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Within the framework of an extended optical model, simultanegtisnalyses are performed for elastic
scattering and fusion cross-section data%Be+2°°8i and SLi+ 2%%Pb systems, both involving loosely bound
projectiles, at near-Coulomb-barrier energies to determine the polarization potential as decomposed into direct
reaction (DR) and fusion parts. We show that both DR and fusion potentials extracted jfoemalyses
separately satisfy the dispersion relation, and that the expected threshold anomaly appears in the fusion part.
The DR potential turns out to be a rather smooth function of the incident energy, and has a magnitude at the
strong absorption radius much larger than the fusion potential, explaining why a threshold anomaly has not
been seen in optical potentials deduced from fits to the elastic-scattering data without such a decomposition.
Using the extracted DR potential, we examine the effects of projectile breakup on fusion cross sgctidres
observed suppression of: in the above-barrier region can be explained in terms of the flux loss due to
breakup. However, the observed enhancement-dh the subbarrier region cannot be understood in terms of
the breakup effect. Rather, the enhancement can be related @ vhkie of the neutron transfer within the
systems, supporting the ideas of Stelsbml. [Phys. Lett. B205 190(1988); Phys. Rev. C41, 1584(1990)]
that subbarrier fusion starts to occur when the colliding ions are at a distance where the barrier against the flow
of the valence neutrons disappears and thus neutron exchange can take place freely.
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I. INTRODUCTION ions contactlgachll%ther within the strong absorption radius
. o _ . [6] Rsa=Ts(A7°+A5”"). The value of ¢, is known to be about
In our earlier publicationg1-3], we proposed a unified 1.5 fm. This means thai.~r.,~ 1.5 fm. Ther. values as-

approach to describe fusion within the framework of the di- . ; :
rect reaction(DR) theory, the simplest of which was an ex- SUTEd in the BPM and in the DR theory thus differ by about

tended optical model. There, we assumed an optical potential

consisting of a volume-type fusion pattlc(r,E), and a Collisions between heavy ions are strongly dissipative,

: which means that once the ions start to interact and get ex-
surface-type DR parUD(r,E)', both being complex and en- cited, they go into states of more and more complex excita-
ergy dependent, together with the real Coulolitir) and  yi,nq causing a strong damping of the relative kinetic energy
the barg(Hartree-Focknuclear potentiaV/y(r). The total DR panveen the two ions. Once this happens, the system can
and fusion cross sectioneD andor, respectively, were then hardly go back to the elastic channel. The largevalue
calculated as an absorption cross section dugH@,E) and  jmplied in the DR theory reflects this highly dissipative na-
Ug(r,E). In Refs.[2,3], using the extended optical model, we tyre of the collisions. The approach of R¢t] was devel-
successfully carried out simultaneoy$ analyses of elastic oped to describe fusion in a way consistent with this picture.
scattering, totalsum of all different direct reaction, and |tis worth emphasizing here that the success of the distorted-
fusion cross-section data for heavy-ion collisions. wave Born approximatiogDWBA) in dealing with DR is
The original developmer(tl] of the DR approach to fu- due to the strong absorption of the distorted waves inside
sion was motivated by questions concerning the radial disr_, so that the reaction can take place only in the peripheral
tance at which fusion begins to occur. We called such a disregion, where the interaction between the two colliding ions
tance the fusion potential radiuR:, where Re=re(A7® s effectively weak. Thus one can treat the interaction by
+A§’3). An obvious question was raised when we recognizedneans of the Born approximation.
that there were two conflicting: values, i.e., ther value In a more recent publicatiofY], we extended the optical
assumed in the barrier penetration mo@@PM) [4,5] and  model approach of Refg§2,3] to permit evaluation of the
the much largerg value implied in the DR theory. The BPM angular distribution of the total DR. This has enabled us to
assumes that fusion occurs after two colliding ions pasintegrate the angular distribution data during the analyses.
through or go over the Coulomb barrier and approach eacithe method has been applied 180 +2%%Pb [7] and ®He
other within a critical distancB,=r(A7*+A}?). The value  +20%Bj [8] systems at incident energies near the Coulomb-
of re, has customarily been assumed to be about 1.0 fm. Thusarrier height.
in the BPM, one hasg~r.~1.0 fm. However, in the DR In Ref. [8], the ®He+2%Bi system was considered as an
theory, it is envisioned that fusion occurs once the collidingexample of collisions involving loosely bound projectiles,
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which has been extensively studied recently. There are twposed and tested, e.g., in R€i§,30-33. In Sec. I, we first
important questions raised in these studies: One concerns tliscuss characteristic features of elastic and breakup cross-

so-called threshold anoma[9,10] (rapid energy variation in  section data considered in the present study. In Sec. Ill, de-

the strength of the optical potentiabnd the other concerns tails of the method of generatin sRemiexp are explained.

the effect of a high probability of breakup on the fusion crossysing o2, we further generate a semiexperimental total
section,or. Thus data have been taken not only for elasticpr ¢ross section,gSeMeXP a5 gSemiexp= Semiexp_ Hexp
scattering but also for fusion and breakup in collisions in-\nich will be used awS®. Simultaneous? analyses of the
duced by such loosely bound projectiles, efle [11-13, data ofdo®?/dQ), ¢, and Usbem;exp are then carried out as

6] i 9
il)d[agti_gr(\](’b?en;ku?)ec[rigzsséigéaﬁs ?\Zvixgigtr?do,blsé?\% d indiscussed in Sec. IV, which presents details of the analysis
P method. In Sec. V, the results are summarized and discussed

these collisiong13,15-18,25-28 : . . ; :
These data have shown that the threshold anomaly almog\f'th an emphasis on two important issues, i.e., the threshold
nomaly and the breakup effects on fusion. Finally, Sec. VI

always seen for tightly bound projectiles is absent for suctf ludes th
loosely bound projectiles. The absence of the threshol§oncludes the paper.

anomaly has often been ascribed to the large probability of

breakup of these loosely bound projectil®. The experi- Il. REVIEW OF EXPERIMENTAL DATA
mental fusion cross sections are strongly suppressed at ener- . . . -
gies above the Coulomb barrier, while they are in some casesf We begin by discussing some of the characteristic features

enhanced at subbarrier energies, particularly®i¢e+2°Bi  © elastic scattering and DR data for tﬁEifzogpb and
[11]. %Be+20%Bi systems considered in this study, in comparison

