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A study of the role of coupled-channel effects in the enhancement of the population of high-spin states was
undertaken with the reactiorféCa+ **2Nd and 8°Se+ 1'%d, near the Coulomb barrier, leading to the same
compound nucleust®Hg, at the same excitation energy. Statistical calculations with standard values for the
level density parameters and fission barriers predict an enhancement of the high-spin population for the more
mass-symmetric system, brought about by the coupling to inelastic channels in the fusion process. No enhance-
ment was observed which we interpret as an inadequacy of the fission barriers used, and to the role of the shell
corrections, in particular those at the saddle point.

PACS numbegps): 25.70.Jj, 24.10.Pa, 24.751

I. INTRODUCTION coupled-channel effects in a mass region where the fission
process is important.
Appreciable effort has recently been devoted to study of For this particular study, the selected reactions were
the entrance channel effects, in particular inAhe 150 mass a+*Nd and *Se+ *'%d, at bombarding energies of
region[1-4]. It was found that the population of superde- 185 MeV and 304 MeV, leading to the same compound sys-

19 H i *
formed states is enhanced for mass-symmetric reactions rel 2m '%Hg, at an excitation energy (E. =37.1 MeV and
7.7 MeV, for reactions occurring at midtarget, respectively.

tive to mass-asymmetric reactions Ieadln.g to the same CONFp ose reactions populated mostly the residual nuci@lig
pound nuc!eus formed at the same excitation energy. Th'ﬁwrough the 7 exit channel. Thé®Ca and®°Se beams were
effect was interpreted as being due to the longer fusion timeoyided by the 88-Inch Cyclotron at the Ernest O. Lawrence
associated with the symmetric partners which allows to neugerkeley National Laboratory. Th&2Nd and 11%d targets
tron emission to compete favorably with fissidr, resulting  consisted of a thin foil of 50@.g/cn?. Gamma rays emitted

in an increase of the angular momentum of evaporations respby the deexciting nuclei were detected with the Spec-
dues. However, dissipative collision calculatiofis6] did  trometer{9] which comprises 20 Compton-suppressed HPGe
not support this interpretation. Moreover, a recent stigly detectors and a 71-element bismuth germar@@O) ball
showed that, for a mass-symmetric reaction relative to atised as ay-ray calorimeter and multiplicity detector. The
asymmetric reaction, there was a large increase in the supe#sr Spectrometer measures simultaneously the population in-
deformed band population and in the superdeformed corl€nsity of discrete states and theray multiplicity. To the
tinuum that could not be explained by time independent staSxtent that the reactions studied popula'te .the same com-
tistical model calculations. A dynamical delay in the fission pound nucleus with nearly the same excitation energy and

introducdd] t iie th . tal ob spin distribution, as shown below by the uncoupled calcula-
process was introducdd] to reconcile the experimental ob- 4o, hredictions, the differences between the population in-

servations with statistical model predictions. An earlier studyansities of a discrete state at a given spin or more simply the
[7]in the A~ 130 mass region, where the fission contributiongifference between they-ray multiplicity distributions

is negligible, showed that the entrance channel effects arghould be directly related to coupled-channel effects. This
associated with differences in the compound-nucleus spifechnique does not require converting measuyady mul-
distributions brought about by coupling to inelastic channelsiplicities into spin distributions. It has been successf{ifty

in the fusion process. This effect can be interpreted as due tapplied to measure a strong enhancement of the population
the fact that, for a given compound nucleus, more symmetriintensity of the superdeformed band #i°Nd in the “Ge
entrance channels are characterized by relatively larger Cour 5“Ni reaction compared with th8Mg+11°Cd reaction. It
lomb repulsive forces, thus a deeper interpenetration is rewas shown that the observed differences resulted from a
quired in order to overcome them and initiate fusion. Consemodification of the compound-nucleus angular momentum
quently, in the fusion of quasisymmetric systems,distribution due to the presence of low-lying vibrational
phenomena such as mutual excitation, shape distortion arfdates in the projectile and target nuclei.

