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Effects of B¢ deformation and low-lying vibrational bands on heavy-ion fusion reactions
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We study fusion reactions dfO with 5Sm, 184, and % at sub-barrier energies by a coupled-channels
framework. We focus especially on the effects@f deformation and low-lying vibrational excitations of the
target nucleus. It is shown that the inclusion@yf deformation leads to a considerable improvement of the fit
to the experimental data for all of these reactions. For ff8m and?3®U targets, the octupole vibration
significantly affects the fusion barrier distribution and the optimum values of the deformation parameters. The
effect of 8 band is negligible in all the three reactions, while théand causes a non-negligible effect on the
barrier distribution at energies above the main fusion barrier. We compare the optimum values of the defor-
mation parameters obtained by fitting the fusion data with those obtained from inelastic scatterings and the
ground state mass calculations. We show that the channel coupling of high multipolarity beyond the quadru-
pole coupling is dominated by the nuclear coupling and hence higher order Coulomb coupling does not much
influence the optimum values @, and Bg parameters. We also discuss the effect of two neutron transfer
reactions on the fusion off0 with 232U,

PACS numbses): 25.70.Jj, 21.60.Ev, 24.10.Eq, 23.20.Js

[. INTRODUCTION tion of the target nucleus has been shown also in the inelastic
alpha and proton scatterings frofffU, which give optimum
It is now well established that nuclear intrinsic motions deformation parameters consistent to each dthé+17. Al-
significantly enhance the fusion cross section in heavy-iorthough each reaction might be sensitive to different channels,
reactions at sub-barrier energies. Deformation effect is on# is not obvious whether the effects @ deformation on
of such prominent effects. The role of static deformation infusion reactions are negligible. We also notice that there still
enhancing fusion cross section has long been recognizeg@main noticeable discrepancies between the experimental
[1,2] and has been experimentally demonstrafeeb]. Here  and theoretical barrier distributions in RdfZ] which in-
the enhancement occurs because there is a distribution efuded up to8, deformation. Although a better reproduction
barrier heights which can be thought of as resulting fromof the experimental data of the fusion excitation function as
different orientations of the deformed target nucleus. Anywell as the fusion barrier distribution has been obtained by
distribution of barriers around a single Coulomb barrier leadsncluding the effects of low-lying two 2 and one 3 vibra-
to enhancement of the fusion cross section at energies belotions and a positiveQ-value transfer channel, the role of
the single barrier, because passes through the lower barriehifgher order deformations has not yet been clarified. This
are much more probable. Recently, high precision experimotivated the present work, where we perform a detailed
mental data were obtained for tH€O+ 188w, 1%%Sm fusion  study of the effects of higher order deformation, especially
reactions and it was clearly demonstrated that sub-barriehe effects of8q deformation on heavy-ion fusion reactions.
fusion reactions strongly depend upon the nuclear hexadeca- Besides clarifying the mechanism of heavy-ion fusion re-
pole deformatior{6,7]. It was pointed out that the optimum actions, the study of the effects of higher order deformation
values of the quadrupole and hexadecapole deformation p#s interesting to see the possibility of heavy-ion fusion reac-
rameters obtained from the analyses of such high precisiotions as a new powerful method of nuclear spectroscopy.
fusion data are consistent with those obtained from the Coufhis is another motivation of the present work. We therefore
lomb excitation[8,9] using similar radius parametgt0]. I compare the optimum values of the deformation parameters
order to reach this conclusion, the authors of RE8s7,10  obtained from the analyses of the fusion data with those from
included up to thg8, deformation in their analyses, neglect- inelastic scatterings and the ground state mass calculations.
ing higher order deformations such 8s On the other hand, In order to have reliable results, one has to take various
the differential cross sections of inelastic alpha partiédl ~ channel coupling mechanisms into account which might
and proton[12] scatterings from™*Sm and neutron scatter- cause effects of similar order. In this connection, we discuss
ing from 84V [13] show important effects 0B deforma- in this paper the effects of vibrational excitations of de-
tion of the target nuclei. The important role 8§ deforma-  formed targets. We also pay attention to the role of higher
order Coulomb coupling.
For these purposes, we particularly stutfD+1>Sm,

