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Effect of continuum couplings in fusion of halo 11Be on 208Pb around the Coulomb barrier
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Physics Department, University of Surrey, Guildford GU2 7XH, United Kingdom

~Received 17 September 2001; published 15 January 2002!

The effect of continuum couplings in the fusion of the halo nucleus11Be on 208Pb around the Coulomb
barrier is studied using a three-body model within a coupled discretized continuum channels formalism. We
investigate in particular the role of continuum-continuum couplings. These are found to hinder total, complete,
and incomplete fusion processes. Couplings to the projectile 1p1/2 bound excited state redistribute the complete
and incomplete fusion cross sections, but the total fusion cross section remains nearly constant. Results show
that continuum-continuum couplings enhance the irreversibility of breakup and reduce the flux that penetrates
the Coulomb barrier. Converged total fusion cross sections agree with the experimental ones for energies
around the Coulomb barrier, but underestimate those for energies well above the Coulomb barrier.
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INTRODUCTION

The existence and the role of the breakup process
weakly bound projectiles in complete fusion and scatter
mechanisms have been extensively investigated in re
years both theoretically@1–6# and experimentally@7–16#,
but there is not yet any definitive conclusion. There are c
tradictory theoretical works which predict either the suppr
sion @1–4# or the enhancement@5# of the complete fusion
cross section due to the coupling of the relative motion of
nuclei to the breakup channel.

Recent coupled channels calculations for11Be1208Pb @6#
have shown that the coupling of the relative motion to
breakup channel has two effects, depending on the valu
the bombarding energy, namely,~i! a reduction of the com-
plete fusion cross sections at energies above the Coul
barrier due to the loss of incident flux and~ii ! an enhance-
ment of the complete fusion cross sections at energies be
the Coulomb barrier due to the dynamical renormalization
the nucleus-nucleus potential. Using the isocentrifugal
proximation and an incoming boundary condition inside
barrier, this calculation did not include the effect of the pr
jectile’s halo structure on the monopole projectile-target
tential. Nor did it include the excitation to partial wave
other than p3/2 in the continuum, or the continuum
continuum and bound excited states couplings in either re
tion partner. Moreover, only a small interval of energy f
continuum states~up to 2 MeV! was considered.

The couplings between continuum states have b
shown to be crucial to understand the breakup of8B on a
58Ni target at low energyElab525.8 MeV @19,20#. There-
fore, it could be expected that continuum-continuum co
plings significantly affect the role of breakup process in
sion of halo nuclei around the Coulomb barrier. We belie
that continuum-continuum couplings enhance the irreve
ibility of the breakup process~thus once the projectile get
dissociated, it will find it very hard to find its way back to th
bound states!. Thus, the continuum-continuum couplings a
expected to reduce the flux in bound projectile channels a
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therefore, should inhibit~at least! the complete fusion. We
expect that, with an increasing breakup subspace, gove
by both the maximum energy and continuum partial wav
continuum-continuum couplings will reduce the fusion cro
sections until convergence is reached.

The aim of this paper is to clarify the role of these co
tinuum couplings on the fusion of the halo projectile11Be on
a 208Pb target at energies around the Coulomb barrier. C
culations are carried out using a three-body model@19,20#
in the framework of the CDCC formalism@21,22#. Full
coupled channels calculations are performed with the c
FRESCO@23#.

In calculation of fusion cross sections, we simultaneou
include ~i! the effect of the projectile’s halo structure on th
projectile-target potential,~ii ! both the transition to its bound
excited state and its dissociation caused by inelastic exc
tions to different partial waves in the continuum, induced
the projectile fragments-target interactions~Coulomb 1
nuclear!, and ~iii ! couplings ~bound-continuum and
continuum-continuum! between its excited states. We do n
include transfer or inelastic channels of the target. Fus
cross sections for projectile bound channels and for pro
tile breakup channels will be defined in terms of a sho
ranged imaginary bare potential defined in the center of m
coordinate of the projectile in conjunction with channel d
pendent wave functions for the projectile-target radial m
tion.

MODEL

In the 11Be1208Pb reaction, the three-bodies involved a
the 10Be core (C), the valence~halo! neutron (v), and the
208Pb target (T). Let RW be the coordinate from the target t
the center of mass of the projectile, andrW the internal coor-
dinate of the projectile. The position coordinates of the p
jectile fragments with respect to the target arerWvT5RW

1@(AP21)/AP#rW and RW CT5RW 2(1/AP)rW, whereAP is the
mass of the projectile.