nucleon exchanges may occur before the fusion process is

started and influence the probability of the system to fi&e. Il. STATISTICAL CALCULATIONS

The present work reports a study in the-190 mass region In the present work, calculations using the cauterus
near the Coulomb barrier to test our understanding of th¢10] were carried out to estimate the coupled-channel effect
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TABLE |. Energies and deformation parameters for the first 2

and 3~ excited states. 60 - Ccfus — uncoupled
Nucleus B, : Energy(MeV) B3 : Energy(MeV) 40 - _— *Ca+ "Nd
80, 110
“ca 0.10:3.83 0.17 : 4.51 " —— "Se+Pd
80se 0.24 :0.67 0.13:2.72 20 +
10%pq 0.25: 0.37 0.14 : 2.04 ~ L
142N 0.10 : 1.57 0.10 : 2.08 2 L
c r
? 40 - Ccfus — coupled

on the compound nucleus spin distribution. For each system -
coupling to the first excited 2 quadrupole vibrational state <~ 30 -
and the first excited 3 octupole vibrational state was taken € "
into consideration for both the target and projectile nuclei. -
The published11] deformation parameters3,, given in
Table | were assumed. The derived compound nucleus spil??
distributions were then used as input to the Monte Carlo ¢ ¢ . . R N T N
evaporation codevAPOR[12] in order to calculate the resi- Ccfus (coupled) + Evap
due entry-spin distribution§.e., the spin of the state emit- 40
ting the first y-ray immediately following the last particle
evaporation for nuclei surviving fissionThe level density r
formalism of Gilbert and Camergfi3] and a level density
parameter oB=A/8.0 MeV ! were assumed. The ratio of
the single particle level density of the fissioning nucleus at
the saddle point deformation to that of the residual nucleus a
the equilibrium deformation following neutron emission, 0 0 10 20 30 40 50 60
a;/a,, was set to unity as suggested in literati28,24,28. .

The code uses the spin-dependent fission barrier derivecr Spin (/{'I )

from the parametrization of Siefll4]. It has several refine-

ments relative to the rotating-liquid-drop model, such as; FIG. 1. Calculat_ed compound-nucleus and entry-spin distribu-
- - . : tions. Upper panel: spin distributions when no coupling to low-
finite-range effects, discussed in the next section.

. - lying vibrational states is included in the calculations. Middle panel:
The results of the calculations are shown in Fig. 1. The in distributions when coupling to inelastic channels are consid-

. . S
upper panel shows the cross sections when no couplings gf

. ; . ) . . ed. Bottom panel: entry-spin distributions following the emission
low-lying vibrational states are included in the c:""ICUI"’“'OnS'of particles for all events surviving fission. Target thicknesses were

illustrating the closely matched spin distributions. Theiaken into account by integrating over the appropriate energy

middle panel gives the cross sections when coupled channedgreads. For each panel, the curves were normalized to an equal
are taken into account, showing an increase in spin for thgreg.

803Se-induced reaction. The lower panel shows, as expected,

that in contrast with studief] in the A~130 mass region, observed in the present wofk6], providing an unambigu-
much of the extra spin is lost to fission, that originates pre-0us signature of the coupling.

dominate|y from h|gh angu]ar momentum states. However a The calculations Combining Coupled-channel calculations
10 % increase in spin for thé°Se-induced reaction is pre- and statistical decay of the compound nucleus described
dicted and this should easily be measurable with the techabove, were showfi7] to be successful in reproducing the

arb

ectio
(=)
I

Cross

niques described above. enhancement of superdeformed band population inAhe
~130 mass region, where the contribution of the fission pro-
IIl. EXPERIMENTAL RESULTS cess is negligible. In the present work, in the-190 mass