*Electronic address: rumin@nucl.phys.tohoku.ac.jp 185y, 238 fusion reactions, where high precision experi-
TElectronic address: hagino@phys.washington.edu mental data have been obtaingfl18]. We discuss the ef-
*Electronic address: takigawa@nucl.phys.tohoku.ac.jp fects of channel coupling through the excitation function of
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the fusion cross section and the fusion barrier distributioris added to briefly explain the theoretical framework of the
[19], which is defined as the second derivative of the productoupled-channels calculations we use. We also add Appen-
of the bombarding energly and the fusion cross sectiar: dix B to show the structure of the higher order Coulomb
with respect tcE. Though the fusion barrier distribution has, coupling.
strictly speaking, clear physical meaning only in the limit of
sudden fusion, i.e., in the limit where the excitation energy Il. EFFECT OF B; DEFORMATION
of intrinsic excitations can be ignored, it has been shown that
the concept still holds to a good approximation even for In this section we present the results of coupled-channels
nonzero excitation enerdy20]. This method has often been calculations which take only the ground state rotational band
used to analyze high precision heavy-ion fusion data and i6f the target nucleus into account. We treat the projectile as
now well known to provide a very sensitive test of variousinert, since its excitations can be well incorporated with a
channel coupling effects. choice of the bare potentif21]. Instead of handling the full
The paper is organized as follows. In Sec. Il, we presengoupled-channels equations, we introduce the no-Coriolis ap-
the results of the coupled-channels analysis which takes onlgroximation throughout this paper, and ignore the change of
the ground state rotational band into account. The main rethe centrifugal potential barrier due to the finite multipolarity
sult is thatBg deformation plays an important role in all the Of nuclear intrinsic excitationf22,23. This leads to consid-
three reactions. Fot®®W, the magnitude as well as the sign erable reduction of the dimension of the coupled-channels
of the B are consistent with the results of ground state masgduations. We assume an axially symmetric deformation for
calculations and inelastic neutron scattering. However, théhe target nucleus and expand the radius up to the hexacon-
sign ofIB6 for the Sm and U targets is predicted to be oppo_tatetrapole deformatioﬁ6. We introduce the sudden tunnel-
site to the result of other studies. In Sec. Ill, we examine théng approximation, and set the excitation energy of the
validity of the calculations used in Sec. I, which take full ground stateK=0" rotational band to zero. Both the no-
order for the nuclear coupling, while only the linear order for Coriolis and sudden tunneling approximations have been
the Coulomb Coup|ing into account. By performing Coup|ed-We” tested and shown to be valid to describe the effects of
channels calculations keeping up to the second order in the@tational excitations on heavy-ion fusion reactions, at least
Coulomb coupling, we show that the high multipolarity cou- in the cases where the product of the atomic numbers of the
p|ings, i.e., the X and Y6 Coup"ngsl are dominated by the projectile and target is small as in the systems studied in the
nuclear coupling and hence nonlinear Coulomb couplingPresent paper. Extended analyses in this respect will be pub-
does not almost alter the optimum valuesg@yf and 8. In  lished in a separate papg24]. The no-Coriolis and sudden
Sec. IV we present the results of coupled-channels analységnneling approximations lead to a set of decoupled eigen-
for 180+ 154%5m and 238U fusion reactions which take octu- channel problems, each of which corresponds to the fusion
pole vibrations into account. These target nuclei have lowWith a fixed orientation of the target nucleus. Accordingly,
lying K=0" octupole bands, which are strongly excited by We first solve the Schainger equation for a given orienta-
the Coulomb excitation. ThE3 transition strength from the tion ¢ for each partial wavel using the incoming wave
ground state to the 3state is 24 W.u. for3U and 11 w.u. boundary condition to obtain the tunneling probability
for 15“Sm. We show that the octupole vibration significantly Ps(E.6). We then calculate the total tunneling probability
affects the fusion barrier distribution and modifies the opti-P3(E) for eachJ by taking the average over all orientations
mum values of deformation parameters to fit the experimen@s
tal data. Especially, it changes the sign@f deformation to
agree with the analyses of inelastica_nd proton scatterings _ P,(E)= EJWPJ(E,G)sian 0, 1)
and the ground state mass calculations. Notice that there is 2J)o
no experimental evidence for the low-lying octupadke
=0~ band in 18, suggesting its absence in this nucleus.where the weight of the average has been determined by the
All the three target nuclei have low-lying and y bands, ground state wave function of the deformed target, which is
whose interbandE2 transition probabilities from the ground initially in the 0" state. The fusion cross section is then
state 0 to the 2" member are: 1.0 and 4.4 W.u. ii“Sm,  obtained by the standard partial wave sum. Once the fusion
8.9 and 1.4 W.u. in'®& and 3.0 and 1.5 W.u. if®® for  excitation function has been obtained, the fusion barrier dis-
the y and B bands, respectively. In Sec. V, we examine thetribution is calculated by the point difference formula of
effects of 8 and y vibrations, and show that the effect 6f AE=2 MeV in the laboratory energy, whose value was em-
band is negligible, while ther band affects the fusion barrier ployed in Refs[6,7,1Q in analyzing the experimental data.
distribution at high energies. Besides nuclear intrinsic exci- We note that the orientation average formula Bg.pre-
tations, nucleon transfer reactions between the colliding nusumes a classical rotor for the target nucleus, i.e., it assumes
clei can enhance the low-energy fusion cross section. In Sethe existence of infinite members of the rotational band. In
VI, we study the effect of pair neutron transfer reactions onactual nuclei, the rotational band is truncated at some maxi-
the %0+ 238U fusion reactions and discuss whether it ex-mum angular momenturty,,,. One has to then replace the
plains the experimental fusion cross section which is systemGauss integral by the corresponding Gauss quadrature,
atically larger than the prediction of the coupled-channelsvhich isn=1,,+2 points Gauss quadrature if there exists
calculations which ignore particle transfer reactions at lowonly quadrupole coupling, in order to exactly match with the
energies. We summarize the paper in Sec. VII. Appendix Aoriginal n/2 dimensional coupled-channels calculatip25s].
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The difference between the integral and the quadrature camoupling throughout this paper. In practice, we evaluate the
not be ignored if the maximum angular momentum is smallintegral in Eq.(1) by using Gauss 20 points formula.
Nuclear data sheets show 12 member of the ground state ~ We first determine the nuclear potential parameters for
rotational band for'**Sm [26], so thatl,,=12 in this each target nucleus by fitting the fusion cross section larger
nucleus. We have tested that higher angular momenturthan 200 mb by a potential modél]. We then calculate the
members than 8 of the ground state rotational band do not fusion cross section by switching on deformations of differ-
introduce additional channel coupling effects in the case oént multipolarity successively. At each step, we determine
Sm target, so that one can safely use the orientation averagiee values of the deformation parametersyByfitting of the
formula given by Eq(1) without taking so much care to the data of fusion excitation function and readjust the potential
correct n-points quadrature. We assume that the situation {garameters. We use the values in R&f. as the initial val-
similar in the other two cases which we study in this paperues. The results are shown in Fig. 1. The left and right col-
We therefore use the term coupled-channels calculations farmns are the excitation function of the fusion cross section
the orientation average calculations concerning the rotationand the fusion barrier distribution, respectively. The top, cen-
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FIG. 2. Sensitivity of(a) the excitation function of the fusion cross section, &bdthe fusion barrier distribution to the hexacontatet-
rapole deformation. The solid lines were obtained by using the optiBgiparameter. The dotted lines were obtained by inverting the sign
of B¢, while the dashed lines represent the results when the hexacontatetrapole deformation is set equal to zero.

