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How does breakup influence the total fusion of’Li at the Coulomb barrier?
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Total (completerincomplet@ fusion excitation functions of’Li on %°Co and?°Bi targets around the
Coulomb barrier are obtained using a new continuum discretized coupled channel method of calculating fusion.
The relative importance of breakup and bound-state structure effects on total fusion is particularly investigated.
The effect of breakup on fusion can be observed in the total fusion excitation function. The breakup enhances
the total fusion at energies just around the barrier, whereas it hardly affects the total fusion at energies well
above the barrier. The difference between the experimental total fusion cross sectiSrikifon 5°Co is
notably caused by breakup, but this is not the case foPiRi target.
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. INTRODUCTION is not the case for projectiles such ¥e=a+a+n or 1'Be
=10Be+n. It is important to note that in fusion experiments

. ; . : ) yith %Be[5,10 and!Be [10] it is still unclear what happens
sion has been extensively investigated in recent years bo .
o the valence neutron after the reaction. If we follow the

experimentallyf 1-14 and theoretically15-23, but there is experimental definitions, the total and complete fusion would

e o s o oo B camenta o1k 5t the same or e reacidfe+"Bi (10} snce on he
P y paring exp capture of the stabl&Be core has been observed so far.

et heoreat e Most experiment1—4 6-10.12 nave ol measurea
nels, e.g., Refs[5.7,11,13, or to experimental fusion exci- the total fusion, whereas in Refi§,11,13 the complete fu-

ion f . ¢ well-b p actiles f sion was distinguished from the incomplete one. The impor-
tation functions of well-boundreferencg projectiles for  oncq of distinguishing between complete and incomplete fu-

which the breakup is expected to be weak, e.g., RefSjgn in order to observe complete fusion suppression above
(4,8,10,12. _ _ _ the barrier for®’Li+2%Bj was pointed out in Ref[13].

In fusion of weakly bound nuclei, two independent fusion  gjince the calculation of the complete and the incomplete
processes can be distinguished, namely, complete fusion afdsion cross section following either the strictly theoretical
incomplete or partial fusmp. The total fusion is the sum of yafinitions or the experimental ones is extremely complex,
the§e processésomplete+ incompletg. These two types of simplifying models have been used up to ngiBd,15-18.
fusion processes are connected to the dynamics of the pressing full coupled channel calculations, complete fusion was
jectile fra_gme_znts. A clear definition of complet_e and INCOM-jnterpreted in Refs[16,17 as absorption from projectile
plete fusion is necessary to compare theoretical predictiongq,ng states, and as incomplete fusion from unbound states.
to experimental data. Theoreticians, e.g., R§18,18, and |4 our approach in Ref17], the total fusion cross section for
gxpenmentahsts, e.g., Re1[§,23‘],.g|ve d]fferent.deflnmong 1Be+29%h was unambiguouslyeferred to the strictly the-
in the literature. From a theoretical point of view we think retical definition calculated, but this was not the case for
that, strictly sp_ealgmg, complete fusion refers to the capturgnq complete and incomplete fusion independently. The un-
of all the projectile fragmentsfrom bound and breakup ampiguous prediction of complete and incomplete fusion
stateg by the target, whereas the incomplete fusion is related,oss sections is still a challenge for all current fusion models
to the capture of only some of those fragments. Experimenr; 31
talists [5,23] tend to define complete and'lnc'omplete fusion Following Ref.[16], we interpreted in Ref[17] the total
as absorption of all the charge of the projectile and of a parf,sion of 1!Be on 2°%b as the absorption of the center of
of that charge, respectively. These definitions are onlynasgc.m) of the projectile from either its bound or breakup
equivalent to the strictly theoretical ones if all the projectile giates. Since the mass of tHBe core is much larger than
fragments are charge@.g.,°Li= a+d or 'Li= a+t), but this  the neutron mass, such an absorption could ensure that at

least the charged core is captured. However, we doubt that
this approach can be used to study the total fusion of the
*Email address: A.Diaz-Torres@theo.physik.uni-giessen.de  two-cluster projectile$’Li because the two charged frag-

