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Continuum-discretized coupled-channels study of the11Be\ 10Be¿n breakup effect
on 11Be elastic scattering

M. Takashina,* S. Takagi, and Y. Sakuragi
Department of Physics, Osaka City University, Osaka 558-8585, Japan

Y. Iseri
Department of Physics, Chiba-Keizai College, Chiba 263-0021, Japan

~Received 30 November 2002; published 14 March 2003!

The 11Be→ 10Be1n breakup effect on the elastic scattering of11Be by 12C at E/A549.3 MeV is investi-
gated by the method of continuum-discretized coupled-channels~CDCC! based on the10Be1n1target three-
body model. The CDCC calculation well reproduces the experimental data of the elastic scattering, which is
consistent with the result of recent studies based on the adiabatic three-body models. The breakup effect is
significant and the coupling to thep-wave continuum states and thed-wave resonance state have a dominant
contribution to the breakup effect. Dynamical polarization potential which simulates the breakup effect is
evaluated and found to have a weakly repulsive real part and a long-range imaginary part of absorptive nature,
characteristic of the weakly bound projectile with neutron halo.
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Nuclear reactions involving neutron-rich nuclei have be
one of the most important subjects in nuclear physics. P
ticularly, recent nuclear-reaction data with light neutron-h
nuclei provide us with fruitful information to test existin
nuclear-reaction theories and promote us to invent new te
niques and models applicable to the study of such new ty
of experimental data.

A new adiabatic three-body model recently proposed
Johnsonet al. @1# provides us with a very simple method o
solving a complicated three-body problem based on the a
batic approximation. This model incorporates the wea
bound nature of a neutron-halo nucleus consisting of a r
tively heavy core nucleus plus a single halo neutron. Nam
it freezes up the internal motion of the halo neutron in
projectile nucleus~adiabatic approximation! and neglects the
interaction between the halo neutron and the target nucl
which is expected to be weak compared with the interac
between the core nucleus and the target. This model was
applied to the elastic scattering of a neutron-halo nucl
11Be on the12C target atE/A549.3 MeV and subsequentl
to the Coulomb-breakup reactions of halo nuclei and deu
ons on heavy target nuclei. In the application to elastic s
tering, the calculated result by this new model was compa
with that of the full adiabatic-model calculation, in which th
adiabatic three-body equation@2# was solved exactly withou
neglecting the interaction between the halo neutron and
target nucleus. Although then-target interaction had non
negligible effect, these two calculations gave similar resu
both indicating a significant breakup effect of the11Be pro-
jectile.

The adiabatic approximation may be reasonable for e
tic scattering at a high incident energy, which enables u
probe the ground state properties of the halo nucleus. H
ever, in this approximation, we cannot pursue the details
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reaction processes, because the projectile excitations inc
ing the breakup are not treated explicitly. In order to und
stand the reaction mechanism, it is very important to inv
tigate the dynamical breakup process more explicitly, tha
which part of the breakup state in11Be has a dominant effec
on the elastic scattering. Furthermore, it is interesting to
vestigate how the halo structure affects the reaction mec
nisms. Therefore, in order to study the dynamical break
effect on the halo-nucleus induced reaction in detail, o
needs to solve the three-body problem by a nonadiab
framework.

One of the practical and reliable nonadiabatic methods
study the three-body reaction process is the continuu
discretized coupled-channels~CDCC! method @3,4#. In the
CDCC method, the continuum-energy two-body break
states of the projectile nucleus are approximately represe
in terms of a finite number of discretized states in the p
scription called the method of momentum bins. The d
cretized breakup states can be treated in the same mann
usual discrete excited states and coupled-channels equa
are numerically solved in the standard way to obtain
transition matrix elements for elastic scattering and brea
reactions. In the present paper, we apply the CDCC met
to study the 11Be→ 10Be1n breakup effect on the elasti
scattering of11Be by 12C atE/A549.3 MeV and investigate
the reaction mechanism induced by the halo nucleus.

Since the separation energy of11Be into 10Be andn is
small, the 11Be breakup reaction takes place mainly as
binary projectile-breakup process11Be into 10Be1n. In the
present study, wave functions describing the relative mot
between10Be andn are calculated with a Woods-Saxon typ
potential of geometryR051.003Ac

1/3 fm with Ac510 and
a050.53 fm, which is the same as that used in Ref.@5#. The
depth of the potentialV0 is adjusted to reproduce the sep
ration energiesEs of the ground state (2s, Es50.503 MeV!
for thes wave (,50, where, represents the orbital angula
momentum ofn relative to the10Be core!, the first excited
©2003 The American Physical Society01-1
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state~1p,Es50.183 MeV! for the p wave (,51), and the
resonance energy (Er51.275 MeV! for the d wave (,52),
respectively. For the odd and even partial waves greater
,52, we use the same values ofV0 as those for thep andd
waves, respectively. The spin-orbit interaction is neglec
for simplicity.