ter and bottom panels are fér‘Sm, 184V, and 2% targets, fusion excitation function as well for thé>Sm and 232U
respectively. The dashed, the dotted, and the solid lines repargets. The agreement between the experimental data and
resent the results of coupled-channels calculations includinthe coupled-channels calculations concerning the fusion bar-
only B, deformation,3, in addition andBg as well, respec- rier distribution has been significantly improved above 56
tively. The dashed line for thé®0+ 8% fusion reactions and 66 MeV for'>*Sm and®&w, respectively, by including
cannot be seen clearly in the fusion excitation function, be8¢ deformation. Also, the inclusion gBg deformation re-
cause it overlaps with the solid line in the semilogarithmicmoves a sharp peak at around 82 MeV in the fusion barrier
plot of the present scale. However, it is clearly separatedlistribution, which appears in the coupled-channels calcula-
from the other two lines in the fusion barrier distribution. tions withoutBg deformation, for the?>® target.
This typically shows the high sensitivity of the fusion barrier  In Fig. 2, we show the dependence of the fusion excitation
distribution to different channel coupling effects. The defor-function and the fusion barrier distribution on t8g param-
mation parameters obtained in the analysis are shown in theter for the %0+ 1%%Sm, 188V reactions. The three lines in
figure. Those obtained including only up @& deformation each figure have been calculated by using the same param-
for the 1%%Sm and*®%W targets somewhat differ from those eter sets as in Fig. &he solid line$, or by inverting the sign
obtained in[7], which are 8,=0.33, 8,=0.05 and 8, of the B4 parametefthe dotted linesand by setting it to be
=0.31,8,=—0.03, respectively. Since we use the same razero(the dashed lingsThis figure also shows that the effect
dius parameter as in Rdf7], these differences can probably of B¢ deformation on the fusion cross section is not negli-
be attributed to the different methods to calculate the fusiomgible.
cross section in two works. We calculated it by numerically We compare in Table | the optimum values of the defor-
solving the Schrdinger equations, while Reff7] introduced  mation parameters thus obtained with those obtained from
the parabolic barrier approximation, which does not work athe analyses of inelastic scatterings and the ground state
energies far below the barrier. mass calculations. The table also shows the radius parameter
The importance of th@g deformation can be clearly seen used in each analysis. For all three target nuclei, we observe
in the fusion barrier distribution for all cases, and in thenoticeable discrepancies in the magnitudes of the deforma-
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TABLE |. Comparison of the optimum deformation parameters and nuclear radius parameter in various