The effect of breakup of weakly bound projectiles on fu-

0556-2813/2003/68)/0446078)/$20.00 68 044607-1 ©2003 The American Physical Society



A. DIAZ-TORRES, 1.J. THOMPSON, AND C. BECK PHYSICAL REVIEW 68, 044607(2003

ments(Li= a+d and’Li= a+t) have similar masses. In this namely,a+d for 6Li and a+t for “Li, and not further breakup
case, the capture of the c.m. of the projectile is not necessanf the deuteron or triton. The reorientation couplings refer to
ily connected to the capture of the charged fragments. Therehe couplings of the quadrupole term of the projectile
fore, we will use for the present reactions two optical potenfragment-target potentials, among the projectile-target partial
tials for the nuclear interaction between the projectilewaves, for the projectile in its ground state. Since we will
fragments and the target. At the same time, the short-rangeg}st focus on effect of projectile excitation, we will not in-
imaginary fusion potential defined in the c.m. coordinate of¢jyde transfer or inelastic channels of the target. The target
the projectile and used in Refl17], will be removed. The i pe regarded as a spherical nucleus with spin zero. After-
imaginary part of those optical potentials will also be shortyarqs we will estimate the effect of target excitations on the
ranged(inside the Coulomb barrieydo ensure that the ab- 4 fusion cross section. We expect both that such an effect
sorption is associated with fusion channels only. could be important at energies just around the Coulomb bar-
The present work particularly aims @j investigating the  rjer and that it is similar for the two lithium isotopes.
relative importance of breakup and bound-state structure ef- \ve would like to stress that in the present calculations the
fects[i.e., groynd—state reorientation coupli_ngs, coupling toimaginary parts of the off-diagonal couplings have been ne-
the boung7e>_<C|teglgsta(éL|)zd and bare potentigfor the total  glected, ‘while the diagonal couplings include imaginary
fusion of ®7Li on Co and”*Bi targets around the Coulomb parts. The reason for not including the imaginary part of the
barrier, (ii) clarifying whether or not the enhancement or uft giagonal couplings is that they produce numerical insta-
suppression effect of breakup is shown in total fusion, angyjjiies. The Hermiticity of the symmetric breakup matrix is
(iii) testing the model with recent experimental diit8,14.  yjiolated when large values of off-diagonal imaginary cou-
In Sec. Il, the theo_retlcal_ formalism is presented, whereas thﬁlings are included. Those imaginary couplings describe ab-
results and the discussion are shown in Sec. lll. We draw,niion occurring during the transitions between the chan-
conclusions in Sec. IV. nels. Following Ref.[27], we expect that these couplings
weakly affect the total fusion cross section. In that reference,
it was shown that the imaginary off-diagonal coupling redis-
tributes, among the elastic and nonelastic channels, the flux
Calculations of total fusion cross sections fofLi on  that has already penetrated the Coulomb barrier. The total
59Co and?®Bi are carried out using a three-body moftef]  fusion cross section, however, remained unchanged.
with a new continuum discretized coupled chan@DCC) In addition to the Coulomb interaction, the global Woods-
[24] method of calculating fusion, i.e., with short-range fu- Saxon parametrization given in R¢28] for the Christensen
sion potentials for each fragment separately. Full coupleénd Winther potential is used for the real part of the optical
channel calculations are performed with the cag&Esco  potentials between the projectile fragmeiitki= a+d and
[25]. The set of coupled equatio47] for the projectile- ‘Li=a+t) and the target. Those potentials are given in Table
target radial wave functions is solved with the usual scattert. The projectile-target bare potential for a central collision is
ing boundary condition§25]. calculated by the single folding of the projectile fragments-
The total fusion cross section is calculated in terms of thatarget monopole(real) interactions with the®’Li ground-
amount of flux which leaves the coupled channels(s®hl  state densities defined in terms of the ground-state wave
absorption cross sectipbecause of the short-ranged imagi- functions. In the following, by Coulomb barri&; we mean
nary partdWr of the optical potentials between the projectile the barrier of that potential.
fragments and the target. This guarantees that at least one of The couplings are taken into account up to a projectile-
the charged fragments of the projectile is captured. The santarget radial distancé., =150 fm. Partial waves for the
Woods-Saxon potentidlVe with parameterd\,=—-50 MeV,  projectile-target relative motion up to only,,,~ 30 (partial-
ro=0.8 fm , anda=0.1 fm is used for the imaginary part of wave total fusion cross sectioa103mb ) are included in
the two optical potentials. The results depend only verythe calculation.
weakly on the parameters of this potential, as long as it is The bound states of the two-bo8yi("Li) projectile and
well inside the Coulomb barrier and strong enough for thethe single energy scattering wave functions which form the
mean free path of the projectile inside the barrier to be mucleontinuum bing[17] are obtained by solving a Schrodinger
smaller than the dimensions Wf:. The fusion cross sections equation with thex-d (a-t) potential V!, (V' ,), which may
for Wp=—50 MeV are those foi\;=-10 MeV changed by be | dependent. The continuum states with a given partial
~1%. The use of a short-ranged imaginary potential iswavel have been consistently generated either by the same
equivalent to the use of an incoming boundary conditionpotential as that of the bound state of the same orbital angu-
inside the barrier for each fragment to study fusj@e). lar momentuml or by the potential generating the unbound
In calculations of total fusion cross sections, we simulta-resonances. The continuurmonresonant and resonant
neously includg(i) the breakup of the projectile caused by breakup subspace is discretized in equally spaced momentum
inelastic excitations to different partial waves in the con-bins with respect to the momentufik of the a-d (a-t) rela-
tinuum (nonresonant and resonant breakupduced by the tive motion. The bin widths are suitably modified in the pres-
projectile fragments-target interactiog€oulombtnucleaj  ence of the resonant states in order to avoid double counting.
and (ii) all continuum (bound-continuum and continuum- The J™=1" (I=0 coupled to the spin of the deutersnl)
continuum and reorientation couplings. By breakup we ground state ofLi with a binding energy of —-1.47 MeV can
mean the elastic dissociation ®fLi into two fragments only, be generated by a Woods-Saxon potential given in Table I.