region, the apparent absence of coupled-channel effects from

Shown in Fig. 2 are the measurgeray fold distributions  the entry spin distributions is most likely due to the fission
for the 2n evaporation channel, leading to the residualprocess at high spin which seems to be underestimated in the
nucleus'®Hg which represents over 90% of the total fusion- above predictions. As a first step, the effect of level density
evaporation cross section. Theray fold distributions are on the cooling process was investigated. The level density
directly related to the entry-spin distributions. No centroid parametea= A/k was varied fromk=7 to k=11 within the
shift between the two reactions is seen in contrast with studeode EVAPOR, no appreciable differences were observed in
ies[7,15,5 in the A~150 mass region. Similarly, the inten- the predicted entry-spin distribution relative to those shown
sity profiles as a function of spin of discrete rotational bandsand discussed above fke8 in Fig. 1. As a second step, the
are similar for both reactiongl6]. One concludes that the fission barrier and the ratio of level density parameter
entry-spin distributions are identical for the two reactions, in(as/a,) were varied. Obviously, a reduction of the fission
contrast with the theoretical expectations. Theays corre-  barrier, or an increase of tha/a, ratio above unity en-
sponding to the low-lying transitions i’Se and'!%Pd were  hances the fission probability. The results are presented in
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FIG. 3. Comparison of the calculated entry-spin distribution as-
sociated with the & evaporation channel, for the two indicated
. . ... . .reactions with the listed values of the statistical model parameters.
the.upper and middle panels of F,'g' 3. The er.1tryl-sp|n d',St”'For the upper panels, the Sierk fission barriers were used and the
butions for the & channel were simulated while increasing yatio of level density parametess /a,, was varied as indicated. For
the a;/a, ratio or reducing the fission barrier, by a scaling the middie panels, the level density parametefa,, was kept equal
factor independent of spin. The parameters were varied untgh unity and the Sierk fission barriers was multiplied by the indi-
the entry-spin distributions became similar for both reactiongated factor. For the lower panels, the Thomas-Fermi fission barrier
as it is observed experimentally. Such an agreement is olivas used without shell correctidteft, es=0) and with the inclu-
tained by reducing the fission barrier by a factor of approxi-sion (right, es= —3 MeV) of shell correction to the barriésee the
mately 0.5 or by increasing the level density ratio by 30%text).
above unity. This drastic reduction of the fission barrier or
extravagantly high value @ /a, leads to an unrealistic con- tribution of fission is higher for thé°Se-induced reaction,
tribution of fission to the total fusion cross section, of thesince for this system higher angular momenta are populated.
order of ~78—95% without even the inclusion of the
coupled channfals, while in this mass region and excitation IV. DISCUSSION
energy range, it is commonly known that the neutron width
dominates the total decay width. The sensitivity of the cross At the incident energies considered in the present work,
sections to these parameters is illustrated in Fig. 4. The reldollowing the coupled-channels approach, the barrier acts as
tive contribution of fission cross section to the total fusiona divider into two groups of reactions, the direct and fusion
cross section, as predicted by the statistical aod&POR, is  reactions. The latter group, investigated in the present work,
plotted as a function of the level density ratig/a,, (upper leads to the formation of an equilibrated compound system
pane) and as a function of the fission barrier scaling factorthat decays in several steps by emission of partiglesdia-
(lower panel. In the former case the Sierk fission barrierstion, and/or fission. The excitation energy is high enough to
were used while in the latter case the level density ratio waensure the adequacy of a statistical description of the
set to unity and the Sierk fission barriers were scaled by particle-decay procedd7]. As for fission, as concluded by
factorR (<1). An increase by two order of magnitude of the Kramers [18], the dynamical evolution of the compound
fission contribution, in absence of coupling and for both sysnucleus from the spherical or near-spherical ground-state
tems, is obtained when the level density ratio or fission barshape to the saddle-point deformation is a dissipative process
riers are adjusted to reproduce the experimental data. Whemhich may depart the fission width from the value predicted
the couplings to the inelastic channels are included, the corby the statistical model and thus cannot be treated in a purely

FIG. 2. y-ray fold distribution, represented by the total number
of firing BGO elementsK, measured for the two reactions, for the
2n evaporation channel.
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w ' v * , —20%, and in order to be consistent with the fact that the
10° - 5 shape of the nucleus is changing with angular momentum
this ratio would depend on the angular moment{@2].
However, a large correlated range of these parameters,
namely the level density ratio and fission barriers, can pro-
3 vide an equally good reproduction of the experimental data.
Later studieq 23,24] showed that the number of prefission
neutrons had a greater sensitivity to the level density ratio
than did to the fission barrier, also prescission charged-
E particle multiplicities placed limits on the level density pa-
rameters. The ratio of level densities parameter was found to
be consistent with a value of unity. Consequently, the high
value of the ratioa;/a,~1.3 needed to reproduce our ex-

0.95 1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35 1.40 perimental data is inadequate.