analyses.
Nuclei Methods ro (fm) ry(fm) B> Ba Be
BiSm %0+ 4Sm fusion 1.06 0.322 0.027 0.027
Mass calculatio27] 1.16 0.27 0.113 —0.005
0.295* 0.124* —0.005*
« scattering 11] 1.492 0.225-0.005 0.05@ 0.005 —0.015+0.010
0.317* 0.070* —0.021*
Proton scattering12] 0.285 0.051 —0.015
186y 160+ 188 fusion 1.06 0.285 —0.031 0.027
Mass calculatiorf27] 1.16 0.23 —0.107 0.02
0.25* —-0.117* 0.022*
Neutron scatterin§13] 0.203-0.006 —0.057+0.006 <|—0.04
=y 160+ 233y fusion 1.06 0.289 0.01 0.044
Mass calculatio27] 1.16 0.215 0.093 —0.015
0.235* 0.102* —-0.016*
a scattering 14] 1.2 0.22£0.01 0.06:0.01 —0.012+0.01
0.25* 0.068* —0.014*
Proton scatteringi17] 1.25 0.225:-0.005 0.045:0.005 —0.015+0.003
0.313** 0.087** —0.040**

tion parameters among different studi@sagnitude prob- pling in full order. Though this approximation is often used
lem). This problem is, however, not so serious as it appeardn literature, it is worth checking the validity, especially in
because the discrepancies are largely due to the differegfiscussing the role of higher order deformations. One would
choice of the radius parameter in each analysis. Since thg,ess that this approximation breaks down when the charge

strength of the channel coupling depends on the product Qi,qyct of the projectile and target gets large. As examples,
the deformation and radius parameters for the nuclear p te performed coupled-channels calculations for 8

and on3, xRy for the Coulomb partsee Eqs(A2)—(A4)], + 1681 and %0+ !%%Sm fusion reactions by including the

physically important quantities are these products. Based on d order Coulomb i db . v th
this idea, Table | shows the scaled deformation parameters gcond order L.oulomb coupling and by assuming only the
well, which have been calculated b8, X r,/1.06 (figures quadrupole coupling. We found that the second order Cou-

with a staj or by B, X (r./1.06)* (figures with two stans Iom_b coupling noticeably _njod_ifies_ the fusi(_)n _b_arrier distri-
from the original deformation parameters. We observe thalPution. Naturally, the modification is more significant for the
the scaled deformation parameters from nonfusion studiefrmer reaction. An important issue in the context of the
are now much closer to the optimum deformation parameterBresent paper is whether the higher order Coulomb coupling
from the fusion analysis. We cannot unfortunately rescale théignificantly changes the optimum values of higher order de-
deformation parameters for the neutron scattering fronformation parameters that reproduce the experimental data of
188, since the radius parameter is not giver 13]. quion cross section. In this _connection, We_show ir_1 Appen-
We wish to especially remark that the sign and the mangX B the higher order terms in the Coulomb interaction up to
nitude of B obtained from fusion analysis are consistentthe order ofBg, i.e., 84X B,. Although 55 would contribute
with those obtained from the ground state mass calculation the same order, we do not show it, since it is very tedious
for the 189 target. Our result is consistent also with the to evaluate it and also its effects are negligible as we argue
neutron scattering, though it gives only the upper bound obelow. Note that other terms, lik; and 8, B¢, are higher
the magnitude. On the other hand, the predicted sigh,a§  order contributions, which are the same order & or
opposite to the results of other studies f3fSm and?*%U higher, and are not shown. Equatit®1) indicates that the
(sign problen. We show in Sec. IV that the effect of octu- optimum values of3, and 8 parameters will be consider-
pole vibration provides a possibility to cure this sign prob-ably altered by the non-linear coupling if the Coulomb cou-
lem. We note that the optimum deformation parameters opling significantly contributes to the higher multipolarity,
1545m and?*%J obtained from many experiments of proton i.e., Y, andYs, couplings.
and a particle scatterings agree quite well to each other in- In order to examine the situation, we compare in Fig. 3
cluding the sign and magnitude @, though there exist a the fusion barrier distribution calculated in four different

few exceptions in the case df‘Sm. ways. For simplicity, all the calculations have been per-
formed by treating both the nuclear and Coulomb couplings
Il. HIGHER ORDER COULOMB COUPLING in linear order and by expanding up to tkig term. The solid

line is the fusion barrier distribution obtained by keeping
The results in Sec. Il have been obtained by treating théoth the nuclear and Coulomb couplings as they are. The
Coulomb coupling in the linear order and the nuclear cou-dashed line has been obtained by discarding the nud¥lgar
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FIG. 3. Study of the relative importance between the nucleapotential parameters are readjusted by jffefitting after
and the Coulomby, couplings. The solid line has been calculated including the 3 vibrational state. The results are shown in
by including both nuclear and Coulom¥y, couplings, while the Fig. 4 by solid lines in comparison with the experimental
dashed line by ignoring the nucledy coupling. The results, where data and the previous calculations which include only the
only the CoulombY, coupling and both the nuclear and Coulomb ground state rotational bandhe dashed lings Since the
Y, couplings have been discarded are almost the same as the soligfects are hard to be seen in the fusion excitation function,
and the dashed lines, respectively. we show only the fusion barrier distributions. The resultant