In the CDCC method@3,4#, the continuum state in11Be
above the 10Be1n breakup thresholdEx.0.503 MeV is
truncated ink space atkmax and discretized into momentum
bins of widthDk, wherek denotes the linear momentum o
the 10Be1n relative motion. The values ofkmax andDk are
determined so that the calculatedS-matrix elements of the
11Be1 12C elastic scattering converge with respect to the
crease ofkmax and to the decrease ofDk, respectively.

The discretized wave function in thei th bin is written as

ĉ i~r !5
1

ANi
E

Dki

c~r ;k! f i~k!dk, ~1!

where 1/ANi is the normalization factor andr is the relative
coordinate between10Be andn. f i(k) represents the weigh
function, the form of which is the same as that used in R
@4#, namely f i(k)51 for nonresonance bins and Lorentzi
form is used for resonance bins.

In terms of the discretized wave functions Eq.~1! as well
as the bound-state wave functions, the interactionUi j be-
tween 11Be and 12C is calculated by the cluster-foldin
model. The diagonal (i 5 j ) or coupling (iÞ j ) nuclear po-
tential is written as

Ui j ~R!5 K ĉ i~r !UUvS UR2
10

11
rU D1UcS UR1

1

11
rU D Uĉ j~r !L ,

~2!

FIG. 1. Angular distribution for the11Be1 12C elastic scattering
at E/A549.3 MeV. The dashed and solid curves represent the
sults of the single-channel and CDCC calculations, and the do
curve represents the result of the full adiabatic calculation. T
filled circles are the experimental data.
03760
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whereR represents the relative coordinate between11Be and
12C. Uv andUc represent the optical potential betweenn and
12C, and that between10Be and 12C, respectively. The po-
tential parameters are given by the Becchetti-Greenlees
rametrization@6# for Uv , while those for the latter are take
from Ref. @5#. The parameters forUv areV537.4 MeV, r 0
51.20 fm, a050.75 fm, W510.0 MeV, r I51.30 fm, aI
50.60 fm, where the range parameters are multiplied b
factor of 121/3, and those forUc are V5123.0 MeV, r 0
50.75 fm, a050.80 fm, W565.0 MeV, r I50.78 fm, aI
50.80 fm, where the range parameters are multiplied b
factor of 101/31121/3.

In the present study, Coulomb breakup is neglected
the Coulomb potential between11Be and 12C is approxi-
mated by usual uniform-charge Coulomb potential with t
charge-radiusRc51.23(101/31121/3) fm. The neglect of the
Coulomb-breakup contribution is justified for the elas
scattering of this light system at the high energy.

The convergence of theS-matrix elements for the11Be
1 12C elastic scattering is obtained when we takekmax
51.2 fm21, andDk50.133 fm21 for all the partial waves,
except for thed wave, for which we takeDk50.157 fm21

for the lowest two bins andDk50.127 fm21 for the other
higher bins due to the existence of the resonance state.
differential cross section is sufficiently converged when
take into account the orbital angular momentum up to thf
wave (,53).

Figure 1 shows the angular distribution of the11Be
1 12C elastic scattering atE/A549.3 MeV. The dashed
curve shows the result of single-channel calculation us
the cluster-folded potential Eq.~2!, while the solid curve
shows the result of the CDCC calculation. It is found that t
breakup effect of11Be into 10Be1n is significant and largely
reduces the cross section. The filled circles are the exp
mental data@1#, which are found to be well reproduced b
the present CDCC calculation. The dotted curve is the re
of the full adiabatic calculation taken from Ref.@1#, which is

e-
d
e

FIG. 2. The results of the single-channel calculation~dashed!,
and of the CDCC calculations including the breakup states ups
~dot-dashed!, p ~double-dot-dashed!, d ~dotted!, andf waves~solid!.
1-2



th

up
es
he
lts
th
i

s
t

th

on
ra
fo
e

ix
,
is
ith
ll

th

stic
-

the
ile
he
he
-
kup

ion

the
the

n
he

-

le
ns

e
l are

BRIEF REPORTS PHYSICAL REVIEW C67, 037601 ~2003!
close to that of the present CDCC calculation, indicating
validity of the adiabatic approximation at this energy.

