga-
entrance channel effects on the formation of the compountion), the neck-coordinatér), and the asymmetry coordinate
nucleus. (A), defined as

Dynamical trajectory model calculationsn the model
developed by FeldmeidR4], various aspects of dissipative s=distance between two spheres,
heavy-ion collisions are brought out for the center-of-mass
energies ranging from the Coulomb barrier up to several VO—(477/3)R§—(477/3)R§’
MeV per nucleon above the barrier. The lower limit is for o= i ,
treating classical trajectories and the upper limit to ensure 0
that the mean field assumption is valid. The macroscopic
properties of large scale nuclear motion are obtained, where A= Ri—R,
the coupling between the intrinsic and collective degrees of Ri+Ry’
freedom is treated in a microscopic picture of particle ex-
change[25], which provide the friction and the diffusion whereVy is the total volume of the system and is indepen-
tensor. The dynamical evolution of the two colliding nuclei dent of thes, o, andA. R; andR;, are the radii of the two
is described by a sequence of shapes which basically consisteracting nuclei. In addition there are three rotational de-
of two spheres connected by a conical neck. Throughout thgrees of freedom for the intrinsic and relative rotation of the
collision the volume of the shape is conserved so that theinuclear complex. Denoting the six macroscopic coordi-
uniform mass and charge densities remain the same. Theates and their momenta lpy(t),p(t)], the Langevin dy-
macroscopic shapes of the nuclear system are represented gmical equations of motion can be written as
axially symmetric configurations with sharp surfaces. These
shapes are uniquely determined by three macroscopic de- dp/dt=—dT/dg—dV/dg+ X(t),
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FIG. 3. Calculated evolution of the separatia) 6f the collid- FIG. 4. Calculated evolution of the excitation energy of the

ing nuclei as a function of time for the reactioR%Si+*'Al and  colliding nuclei E*) as a function of time for the reactions
285j+-51y at 140 MeV. The dashed line corresponds to the radius?8sj+27a| and 28Si+5% at 140 MeV.
R=RyA? for the compound nucle?®Co and "°Rb for the two

systemg(see text of both the systems studied. The dashed lines in the figure

show the radii R=Ry,AY®) of the compound nuclei
dg/dt=M"'p RbBSi+5V) and $Co(2Si+27Al). This line indicates
that thel values with separation greater than this value do
whereT is the collective kinetic energy is the mass ten- not lead to the fusion. The thermal excitation energy as a
sor,V is the conservative potential, ai{t) is the fluctuat- function of time is plotted in Fig. 4. It can be seen that the
ing force due to coupling of the collective degrees of free-excitation energy available for particle emission achieves its
dom to the intrinsic degrees of freedom. The mass tensor ifinal value roughly in 5 10~ 22 sec after the zero timéZero
calculated from the profile function by assuming incompresstime is defined as the time when the participating nuclei
ible and irrotational flow of mass during the shape evolutionbegin to feel the nuclear force and deviate from the earlier
in the collision. The potential energy is calculated by as- Coulomb trajectorieg. Furthermore, the excitation energy
sociating with each shape the nuclear and Coulomb energieayailable for the particle emission decreases as the angular
the nuclear potential is obtained as a double volume integrahomentum increases.
of a Yukawa plus exponential folding function, the Coulomb  Decay times were estimated using the computer code
potential is calculated assuming a uniform charge distribuPACE2[27]. These times were compared with the formation
tion with a sharp surface. The motion of the system is goviimes of the compound nuclei in order to see whether evapo-
erned by a strong dissipative for&t), which is related to ration is significant during the formation process. The
the friction and the diffusion terms obtained from particle decay times for 22Si+° and 28Si+2’Al systems are
exchange moddR5]. One-body dissipation is assumed to be3.1x 10 2! sec and 1.78 10 2! sec, respectively. The aver-
predominant as it has been found to be more relevant foage formation times for®Si+°V and 28Si+2Al systems
these types of reactioni6]. This model gives a realistic are 2.5<10 2! sec and 2.0810 %! sec, respectively. The
macroscopic description of the nucleus-nucleus collisionformation times for both the systems are comparable to the
based on the concept of one-body dissipation. It does nalecay times, therefore the influence on particle decay during
contain free parameters and consistently describes the dyke formation process of the compound nucleus will be sig-
namical evolution of various composite systems formed imificant in both the cases. Theparticles emitted due to the
nucleus nucleus collisions in a wide range of impact paramfragments in the precompound process are focused in the
eters. forward direction and hence, the spectra or30° will be
The results oHicoL calculations are given in Figs. 3 and mainly dominated by the statistical decay of the compound
4. In Fig. 3, the elongation of the fusing nuclei is plotted asequilibrated system. As is evident from Fig. 2, at 30° the
a function of time. The calculations were done for varibus singles and the coincidence spectra do not coincide with each
values for the whole range ¢fvalues and these values are other. However, at 60° they completely overlap, indicating
given in the plot. It can be observed that for highalues, that there is no contribution from the fragmentlike or pre-
trajectories do not lead to a spherical compound nucleus butompound emission.
remained elongated for long times and it is a general feature The semiclassical codeicoL does not predict fusion to
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FIG. 5. Comparison of the experimental spedtré&angles for coincidence with ER and circles for singlasth the statistical model
(solid line) using the transmission coefficients for the spherical nuclei and the RLDM moment of inertib,wifB80% as predicted by the
dynamical modelHicoL) for the reactior?®Si+5V. (a) « spectra at angles 30° and 6QB) Same for the proton spectra.