) o ~optimum deformation parameters ar@,=0.314, B,
coupling term. We observe a significant change of the fusion- 0.011, andBg=—0.016 for 1%Sm andB8,=0.279, ,

barrier distribution. We performed additional two calcula- — 0007, anggs= —0.024 for 228U. An interesting result is

tions, where only the Coulomb or both the nuclear and Coua; the sign problem o parameter has been resolved for
lomb Y, couplings are discarded. Their results are almost thgsty 1545m and238U nuclei. A problem is, however, that the

same as the solid and the dashed lines, respectively. Theéﬁtimum values of3, become too small, especially #&U,
results indicate that th¥, coupling is far dominated by the compared with the other analyses. They are even smaller
nuclear coupling. We checked that a similar situation holdsnan the optimum values ¢s. What one can say for sure at
also for theYs coupling. We thus conjecture that the main thjs stage is that both octupole vibration a8gldeformation
effect of the Coulomb coupling resides in tNg coupling,  play important roles in the fusion reaction and that their ef-
and one can determine to a good approximation the optimuifacts are of the same order. Further detailed studies will be
B4 and Bs parameters through the coupled-channels calculapeeded to fully understand the problem.

tions using the linear Coulomb coupling. In the following

analyses, we thus treat the Coulomb coupling in the linear

order. Keep, however, in mind that the optimysa value  v. SIMULTANEOUS EFFECTS OF OCTUPOLE, B, AND y
could be noticeably affected depending on whether one uses VIBRATIONS

the linear or higher order Coulomb coupling. o
We now add the effects of th8 and y vibrations. We

treat all the vibrational excitations by a coupled-channels
framework by keeping their finite excitation energies and
We now study the effects of octupole vibration on theusing the linear coupling approximation not only for the
160+ 155m and %0+2%%U fusion reactions. As already Coulomb but also for the nuclear parts. The rotational cou-
mentioned in the introduction, there exist low-lyikg=0~  pling is treated in the same way as in Sec. II.
octupole bands in**Sm and?3®U, which are strongly ex- The amplitudes of the zero point motion of tgeand y
cited by the Coulomb excitation through ti&8 transition. vibrations are determined from the experimental values of
We take into account their effects on fusion by solvingthe reduced transition probabilitB(E27) [30] from the
coupled-channels equations for each orientation of the deground state to the 2 state of the band and to the band
formed target. We call this procedure thescheme. We con- head of they band. The formulas we use are
firmed that the results are almost the same as those obtained
by treating the rotational excitations not by tidescheme,
but by specifying each excited level by its spin, and by solv-
ing coupled-channels equations with a larger dimension
which include both th&K=0" ground state an&k=0" oc- (
tupole bandg28]. Similarly to the rotational coupling, we

IV. EFFECT OF OCTUPOLE VIBRATION

VB(E2,1)/€?

3ZR2 4 [5
1+ 2\ =B
7 T

4

b=
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FIG. 4. Effects of octupole vibration on the fusion barrier dis-
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FIG. 5. The effects o3 and y vibrations on the fusion barrier
distribution in the %0+ %V reactions. The solid line has been
obtained by including only the ground state rotational band, while

the dotted line by adding the band. The beta band introduces only
invisible effects.

v vibrations together with those for the octupole vibration. It
includes als@3, values. They have been extracted in Sec. Il
and used to determine’, «J, and a$ following Egs. (3)
and(2).

Since the coupling to ther band depends on the second
Euler angleg, we first solve the coupled-channels equations
for a given set of §,¢) parameters. The fusion cross section
for each partial wave is then calculated by taking the av-
erage over bott® and ¢,

1 T 27
P,(E)= Efo sinadefo déP,(E,0,4).  (4)

tributions. The dashed lines represent the optimum fits when onhfhe integrations are performed by Gauss quadrature. Since
the ground state rotation band is taken into account, while the solithe numerical computation is quite heavy, we have not opti-

lines show the optimum fits when the coupling to #e 0~ octu-
pole vibration is added.

VB(E2,1)/2¢?

)

)

@g
4
1_,
7

3ZR:
41

mized the deformation parameters, but fixed them to those
values used to obtain the solid line in Fig. 1 fio+ 8w

and those in Fig. 4 fort%0+1%%Sm and %0+ 238U fusion
reactions.

The results are shown in Fig. 5 for the fusion barrier
distribution for the'®0+ 84 fusion reactions as a represen-
tative example. The situation is very similar in all three
cases. The solid line in the figure was obtained by including
the effect of only the ground state rotational band, and is the

Table II collects the experimental transition probabilities andsame as the solid line in Fig. 1. The effect of {ieband is

the values of the zero point motion amplitudes for thand

very small and invisible in the scale of Fig. 5. The dotted line

TABLE Il. The zero point motion amplitude of the octupoje, andy vibrations.