=7

af/ an B. Fission barriers

As for the fission barriers, their prediction relies on the
determination of the saddle point in the calculated shape-
dependent potential energy surface. The rotating-liquid-drop
model[25] has provided a simplified model of the potential
4 energies and equilibrium configurations of rotating nuclei as
] a function of spin. However, when the liquid-drop model
was confrontedwithin a statistical de-excitation modetith
experimental data on heavy-ion-induced fission and
E evaporation-residue formation, the fission-barrier heights had
] to be reviewed14]. A comprehensive survey of macroscopi-
cally calculated fission barriers was done by Sierk within the
‘ ‘ framework of the Yukawa-plus-exponential modg26],

045 055 065 075 085 095 105 leading to a reasonable reproduction of the experimental data
on fission and evaporation-residue cross sectids24.
This angular-momentum-dependent macroscopic middg!

FIG. 4. Dependence of the relative fission cross section on tnﬁad several refinements relative to the rotating_“quid_drop
level density ratioupper pangland on the scaling factor for the  model, the most important being the inclusion of finite-range
Sierk fission barrierlower pane), as predicted by the statistical offacts in the nuclear surface energy by means of Yukawa-
code EvapOR For each reaction, the upper curve represents they,s exponential potential, the finite surface diffuseness ef-
calculations when the couplings to the inelastic channels are iNeacts in the Coulomb energy and the rotational moments of
cluded. inertia. This finite-range rotating liquid-drop model is widely

used and included in the current statistical coldex27. In
statistical way, determined by the number of available doorthe present work, it was necessary to drastically reduce the
way states above the fission barrier. However, it is experiSjerk fission barrier, leading to an unrealistic contribution of
mentally found[19] that the evaporation of particles before the fission decay channel to the fusion cross section, as dis-
scission is enhanced with respect to the statistical model pre&ussed in the previous section. A more recent ana[z8s
diction when the excitation energy of the compound nucleusgf 34He-induced reactions for a variety of nuclei covering a
exceeds-50 MeV. Therefore, this effect will not be consid- mass range oA=186—213 showed that the fission excita-
ered in the interpretation of the present work, and we willtion functions scale according to the transition state model
assume that the statistical model is applicable. In fusionprediction once shell effects are taken into account and that
fission studies, the data were usually analyzed following thehe ratio of level densities paramete;(a,) was found to
transition-state statistical model and the rotating liquid droppe consistent with a value of unity. Bearing in mind the
model (RLDM), the shell effects being neglected at high differences observed between fission barriers extracted from
angular momentum and excitation energy. Fission excitatiome experiments preformed using ||ght projecti]es and those
functions were interpreted within this framework, Varying using heavy ionizg]7 where h|gher angu|ar momenta are
only two parameters: the ratio of the level density parameterfyyolved, an interpretation of the discrepancy observed in
as/a, and a scaling factor for the RLDM fission barrier.  this work could be related to the dependence of the fission
barrier on the angular momentum. The fission barrier may
actually decrease more rapidly with increasing angular mo-
mentum when compared to the Sierk fission barrier. Existing

Earlier works on fusion-fission pointed to the fact that microscopic calculations of fission barriers do not provide
as/a, is appreciably larger than unify20,21, by up to 10 comprehensive and quantitative predictions, while macro-