Il. THEORY
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TABLE I. Potentials between the projectile fragments and the target are shown along with those to
describe the projectile statég.s.—ground state, res—resonances, b.s.—bound states potential depths
are given in MeV, and the radii and diffusenesses in fm.

Potential Vo ro ag \ e a”
a-5°Co —31.1368 1.1273 0.63

a-20Bi —33.9497 1.1675 0.63

d-5°Co —19.9336 1.0895 0.63

d-29%Bi —21.0497 1.1422 0.63

t-5°Co —25.2677 1.1128 0.63

t-209Bj —25.1141 1.1578 0.63

8Li (g.s) —78.46 1.15 0.7

bLi (rey —80.0 1.15 0.7 2.5 1.15 0.7
Li (b.s) —108.1 1.15 0.7 0.9875 1.15 0.7
Li (rey —109.89 1.15 0.7 1.6122 1.15 0.7

The d-state (I=2,s=1) component[29] of the ground-state For ’Li, converged total fusion cross sections are obtained

(g.s) wave function has been neglected. The &, and using (i) the same cutoff for the maximum energy of the
1" (I1=2 coupled to the spin of the deutersal) unbound continuum states as that firi, (ii) continuum partial waves
resonant states GLi can be obtained with a Woods-Saxon up tol=3 waves for a density of the continuum discretization
potential including a spin-orbit term with the same geometryof 2 bins/MeV(1=0,1,2; 7.7 bins/MeV and 1.92 bins/MeV
(See Table )l. The energies and widths obtained for thosebe|ow and above the 772 resonance, respective]y,
resonances are compared with the experimel3@jl values 10 pins/MeV inside the resonance; 2.5 bins/MeV and
in Table II. . 2 bins/MeV below and above the 5/2esonance, respec-
In the case ofLi, the 3/2" ground state and the bound tively, 2.5 bins/MeV inside the resonandi ) the projectile

1/Z" excited statgl=1 coupled to the spin of the tritog f ts-t t potential multiool to th tupole t
=1/2) with binding energies of -2.47 MeV and (E‘i”;fns arget potential muitipoles up to te octupole term