Nuclei  B(E3,T)(e’h’)  B(E247)(e’b®)  B(E2,1)(e’b’) Ba ad af a}
1595m 0.100[26] 0.023[30] 0.069[30] 0.322 0.103 0.026  0.051
188y 0.009[30] 0.150[30] 0.285 0.012  0.054
23y 0.575[29] 0.0656[30] 0.131[30] 0.289 0.109 0.0224 0.034
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was obtained by adding the effect phand. Its effect is less 10°
important than that caused by tis and B¢ deformations,
but is still noticeable. 102 |
An interesting thing is that theg band does not affect the
fusion excitation function at low energies. Consequently, its
effect concentrates in relatively high energy region in the 10" | (a) 160y 4 2387
fusion barrier distribution, and hence unfortunately will be o -
hard to be identified experimentally because of the large er- ‘E:T_ 100 F Rot.only --- 1
ror bars. This contrasts with higher order deformations, O Trans.
which affect the fusion excitation fusion at low energies as © " exp. -
well, and hence the fusion barrier distribution over all energy 100 ¥
region.
102 |
VI. EFFECT OF PAIR NEUTRON TRANSFER ’,l
-3 L 1 M 1 2
Before we close the paper, we would like to comment on 1" 70 75 80 85 90 95
possible effects of pair neutron transfer channel on the fusion Ecm.(MeV)
reactions. Referencel81,32 claim that positiveQ-value 1000 —r i . . i
pair neutron transfer channels explain the isotope effects, Rot.only -=—
seen for example in®®Ni+%Ni, %8Ni+%Ni, and ®*Ni Tra:xs. o
+54Ni fusion reactions by enhancing the fusion cross section =~ 800 f . I
at low energies irP®Ni+ %Ni collision. Similarly, by study- >
ing 28Si+%8Zn scattering at subbarrier energies, R&3] = 600 .
claims that the coupling of the positiv@-value two neutron 'g (b) A :
transfer channel significantly enhances the fusion cross sec- 400 " .
tion. 4 ;
Among the three reactions which we discuss in this paper, = '
only the %0+ 233 has a two neutron transfer channel whose $ 200
Q-value is positive, th&-value for the two neutron pick-up w
reaction from*®0+ 238 to 80+ 23%U being 0.826 MeV in “o 0
the ground state channel. This transfer channel might resolve I
the discrepancy between the experimental data and the 200 L . . . ¢ 4.
coupled-channels calculations in the fusion excitation func- 70 75 80 85 90 95
tion at low energies for thé¢®0+ 238U fusion reaction(see Eom.(MeV)

Fig. 6). In order to see this possibility, we study here the

effects of this transfer channel following the prescription in  FIG. 6. Effect of pair neutron transfer reaction on th%®
Ref.[31], where the transfer reaction is treated in the samer?3®U fusion reactions. The dashed line takes only the ground state
way as a vibrational excitation in the coupled-channels forrotational excitation into account, while the solid line the pair neu-
malism. The form factor of the transfer reaction is assumedron transfer reaction in addition.

to be
=0.034. Unfortunately, the dimension of the coupled-
dVn(R, 6) channels calculations becomes too large to simultaneously
Fuand R, 0) = — 0 dr (5 take both effects of transfer reaction and vibrational excita-

tions into account. In the summary section, we also mention

where o, is the strength parameter of the transfer reactionthe€ possible importance of single nucleon transfer reactions.
Vn(R, 6) is the deformed ion-ion potential. This form factor
is slightly sim_plified from that in Re_:fs[.34,35| by ignoring a VIl. SUMMARY
small correction term. We determine the strength parameter
by fitting the excitation function of the fusion cross sections. We studied the effects 9B deformation on heavy ion
The optimum set of deformation parameters are readjustefiision reactions at energies near and below the Coulomb
by the x? fitting to the experimental data after including pair barrier by analyzing the excitation function of the fusion
neutron transfer. cross section and fusion barrier distribution fofO