A. Level density ratio as/a,
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C. Shell effects
16 ¢ In addition, the fission barrier depends on the shell cor-
L rections:
s
g2 B1(J)=B{(3) + (Sesaq Segs)
A
% where B'fd(J) is the spin-dependent fission barrier from a
°2 8 macroscopic model andles,qand degy s are the shell correc-
g tions at the saddle point and at the ground state, respectively.
2 While the ground state shell corrections are believed to be
4L known within 1 MeV, one cannot exclude the presence of
o Thomas—Fermi shell effects at the saddle point as it is usually assumed in the
Sierk literature [29]. Furthermore, little is known on the depen-
0 dence on spin of shell effects at the saddle point. As the

0 20 40 60 80  fission barrier puts constraints on the differenéeg.q
Angular Momentum — 8¢y, in the following when referring to the shell correc-
tion, the difference is intended and simply indicatedeay

mentum as calculated by the Sierk modebntinuous thick curve The shell effects, npt inclgde_d in the Calculation§ presented
and the Thomas-Fermi modgll circles) well fitted by a Gaussian a}bqve, Cou.Id Contrlbgte S'Qn'f'cam'y to the 'O,WG“”G of the
distribution(continuous thin curve The inset represents the ratio of f!SSIOI’] barrier as ,the inclusion of shell cprrectlons as a func-
the two barriers, Thomas-Fermi to Sierk, as a function of spin. 0N of deformation alters the potential energy surfaces
[33,34). Microscopic calculationg35], using Strutinsky’s
scopic theories are inadequate since they are limited to theethod, predict that the shell correction should fluctuate and
use of rigid moments of inertif32]. Recently, Myers and eventually disappear with increasing angular momentum of
Swiatecki proposed32] new fission barriers based on the the nucleus. This is due to the debunching and rebunching of
Thomas-Fermi nuclear modg0—-32. This model aims at a single particle states due to the increasing deformation of the
macroscopic description of the binding energy considered afst rotating nucleug29].
a function of the neutron and proton number and of the To implement the Thomas-Fermi fission barrier in the sta-
nuclear shape that includes angular momentum, through #stical code, it was found that its dependence on ggjn
self-consistent, semiclassical, mean-field solution of thdollows approximately a Gaussian distribution with a maxi-
problem of self-bound nucleons. It uses an effective velocitymum at spin zergsee Fig. 3, and can be written as
and density-dependent Yukawa interaction between the
nucleons. The Thomas-Fermi fission barrier is deduced by B1(J)=By(0)exp( —J%/207) + €5,
tracing out the deformation energy of a nucleus at a given
spin as a function of increasing quadrupole moment and thewhere, for the **Hg nucleus, B¢(0)=14 MeV and o,
locating the maximum when it exists. For each value of the=27# as obtained from a fit of the Thomas-Fermi fission
quadrupole moment, the Thomas-Fermi Euler-Lagrang®arrier. The parametess was added to represent the shell
equations are solved by iteration under the given constrairgorrection as the shell effects are disregarded in the Thomas-
on the quadrupole moment, through a three-dimensional grifermi fission barrier calculatiod82]. The bottom panels of
on the neutron and proton density distribution. As this nu-Fig. 3 show the entry-spin distributions for then Ziecay
merical saddle point search is required for each new fissioghannel, calculated with the codevAPOR, where the
barrier of interest, the usefulness of the Thomas-Fermi modelhomas-Fermi fission barrier was used following the para-
is restricted as regards the use of derived fission barriemetrization of the fission barrier given above. An agreement
within a statistical code. As an alternative for the presenwith the experimental findings was obtained for shell correc-
work, the Thomas-Fermi fission barrier was calculated fortions in the order oks~—3 MeV. Based on the finite-range
the compound systert?™Hg, for various values of the angu- droplet macroscopic model and the folded-Yukawa single-
lar momentum, then its parametrization as a function of spirparticle microscopic mod¢B6] by Moaller et al, the ground
was implemented in the statistical code. Figure 5 displays thetate shell correction is estimated to &€, s=—1 MeV for
calculated fission barrier for th®%Hg nucleus as a function *°*Hg. Thus the inclusion of ground state shell correction
of the angular momentum according to Sierk mo¢n-  alone actually leads to an increase of the fission barrier.
tinuous curvg and to Thomas-Fermi modéfull circles),  While there is the possibility of inaccuracy, the ground-state
where each point represents a complete numerical sadd&hell corrections are believed to be known within 1 MeV,
point search, described above, obtained for the given spirthus the total shell correction found above suggests that the
While at low spin the barriers are similar within 1 MeV, at shell correction at the saddle point is of the orderdef,q
high spin where the coupled-channel effects are expected to —4 MeV. This value,es~—3 MeV, should be regarded
be presentsee Fig. 1, the Thomas-Fermi fission barrier de- as an approximate average value over spin, of the difference
creases more rapidly relative to the Sierk barrier. The inset 06f shell corrections at the saddle point and at the ground
Fig. 5 shows that the ratio of the two fission barriers has state. To illustrate the shell correction order of magnitude, its
nearly linear dependence as a function of spin. value for the ground state of various Hg isotopes is displayed