The dynamics of the three-bodies is described by
Schrödinger equation in the overall center of mass syste
The two-body potentialsVCT ,VvT, andVvC depend only on
©2002 The American Physical Society06-1
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relative coordinates indicated as their arguments and do
excite the internal degrees of freedom of the core and
target nucleus. Following Ref.@6#, these potentials are con
sidered as real, but in addition we use for fusion a b
short-ranged~well inside the Coulomb barrier! imaginary
central potentialiWF(R) defined in the center of mass of th
projectile for the projectile-target radial motion. The use
this short-ranged imaginary potential is equivalent to the
of an incoming boundary condition inside the Coulomb b
rier to study fusion@17,18#.

In order to describe the breakup of a projectile such
11Be, we consider the inelastic excitations induced
VCT ,VvT , in the n1 10Be system from the ground sta
f ( ls) j ,n

g.s (r ) to excited states in the continuumu( ls) j ,k(r ), for
some wave numberk and partial wavel, and also couplings
between all such continuum states. The use of such si
energy eigenstates, however, would result in calculation
form factors for continuum-continuum couplings which d
not converge, as the continuum wave functions are
square integrable. The CDCC method@21,22# is used to ob-
tain square integrable continuum bins statesf ( ls) j ,[k1 ,k2] (r )

averaged over a narrow range of wave numbers@k1 ,k2#. We
label these bin states by their wave-number limits@k1 ,k2#
and their angular momentum quantum numbers (ls) j . The
bound states of the projectilef ( ls) j ,n(r ) and the single en-
ergy scattering wave functionsu( ls) j ,k(r ) which form the
continuum binsf ( ls) j ,[k1 ,k2] (r ), are obtained by solving a

Schrödinger equation with the potentialVvC
l which may bel

dependent. The bin wave functions are defined as

f ( ls) j ,[k1 ,k2]~r !5A 2

pNEk1

k2
w~k!e2 idku( ls) j ,k~r !dk, ~1!

wheredk is the scattering phase shift foru( ls) j ,k(r ). The nor-
malization constant isN5*k1

k2uw(k)u2dk for the assumed

weight functionw(k), here taken to be either unity for non
s-wave bins ork for s-wave bins. These bin states are no
malized^fuf&51 once a sufficiently large maximum radiu
r bin for r is taken. They are orthogonal to any bound sta
and are orthogonal to other bin states if their energy ran
do not overlap. The phase factore2 idk ensures that they ar
real valued for real potentialsVvC

l .
The radial wave functionsf aJ(R) for the projectile-target

relative motion satisfy the set of coupled equations@19#

F2
\2

2m S d2

dR2
2

L~L11!

R2 D 1Va:a
J ~R!1 iWF~R!

1ea2EG f aJ~R!

5 (
a8Þa

i L82LVa:a8
J

~R! f a8J~R!, ~2!

where m,L,J,E and a($L,l ,s, j ,n or @k1 ,k2#%) denote the
projectile-target reduced mass, the projectile orbital ang
momentum, the total angular momentum, the total ene
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and the set of quantum numbers, respectively. For unbo
states of the projectile,ea is the mean energy of continuum
bin @k1 ,k2#, or ea,0 for bound states.Va:a8

J describes the

coupling between the different internal statesfa(rW) of the
projectile

Va:a8
J

~RW !5^fa~rW !uVCT~RW CT!1VvT~rWvT!ufa8~rW !&. ~3!

Assuming that the potentialsVCT andVvT are central, the
Legendre multipole potentials can be formed as

LK~R,r !5
1

2E21

11

@VCT~RW CT!1VvT~rWvT!#PK~x!dx, ~4!

where K is the multipole andx5 r̂ •R̂ is the cosine of the
angle betweenrW and RW . Since the spins of the neutron is
fixed, the coupling form factor~3! between statesfa8(r ) and
fa(r ) is

Va:a8
J

~R!5(
K

~21! j 1 j 82J2sĵ ĵ 8 l̂ l̂ 8L̂L̂8

3~2K11!W~ j j 8l l 8;Ks!W~ j j 8LL8;KJ!

3S K l l 8

0 0 0 D
3S K L L8

0 0 0 D E
0

`

fa~r !LK~R,r !fa8~r !dr.

~5!

Equation ~2! is solved with the usual scattering bounda
conditions@23#. The total fusion cross sections tot is defined
in terms of that amount of flux which leaves the coupl
channels set because of the short-ranged imaginary pote
iWF(R).