It was pointed out some time ag@g] that the threshold with those for®He +2°%Bi studied previously and discussed in

anomaly was due to fusion, specifically to the coupling of theRfef' [8]. As remarked f[her_e, unusual features Of. CO”'S'On.S

elastic channel with fusion channels. In the case where fu/ith Iopsely bound projectiles can best be seen in the ratio

sion dominates the reaction, the threshold anomaly naturallf/)i’ defined by

manifests itself in the optical potentials extracted from the doi / doc _

analyses of elastic scattering data. However, in the case P = 40 E:dai/d‘fc (i=E or D), (1)

where breakugor DR in genergldominates, the energy de-

pendence of the resultant optical potentials is governed bys a function of the distance of the closest apprdacbr the

DR and thus is quite smoof{l®]. One can thus expect that a reduced distancd) [6,30,34, whereD is related to the scat-

rapid variation would not appear in the potential when atering angled by

process is dominated by DR. In order to see the threshold 1

anoma_lly in such cases, it is thus necessary to separate the D :d(A}’3+A§’3) — —D0< "

potential into fusion and DRbreakup parts. The optical 2

model approach used in Refgl-3] is a possible way to .
: : . with

achieve such a separation. In RE], by using such an ap-

proach, simultaneoug analyses were performed on the data D= 2,2,¢

for the elastic scattering, breakup, and fusion fite 0 E '

+209j, and a clean separation of the fusion potential fromand Dy is the distance of the closest approach in a head-on

the DR portion was achieved. It was shown that a thresholdollision (s wave). Here (A;,Z;) and (A,,Z,) are the mass

anomaly appeared in the fusion potential as expected. At thand charge of the projectile and target ions, respectively, and

same time, it was possible to explain the suppression of thg is the incident energy in the center-of-mass systegand

fusion cross section at above-barrier energies as a result & as defined by Eq1) are referred to as the elastic and DR

large breakup. probabilities, respectively.

The aim of the present study is to extend this type of In Figs. 1 and 2, we present experimental value$pf
analysis to théfLi+2%%Pb and®Be+"Bi systems, both in- andPp, for all available incident energies as a function of the
volving loosely bound projectiles. In making such an exten-reduced distancel for 6Li+ 2°%Pb and®Be+2°Bi, respec-
sion, however, we encounter the difficulty that no reliabletively. Note thatPp in Fig. 1(b) is that for thea-singles cross
total DR cross-section data are available. For these systensgction and does not include cross sections of, e.g., deuteron
the a production cross sections have been measuregdroduction that may come from breakup followed by absorp-
[15-18,25-28 but the results are still controversighfter  tion of ana by the target nucleugncomplete fusion There
writing the paper we came across REI8], where the ex- is experimental evidencgl9] that such incomplete fusion
perimental total DR cross sections were reported for thevents give rise to a significant contribution Ry. This
9Be +2°%Pb system. We will mention these data in Secs. llimeans thaPy shown in Fig. 1b) may be underestimated by
and IV D) Also, there is no guarantee that the measured certain factor. In Fig. 2, plotted are thi values only,
breakup(a production cross section exhausts the total DR since for°Be+29Bi the angular distribution data needed for
cross section, so that one can use the breakup cross sectionRsare not available.
a5® In the present study, we thus generate first the semiex- As seen in Figs. (&) and 2, the values dP¢ at different
perimental total reaction cross sectiomy "' from the incident energies line up to form a very narrow band. This is
measured elastic scattering cross sectirg”/ d). Such an  a characteristic feature seen in heavy-ion collisipfisirre-
approach to generaigx ™" from do2*/d() has been pro- spective of whether the projectile is tightly bound or not,

1
sin(6'/2)> @
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FIG. 1. The experimentala) elastic and(b) DR probabilities,
Pe and Pp, respectively, as functions of the reduced distathder
the SLi+2%%Pph system atE.,=28.2, 30.1, 32.1, 34.0, and
37.9 MeV. The data are taken from Ref$4,18. The solid curve
plotted in the lower panel is our theoretical predictisee details in
the discussion in Sec. IV)CThe experimental errors iRz and Py
are less than 10% and 1%, respectively.

reflecting the semiclassical nature of these collisidhsre-

mains close to unity until the two ions approach each othe

within a distancel,, wherePg begins to fall off. The distance

d, is usually called the interaction distance, at which the
nuclear interactions between the colliding ions are switche

on, so to speak. The values df are about 1.9 fm fofLi
+20%p and 1.8 fm foPBe+2°%Bi. Note that the correspond-
ing value for ®He+2%%Bi is 2.2 fm [8]. These values for
loosely bound projectiles are significantly larger than thos
(d,=1.68 fm for tightly bound projectile§6,7,30,34.

As demonstrated34] for tightly bound projectilesPg
falls off approximately exponentiallflinearly in the loga-

10= v L] v ) v )
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FIG. 2. The experimental elastic probabiliBg, as a function of
the reduced distancd for the °Be+2°Bi system atE.,=38.4,
40.3, 42.2, 44.1, and 46.0 MeV. The data are taken from [R&f.
The errors inPg are less than 16%.

e
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FIG. 3. The maximum values of DR probabiliBp(P5%) are
plotted against the interaction radial extracted fromPg. For
SHe+29%Bi, Fig. 1 of Ref.[8] is used to extracP}® PJ® for
6Li+2%%b is obtained by adding the breakup contributishe
maximum Pp in Fig. 1(b)] to the incomplete fusion contribution
(about 30% from Fig. 3 of Ref[19]). This sum agrees with the
maximum value of our predictel (solid curve in Fig. 1(b). For
%Be+20Bi, P is obtained by summing breakup, transfer, and
Coulomb excitation contributions at 12.5 fm in Fig. 3 of Rgf7],
and the incomplete fusion contributigabout 20% from Fig. 2 of
Ref.[22]). For1%0+2%8pp, Fig. 1 of Ref[7] is used to extradey™

qithmic scalg for d<<d,. This is, however, not the case for

oosely bound projectiles as seen in Figs. 1 and 2. In the
region just inside ofl;, Pg falls off roughly quadratically in
the logarithmic scale. This is also the case%de +2°°Bi [8].
Thus, the existence of the quadratic falloff region just inside
d; seems to be another characteristic featurggofor loosely
bound projectiles.

