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Simultaneous optical model analyses of elastic scattering, breakup, and fusion cross section
data for the ®He+29Bi system at near-Coulomb-barrier energies
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Based on an approach recently proposed by us, simultangoasalyses are performed for elastic scatter-
ing, direct reactionDR), and fusion cross section data for thkle+2%%Bi system at near-Coulomb-barrier
energies to determine the parameters of the polarization potential consisting of DR and fusion parts. We show
that the data are well reproduced by the resultant potential, which satisfies the proper dispersion relation. A
discussion is given of the nature of the threshold anomaly seen in the potential.
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A great deal of effort has recently been focused on studie8Ve(r;E), respectively, and determine them separaf&Hj.
of the so-called threshold anomdly,2] (rapid energy varia- The aim of the present study is to make such a determination
tion in the strength of the optical potenfiagh heavy-ion  of Wy(r;E) and Wg(r;E) by performing simultaneoug?
scattering induced, particularly, by very loosely bound pro-analyses of elastic scattering, DRreakup, and fusion cross
jectiles such agHe [3], °Li [4-6], and °Be [7,8]. The ex-  section data. We take tHiHe+ 2°Bi system, for which data
perimental results accumulated so far indicate that the imagiyre available not only for elastic scatterifg], but also for
nary part of the optical potentialV(r;E), extracted by the  pyreakup[9] and for fusion[15]. Following Ref.[3], we iden-
analysis of the elastic scattering data, does not show such fy the breakup cross section with the DR cross section.
anomaly as is observed in the potentials for normal, tightlyoptical model analyses of the elastic scattering and total re-
bound projectiles. For tightly bound projectilé#i(r;E) at  action cross section data have already been presented in
around the strong absorption radius R, is found to de-  Refs.[3,16,17. The present analysis is thus an extension of
crease rapidly as the incident ener@y falls below the ihe previous studies.

Coulomb-barrier energl., and eventually vanishes at some  The optical potentiall we use has the following form:
thresholdenergyE,. Contrary to this, for loosely bound pro-
j[ectilesaW(Rsa;E) remains large at energies even belBw U=Uc(r)—[Vo(r)+V(r;E)+iW(r;E)], (1)
3,5,6,8.

The reason folV(Rs,;E) being so large at low energies whereU(r) is the Coulomb potential, whose radius param-
has been ascribed to the weak binding of the extra neutronser is fixed as a standard valuergf=1.25 fm, andV(r) is
to the core nucleus, leading to breakup. In fact, the breakughe Hartree-Fock part of the potential, whii§r;E) and
cross sections have been measured for these projectilgg(r:E) are, respectively, real and imaginary parts of the
[9-11], confirming that they are indeed large, even largersp-called polarization potentifl8] that originates from cou-
than the fusion cross sections&t-E.. It was argued1]  plings to reaction channels\V(r;E) is assumed to have a
that since the energy dependence of the polarization potentigblume-type fusion and a surface-derivative-type DR part

due to the breakup must be weak, one might not be able tp14]. Explicitly, V,(r) and W(r;E) are given, respectively,
observe a rapid energy variation W(r;E) when the by

breakup cross section is larger than the fusion cross section
as for loosely bound projectiles. Vo(r)=Vof(Xo) 2)
It was pointed out sometime ag&?2] that the threshold
anomaly of W(r;E) observed for tightly bound projectiles and
might originate from the coupling of the elastic and fusion
channels. This is substantiated by the fact that the threshold W(r;E)=Wg(r;E)+Wp(r;E)
energyE, of W(r;E) [i.e., the energy wher&/(r,Eg)=0]
agrees very well with that of the fusion cross sectignor, S WL (E)f(Xe) + 4Wo(E)a df(Xp)
more precisely, the threshold energy3§E)= VEor [13]. It F F D P dR,
is thus natural that if the breakup cross section is larger than
the fusion cross section and if one is concerned only with thevhere f(X;)=[1+exp(X;)] !, with X;=(r—R;)/a; (i=0,
total W(r;E), the rapid change in the fusion cross sectionD andF), is the usual Woods-Saxon function. The real part
and the anomaly would not show up clearly in the totalof the polarization potential is also assumed to have DR and
W(r;E). fusion parts:V(r;E)=Vg(r;E)+Vp(r;E). Each real part
It may thus be interesting to decompose the tovéi ;E) may be generated from the corresponding imaginary poten-
into the direct reactioliDR) and fusion partsWy(r;E) and tial by using the dispersion relatidi|
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v-(r-E)—v-(r-E)+E_Esnfde' Wi(riE')
S e (B -E(E-E)