Figure 2 shows the contributions of individual break
states with different, values. The solid and dashed curv
are the same as those shown in Fig. 1. The dot-das
double-dot-dashed, and dotted curves represent the resu
CDCC calculations including the breakup states up to
s, p, andd waves, respectively. The bound excited state
thep wave is also included, when thep-wave breakup state
are included. The results indicate that the breakup effec
dominated by the coupling to thep- and d-wave breakup
states, which play a very important role to reproduce
experimental data. It is also found that, among thep-wave
breakup states, the second (Êx50.954 MeV, whereÊx rep-
resents the mean energy of the bin! and third (Êx52.592
MeV! bins have the largest contribution, while, in thed
wave, the bin containing the resonance state atEx51.778
MeV has the largest contribution. The large contributi
from thep-wave breakup states is a notable property cha
teristic to the halo nucleus. This can be understood as
lows by a detailed analysis of the relation between the n
tron wave functions in11Be and the breakup coupling matr
elements. Because of the halo nature of the ground state
wave function of thes-wave neutron in the ground state
found to have a very large coupling matrix elements w
those of thep-wave neutron in the breakup states, especia
those in the second and third bins. Thed-wave resonance
state also has a fairly large coupling matrix element with
ground state.

FIG. 3. TheS-matrix elements for the elastic scattering of11Be
from 12C. The open circles with dotted curve and the solid circ
with solid curve are for the single-channel and CDCC calculatio
respectively.
03760
e

d,
of

e
n

is

e

c-
l-

u-

the

y

e

In order to see the nature of the breakup effect on ela
scattering, we plot theS-matrix elements for individual par
tial waves of the elastic scattering in the complexSplane. In
Fig. 3, the open circles with dotted curve represent
S-matrix elements of the single-channel calculation, wh
the solid circles with solid curve represent those of t
CDCC calculation. It is clearly seen that the inclusion of t
coupling rotates theS-matrix elements clockwise and re
duces the absolute values of them, implying that the brea
effect is of a repulsive and an absorptive nature.

In order to see the breakup effect of11Be shown in Fig. 3
in the potential form, we evaluate the dynamical polarizat
potential~DPP! in the same manner as that used in Ref.@7#.
We search effective potential of the formUeff5UF1DU,
which reproduces the result of the CDCC calculation in
single-channel framework and, consequently, simulates
breakup effect. Here,UF denotes the folded potential give
by Eq. ~2! for the elastic channel, while we assume t
Woods-Saxon derivative form for both the real (DV) and
imaginary (DW) parts ofDU. For the potential search pro
cess we use the computer codeALPS @8#.

We find three parameter sets forDU which fit the result of
the CDCC calculation. It should be noted that theS-matrix

s
,

FIG. 4. Ratio of the dynamical polarization potential to th
folded elastic potential. The results for three sets of the potentia
shown.
4
4
2

TABLE I. Parameter sets of the dynamical polarization potential.

Set Real (DV) a Imaginary (DW) a

VD ~MeV! r V ~fm! b aV ~fm! WD ~MeV! r W ~fm! b aW ~fm!

set 1 3.302 1.099 1.140 -0.718 2.293 0.89
set 2 1.182 1.493 1.092 -10.90 0.002 1.36
set 3 1.372 1.597 1.095 -1.584 1.495 1.20

aDefined as DV(R)54VDexp@(R2RV)/aV#/$11exp@(R2RV)/aV#%2 and DW(R)54WDexp@(R2RW)/aW#/$1
1exp@(R2RW)/aW#%2.
bRx5r xAT

1/3 for x5V or W, whereAT512.
1-3



e
ia
ti

. 4
to
l

po-
as

kly

BRIEF REPORTS PHYSICAL REVIEW C67, 037601 ~2003!
elements withUeff are indeed close to the elastic-chann
S-matrix elements of the CDCC calculation. The potent
parameters are given in Table I, and the polarization poten
evaluated as ratio to the folded potential is shown in Fig
It is found that the real part of all the three DPP’s is found
have opposite sign ofUF ~repulsive! and to reduce the rea
part of the effective potentialUeff by about 10% atr'7.5 fm
ev

tt.

-

s
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where the elastic scattering is the most sensitive to the
tential. On the other hand, the imaginary part of DPP’s h
the same sign as that of the folded potentialUF ~absorptive!
and is of longer range than the real part@9#. Its strength
amounts to about 30% of the imaginary part ofUF in this
region. This result reflects the characteristic of the wea
bound halo structure of the11Be nucleus.
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