We may ascribe these features to breakup, or more gener-
ally to DR; in fact thed, values are strongly correlated with
the magnitudes of the total DR cross sections. This is shown
in Fig. 3, where the maximum values Bf(PR®) that pre-
sumably measure the strength of DR are plotted against
As seenPi* increases approximately linearly with (DR
cross sections tend to be larger for systems with ladyer
Furthermore, as can be seen in Fig. 1, if one déglso Pg,
the sumPg+Pp comes very close to unity in the region of
the quadratic fallofimore so, if one takes into consideration
the incomplete fusion contribution tBy remarked above
implying that the falloff of Pz from unity in the quadratic
region is primarily due to breaku(R). The same feature
was also observed fotHe+%Bi (see Fig. 1 of Ref[8]).
From what has been discussed so far, we may safely con-
clude that thed, value can be used as a measure of the
importance of the breaku®R) effect. Along this line of
reasoning, since, for ®He, Li, and °Be are about 2.2, 1.9,
and 1.8 fm, respectively®He is the most characteristic

064606-3



W. Y. SO, S. W. HONG, B. T. KIM, AND T. UDAGAWA PHYSICAL REVIEW C69, 064606(2004)

loosely bound projectiléin fact a well-known halo nucleys  +2%Pb and®Be +2°Bi systems. For these preliminary analy-
8Li is the next, andBe is the least among these three underses, we assume the optical potential to be a simple sum of
consideration. two volume-type potential¥y(r) and U,(r,E), whereV(r)

The experimental data d®y will be used for fixing the is the real, energy-independent bare poterjtlz¢ same bare
values of the geometrical parametegsand a,, for the DR potential will be used in Eq9) later for the full x? analysek
potential. This poinftogether with the nature of the solid While Ui(r,E) is a complex potential with common geo-

line shown in Fig. {b)] will be discussed again later in Sec. metrical parameters for both real and imaginary parts. The
YA elastic scattering data are then fitted with a fixed radius pa-

rameterr, for U,(r,E) but with all three other parameters
varied, the real and the imaginary strengthsand W,, and
IIl. EXTRACTING SEMIEXPERIMENTAL DR the diffuseness parametay. The y? fitting is done for three
CROSS SECTION choices of the radius parameter=1.3, 1.4, and 1.5 fm.
These different choices of tirg value are made in order to
examine the dependence of the resultimgf™®® on the
choice of the parameters.
The values ofox™*P thus extracted are summarized in
OR=0c— O, (3)  Table I, where the values afo estimated from these pre-
) liminary optical model calculations are also showrhe op-
where oc and og are the angle-integrated total Rutherford tica| potential parameters from these preliminary calculations

It has been suggestd6,30-33 that in heavy-ion colli-
sions the total reaction cross sectiop can be extracted
from the measured elastic scattering cross sedliqqid() as

and elastic scattering cross sections, respectively, are not listed here for brevityThe o5™®*Pvalues calculated
do, in Refs.[14] and[23] for SLi+ 2%%Pb and®Be+2°Bi, respec-
O :J —dQ (i=C or E). (4) tively, are also listed in the last column. As seen in Table |,
do the estimatedAo values are rather small compared with
Equation (3) is based on the optical theorem for chargedor justifying the use of Eq(3). Also, the mean-square
particles[6], which reads deviations of oy P obtained by the use of differem
values are rather small. Furthergy’ ™ as determined in
or=0c~ogtAo, 5 Refs.[14] and [23] using optical potential parameters quite

where Ao, the correction term, is given in terms of the different from those used above, agree with ours within 10%,

nuclear part of the forward scattering amplitutf6=0), as Sugt?esFltng that this method can yietff™*? without much

ambiguity.
Using oy ™ extracted in this way, we gener _

by employing Eq.(7). For the case ofLi+2%%Pb, gie™e*P

: - : o thus generated are found to be 10% —30% larger than the

For heavy-ion collisionsAc is generally small, justifying  experimental total breakup cross section measured by Signo-

the use of Eq(3) for generatingor. We refer toog calcu-  rinj et al. [18], which seems to be reasonable; the difference

lated by Eq(3) as a semiexperimental reaction cross sectionmay be due to the incomplete fusion events mentioned in

semiex semiexp ; ; H . i
og . Onceoy ™*Pis extracted, and if the experimental Sec. II. For the?Be +2°%Bi case, extractedi¥™**P are some-

fusion cross sectiony", is available, one can further gen- \hat larger than the observed breakup cross section reported

erate a semiexperimental total DR cross sectigfi""®*", as  in Ref. [16], but close to the values reported in RE27].
semiexp_ _semiexp_ _exp Also, the sum of the DR cross section measured °*®e
9D ~9Rr T @) emiexP a5 will be seen

emiexp

Aa:%lm[fN(ezO)]. (6)

+20%p [28] agrees well with ouro}
Unfortunately, it is usually difficult to use this method of later in Fig. 8.
generatingoy ™*P as described above. The reason is that,
besides the well-known difficulty of measurirtyz/dQ) at
forward angles, data fateg®/dQ) are usually available only Simultaneous? analyses were performed on the data for
over a limited range of angles, which makes it difficult to dog®/dQ, of®, and o™ for the °Li+2°%Pb and°Be
obtain a reliable value of the angle-integrated We thus  +29%Bi systems;oiy™®*P are generated frondeE*P/dQ) as
resort here to the empirical fag85] that the total reaction described in the previous sectiodof**/d(Q) and o£*® are
cross section calculated from the optical model fit to thetaken from the literaturg14,19,21,2R Since of*® data for
available elastic scattering cross section datg”/d(), usu-  6Li+ 2%%Pb were not available at the time the analyses were
ally agrees well with the experimentag, in spite of the well  carried out, use was made of data taken®dr 2°°Bi [19].
known ambiguities of the optical potential. This means thatAfter finishing the analyses, we received data taken®for
we may replacerc— o in Eq. (3) by the total reaction cross +2%%pb[20]. But since the new data are found to be essen-
section calculated from the optical model fit to availabletially the same as the data used, no attempt has been made to
dog®/dQ). This approach seems to work even for looselyrepeat the calculations using the new data.
bound projectiles, as demonstrated recently by Koddtal.
in the He casg11]. A. Necessary formulas
In this study, we thus first carry out rather simple optical The optical potential(r,E) that we use in the present
model x?> analyses of elastic scattering data for tPid study has the following form:

IV. SIMULTANEOUS x? ANALYSES
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TABLE I. o32™e*P(in mb) extracted from Eq(3) is compared with other values of£™®*". In this tablesi*™*is shortened as, for

simplicity.
Ejab 1.3 fm 1.4 fm 1.5 fm

System (MeV) OR Ao OR Ao OR Ao Average Others

6j+ 208pp 29 222 0.0 221 0.0 221 0.0 221 228
31 395 0.0 394 0.0 393 0.0 394 431
33 625 -0.1 624 -0.1 621 0.0 623 666
35 865 -0.3 850 -0.4 824 -0.6 846 897
39 1293 0.2 1278 -0.1 1237 -1.0 1269 1303

9Be +209Bj 40 256 0.0 256 0.0 253 0.0 255 281
42 451 0.0 449 0.0 444 0.0 448 463
44 612 -0.1 611 -0.1 616 -0.1 613 601
46 771 2.6 766 -1.3 774 0.0 770 766
48 929 -0.4 919 1.0 931 -0.6 926 950

o™X for SLi+ 2%%Pb are taken from Refl4], while o ™ for °Be+20Bi are calculated by using the optical potential parameters
deduced in Ref[23].

U(r) =Ve(r) =[Vo(r) + Ue(r; E) + Up(r; E)], (8) tions from both Coulomb and nuclear interactions, which
imply that the direct reaction potential includes effects com-
ing not only from the nuclear interaction, but also from the
Coulomb interaction.

where Vq(r) is the usual Coulomb potential with
=1.25 fm, andVy(r) is the bare(Hartree-Fock nuclear po-

tential. Ux(r;E) and Up(r;E) are, respectively, fusion and  v(r) in Eq. (9) may also have an energy dependence
DR parts of the so-called polarization potent[@6] that  coming from the nonlocality due to the knockon-exchange
originates from couplings to the respective reaction channelgontribution. We ignore such effects as they are expected to
Both Ug(r; E) andUp(r; E) are complex and their forms are pe small for heavy-ion scattering], and employ the real
assumed to be of volume-type and surface-derivative-typgotential parameters used in Rg#3] assuming that all the
[7], respectively. ExplicitlyVo(r), Ug(r; E), andUp(r;E) are  unusual features of the potential may be put into the polar-
given by ization parts, particularly the DR part. The parameters used
are V,=18.36 MeV, r,=1.22 fm, anday,=0.57 fm for °Li
+20%h andV,=23.02 MeV, r,=1.22 fm, anda,=0.57 fm
for °Be+29Bi [33]. Note that these potentials are shallow,
which is often required in fitting elastic scattering data of
such projectiles a&Li and °Be [37].

In performing the optical model calculation, one can

. df(Xp) evaluate o and op by using the following expression
Up(r;E) = [Vp(E) +iWp(E)l4ap dRDD . (1) [1-339

Vo(r) = Vof(Xo), 9

Ur(r;E) = [VE(E) +iIWR(B)If(Xp), (10)

and

where f(X)=[1+exgX)]™* with X=(r-R)/a (i
=0, D, andF) is the usual Woods-Saxon function, while
Ve(B), Vp(E), We(E), andWo(E) are the energy-dependent where x* is the usual distorted wave function that satisfies
strength parameters. We assume the geometrical paramet S Schrédinger equation with the full optical model poten-
of the real and imaginary potentials to be the same, and tths

_ o ) al U(r,E) in Eq. (8). o and oy are thus calculated within
the strength parameteké(E) and.V\/,(E) (I=F orD) are re the same framework adog/dQ). Such a unified description
lated through a dispersion relati¢8],

enables us to treat all the different types of reactions on the
same footing.
In Ref. [7], we proposed using the following expression:

5= MOKY) (=ForD), (13
hv

E-E f N WI(E")
Vi(E)=Vi(E)+ ——P| dEl-———F—,
I( ) I( S)+ T o (EI _ES)(E/_E)
8 foe]
12 Po=Tou= o | lOMo(ndr, (1)
where P stands for the principal value aW¢E,) is the value 0

of Vi(E) at a reference enerdy=Es. Later, we will use Eq. which is derived using the semiclassical nature of heavy-ion

(12) to generate the final real strength parame¥g(&) and  collisions. The above relation may be used to analyze angu-
Vp(E), after W:(E) and Wp(E) are fixed fromy? analyses. lar distribution data, and particularly to fix the shape param-
Note that the breakup cross section may include contribueters for the DR potentiaty andag involved inf(Xp), since
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250 —m———r————T—— TABLE Il. Geometrical parameters used in thé analyses.
L 5Li + 2Pb ]
_ 200 (@) Li+ e - :
N [ "o | Li+ 2%%pp 9Be +20%Bj
] | o i=F ‘ |
§ 150_ o i-D o Ad ] re(fm) 1.40 1.40
= 100} O’Q - ag(fm) 0.42 0.32
L [ o ] rp(fm) 1.47 1.51
! P J ap(fm) 0.85 0.72
0 L.’ 'y ) 1 a 1 M 1 a
15 20 25 30 35 40 45
E. .. (MeV) C. x? analyses
250 AN 200 m s ] All x? analyses in the present work were carried out by
200 | (b) Be Bi s ® - using Vy(r) as given in Sec. IV A and by using the fixed
EI " e = * °] geometrial parameters for the polarization potentials. The
g 150 o i _ . fixed shape parameters are listed in Table Il. These values are
3 100 [ - ] obtained by making some preliminary analyses, starting with
=3 I K ] re=1.40 fm, a=0.40 fm, rp=1.58 fm, anday=0.85 fm,
w 50} . &° 4 which are the averages of each parameter determined in our
i . previous studieg7,8]. In fixing the rp and ap values for
0 =% 35 a0 45 50 55 SLi+ 298P, the experimentd, was fitted by using Eq14).