The results are shown in Fig. 6. The solid line includes+ 1*Sm, 8%, and 23U reactions. The effects of rotational
the effect of the transfer reaction, while the dashed line takesoupling and of octupoleB, and y vibrations have been
only the rotational excitation into account. We left out the taken into account stepwise. We used the orientation average
effects of vibrational coupling in these calculations. We seanethod to treat the rotational coupling, while the direct nu-
that the transfer channel significantly enhances the fusiomerical integration of the coupled-differential equations have
cross section at low energies. The optimum deformation pabeen performed to discuss all the vibrational effects by keep-
rameters in this analysis a@ =0.299, 3,=0.002, andB3s  ing their finite excitation energies. The calculations which
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took only the ground state rotational band into accountsame. The first two problems are related to each other. They
showed thaiBs deformation is important for all three reac- will cause only negligible effects, since the classical turning
tions. The optimum value oBg agrees well with that ob- point at the inner side of the potential barrier is outside the
tained from the ground state mass calculations and inelasti@uching distance of the projectile and target nuclei in most
neutron scattering fof8%W. On the other hand, the sign of cases including the three reactions studied in this paper. The
B is inconsistent with that from the analyses of inelasticanalyses which allow different values for the Coulomb and
alpha and proton scatterings and the ground state mass c#te nuclear deformation parameters carry one of the impor-
culations for***Sm and?3®U targets. We examined the va- tant advantages of heavy-ion fusion reactions compared with
lidity of the linear approximation we took for the Coulomb the other analyses, say neutron scattering. Such analyses will
coupling and gave a reasoning to conjecture that it is goo@Xxplore the difference between the charge and matter distri-
enough to determine the optimum values of higher ordeputions, and will be very interesting also in connection with
deformation, i.e.3, and Bg, parameters. the study of the structure of exotic unstable nuclei, which is
We have then shown that the coupling to the low-lyingone of the current interests of nuclear physics. We will dis-
octupole vibration significantly affects the fusion barrier dis-cuss in detail the effects of the improvements of theoretical
tribution in the 20+ 13%Sm, 238 reactions. Interestingly, it analyses in these respects in a separate H38¢r
changed the sign of the optimugy to agree with that sug-
gested from nonfusion analyses, though further studies are ACKNOWLEDGMENTS
needed to obtain consistent values of not olybut of 8,

in all analyses. The8 and vy vibrations are then also taken W& thank D. M. Brink, A. B. Balantekin, A. Ono, M.

Ueda, N. lhara, and K. Yoshizaki for useful discussions. This

into account. We found that th@ vibration introduces only h d by th bush holarshi d
negligible effect, while they vibration changes the fusion research was supported by the Monbusho Sc olarsnip _an
the International Scientific Research Program: Joint Re-

gﬁ;rrlge ?Slslter::;ug?;n :)hyate:jur;o::)ci%brl]zr ?)%Z?,nég,?r?dug:, thesearch: C_ontractl No. 09044051 from the Japanese Ministry
deformations. An interesting feature is that thdand does of Education, Science and Culture.

not affect the fusion excitation function at low energies.

Consequently, its effect mostly appears in the fusion barrieAPPENDIX A: BRIEF DESCRIPTION OF THE COUPLED-
distribution in relatively high energy region, and hence will CHANNELS FORMALISM

unfortunately be hard to be detected experimentally because
of the large error bars in the experimental values. These fe%r
tures contrast with those of higher order deformations, whic’%

In this appendix we briefly explain the coupled-channels
malism which we used. We present here the case, where
Il the B, y, and octupole vibrations are taken into account.

influence the fusion cross section at low energies as well, a he total Hamiltonian reads

hence the fusion barrier distribution over all energy region.
We left y? fitting to optimize the deformation parameters to H=T+H(&)+V(R,£) (A1)
a future work because of the computational heaviness. nt =

H 16, 23 H H H
A problem with the*®0+2*% fusion reaction is that the \hereT is the kinetic energy of the relative motion between
couplgd—channels calcglatlons which include only rotaﬂona}the projectile and targeH (&) the Hamiltonian of the in-
and vibrational excitations cannot reproduce large experiginsic motions of the colliding nuclei, whose coordinates are

mental fusion cross section at low ene_rgies. We showed iQenoted by¢, andV/(R, £) the interaction Hamiltonian which
Sec. VIl that two neutron transfer reaction enhances the f“depends on the coordinates of both the relative motRn

sion cross section at Iow_ energies. One will, howeve.r, neednd nuclear intrinsic motions.
to study the effects of single nucleon transfer reactions as \ye yse the geometrical collective model for nuclear in-

well in order to reach a comprehensive understanding of thigjnsjc motions. The variables are then the static as well as

reaction and to draw a conclusive conclusion. In this connecgynamic deformation parameters specifying the radius of the
tion, it is interesting to notice that larger experimental Cross[arget nucleus as

sections for one nucleon transfer reactions than those for two

nucleon transfer reactions at low energies have been reported

for several systemg36—38. R(6,¢,a)=Ry| 1+ E BrYro(0)+azYa0(6)
Finally, we wish to make some comments on the limita- r

tions of our theoretical framework. We assumed a simple

Coulomb interaction given by EqA4), which has a few +ag[Yoo(0,0)+ Y, 5(0,)]+aszYz0(6) |
shortcomings. The first is that the bare Coulomb interaction
is identified with the Coulomb interaction between two point (A2)