-1.99 MeV, respectively, can also be reproduced by a
Woods-Saxon potential with a spin-orbit teiisee Table ).
The 7/Z and 5/2 (I=3 coupled to the spin of the tritos

=1/2) unbound resonant states are calculated in the same lll. RESULTS AND DISCUSSION

way (see Table)l The energies and widths obtained for those A. 87Li +5%Co
resonances are included in Table II.
For the reactions Wltﬁl_l, we obtain Converged total fu- Figure 1 is used as an examp|e to show the convergence

sion cross sectionfl 7] using (i) a maximum energy of the  of the total fusion cross sections &fi+5%Co with respect to
continuum states of 8 MeV for energies well above the Couthe number of partial waves in the continuum along with

lomb barrier and of 6 MeV for energies around the ba”iervpotential multipolesk. The maximum energy, ., of the
(“) continuum partlg! waves up le2 \;vavez_for/a density of - ¢ontinuum states and the density of the continuum discreti-
the continuum discretization of 2 bins/M@%0,1); zation are as mentioned above. In particular, we would like

7.7 bins/MeV and .1'92 bms/MeV beloyv qnd above tte 3 to point out that converged results at energies just around the
resonance, respectively, 10 bins/MeV inside the resonance ulomb barrier are obtained with a small number of con-

2.5 bins/MeV and 2 bins/MeV below and above thaé&so- inuum partial waves. i.e. up twaves in the present ex-
nance, respectively, 2.5 bins/MeV inside the resonance; fo& P 1€, Up . . P
mple, in contrast to what it was claimed in Rgf1]. In the

1* continuum states the density of the discretization is th lowi | fusi ) ‘ d val
same as that for*2states(iii ) the projectile fragments-target Oe owing, total fusion cross sections refer to converged val-
ues.

potential multipoles up to the quadrupole tefit<2).

TABLE Il. EnergiesE,.s (MeV) and widthsI',.s (MeV) of the calculated resonances are compared with
the experimental valud80].

Projectile Res Eres Tes ESPL rexet
6Lj 3* 0.73 0.034 0.716 0.024
6Lj 2% 3.09 1.3 2.84 1.7
6Lj 1* 4.67 4.2 4.18 1.5
Li 712 2.17 0.071 2.16 0.093
Li 5/2~ 4.09 0.6 4.21 0.88
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10° Li+ Co \ . 6 6 4 1¢° 3 Li+ Co 4
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' - 10°F without breakup -
_ I = : ]
2 . =, *Li (g5
=Ltk i o [ e "Li(gs.)
o C ] | & -"Li (g.s. and 1/2" bound state)
[ . B - "Li (g.s. with monopole terms only)
i . = E_ =6MeV,/=0-2withK=0-2 ] .
I * E_ =6MeV, /=03 with K=0-3 ] 100 F E
L A E =8MeV,/=0-2 with K=0-2 | /) with breakup
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FIG. 1. Convergence of the total fusion cross sections®lfior FIG. 3. Total fusion excitation functions f6Li+5°Co are com-

+59Co with regard to the numbénof continuum partial waves along pared to those fofLi+3°Co. For each reaction, the incident energy

with the potential multipole&. The arrow indicates the value of the is normalized with the Coulomb barrier of the bare poterifiadion

Coulomb barrier. See text for further details. without breakup. The reorientation couplings are only includéa-
sion with breakujp All continuum and reorientation couplings are

Figure 2 shows total fusion excitation functions fi ~ Included. See text for further details.

+59Co (full dots with solid curve and “Li+%°Co (full tri-
angles with dashed curyewhich are normalized with the without breakup include all reorientation couplings®dt.i.
corresponding cross sections in the absence of couplings 10 case of'Li, it also includes the coupling to the bound 1/2
breakup channels. For each reaction, the incident energy st excited state. Sincéli is a spherical nucleus in its
normalized with its Coulomb barrievg. The Coulomb bar-  ground state and, therefore, the quadrupole term of the pro-
rier for ®Li+°%Co isVg=11.74 MeV , whereas fofLi+>°Co  jectile fragments-target potentials is zero, no reorientation
it is Vg=11.68 MeV. These barriers are similar to thoseeffects occur forfLi. The total fusion excitation functions
(11.5MeV and 11.35 MeV, respectivglyalculated using with breakup include all continuum and reorientation cou-
the double-folding procedure with the Skyrme-type nucleonyplings.
nucleon interactiofi31]. The total fusion excitation functions The breakup enhances the total fusion cross section at
energies just around the barrier, whereas it hardly aff@cts