E_ (MeV) In Fig. 1(b), we show as an examplgolid curve Py as
c.m, calculated forE;,,=34.0 MeV in the course of these pre-
liminary calculations. It is remarkable that the elastic scatter-
circles and fusion(i=F, solid circleg cross sections fofa) SLi ing and the DR data require large diffuseness parameters of
+208P?) and(b) 9Beizo"Bi systems. T?we straight lines are( glrawn to @=0.85 and 0.72 fm fofLi+ 2°®Pb and®Be+2*Bi, respec-
show the extraction of the threshold energigs. tively. These valyes _are much 'afgef_ than - that,
’ =0.45 fm) for a typical tightly bound projectile, such 840

V], and reflect the largd, values for these systems.

With the geometrical parameters in Table Il tgeanaly-
ses then proceeded in two steps: in the first step, all four
strength parameter¥/y(E), Wp(E), VE(E), andW(E) were
B. Threshold energies of subbarrier fusion and DR varied. In this step, we were able to fix nicely the strength
parameters of the DR potentid¥5(E) and Wp(E), in the

In the present study, we utilize as an important ingredien .
the so-called threshold energiEsr and E,, of subbarrier fsensc_e that\;D(E) :nd V:/D(E) \{f\\//ere dete(;mmed as smooth
fusion and DR, respectively, which are defined as zero interfunctions of E. The values ofVp(E) and Wp(E) thus ex-

cepts of the linear representation of the quantiS¢g), de- tracted are presented in Figs. 5 and 6 by open circles. It is

FIG. 4. The Stelson plot o§=VE. o for DR (i=D, open

Pp is sensitive to these parameters. In Sec. IV C we shal
discuss the use of E(l4) to fix the values of the parameters.

fined by remarkable that the resultai;(E) can be well represented
by the following function ofE(=E_ ,) (in units of MeV):
S=\VEoi=a(E-Eq) (i=D or F), (15 0 for E< Eyp=22.0
where ¢ is a constantS with i=F, i.e., S is the quantity W (E) = 0.083E-22.0 for 22.0< E<28.0
introduced originally by Stelsoet al.[39], who showed that 0.023E-28.0 +0.50 for 28.0< E< 37.9
in the subbarrier regiors: fr(_)m the me_asured_r,: can be 0.73 for 37.9< E
represented very well by a linear function Bf(linear sys- (16)

tematics as in Eq.(15). In Ref.[7], we extended linear sys-
tematics to DR cross sections; in fact, the DR data are alsgpr the SLi+ 2°%b system and
well represented by a linear function.

In Fig. 4 we present the experiment®(E) and Sy(E) 0 for E< Epp=29.0
results for bottfLi+ 2%8Pb and®Be +2°°Bi. From the zeros of Wp(E) =10.026E - 29.0 for 29.0< E<40.0 (17)
S(E), one can extract th&g; values;E;p=22.0 MeV and
Eor=26.8 MeV for Li+2%Pb, as well a€,p=29.0 MeV 0.29 for 40.0< E
and Eqr=35.5 MeV for °Be+2°%Bi. In both cases, the ob- for the °Be+2°Bi system. Note that the threshold energy
servedS are very well approximated by straight lines and where Wp(E) becomes zero is set equal K as deter-
thusEp; can be extracted without much ambiguity. mined in the preceding section. The dotted lines in the lower

Eo; may then be used as the energy where the imaginarganels of Figs. 5 and 6 represent E¢E5) and (17). The
potential W,(E) becomes zero, i.eW(Ey;)=0 [7,8]. This dotted lines in the upper panels of Figs. 5 and 6 dekfgtas
procedure will be used later in obtaining a mathematical expredicted by the dispersion relation Ed.2), with W(E)
pression forW;(E). given by Eqs(16) and(17), respectively. As seen, the dotted
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2 ----i=D(Th) = 6} ---i=D(Th) g
= o |
a 2f i w4
woot LI |
1] = - ~
= ! > 2]
> 0 = i ". i -I ) -.CL? O g~ o2 0 ——t————— T

| ® i=F (Extracted) S g [ ® :fizﬁ:;racted) ]
= |—i=F(h =
2 3Fo :: D((Ex)tracted) ~—v 3 é [ © 1=D{Extracted)
6F ----i=D(Th) -
€ }---i=D(mh) ] = =
a 2t - w4}
woor A )
1] S -
1 N - —
z e D e e 2 ]
= o om® © (1) EEPPRRY SRR T R R
0 a |0 -’ 'I M 3|0 s 3| a |0 a 25 30 35 40 45 50 55
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E.. (MeV)

FIG. 6. The same as in Fig. 5, but for tABe+2°°8i system.
FIG. 5. I'he strength parametevs(upper panega_ndz\gvép(lower The solid (dotted line in the lower panel denotédi (Wp) from
pane) for i=D andF as functions ofg ,, for the °Li+ b sys- Eq. (19) [Eq. (17)]. The solid (dotted curve in the upper panel

tem. The open and solid circles are the valuesifob and F, o esents/e (V) obtained by the dispersion relation.
respectively. The lines in the lower panel dendig and Wr from

Eqgs.(16) and(18), respectively, while the curves in the upper panel

represent/p andV calculated by using the dispersion relation Eq. 0 for E<Epr=355
(12) with W; given by Egs(16) and(18). W(E)=11.60E-35.5 for 35.5<E=<38.0 (19
4.00 for 38.0< E

lines reproduce the open circles very well, indicating that
V(E) and Wi (E) extracted by they? analyses satisfy the for the °Be+?°Bi system. As in the case foWp(E), the
dispersion relation well. threshold energy wheré/=(E) becomes zero is set equal to
In the firsty? fit, however, the values 0fc(E) andWg(E) Eor. The solid lines in the lower panels of Figs. 5 and 6
could not be reliably fixed in the sense that the values extepresenWe(E) in Egs.(18) and(19). UsingWe(E) given by
tracted fluctuated considerably as function€ofThis is un-  these equations, one can genef4téE) from the dispersion
derstandable from the expectation that the elastic scatteringlation. The results are shown by the solid curves in the
data can probe most accurately the optical potential in thelpper panels of Figs. 5 and 6, which again reproduce the
peripheral region, which is nothing but the region characterextracted solid circles well. This means that the fusion po-
ized by the DR potential. The part of the nuclear potentialtential determined from the present analysis also satisfies the
responsible for fusion is thus difficult to pin down in such adispersion relation.