(4)

where P stands for the principal value avidr;E;) is the
value of the potential at a reference enekgy E,. Later, we

—— 18.5 MeV, elastic
——18.5 MeV, DR
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P (i-E, D)
&

- P e} —e—21.9 MeV, slastic
will use Eq.(4) to generate the final real polarization poten- 01F ° N o219 Mev. o
tials Ve(r;E) and Vp(r;E), after We(r;E) and Wp(r;E)
have been fixed fromy? analyses. Note that the breakup
cross section may include contributions from both Coulomb 0.01 , , ,
and nuclear interactions, which implies that the direct reac- 1.0 1.5 2.0 25 3.0 3.5
tion potential includes both effects. d (fm)

V, in Eg. (2) may have an energy dependence coming
from the nonlocality due to the knockon-exchange contribu- FIG. 1. The experimental elastic and DR probabilit®s and
tion. We ignore such effects, however, in the present studyP, respectively, as functions of the reduced distadcir the
as they are expected to be small for heavy-ion scatteringHe+2%Bi system aE,,,=18.5 and 21.9 MeV. The data are taken
[18], and simply use the potential determined for the from Ref.[9]. The thin lines connectinB; (i=E andD) values are
+209Bj system atE=22 MeV [19], assuming that all the only to guide the eyes.
unusual features of the scattering may be described by the
polarization part of the potential, particularly by the DR part.be ascribed due to fusion; in fact, in our recent pdj2ai,
The parameters used fovy(r) are Vo=100.4 MeV, r,  we have demonstrated that this is indeed the case.
=1.106 fm, anday=0.54 fm. Since the theoretical cross sections are not very sensitive
The unusual behavior of the elastic scattering and DRo the real polarization potential, we tentatively treat it in a
data for loosely bound projectiles can most dramatically beather crude way in carrying oug? analyses; we simply
seen in plots of the ratios of the elastic differential crossassumev,(r;E) has the same radial shape as the imaginary
section fog/dQ)) and the DR cross sectioml¢p /dQ) to  partW,(r;E): V;(r;E)=V;(E)[W;(r;E)/W;(E)], V;(E) be-

the Rutherford scattering cross sectiatv(/d(}), i.e., ing the strength of the real potential. We then carry it
analyses treatinV(E) andrp as adjustable parameters,
_da; dUC: da; C_ keeping all other parameters fixed & =3.0 MeV, r¢
P,= (i=E orD), (5)
dQ dQ dog =1.40 fm, ap=0.55 fm, V5=0.25 MeV, W,=0.40 MeV,

) _ andap=1.25 fm. In fixing these other parameters, prelimi-
as afunctllon of the distance qf th.e closest apprdacor thg nary analyses of the data were done with many sets of pa-
reduced distance) [20,21], which is related to the scattering rameter values. The above values are found as a possible set

angle 6 by of the optimal values. The necessity of varymgorrp as a
function of E has been shown in previous studj8sl6], and
1 1 . :
D =d(A}/3+ A%B) =_-Do| 1+ ——=]|, (6) inthe present work we take, as a variable parameter as a
2 sin(6/2) function of E, because choosirgp as an adjustable energy-

dependent parameter led to much largéwvalues. In they?

with analyses, data for elastic scattering, angle-integrated total
Z,2,€ DR, and fusion cross sections At=14.3, 15.8, 17.3, 18.6,
DO:T' and 21.4 MeV are employed.