Since complete fusion is a process where all the nucle
of the projectile are captured by the target nucleus and
lowing @6#, we define in our model the complete fusion cro
section as the absorption cross section from projectile bo
channels@complete fusion from both ground state~elastic!
and bound excited state#

sCF5
p

2mE (
J

~2J11!PJ , ~6!

where E is the bombarding energy andPJ is the complete
fusion probability for the partial waveJ. The complete fusion
probability PJ is @24#

PJ5
8

\~2E/m!1/2 (
a(ea,0)

E
0

`

u f aJ~R!u2@2WF~R!#dR.

~7!

The complete fusion cross section~6!,~7! represents a
lower limit for the physical complete fusion cross sectio
since we have assumed no capture of all projectile fragm
(10Be and the halo neutron! from breakup channels. In rea
6-2
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EFFECT OF CONTINUUM COUPLINGS IN FUSION OF . . . PHYSICAL REVIEW C 65 024606
ity, these events should contribute to the complete fusion,
cannot be distinguished in our model from the capture
only one projectile fragment. The incomplete fusions ICF
~fusion of 10Be) is then defined as the absorption fro
breakup channels.

RESULTS AND DISCUSSION

The experimental spectrum of11Be exhibits a 1/21

ground state and a single, 1/22, bound excited state with
energies of20.50 and20.18 MeV, respectively. In a pure
single-particle picture, the ground and the bound exci
states of11Be have 2s1/2 and 1p1/2 single-particle configura-
tions, respectively. These configurations can be associ
with single-particle states generated by differentVvC

l Woods-
Saxon potentials@25# including a spin-orbit term. For
the 2s1/2 state, we use a Woods-Saxon potential with para
eters V05251.51 MeV, r 051.39 fm and a50.52 fm.
For the 1p1/2 state, we use a Woods-Saxon potent
including a spin-orbit term, similar to that used in@25#, with
the same geometry, i.e.,V05230 MeV, r 051.39 fm,
a50.52 fm, andV0

s.o.54.39 MeV.
First, we study qualitatively the effect of continuum co

plings on fusion cross sections by using a reduced brea
subspace with regard to the maximum energy of the pro
tile continuum states. A continuum breakup subspace w
partial wavess1/2, p1/2 , p3/2 , d3/2, and d5/2, for the halo
neutron-10Be core relative motion, is used. For each par
wave, the continuum subspace is discretized in six b
which are equally spaced in wave numberk, up to a maxi-
mum wave numberkmax50.3612 fm21 ~a maximum energy
of 3 MeV!, with a step ofDk50.0602 fm21. In Fig. 1, we
illustrate the continuum discretization used to define the
ergy bins included in these calculations. The calculation
thus performed with 30 excited continuum channels. Thes-
and p-wave continuum states have been consistently ge
ated by the same potentialVvC

l as that of the bound state o
the same angular momentuml. Thed-wave continuum state

FIG. 1. Continuum discretization used to define the energy b
The central energies of bins are shown by full circles.
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have been generated by the same potential as that of tp
waves.

In the present work, Woods-Saxon parametrizations gi
in Refs.@26,27# are used for the nuclear part of the potentia
VCT (V05246.764 MeV,r 051.192 fm, anda50.63 fm)
and VvT (V05244.019 MeV, r 051.27 fm, and a
50.67 fm), respectively. A short-ranged Woods-Saxon p
tentialWF with parametersV05250 MeV, r 051 fm, and
a50.1 fm is used for the fusion potential. The results d
pend only weakly on the geometry of this potential, as lo
as it is well inside the Coulomb barrier and strong enou
that the mean-free path of the projectile inside the barrie
much smaller than the dimensions ofWF . The fusion cross
sections forV05250 MeV are those forV05210 MeV
changed by;1%.

Since we are interested in fusion cross sections, pa
waves for the projectile-target relative motion up to on
Lmax550 ~partial-wave total fusion cross sectio
;1023 mb) are included. Our calculations include mon
pole, dipole and quadrupole contributions (K50, 1 and 2!
of the potentialsVCT andVvT for both nuclear and Coulomb
parts. The couplingsVa:a8

J (R) are taken into account up to
projectile-target radial distanceRcoup5100 fm. To calculate
both the continuum bins~1! and couplingsVa:a8

J (R) ~5!,
which include these bins, radiir<r bin5100 fm are used.