way.
In order to obtain more reliable information of and _ _ _

W, we thus performed the second step of Jsﬁ’eanalysis; D. Final calculated pross sections and comparison

this time, instead of doing a four-parameter search, we fixed with the data

Vp andW, as determined by the firg? fitting, i.e., Wp(E) Using Wp(E) given by Egs.(16) and (17), and Wk(E)

given by Eqs(16) and(17) andVp(E) as given by the dis- given by Eqs(18) and(19), together withVp(E) and Vg(E)

persion relation. We then performed a two-parametr generated by the dispersion relation, we performed the final
analyses, treating only((E) and WL(E) as adjustable pa- calculations of the elastic, DR, and fusion cross sections. The
rameters. The values thus determined are presented in Figsr&sults are presented in Figs. 7 and 8 in comparison with the
and 6 by solid circles. As seeN(E) andW(E) are found  experimental data. All the data are well reproduced by the
in this way to be smooth functions &. W(E) can be well  calculations. We remark that the sum of the DR cross sec-

represented by tions for °Be +2%%Ph [28] plotted by the squares in Fig(i9
agree well with oury’™®*P denoted by the open circles. The
0 for E<Eor=26.8 final calculated cross sections obtained by emplowi(&)
We(E) =10.403E-26.8 for 26.8<E=<34.0 (18 from the dispersion relation are found to be essentially the
2.90 for 34.0< E same as those obtained by the secgh@dnalyses.
In the next section, we shall present discussions of the
for the SLi+ 2°%b system and results of the present analyses, with an emphasis on the
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FIG. 8. DR and fusion cross sections calculated with our final
FIG. 7. Ratios of the elastic scattering cross sections to thejispersive optical potential fofa) ®Li+2°%b and(b) °Be+209Bi
Rutherford cross section calculated with our final dispersive opticabystems are shown in comparison with the experimental data.
potential for(a) °Li+ 2°%b and(b) *Be+°°%Bi systems are shown in  ¢*°™eXP denoted by the open circles, are as described in Sec. II.
comparison with the experimental data. The data are taken frorg*P denoted by the solid squares e +2°%Bi are actually from
Refs.[14,23. the experimental DR cross sections f&e +2°%Ph [28]. The fusion
data are from Refd19,2]. Note that the data of Ref19] are not

threshold anomaly and the effect Of the breakupa&n A for the 6Li+ 208Pb, but fOrGLi+ Zo%i. (See the text for the detaUS.
brief discussion will also be given on the effects of the DRThe errors ino*® are less than 10%.

and fusion potentials on the elastic scattering cross section. It is remarkable that the values of the real and imaginary

parts of the DR potential &g, Vp(Rsa E), andWp(Rsa, E)

are both considerably greater than those of the fusion poten-
V. DISCUSSIONS tial, Ve(Rs,, E) andWe(Rg,, E), respectively. This means that
the total real and imaginary potentials R, are dominated
by the DR part, and thus the energy dependence of the

Since we have succeeded in decomposing the polarizatiosummed potential is determined by that of the DR potential.

potential into fusion and DR parts, it is now possible to ex-This explains why the threshold anomaly was not seen in the
amine their energy dependence separately: As seen in Figspatentials deduced in previous studies, unless they separated
and 6, the strength paramet&sE) andW(E) of the fusion  the optical potential into two par{d2,14,21.
potential show strong variations as functions of energy
around the Coulomb-barrier energies, while that is not the

A. Threshold anomaly

B. Effects of breakup on fusion

case for the DR potential strengtilg(E) andWp(E). They There are two competing_ physical effect_s of breakup.on
are rather smooth functions Bf Similar results have already fusion cross sections. The first is the lowering of the fusion
been seen for theHe +29Bi system[8]. barrier, which tends to enhaneg. The other is the removal

Because the radial shapes of the fusion and DR potentiaf flux from the elastic into the breakup channel, which sup-
are different from each other, the magnitudes of the strengtRr€SSere.
parameters alone cannot provide information on the relative In the present treatment, these two competing effects are
importance of the two potentials. It may best be seen bhylescribed in terms of the ref¥p(r;E)] and the imaginary
comparing the values of these potentials at the strong absorpWp(r;E)] parts of the DR potentiaMp(r,E) can describe
tion radiusR,,; Vi(Rsy; E) and Wi(Rs,; E). These values are precisely the effect of lowering the barrier, wh¥gy(r,E)
plotted in Fig. 9 as a function d&, ,—Vg, WhereVy is the  represents the removal of the flux from the elastic channel.
Coulomb-barrier height(Here use is made of the values of To see the effects quantitatively, we introduce the following
Vg in Table 1V, to be discussed in Sec. V)CThe open factorR;:
circles in Fig. 9 denote the values of th DR potential, while — g W — L
the solid circles are the values of the fusion potential. For the R=orloe(Vp=Wp=0) (i=V,W,orVW), (20
sake of comparison we present there also the values for thehereo=(Vp=Wp=0) is or obtained by settinyp=Wp=0,
6He +20%Bi system([8]. i.e., neglecting both barrier-lowering and flux-loss effects,
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—o—V, (R, E) —o—W, (R, E) ~ TABLE Ill. R=0¢(i)/op(Vp=Wp=0) for i=V, i=W, and
1.2 *—V.(R,E) —— W, (R, E) I=VW.
2 . —
> 19 (a) ®He + ™Bi | ] Ecm. Ecm—Ve
g 0.8 ] ] System (MeV) (MeV) Ry Ry Ryw
£ 06 ] ] 6He +209B;] 14.3 -6.0 1.03 092 094
p 15.8 -45 1.13 0.84 0.3
E 17.3 -3.0 124 073 088
: Z . 18.6 -1.7 1.26 0.68 0.83
w .2
4 19l (b)°Li+®Pb | ] 21.4 1.1 115 066 0.73
= o0s ] ) 23.5 3.2 1.08 068 0.76
= 06 e 26.3 6.0 1.05 071 075
ar 50 29.2 8.9 1.04 073 0.76
. 04 o——0, 4 Ie) J .
= . 5 5 6Li+ 20%pp 26.2 -2.4 133 077 1.03
o 0.2 oo @ o-0 r ; 00—
5 olace S e g1 O e 28.2 -1.4 134 078 102
m 10 (c) 9Be + 209Bi . . 30.1 0.5 1.19 0.66 0.77
= oo 32.1 2.5 1.08 064 0.69
- 08 C004 ] 34.0 4.4 105 063 066
m 0.6 1 1 37.9 8.3 101 063 064
-~ 04 1 1 9Be +209Bj 36.4 -2.5 230 090 201
—° 0.2 .. ] 000200 38.3 0.6 1.78 083  1.43
> "Te o ®eeq, L O g0 ®eee : —v : : -
0f .0 e ® 40.3 1.4 141 078 1.08
42.2 3.3 122 078 095
E.m - Vs (MeV) 44.1 5.2 1.14 080 091
46.0 7.1 1.09 081 0.89