The values ofVg(E) andr(E) fixed from they? analy-
ges are presented in Fig. 2 as open and solid circles, respec-
tively. Each set of circles can be well representedlibyMeV
gt_nd fm, respectively, foWg(E) andry(E)]

HereD, is the distance of the closest approach in a head-o
collision (s wave. Further, A;,Z;) and (A,,Z,) are the

mass and charge of the projectile and target ions, respe
tively, and E is the incident energy in the center-of-mass
system. 0 for E<15.4,

In Fig. 1, we present such plots for two incident energies
of E=18.5 and 21.9 MeV{9]. As seenP¢ is close to unity We(E)=4 1.24E-154 for15.4<E<18.5, @)

for large d, but starts to decrease at an unusually large dis- 4.00 for 18.5<E,
tance ofd=2.2 fm (=d,, interaction distange This value
is much larger than the usual valuedyt~1.6 fm for normal,
tightly bound projectile§22]. On the other hand, it is re-
markable that the sumg+ Pp remains close to unity untd
becomes as small as=1.7 fm, implying that the absorption 1.730 forE<14.0,
in the elastic channel up to this distance, and the unusual
character of the scattering data, is due to the breakup. Fép(E)= 1.730-0.03E-14.0 for14.0<E<21.4, (8)
d=<1.7 fm, Pg+ Pp becomes smaller than unity, which may 1.508 for 21.4&E.

and
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FIG. 2. The values oW(E) (upper panglandrp(E) (lower o
pane) extracted from thee? analyses are plotted as the open and  FIG. 3. The realupper pangland the imaginarylower panel
solid circles, respectively. The solid lines represent Egsand(8). parts of fusion(dotted ling and DR (dashed ling potentials as

h he th B . functions ofE at the strong absorption radins R;,=13.0 fm. The
Note that the threshold enerdgo=15.4 MeV, at which sums of fusion and DR potentials are plotted as the solid lines. The

We(E)=0, is set equal to that of the linear representation of parts of the potentials are calculated by using(Ecfor V¢ (E)
S(E)=VEog>x(E—E,) discussed earlier. Kolatet al. [15]  and Eq.(12) for Vp(E).
found the value to be 15.4 MeV, which is used in EQ. At
this moment, we have no experimental data to fix ren In order to generate the real part of the polarization po-
values below 14.0 MeV and above 21.4 MeV. Thus, in Eq+ential by using dispersion relations, we need to know the
(8), we tentatively setp(E) to be constant as 1.73 fm for jmaginary potential in the entire range Bf Equation(7)
E<14.0 fm and 1.508 fm foE=21.4 MeV. Note that the with aF:0_55 fm andrF: 1.40 fm is enough for calculat-
values ofrp(E) at E=18.6 and 21.4 MeV agree well with ing W(r;E) in the entireE range. For the fusion potential,
those determined by MoHA.6]. since the geometrical parameters are energy independent, the
For a tightly bound system such as the0+2?%Pb sys-  dispersion relation is reduced to that for the strength param-
tem, no such energy dependent was needed in order to etersV(E) andWg(E), and the closed form for the expres-

reproduce the observed dafd2]; only a slowly varying  sjon has already been obtaingd as
energy-dependent/, was enough to reproduce them. The

reason whyrp needs to be energy-dependent may be due to 1

the change in the relative importance between the Coulomb  Vg(E)=Vg(E¢) + —Wg(Ep)[ €, In|€y| — €2In|€4]],  (9)
and nuclear interactions. At the lower incident energies, .

Coulomb contributions become relatively more important,
causingrp to be larger. A somewhat similar energy depen-
dence of the imaginary parts of the potentials is reported in
Ref. [17].