Figures 2~a! and 2~b! show fusion cross sections as
function of the bombarding energy in the center-of-mass s
tem. For comparison, we present cross sections in the
sence of couplings~thin solid curve!. In Fig. 2~a!, calcula-
tions include transitions from and to the projectile bou
states, but do not include continuum-continuum couplings
this case, we found that the effect of the projectile bou
excited state 1p1/2 on the total, complete and incomplete fu

s.
FIG. 2. Fusion cross sections as a function of the bombard

energy in the center of mass system for11Be1208Pb. ~a! Include
only couplings from and to the11Be bound states.~b! Couplings
between all 11Be excited states~continuum-continuum! are in-
cluded. See text for further details. The arrow indicates the C
lomb barrier for the elastic channel.
6-3
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sion cross sections is quite weak (;10%). The couplings to
the bound excited state 1p1/2 only redistribute the complete
fusion cross section~thick solid curve! between the elastic
channel and this channel, the fusion contribution from
elastic channel being 1.723.4 times larger than from the
bound excited state 1p1/2 for the range of energies studie
We would like to note that these fusion excitation functio
show similar trends as those obtained by Haginoet al. @6#.
We agree that complete fusion cross sections are stro
enhanced due to the couplings to the projectile excited st
compared with the no-coupling case at energies below
just above the Coulomb barrier (VB'36 MeV for the elastic
channel!, whereas they are hindered at above barrier e
gies.

In Fig. 2~b!, we show the effect of continuum-continuu
couplings on the total and complete fusion cross section
Fig. 2~a!. It is found that well above the Coulomb barrie
both total and complete fusion cross sections are suppre
compared with the no-coupling case, and enhanced well
low the barrier. Just below the Coulomb barrier (34 Me
<Ec.m.<36 MeV), complete fusion cross sections are su
pressed, but this is not the case for total fusion cross sect
In the present case, we found that couplings to the projec
bound excited state 1p1/2 redistribute~dot-dashed curve! the
complete and incomplete fusion cross sections, while the
tal fusion cross sections~dashed curve! remain nearly con-
stant. With couplings to the bound excited state 1p1/2, the
contribution to complete fusion from the elastic channel
similar to the one from the bound excited state 1p1/2 for
energies below the Coulomb barrier, and 1.728 times
smaller for energies above the Coulomb barrier.

Figure 3 shows incomplete fusion excitation functio
~difference between the total and the complete fusion curv!
for both cases presented above, namely in Figs. 2~a! and
2~b!. We can observe that continuum-continuum couplin

FIG. 3. Incomplete fusion excitation functions for both cas
shown in Figs. 2~a! ~solid curve! and 2~b! ~dashed curve!. Incom-
plete fusion excitation function for the case of Fig. 2~b!, but cou-
plings to the11Be bound excited state 1p1/2 are not included~dot-
dashed curve!.
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significantly reduce the incomplete fusion cross sectio
~dashed curve!. The case when the couplings to the bou
excited state 1p1/2 are not included is shown by the do
dashed curve.

From Figs. 2~b! and 3, it is observed that continuum
continuum couplings strongly affect the predicted total, co
plete and incomplete fusion cross sections. This implies
the fusion dynamics strongly depends on continuu
continuum couplings. Since the short-ranged imaginary
tential is well confined within the Coulomb barrier, we d
duce that continuum-continuum couplings mainly reduce
flux that penetrates the barrier, while couplings to the proj
tile bound excited state 1p1/2 mainly redistribute, among the
complete and incomplete fusion channels, the flux that
already penetrated the Coulomb barrier.

We have checked the convergence of reported fus
cross sections~total, complete and incomplete! with the size
of the breakup subspace, and have found the following w
couplings between all projectile excited states~bound-
continuum and continuum-continuum! are included in the
calculation.

The maximum energy of the continuum states~Fig. 4!: a
maximum energy beyond 9 MeV is needed to obtain c
verged results. With respect to the fusion cross sections f
maximum energy of 9 MeV~dashed curve!, fusion cross sec-
tions for a maximum energy of 10 MeV~full squares! are
changed by;10% for energies around the Coulomb barri
For energies well above the barrier, fusion cross sections
changed by;1.5%.

The density of the continuum discretization~Fig. 5!: a
density greater than 1.67 bins/MeV is needed to obtain c
verged results. The same density is used for all partial wa
in the continuum. With respect to fusion cross sections fo
density of 1.67 bins/MeV~dotted curve!, fusion cross sec-
tions for a density of 2 bins/MeV~dashed curve! are changed

s

FIG. 4. Convergence of total~a!, complete~b!, and incomplete
~c! fusion excitation functions for11Be1208Pb with regard to the
maximum energy of the11Be continuum states included in the ca
culation. Thes-, p-, andd-wave continuum states for a density o
the continuum discretization of 2 bins/MeV, potential multipol
K<2, and couplings between11Be excited states are included in th
calculation. See text for further details.
6-4
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EFFECT OF CONTINUUM COUPLINGS IN FUSION OF . . . PHYSICAL REVIEW C 65 024606
by ;6.5% for energies around the Coulomb barrier. For
ergies well above the barrier, fusion cross sections
changed by;1.6%.