FIG. 9. The realleft pane) and imaginaryright pane) parts of
fusion (solid circle§ and DR(open circle potentials as functions
of E.,— Vg at the strong absorption radilis, for (a) *He +20%Bi
(Rsz=13.0fm), (b) SLi+2%%b (R,=11.9fm, and (c) °B
+20Bj(R,,=12.3 fm) systems. The lines connecting the circles are
only to guide the eyes. ReXP= ngp/(r'czl, (21)

mental values ofR®*P=0.76, 0.59, and 0.92, respectively,
which we deduce from

while (i) is o obtained by including eithe¥p, (for i=V)  where o€ is the well-known BPM expression valid in the

or Wp (fOT i=VV), or both (fOI‘ i=VVV). Thus Ry and Rw above-barrier energies,
describe the barrier-lowering and flux-loss effects, respec-

tively, while R,y gives the net effect. Note thai(i=VW) is ol _ 2( _ ﬁ)
4 ; : . oF =7Rg( 1 .
nothing but our final fusion cross sectioR. The values of
these ratios are summarized in Table Ill. As seen in Table llI
Ry is always larger than unity, indicating that the barrier
lowering enhancesg. On the other handR,, is smaller than
unity, demonstrating that the flux loss suppresses

In order to show the net effect clearly, we plot in Fig. 10
the Ry values for the three systems considered in Table IlI
as functions ok, , — V. It is remarkable thaR,y, shows an
interesting projectile dependence; the curve e has the
largestR,y values, that fofLi the next largest, and the curve
for ®He has the smallest values. It may be interesting to
remark here that this order in the magnitudes of the mig
is related to the values af, discussed earlier in Sec. I, that ~ Whetherog for loosely bound projectiles is enhanced or
measure the strength of the breakup effect; the nuclear sy80t in the subbarrier region is a subject of great current in-
tem with smallerd, value has a largeRyy, value. In the terest. We begin our discussion on this subject by defining a
higher-energy region, alR, values are smaller than unity, subbarrier enhancement factby
indicating that the flux-loss effect surpasses the barrier- A=Va-E (23)

; P ; = Ve~ EoF

lowering effect, resulting in the net suppressionogf '

Table 1l shows that the suppression factétg,y at the  whereEy is the subbarrier threshold energy introduced by
highest energy fofHe, 6Li, and °Be are 0.76, 0.64, and 0.89, Stelsoret al.[39] [see also Eq.15)] andV; is the Coulomb-
respectively. These values may be compared with the experbarrier height.A is a measure of how far below the barrier

(22)

c.m.
Here Rg is the barrier radius, which we estimated by using
the empirical formula of Vas, Alexander, and SatcHl4}.
The values thus estimated argg=11.68, 10.34, and
11.48 fm, respectively, for thtHe, Li, and °Be cases. Thus,
our calculatedRyy factors are very close tB**", indicating
that the observed suppression in the above-barrier region can
essentially be explained in terms of the net breakup effect.

C. Enhancement ofo in the subbarier region
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05 i aa yya FIG. 11. The experimental values of the subbarrier enhancement

'-10. 8 6 -4 20 2 4 6 8 10 factor A as a function of the neutrgs) transferQ value.
E m " VB (MeV)

¢ thors, the subbarrier fusion starts to occur when the colliding
FIG. 10. The calculated ratioRyy=or(VW)/or(Vp=Wp=0) nuclei come within a distance where the barrier against va-
with op(Vp=Wp=0) calculated by settingVp(E)=Wp(E)=0,  lence neutron flow disappears and thus the flow takes place
o=(VW) calculated by including botVp(E) and Wp(E), thus de-  freely. This means that subbarrier fusion will be more en-
scribing the net breakupDR) effect, are shown as functions of hanced if a collision system has a larger positive neggon
Ec.m— Vg for ®He+20%Bi, SLi+ 20%h, and®Be+2°%Bi systems. transferQ value[or equivalently if a projectile has less neu-
) i ) tron(s) binding energy.
fusion can still take place, and thus we refer to it as a sub- |, Fig. 11, we present the valudsas a function ofQ,,
barrier enhancement factor. Since b and Vg can be wherex=1 for all cases excefte withx=2. As seenA has

extracted from the measured fusion cross-section data by ug- . : : :

. X , strong correlation witl®,,, supporting the idea of Stelson

:EgeEgﬁa(ér?t) gzgs(ﬁrzt)a’ orfeshp:(s:tl:\ﬁ)lg’reie?rgxlr?:rfc:m@r??el_ et al. It should be noted that a similar argument supporting
b ' the idea of Stelsoet al. has been given by Kolatt al.[11]

Table IV summarizes the values af together withVg,
Eor and also X number of neutron” trans%er thresholdB en- \t/)vho took the data fofHe, and also very recently by Zagre-
’ baev[40].