Equationq7) and(8), together with other parameters used
for We(r;E) andWp(r;E) as mentioned above, completely
fix the imaginary parts of the potential in the energy rangewith E;=15.4 MeV andE,=18.5 MeV. The value chosen
betweenE=14.0 and 21.4 MeV. In order to display the en- for V¢(E,) is 3.0 MeV atEs=18.5 MeV.
ergy dependence of the potentials, we present in the lower For Wp(r;E), some care must be taken with the magni-
panel of Fig. 3 the values dVg(r;E), Wp(r;E), and the tude. To do the initialy? analyses, we used/y=0.4 MeV
sum W(r;E)=W(r;E)+Wp(r;E) at a strong absorption with ap=1.25 fm in fixing ther(E) values as given by Eq.
radius r =Rg,=13.0 fm. It is remarkable thatV(Rg,;E) (8). The constant value oy (E)=0.4 MeV, however, can-
plotted as the dotted line exhibits a threshold anomalynot be used at very low energies, since the DR cross sections
(strong energy variatiorsimilar to that observed for tightly are expected to be extremely small in that energy region. The
bound projectiles. HoweverWp(Rs,;E) plotted as the systematics of the data suggests #tigtmay become essen-
dashed line is rather flat as a function®fand has a mag- tially zero for E<10 MeV. We thus assume the{,(E) in-
nitude much largetby about a factor of bthanWg(Rg,;E). creases linearly from zero at 10 MeV to the value of 0.4
Therefore, the threshold anomaly We(Rg,;E) does not MeV at E=14.0 MeV. The strengthVp(E) and the radius
manifest itself in the totaW(R.,;E) plotted as the solid rp(E) parameters in the entire energy rarfgean then be
line. rewritten as

where

(E-Ea) (E-Ep)

“(Es-En)’ *® (E-E)’ (10

€a
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1.730 for 10.86<E<14.0, °© :
ro(E)= N 173 MeV 1
1.730-0.03E—14.0 for 14.0<E<214, E
1.508 for 21.4&E. 1 L 18.6Mev
Together withap=1.25 fm, Eq.(11) now definesWp(r;E) 0.1
in the whole range oE. o1 4oy
In generating the real part of the DR potentidh(r;E), Y ]

by using the dispersion relation, we introduce an additional 40 60 80 100 120 140 160
simplification of approximating the energy dependence of o (deg)

Wp(r;E) betweenE=14.0 and 21.4 MeV, wherep(E) em.
changes witle. We assum&Vp(r;E) to be a quadratic func- g1 4. The ratios of the elastic scattering cross sections to
tion of E at each radial point: Wp(r;E)=a+b(E—-E,) Rutherford cross sections, calculated with our final optical potential

+C(E_Eb)2- Note thata, b, andc depend orr. We have  for the ®He+2%%Bi system in comparison with the experimental
confirmed that the approximation is accurate. Once this iglata. The data are taken from RES].

done, the integration ovei involved in Eq.(4) can be car-
ried out analytically and one can get a closed form of

Vo (r:E) we carry out ay? analysis including only the elastic scatter-
D 3 )

ing data as the data to be reproduced. We made such an
1 analysis, finding that the data were very well reproduced
V(I E)=V(r;E)+ —Wp(r;Ep)[ €, In|€p| — €2 In[€4]] with rp=1.93 fm, much larger thanp=1.72 fm obtained
™ earlier. The DR cross section calculated with thig

1 =1.93 fm, however, turned out to key=540 mb, about 3
+ —[Wp(r;E¢) —Wp(r;Ep) [ €. In|el| — €p In| €| ] times larger than the experimental value. This implies that

7" one cannot improve the simultaneous fit to both the elastic
and DR data any further.

2
+ —[Wp(r;E¢) + Wp(r;Ep) —2Wp(r;Ep) ] Much interest has been drawn recently to the question of
™ whether a large breakup of loosely bound projectile enhances
X[ eLep(In|el|—In|el]) + ef], (12) or reduces the fusion cross secti@3]. There are two com-

peting physical effects involved: one is the coupling with the
wheree, and e, have the same form as defined in Ego)  breakup channel which lowers the fusion barrier and thus

with E,=10.0 MeV andE,=14.0 MeV and enhances the fusion cross section. The other is the removal
of the flux from the elastic into the breakup channel which
(E—Eyp) (E—Ep) should reduce the fusion cross section.
h= : (13

© (Ec—Ep)’ © (Ec—Eyp)’
1000

with E;.=21.4 MeV andE,,= (E,+E.)/2.