The number of partial waves in the continuum and pot
tial multipoles ~Fig. 6!: partial waves beyondf 5/2 , f 7/2 and
potential multipoles beyond the octupole contributionK
53) are needed to obtain converged results. With respe
fusion cross sections for continuum partial waves up tf
waves and potential multipolesK<3 ~full circles!, fusion
cross sections for continuum partial waves up tog waves and
potential multipolesK<4 ~full triangles! are changed by
;8% ~total fusion!, ;100% ~complete fusion!, and;3%
~incomplete fusion!, respectively, for energies around th
Coulomb barrier. For energies well above the barrier, fus
cross sections are changed by;13%. The calculation in-
cluding both continuum partial waves up tog waves and

FIG. 5. The same as in Fig. 4, but with regard to the density
the continuum discretization. The maximum energy of the11Be
continuum states is 9 MeV.

FIG. 6. The same as in Figs. 4 and 5, but with regard to
number of partial waves in the continuum and potential multipo
The maximum energy of the11Be continuum states and the dens
of the continuum discretization are 9 MeV and 2 bins/MeV, resp
tively.
02460
-
re

-

to

n

potential multipolesK<4 ~full triangles! is presently at the
limit of our computational capability.

Figure 7 shows experimental total fusion cross secti
~full squares! for the similar system11Be1209Bi @10#, which
should not differ too much from the reaction studied. B
comparing converged total fusion cross sections for11Be
1208Pb ~full stars!, calculated within our model, with the
experimental ones for11Be1209Bi, it is observed that the
converged total fusion excitation function does not reprod
the experimental one. They do agree with the experiment
energies around the Coulomb barrier, but underestimate
data by;41% for energies well above the Coulomb barri

A crude estimation of the effect of target excitations
the total fusion cross section has been done by~i! fitting the
converged total fusion cross section in a single~elastic!
channel calculation by finding an appropriate projecti
target real Woods-Saxon potential with an energy depend
depth and the geometryr 051.179 fm anda50.658 fm,
and then~ii ! including the target excitations as in Ref.@29#.
Such estimation reveals that the effect is quite weak. Fus
cross sections are increased;1.28 times for energies aroun
the Coulomb barrier, while they remain nearly constant
energies well above the Coulomb barrier.

The experimental cross sections for11Be1209Bi were ob-
tained@10# as the sum of three channels 5n14n1fission. It
was pointed out in Ref.@28# that the 3n channel, expected to
be relevant below the barrier, could not be measured an
the same time the fission cross section could have been o
estimated. A new experiment is necessary in order to cla
the 11Be fusion mechanism discussed in the present wor

SUMMARY AND CONCLUSIONS

Fusion cross sections calculated in the CDCC framew
depend strongly on continuum-continuum couplings. We

f

e
.

-

FIG. 7. Converged total fusion cross sections for11Be1208Pb
~full stars! are compared with the experimental ones@10# for 11Be
1209Bi ~full squares!. A maximum energy of the11Be continuum
states of 10 MeV, continuum partial waves up tog waves for a
density of the continuum discretization of 2 bins/MeV, potent
multipoles K<4, and couplings between11Be excited states are
included in the calculation.
6-5
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not include transfer or inelastic channels of the targ
Continuum-continuum couplings hinder total, complete a
incomplete fusion processes. Couplings to the projec
1p1/2 bound excited state redistribute the complete and
complete fusion cross sections, but do not change the
fusion cross section. Results show that continuum-continu
couplings enhance the irreversibility of breakup and red
the flux that penetrates the Coulomb barrier. A large brea
subspace is needed to obtain converged fusion cross sec
The converged total fusion excitation function does not
produce the experimental one: converged total fusion c
sections agree with the experimental ones for ener
around the Coulomb barrier, but underestimate those for
ergies well above the Coulomb barrier. A crude estimation
the effect of target excitations on the total fusion cross s
tion reveals that it is quite weak. A new experiment seem
hy

ys
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be necessary to clarify the11Be fusion mechanism discusse
in the present work. The total fusion cross section is una
bigously calculated in our formalism, but this is not the ca
for the complete fusion since the capture of all project
fragments from breakup channels cannot always be dis
guished from the capture of only one projectile fragment
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