FIG. 5. Dependence of thE®Hg fission barrier on angular mo-
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10 ‘ e ! A ‘ energy surface is responsible for this behavior. From all the
above conclusions, it appears that the inclusion of shell cor-
5 Hg ] rections as a function of deformation in a full calculation of

potential energy surface, providing a detailed description of
the deformation energy landscape in the saddle region, is
greatly needed to complement the statistical model calcula-
tions.

Q

|
(L)

V. SUMMARY

8£gs (MeV)

To summarize, the*®Cat+ ¥Nd and &Set+ %d reac-
tions leading to the same compound nucletiHg, at the
same excitation energyfe( ~ 37 MeV) were studied. In con-

‘ ‘ ‘ . , trast to theA~130 mass region the competition between

80 100 120 140 160 180 fission and particle evaporation makes difficult the observa-
N tion of coupled-channel effects in the~190 mass region

through+y-ray spectroscopy. According to the predictions of

FIG. 6. Calculated ground-state shell correction for the Hg iso-the statistical calculations performed with standard values of
topes as a function of the neutron numigrbased on the finite- level density parameters and fission barrier, an enhancement
range droplet macroscopic model and the folded-Yukawa singleof high-spin population was expected for the most mass-
particle microscopic model, from Rgf36]. symmetric system, due to the large contribution of the

coupled-channel effects. Surprisingly, this enhancement was
in Fig. 6 as a function of the neutron number, as calculated imot observed. This absence of enhancement is interpreted as
Ref.[36]. One notices the large minimum Mt=126, which  being due to the inaccuracy of the fission barrier used. Al-
in absence of shell correction at the saddle point would conthough the newly proposed Thomas-Fermi fission barrier
tribute significantly to an increase of the fission barrier wherseems to produce a more realistic dependence on the angular
the neutron number increases, thus an enhancement of shethomentum relative to the Sierk barrier, it was shown that, in
stabilization against fission. The contribution of shell effectsaddition, it is necessary to take into account the contribution
at the saddle point may however affect this stability. Simi-from the shell corrections at the ground and at the saddle
larly, in the spherical Th mass region, due to the stabilizingpoint. Further detailed potential energy surface up to the
influence of the ground-state shell effects arouiegt 126  saddle region are necessary and would complement signifi-
shell, an enhancement of the cross section of residues, igantly the current statistical model calculations.
duced by an increase of the fission barriers, was predicted
[37]. However, experimentally, a weak enhancement of the
survival probability against fission in the deexcitation pro-
cess was reportelB7]. The existence of shell effects at the  This work has been funded by the Natural Sciences and
saddle point may provide an explanation to this apparenEngineering Research Council of Cana@4SERQ. We
damping of shell effects by counteracting the contribution ofwish to thank R.K. Bhaduri, J.O. Newton, and V.V. Pash-
the ground-state shell correction. More recently, anomaloukevich for useful suggestions and W.D. Myers and Wwii-S
fission fragment anisotropies were found fot?C  atecki for fruitful discussions and for supplying their code of
+ 198t (210, N=126), and were significantly larger than Ref.[32]. We thank the staff at the 88-Inch Cyclotron Labo-
those predicted by the standard statistical saddle-point modehtory for providing the beams needed to perform the experi-
[38]. It was concluded that the shell effects in the potentialments.
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