— T T T enhancement by-2%) the total fusion at energies well
20F 6.7 . 59 1 above the barrier. The fusion enhancement around the barrier
. "Li+"Co | is larger for 8Li than for Li, and it correlates with the
18- - smaller a-breakup threshold fofLi. Here, the enhancement
=) i ] factor strongly depends on the incident energy. This enhance-
aa] . . .
3 16f i me_nt is cgused by the bound—cont|nuum couplujgj’]
k= which dominate the suppression effect of the continuum-
2 4l 1 continuum couplings.
S Y —e—"°Lj In Fig. 3, we compare the total fusion excitation functions
g Ll a1 _ of the two reactions. For each reaction, the incident energy is
£ SN also normalized with the Coulomb barri&g of the bare
2, S N potential. We only include the reorientation couplings in fu-
= e RN WEEERE WEFLETY R e
o 1.0 7 sion without breakup. All continuum and reorientation cou-
1 plings are included in fusion with breakup. We can observe
L 1 ) | i 1 " 1 L 1 " | 1 1 1 1 1
0~80‘8 o 12 14 16 13 29 that the total fusion excitation functions without breakup are

practically the same fo?’Li. The mass difference between
67.i explains the remaining difference between their fusion

FIG. 2. Total fusion excitation functions féLi+5%Co (full dotsy ~ €Xcitation functions at energies well below the barrier. Both
andLi+59%Co (full triangles, which are normalized with the cross the ‘Li ground-state reorientation effeacomparing the
sections in the absence of couplings to breaiig) channels. For dashed curve to the dash-dotted paed the effect of the
each reaction, the incident energy is normalized with the Coulomigoupling to its bound 1/2 excited state(comparing the
barrierVy of the bare potential. The calculated values are connectedashed curve to the dotted gnen total fusion are very
with curves to guide the eye. See text for further details. weak.

E_/V,

[
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TABLE Ill. Experimental values fo(i) the first three levels of LI A B B L B

the ground-state rotational band of t€o target[33] and for (ii) W0 S5+ ¥Co (%?’ """ ¢¢’T 3
the excitations of%Bi included in the calculatiofi34]. F gg ! i
s 4
Target  EnergyMeV) K B(E\,l —g.s) (W.u.) 00y A .
59Co 0.0 712 i # ---w-- Theory
1.19 9/2 13.0E2) o o Experiment
1.46 11/2 5.4E2) 2 10 7 ’59 L
209 0.0 9/ & Li+7Co T £
2.493 3/2 16.0E3) i A4 i
2.564 9/2 28.0E3) .|
2.583 712 25.0E3) gy
2.599 11/2 30.0E3) F - Theory ]
2.6 13/2 22.0E3) ool o Bperiment
2.617 5/2 22.QE3) 0 12 14 16 18 20 22 o4
2.741 15/2 25.0E3) E_ (MeV)

In Fig. 3, we can also observe that the inclusion of the FIG. 4. Calculatedfull squares and trianglgsotal fusion exci-
couplings to the breakup channels notably increases the difation functions for’Li+%Co are compared with the experimental
ference between the total fusion excitation functions of thefata[14] (open circles and squafedhe calculated values are con-
two systems at energies just around the barrier. However cted with curves to guide the eye. The arrows indicate the Cou-
energies well above the barrier the total fusion cross sectiongmb barriers of the bare potentials. See text for further details.

are practically the same. We conclude that the breakup is thﬁ]easured in Ref[13] (Vg=30.1+0.3 MeV for’Li and V
main reason for the difference between the total fusion cross,q 7,0 2 Mev for7Li) an io_th;)se calculatefB1] (V:

H N 59, . . .
sections of° Li on >Co. L =29.8 MeV for ®Li and Vg=29.5 MeV for ’Li) with the
A crude estimation of the effect 6fCo excitations on the double-folding procedure
total fusion cross section was done by fitting the con- Fusion enhancement occurs at energies just around the

verged total f‘.JS‘O” Cross section.s of Fig.("@?h breakup in . barrier, while breakup has very little effe@n enhancement
a single(elastig channel calculation by finding an appropri- 1,3 504 on total fusion at energies well above the barrier.

ate projectile-target real Woods-Saxon potential with an eNThe difference between the two-breakup thresholds for
ergy dependent depth and the geomefy1.179 fm anda 67 is also revealed in the value of their enhancement fac-

:0%658 fm, and the_(ii? igcluging the lt_arget excritaticpns ahs N tors around the barrier. These factors also depend strongly on
Refs. [25,33. We include the couplings to the first three o qocreasing incident energy below the barrier. Comparing

levels O.f the _grou.nd—state rotational b"’(ﬁ_@bl.e Il of *Co his figure with Fig. 2, we can observe that the breakup effect
[33]. This estimation reveals that the effect is very weak an n total fusion is stronger for th®%Bi target than forP%Co
similar for the two lithium isotopes. Total fusion cross Sec- o expected. ’

tior)s are increaged by 5% for energir—_zs around the barrier, In Fig. 6, the total fusion excitation functions of the two
while they remain constant for energies well above the barfeactions are compared to each otes in Fig. 3. It is

rier.

In Fig. 4, the calculatedfull squares and trianglgdotal 4 ——T——T———
fusion cross sections of Fig. @vith breakup including the - 6.7+ .  209e. 1
effect of *°Co excitations are compared to the experimental 3r Li+7"Bi A
data[14] (open circles and squane§he agreement is good 20;‘: 1
at energies just around the barriarrows, but a slight over- g | * |
estimation is observed at energies well above the barrier. 5 18t —e—"°Li i
However, the ratio of the theoretical cross sections of the two k= - —a—"Li
systems agrees very well with the ratio of their experimental % L6 7
cross sectiongsee Fig. 3 of Ref[14]) at all energies. ;i 14 | ]

R I
B. 67Li +29%Bj 5 121 \ g

Figure 5 shows, like Fig. 2, total fusion excitation func- % ok St
tions for SLi+2%Bi (full dots with solid curvg and ‘Li 1 1
+20%Bi (full triangles with dashed curygewhich are normal- 0 T o 12 14 16  1is
ized with the corresponding cross sections without breakup. E /V
The incident energies are also normalized with the barrier R
(Vg=29.71 MeV forbLi and Vz=29.57 MeV for’Li) of the FIG. 5. The same as Fig. 2, but féi+2°%Bi (full dots) and

calculated bare potentials. These barriers are similar to thosgi+2°%Bi (full triangles. See text for further details.
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T T T T T T 77T T T T T T T T o
r . . 6y . 2094 - e m-t-w
“Li+°"Bi 10 Li+ "Bt et E
10° £ 3 : s
b L
10°F ¢ g 3
. h
> . ---m-- Theory
= 107 F without breakup 3 o Experiment 1
E *Ligs) ] 310‘_! ——
N Y "Li(gs.) J £ 3 _7 ;. 209ny. RN Sl
© - Li (gs. and 1/2" bound state) ] vglo E Li+ Bi a :‘,§~’D”§>>:> E
N "Li (g.s. with monopole terms only) b o o DA
10'F 3 o
E with breakup 5 L
[ 100F, E
® Li ] -
s L | > ---4--- Theory
o Experiment 4
10° L L . L L L . L » 101 [T S MU N SPH NI SR RPN R B
0.8 1.0 1.2 1.4 1.6 1.8 28 30 32 34 36 38 40 42 44 46 48
E_/V, E . (MeV)
FIG. 6. The same as Fig. 3, but férLi+20Bi. See text for FIG. 7. The same as Fig. 4, but fofLi+2°%Bi. The experimen-
further details. tal data are from Refl13]. See text for further details.