charges instead of the Coulomb potential for a uniformly

charged extended object, which is often used for heavy-iotn writing Eq. (A2) we chose the rotating coordinate frame,
collisions. The second is that the same Coulomb couplingvhere thez axis is taken to be parallel to the coordinate of
form factor, which is valid only in the region where there is the relative motiorR [23]. # and ¢ are Euler angles which
no overlap between the projectile and target nuclei, is usedefine the orientation of the principal axes of the deformed
over all separation distance. Furthermore, the Coulomb antirget in this frameg, , \ being 2, 4, and 6, are the static
the nuclear deformation parameters are assumed to be tlleformation parameters. meansay,, as,, andas, which
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are the dynamical deformation parameters describingdthe quantum numbersn(z,n,,n,) [43]. Note that the angular
v, and octupoleK=0" vibrations, respectively. part of the wave function for the relative motion is simply a
The interaction HamiltonianV(R,¢) consists of the constant in the rotating frame approximation. We consider
nuclear and Coulomb parts. We assume the former to be only 0 or 1 for all the vibrational quantum numbers. The
v coupled-channels equations read
0
1+eXd(R—Rp_R(6,¢,a))/ao]. ﬁZ d2 J(J+ 1)ﬁ2

(A3) e — 4, +V(R0,a=0)—E
2udrR?2 2uR? m*V( )

VN(R! 0! ¢1a) =

It contains both the bare potential and the coupling Hamil-
tonian. When we treat the channel-coupling in the perturba-
tion theory, say, of first or second order, we expand
Vn(R, 6, ¢,a) with the relevant deformation parameters. The

actual procedure of the full order coupled-channels calculaghere ¢ is the eigenvalue of the vibration excitations cor-

t'OTAS/ is explained In Rlef?:40,|4]].b_ ion by i ina th responding to the eigenstate,(&,). We represented the
e assume a simple Coulomb Interaction by ignoring th&,;»| interaction by separating it into the diagoMqR, 4,a

change of the analytic expressions of the bare Coulomb in-_ 0) and the explicit coupliny,, terms with respect to the

teraﬁnon lan_d the Co_ulc(;mtz)coupllnghfordm ?gtoréjepﬁnd'ng\/ibrational excitations. The latter have been evaluated using
on the relative magnitude between the distaRand either o \yave functions for vibrational motions given in Ref.

the sum of the charge radii of the projectile and target or thT43]
absolute value of their differen¢d2]. The formula we take '
reads up to the leading order of the dynamical variables as,

><xﬂf¢(R>=—§ Vin(R, 6,9 x37*(R), (A7)

We solve the coupled-channels equations by imposing the
coming wave boundary condition at the position of the
7.7 a2 37762 R\ s-wave potential minimum, and determine the fusion prob-
Ve(R, 6, ¢,a) = p£TE +> p£Te T [B)Yo(6) ability by evaluating the incoming flux in each channel at
S R 2 +1 RAMFL that position. Once the fusion probability is obtained in this
way for a given set of 1,6, ¢), the total fusion probability

+ay0Yr0(0) ) 2+ 3y 225 2(Y2( 6, B) for that partial wave is calculated by taking average over the
) R3 orientation @, ¢) as given by Eq(4). The fusion cross sec-
Y, ,(0,6))]+ 3ZPYZTe as0Y a0l G)R_I_ tion is then calculated by the usual partial wave sum.

(A4) APPENDIX B: HHIGHER ORDER COULOMB COUPLING

We assume the same charge radius and deformation param-Here we present the explicit form of the Coulomb cou-
eters as those for the nuclear part for the target nucleus. Pling up to theYg term when the second order coupling
The Hamiltonian for the intrinsic motions consists of four terms are included. Only the major terms are explicitly

parts, shown for the second order coupling:
Hint(f):Hrot+HB+H7+Ho- (AS) VAR 0)_ZPZT82 3( . 22\F
They describe the rotational an@l 7y, and octupole vibra- c(RO)=—¢ 5| P2t A7V 7

tional excitations. Their explicit forms and the corresponding

eigenfunctions and eigenvalues can be found in RE]. 4\F 7 7 2R$Y
We introduce two basic approximations. The one is the +B2Baz\ | ZpLre R3 20(6)
no-Coriolis approximation and the other the sudden tunnel-
ing approximation, i.e., degenerate spectrum approximation, 3 ,9 \F 60\ﬁ
for the rotational motion. The latter corresponds to setting g\ Bat B\~ BaBazz\
H,.: to be zero. In these approximations, coupled-channels
equations are solved for each given set &fé ), J being ‘T‘
the initial angular momentum of the relative motion, by ex- XZPZTe2_5Y4O( 6)
panding the wave function as R

306 R 20 [45x13

Vaus(RE)=Z X”T()cbn@v). (A6) T g\ Pt PePaggN T

. RS
whereé, represent the coordinates of tjse y and octupole XZPZTeZ—TYGO( 0). (B1)
vibrations, and is the abbreviation of a set of corresponding R’
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