ergy Q. These values are listed not only for the three sys X . .
tems considered here. but also for thée+2°Bi and 1Be Finally, we note that this mechanism of enhancement due

+2098j systems. Restricting our interests to the first thregl® neutron transfer is phenomenologically implemented in
projectile cases, we see thitle has the largest, °Be the the present des_c_rlptlon through the parameters of the fusion
next, and®Li the smallestA. This contradicts what is ex- Potentials, specifically by the strength paramet#sE) of
pected from the calculate®,,, values, which predicts that Wg(r;E).
o for ®He should be suppressed there. This indicates that the
observed enhancement féile cannot be explained in terms
of breakup effects, suggesting that breakup is not the primarip. Effects of the DR and fusion potentials on elastic scattering
mechanism that governs subbarrier fusion. cross sections

We recall at this stage that an alternative mechanism has

_ So far, we h trated on the breakup effect th
been proposed by Stelsat al. [39]; according to the au- 0 far, We have concentrated on ie breakup efiects on the

fusion cross section. It may also be interesting to see the
TABLE IV. Subbarrier enhancement factors. Uncertainties in theeffect on the elastic scattering cross section. In Fig. 12 we

Vg andEq - values listed here are expected to be only a few percentlustrate the effect, taking, as an example, the caséBer

but those in the values may amount to as large as 10%, sihdse  +2°%Bi at E;,,=46 MeV. Plotted in Fig. 12 are the calculated

determined as a difference betweégnand Eqf. Pe obtained by setting/p=0 or Wp=0, or Vp=Wp=0 in
comparison with thé>c from the full calculation. As seen, if
Eor Vg A one neglects eithe¥p or Wy, or both, Pc changes, but
System (MeV) (MeV) (MeV) Qun X mostly in the region ofd=dy,~d,. This is understandable,

since it is the region where DR takes place and thus the DR

®He+29%Bi 15.4 20.3 4.9 8.77 2 potential is most influential in that region. It is remarkable
°Be +20%Bi 35.5 38.9 3.4 2.94 1 that once the DR potential is neglected, the interaction dis-
6Li+ 2%%pPp 26.8 29.6 2.8 -1.73 1 tance of the resultar®g is reduced tad, = 1.65, close to the
11ga +209B; 36.2 39.6 3.4 4.10 1 value for the normal tightly bound projectiles.

IHe +209B; 18.2 20.2 20 -8.35 1 We have further studied the effects of the fusion potential

on the elastic-scattering cross section, particularly focusing
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FIG. 12. Effects of the DR potential oRg for the °Be+20Bi ] (b) ‘Be + 2 Bi
system af,,=46 MeV. P¢ calculated by settinyp(E)=0 (dashed I
line), Wp=0 (dotted ling, andVp(E) =Wp =0 (dash-dotted lingare 1 3
compared withPg, including bothVp and Wy (solid curve. ;
p E g D b ( 9 E,, =46MeV
01k .
on the fusion radius parametef, Presented in Fig. 18) is o’ - - -r,=1.35fm
a plot of thex? values as a function ot calculated by using [ . —r=140fm ]
the same parameters as used for the final cross-section cal- 0.01} ---- r=145m
culation exceptingr. As seen, the/ value has a well estab- e Exp. 3
lished minimum atr=1.40 fm. To see the variations P ] G

values when they are calculated withvalues different from 1.0 1.2 1.4 1.6 1.8 20 22 2.4 26 28 3.0

the best fit value of ¢=1.40 fm, we plot in Fig. 1&) Pg for d (fm)
three cases of=1.35, 1.40, and 1.45 fm in comparison
with the data. As seen, if one changes thevalue from the FIG. 13. (a) The x? values as a function ofr evaluated for

best fit value, the fit to the data gets deteriorated, particularlyL.30 fm<r-<1.50 fm andb) Pg as a function ofil evaluated with
in the region ofd<dg,~1.55 fm, where fusion is supposed rg=1.35, 1.40, and 1.45fm for théBe+2%Bi system atEyp
to take place strongly. =46 MeV.

VI. CONCLUSIONS ing the significance of the probability of breakup of the pro-
jectile. It is also argued that breakup is not the main cause of
the subbarrier enhancement of the fusion cross section, but
that the mechanism that governs the enhancement is neutron

In summary, we have carried out simultanegdsanaly-
ses of elastic scattering, DfRreakup, and fusion cross sec-

i 61 i 4 20 9 209mi
tions for the °Li+="Pb and°Be+*"Bi systems at near- f 4 originally suggested by Stelset al. [39]. In the

Coulomb-barrier energies within the framework of an jeqent description, this effect is phenomenologically imple-
extended optical model that introduces two types of complexanteq in the imaginary part of the fusion potential. We also
polarization potentials: the DR and fusion potentials. Thefind that the experimental suppression factors dgrin the
results show that the extracted potentials satisfy the dispe sbove-barrier region are 0.76, 0.59, and 0.92%de, SLi

sion relation well and that the fusion potential exhibits a5nd °Be respectively, which are in fairly good agreement
threshold anomaly very similar to that observed for tightly, i, theoretical suppression factors of 0.76, 0.64, and 0.89,
bound projectiles. The results also show that at the Strongespectively.

absorption radius, the magnitudes of the fusion potential are
much smaller than those of the DR potential. As a conse-
quence, the resulting total polarization potential becomes
rather a smooth function of the incident energy, similar to The authors sincerely thank Dr. N. Keeley, Dr. C. Signo-
that of the DR potential. This explains why the thresholdrini, Dr. R. P. Ward, Dr. N. M. Clarke, and Dr. C. J. Lin for
anomaly has not been observed in potentials determinekindly sending the numerical tables of their data. The authors
without separating the fusion part from the DR part. also wish to express sincere thanks to Professor W. R. Coker

Using the extracted DR potentials, studies were made ofor kindly reading the manuscript and comments. The work
the breakugDR) effects on the fusion cross sectiop. The  was supported by the Basic Research Program of the KO-
effects are found to be strongly projectile-dependent, reflectSEF, Korea(Grant No. R05-2003-000-12088-0
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