observed that the differences between the total fusion exc
tation functions, caused by the bound-state structure effec
of 87Li, are very small and similar to those with tif%éCo
target. The effect of théLi ground-state reorientation cou- . : L 61 ;
plings (comparing the dashed curve to the dash-dotted One(proton"capture'z foIIOV\;m'g dISS.OCI'atIOH af—~p+n) for °Li
and of the coupling to its bound 172xcited statécompar- and of(ii) the triton for L|: A stripping breakup _proces[l§ﬂ
ing the dashed curve to the dotted prua total fusion are d(_)es7n_ot seem to explain the larger productior?8f*Po
also very weak. with ‘Li, because the trltpn binding energy Th_| is larger

In Fig. 6, it is also shown that the breakup increases thdhan the deuteron one filui. It would be interesting to mea-
difference between the total fusion cross section$foi at  sure deuteron and triton transfer cross sections for these re-
energies just around the barrier. At energies well above thactions to clarify the reason for the difference of their
barrier, the two systems show very similar total fusion exci->'>?*Po yields. We would like to stress that couplings to
tation functions. Figure 6 also indicates, like Fig. 3, that thethese transfer channels were not included in the present cal-
breakup causes the difference between the total fusion crossilations.
sections of®Li.

We also estimated the effect of target excitations on total
fusion. It was done in the same way as f8€o. Since the
couplings to the first two excited states of single-particle ——

hue (contributing to the incomplete fusion yiglés notably
E\rger with’Li than with Li. These evaporation residues can
be produced by the capture @f the deuteron or proton

structure is rather weaf34], we only include couplings to 6L- + 59C
the collective multiplef?%%Ph(37) ® 1hy,];~ (Table 111y with 0 - 0 s S
energies ranging from 2.493 to 2.741 M¢¥4]. Moreover, 3 T a—at
we assume collective transitions to these excited states due to
their complexity(combined collective and single-particle dy-
namic9. Total fusion cross sections remain the same for en-
ergies well above the barrier, whereas they are increased by
~3% around the barrier for bottvi and “Li. __
Figure 7 shows a comparison between the calculgtdd
squares and triangledotal fusion excitation functions in- [ % —atwooptical potentals 1
cluding the effect of target excitations and the experimental | (off-diagonal imag. couplings neglected) |
data[13] (open circles and squaedhe experimental data [ e i eluded) ]
for 6Li (upper part, open circlgsre well reproduced, but it 4 A °“e;Wag'P"f‘f:_““lde““ed‘““‘°°'m‘
is not the case fofLi (lower part, open squargsTheoretical 10" L l. e
results for’Li underestimate the experimental values at en- 10 12 14 16 18 20 22 24
ergies around the barrier, but the agreement is good at ener- E  (MeV)
gies well above the barrier. o
In contrast to®7Li+5%Co [14], experimental total fusion FIG. 8. Total fusion excitation functions fdiLi+5°Co using
cross sections fofLi+2%Bi are larger than those foiLi different approaches. The calculated values are connected with

+209Bj around the barrier. The experimgt3] shows that it  curves to guide the eye. The arrow indicates the value of the Cou-
is because the direct production@f-?*Po evaporation resi- lomb barrier. See text for further details.
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2.0 T T T T as the sum of the bare potential and the real part of a local
6y . , 59 dynamic polarization potentigDPP) [32]] leads to fusion.
1.8 Li+7Co The DPP potential includes the effect of couplings to
5 breakup channels and was extracted from the CDCC calcu-
2 1.6 i lation shown with full stars in Fig. 8. This approach to fusion
£ has been extensively used in the last few ygag2(Q to
E 1.4 | predict total fusion cross sections with weakly bound projec-
13 % full CRC tiles, e.g., very recently fofLi and ®He on the?°®Pb target
2 12 , —O-BPM i [20]. It is observed that the BPM cross sectio(@en
g circles underestimat¢by ~40% just around the barrier and
% * by ~8% well above the barrigthe actual cross sectioffsill
o 1.0 LS [ T . . . R K
O starg, which is particularly relevant at energies just around
0og.0—"07 7 the barrier. This is because the BPM approach does not in-
0 e 0 12 12 16 1s 20 clude fusion within the projectile-target barrigg2]. In con-

trast to the full coupled channel calculatiofisll starg, the
BPM approachopen circleg shows total fusion suppression