occur for 28Si+°% system for angular momentum larger spectrum can be well fitted but the lower-energy part of the
than 3@, instead the system remains in a rotating configu-spectrum remains unexplained by taking the lowalues in
ration for long times. In this case the maximum value ofthis case. The lower-energy part of the spectrum is therefore
angular momentum for which the system fuses i#.30 the  fitted by changing the effective radius of the compound
case of 28Sj+2’Al system the maximum value of angular nucleus. This change is about 20% larger than the half den-
momentum for which the codeicoL predicts the fusion to sity radius of the Woods-Sexon potential assumed in the cal-
occur is 2%. Taking these values df,,,, we did the statis- culation of the transmission coefficients for the inverse ab-
tical model calculations for both the systems. Figure 5 showsorption channel. With the changed transmission coefficients
the experimental data for the particles and the protons and using the same value Igf,y, i.e.,| nx=23%, the a spec-
compared with the theoretical predictions for tfSi+°V  tra are obtained as shown in FighBwhich are in agreement
system withl ,,,,=30% and the RLDM moment of inertia. It with the experimental data. However, the observed proton
is evident from the figure that the statistical model predic-spectra in Fig. ) for the symmetric systerfSi+2’Al have
tions are in agreement with the experimental data with th&uch low energies that it deviates at the lower as well as the
HicoL predictedl values without taking into account the de- higher-energy part of the spectrum with the statistical model
formation of the compound nucleus. It is remarkable to notecalculations using the RLDM moment of inertia ahg.,

that the theoretical calculations agree well for both &h®  =23#% as predicted by the dynamical modelicoL). The

and the protons. Figure(® shows the experimental data for change of the radius parameter by 20% in Figp),7as was

the a particles compared with the theoretical predictions fordone in the case af-spectrum, also fall short of representing
the 28Si+27Al system withl ,,,=23% and RLDM moment of the experimental data. It indicates that a reasonable nuclear
inertia. It can be seen that the high-energy part of ¢he deformation may not account for the measured very low pro-
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FIG. 6. (a) Comparison of the experimental spectra(circles at different angles with the statistical modglolid line) using the
transmission coefficients for the spherical nuclei and the RLDM moment of inertial witk-23%4 as predicted by the dynamical model
(HicoL) for the reaction?®Si+27Al. (b) Same with the transmission coefficient changed for deformed nuclei having the average radius
increased by 20%.

ton energies as reported by Parkgrl. [9]. It seems that in  28gj127A] and the asymmetric28Si+°V system, it was
the symmetric systems the collisions in the early stages dioted that the deformation in the former system having a
the nuclear reaction excite particularly those nucleon_s whichower average angular momentum ofi3®as larger than the
are near to the surface of the. nu_cleus. Ip the outer fringes qktter system having a greater average angular momentum of
the reacting system, the emission barriers would be loweyqy; which indicates that the deformation of the compound
than in the c_entral regi_on resulting in the unexpectedly |°Wsystem depends not only on its angular momentum but also
average particle energies for the protons. on the entrance channel. The dynamical effects prior to the
formation of the compound system, therefore, seem to play
an important role in deciding the finalvalues and the exci-
tation energy of the compound nucleus. Dynamical trajectory
We have measured the evaporation residue-gatspec- model (HicoL) calculations predicted lower values for fu-
tra from the "’Rb* composite nuclei. The measured spectrasion in both cases and were found to be responsible for the
are softer than those predicted by standard statistical modbigher-energy part of the spectrum of the two systems. The
calculations. A satisfactory description of data can be obdeformation of the system plays a role in describing the
tained by varying the level density parameters and invokindgower-energy part of ther spectrum and was found to be
the deformation in the transmission coefficient calculationgpresent in?®Si+27Al system. However, the observed proton
considering that most emission comes from the tips of the spectra for this symmetric system have such low energies
nucleus. However, when considering the symmetricthat it is impossible to fit the statistical model calculations

SUMMARY
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FIG. 7. Comparison of the experimental proton spe¢tiecles with the statistical model using the transmission coefficients for the
spherical nuclei and RLDM moment of inertia, with,,=23 as predicted by the dynamical modglcoL) for the reactior?®si+2’Al. (b)
Same with the changed transmission coefficients for the deformed nuclei with the average radius increased by 20%.
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