Using the polarization potentials thus generated we per-
form the final calculations for elastic scattering, total DR,
and fusion cross sections and present the results in Figs. 4
and 5 in comparison with the data. The data are fairly well £
reproduced by the calculations. The final calculated cross o
sections are essentially the same as those obtained in the ’
S 2 . . . / ® Breakup
initial x< analysis, implying that the calculated cross sections y O Fusion
do not sensitively depend on the real polarization potential, %
as we assumed in carrying out té analysis. We note that 142 16 s 20 20
the fits to the elastic scattering and reaction cross sections E_ (MeV)

(sum of the DR and fusion cross sectipase essentially the e

same as those obtained in Rg8]. The fit to the elastic FIG. 5. The calculated DR and fusion cross sections with our
scattering data at the lowest enerfy-14.3 MeV is the final optical potential for th€He+ 2°°Bj system in comparison with
worst among those shown in Fig. 4, but can be improved ithe experimental data. The data are taken from R8&f&5].
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TABLE I. Various ratios of fusion cross sections. duction factor increases as the incident energy increases.
This tendency may be understood from what we have dis-

Ecm. cussed earlier that breakup takes place more inside the
(MeV)  op(Vo=0)/or  op(Wp=0)log oe(Vo=Wp=0)/or  pycleus with increasing and thus the region where the flux
143 097 1.10 1.06 is lost in the elastic channel overlaps more with the region
15.8 0.86 1.22 1.04 where fusion takes place. At extremely low energy Eof
17.3 0.82 1.41 1.13 =14.3 MeV, though the breakup cross section is still very
18.6 0.83 1.51 1.23 large, the effect on the fusion cross section is small. This is
21.4 0.91 1.50 1.38 due to the fact that at this energy breakup is dominated by

the Coulomb interaction and thus causes very little effects on
fusion.

In the present treatment, the above two competing effects |n summary, we have carried out simultaneqisanaly-
are described by means of the re¥(r;E) ] and imaginary  ses of elastic scattering, DRreakup, and fusion cross sec-
[Wp(r;E)] parts of the DR potential. The effects can thus betions for the ®He+ 2°Bi system at near-Coulomb-barrier en-
guantitatively estimated by carrying out the calculations Ofergies within the framework of an optical model that
the fusion cross sections excluding either on&gfandWp introduces two types of imaginary potentials, for DR and
or both, and by comparing the resultant fusion cross sectiongsion, and determined the parameters of these potentials.
to the full calculation results. Indeed, we calculated by The resyits indicate that the fusion potential exhibits a
setting onlyVp, equal to 0, onlyWp, equal t0 0, and bty yhreshold anomaly very similar to that observed for tightly
andWp equal to 0 and took the ratios of thus calculatgd g projectiles, but the magnitude of the fusion potential
to the final theoreticabe shown in Fig. 5. Such ratios are 4 around the strong absorption radius is much smaller than
given in Table I. As seen, when we sé,=0, the resultant e imaginary DR potential that does not show such an

ratios become smaller than unity, showing thgf indeed  5nomaly. Therefore, the resulting total imaginary potential
enhancesr: . The magnitude of the enhancement factor is,jpes not show the anomaly.

however, rather small, at most 20%. As expected, when we

setWp =0, the ratios become larger than unity, which means The authors sincerely thank Professor J. J. Kolata for
that the flux loss due t@/; reduces the fusion cross section. kindly sending numerical values of the data his group took.
The reduction factor amounts up to 50%, larger than thélhe authors also wish to express their sincere thanks to Pro-
enhancement factor due Y4, . Therefore, the net effect is a fessor W. R. Coker for kindly reading the manuscript and
reduction in the fusion cross section. This is seen in theeomments. One of the autho(B.T.K.) acknowledges sup-
numbers listed in the last column of Table I, which are allport by the Korea Research Foundati@rant No. KRF-
larger than unity. An interesting feature here is that the re2000-DP008%
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