FIG. 9. The same as Figs. 2 and 5, but comparing total fusior{Or Ehe_ whole range of _incident erlergies studiey
excitation functions fofLi+5°Co using two different approaches, ~14% just around the barrier and by9% well above the
namely, full coupled channel calculatioi€RC) and the barrier Parrien. The present results shows that the BPM approach is

penetration modeBPM). The calculated values are connected with Particularly inappropriate at energies just around the barrier
curves to guide the eye. See text for further details. and also yields a rather inaccurate answer to the question

how breakup affects total fusion.

With the above comparisons, it is important to note that to
realistically predict total fusion cross sections the fusion
) _ model should be carefully chosen depending on the cluster

As an example, Fig. 8 shows the effect of the off-diagonaktructure of the weakly bound projectile and on what the
imaginary couplings on the total fusion &ifi+%Co. This is  experiment is expected to measiie order to ensure a re-

the only systenithe lightest one studigdor which we have  jjistic comparison of theoretical and experimental Hata
obtained stable results when all imaginary couplings are in-

cluded, as the off-diagonal imaginary couplings are not too
strong in this case. In Fig. 8, we also compare the total fusion
excitation function obtained with the present approading
two optical potentials to that obtained with our previous Total (complete+ incompletg fusion excitation functions
method in Ref[17] (using one imaginary potential defined of &7Li on 5°Co and?°*Bi targets at Coulomb barrier energies
in the c.m. coordinate diLi). The cross sections neglecting are obtained using full coupled channel calculations with a
the off-diagonal imaginary couplingéull squares in Fig. 3 new CDCC method of calculating fusion, which has short-
are the same as shown with full dots in Fig. 3. The crossange fusion potentials for each fragment separately. The re-
sections including all imaginary couplings are presented withalistic prediction of total fusion cross sections requires the
full stars. The off-diagonal imaginary couplings slightly re- selection of an appropriate fusion model which depends on
duce the total fusion cross sectioftsy ~13% around the both the cluster structure of the weakly bound projectile and
barrier and by~6% well above the barrigr However, the  what the experiment is supposed to measure.
cross sections obtained with the present approéah The effect of breakup on fusion can be observed in the
squaregdiffer considerably from thosgull triangles calcu-  total fusion excitation function. The breakup enhances the
lated with the method from Ref17], as expected for theLi total fusion of ®’Li at energies just around the barrier,
projectile (see Introduction The results indicate that there whereas it has very little effect on total fusion at energies
are many events where one of the fragment§lofis cap-  well above the barrier. The fusion enhancement factor
tured, but the c.m. of the projectile does not reach the abstrongly depends on the decreasing incident energy below
sorption(fusion) region. The imaginary potential used in the the barrier. The fusion enhancement is larger for the reaction
method from Ref[17] has the same shape and magnitude asvith 6Li than that with “Li, and it is correlated with the
the imaginary part of the optical potentials in the presensmallera-breakup threshold dfLi. The difference between
approach. the bound-state structures 8fLi does not produce large

In Fig. 9, we compare the total fusion excitation function difference between their total fusion excitation functions.
(open circley obtained with the barrier penetration model The effect of the/Li ground-state reorientation couplings on
(BPM) [27] to that obtained with full coupled channel calcu- total fusion is very weak. A crude estimation reveals that the
lations when all imaginary couplings are includgdll stars  effect of target excitations on total fusion is weak and similar
in Fig. 8). The total fusion excitation functions are normal- for &’Li. The experimental data fdt’Li+ 5°Co as well as for
ized with the cross sections in the absence of couplings téLi+2%°Bi are well reproduced. The breakup notably causes
breakup channels. The BPM model assumes that all the fluthe difference between the experimental total fusion cross
that penetrates a single barr[eiefined for these calculations sections of®’Li on %°Co, but it is not the case for th@%Bi

Ec.m./VB

C. Effect of the off-diagonal imaginary couplings; comparison

to other approaches

IV. SUMMARY AND CONCLUSIONS
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