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Continuum-discretized coupled-channels study of the'Be— °Be+n breakup effect
on Be elastic scattering

M. Takashind; 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 Be— %Be+n breakup effect on the elastic scattering’®Be by °C at E/A=49.3 MeV is investi-
gated by the method of continuum-discretized coupled-cha@&€C) based on théBe+n-+target 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 thewave continuum states and tbevave 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 beerreaction processes, because the projectile excitations includ-
one of the most important subjects in nuclear physics. Paiing the breakup are not treated explicitly. In order to under-
ticularly, recent nuclear-reaction data with light neutron-halostand the reaction mechanism, it is very important to inves-
nuclei provide us with fruitful information to test existing tigate the dynamical breakup process more explicitly, that is,
nuclear-reaction theories and promote us to invent new teclwhich part of the breakup state iBe has a dominant effect
niques and models applicable to the study of such new typesn the elastic scattering. Furthermore, it is interesting to in-
of experimental data. vestigate how the halo structure affects the reaction mecha-

A new adiabatic three-body model recently proposed bynisms. Therefore, in order to study the dynamical breakup
Johnsoret al. [1] provides us with a very simple method of effect on the halo-nucleus induced reaction in detail, one
solving a complicated three-body problem based on the adiazeeds to solve the three-body problem by a nonadiabatic
batic approximation. This model incorporates the weaklyframework.
bound nature of a neutron-halo nucleus consisting of a rela- One of the practical and reliable nonadiabatic methods to
tively heavy core nucleus plus a single halo neutron. Namelystudy the three-body reaction process is the continuum-
it freezes up the internal motion of the halo neutron in thediscretized coupled-channe{f€DCC) method[3,4]. In the
projectile nucleugadiabatic approximatiorand neglects the CDCC method, the continuum-energy two-body breakup
interaction between the halo neutron and the target nucleustates of the projectile nucleus are approximately represented
which is expected to be weak compared with the interactionin terms of a finite number of discretized states in the pre-
between the core nucleus and the target. This model was firstription called the method of momentum bins. The dis-
applied to the elastic scattering of a neutron-halo nucleusretized breakup states can be treated in the same manner as
1Be on the'’C target atE/A=49.3 MeV and subsequently usual discrete excited states and coupled-channels equations
to the Coulomb-breakup reactions of halo nuclei and deuterare numerically solved in the standard way to obtain the
ons on heavy target nuclei. In the application to elastic scattransition matrix elements for elastic scattering and breakup
tering, the calculated result by this new model was comparetgactions. In the present paper, we apply the CDCC method
with that of the full adiabatic-model calculation, in which the to study the 'Be— '%Be+n breakup effect on the elastic
adiabatic three-body equatip] was solved exactly without Scattering of''Be by **C atE/A=49.3 MeV and investigate
neglecting the interaction between the halo neutron and thihe reaction mechanism induced by the halo nucleus.
target nucleus. Although the-target interaction had non-  Since the separation energy &fBe into '%Be andn is
negligible effect, these two calculations gave similar resultssmall, the *'Be breakup reaction takes place mainly as a
both indicating a significant breakup effect of th#8e pro-  binary projectile-breakup processBe into °Be+n. In the
jectile. present study, wave functions describing the relative motion

The adiabatic approximation may be reasonable for elagoetween'Be andn are calculated with a Woods-Saxon type
tic scattering at a high incident energy, which enables us tpotential of geometnRy=1.00<x AY® fm with A.=10 and
probe the ground state properties of the halo nucleus. Howay=0.53 fm, which is the same as that used in R&f. The
ever, in this approximation, we cannot pursue the details oflepth of the potentiaV/, is adjusted to reproduce the sepa-

ration energie&, of the ground state (£ E,=0.503 Me\)
for theswave (€ =0, wheref represents the orbital angular
*Electronic address: takasina@ocunp.hep.osaka-cu.ac.jp momentum ofn relative to the'®Be corg, the first excited
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FIG. 1. Angular distribution for thé'Be+ °C elastic scattering FIG. 2. The results of the single-channel calculatidashedi

at E/A=49.3 MeV. The dashed and solid curves represent the reand of the CDCC calculations including the breakup states up to
sults of the single-channel and CDCC calculations, and the dotte(dot-dashey p (double-dot-dashedd (dotted, andf waves(solid).

curve represents the result of the full adiabatic calculation. The . )
filled circles are the experimental data. whereR represents the relative coordinate betwé&e and

2C. U, andU, represent the optical potential betweeand

1 0 1 H
state(1p,Es=0.183 Me\) for the p wave ((=1), and the ZC'. and that between Be and *C, respectlve_:ly. The po-
resonance energyE(=1.275 Me\j for the d wave (¢ =2) tential parameters are given by the Becchetti-Greenlees pa-

; ‘ . ’ rametrization 6] for U, , while those for the latter are taken
respectively. For the odd and even partial waves greater th

HFom Ref [5]. The parameters fad, areV=37.4 MeV,r
€=2, we use the same values\4f as those for th@ andd - T -~ v oS 0
waves, respectively. The spin-orbit interaction is neglected 1.20 ffm, a?]—o.7r51 fm, W=10.0 MeV, r.—1.30| frr|1 a
for simplicity. f—0.60 ;n 2vi\iaere (tj ehrang? parameters are multiplied by a
In the CDCC method3,4], the continuum state if'Be j%tc;rs Ofmla ’:8”80 tfrgss/vjer;lécoa;/?e\\//_rli%ggl\ﬂfrx ;0
above the “Be+n breakup thresholcE,>0.503 MeV is =0.80 fm’ W(Flere. the ra{n e a}ameter’s Iare hulti Ii’edI by a
truncated ink space ak,, and discretized into momentum facfor of 1’01/3+ 19L3 ge p P y
bins of widthAk, wherek denotes the linear momentum of h : d lomb breakup i | d and
the %Be+n relative motion. The values d&f,,, andAk are In the present study, Coulomb breakup is neglected an
. ; > max the Coulomb potential betweeh'Be and °C is approxi-
determined so that the calculat&lmatrix elements of the | unif h | ol with th
Ugay 126 olasti tteri ith respect to the .n_mated by usual uniform-charge Coulomb potential with the
N elastic scatiering converge wi P N charge-radiu®. = 1.2x (103+ 12Y3) fm. The neglect of the
crease ok, and to the decrease afk, respectively. co :

. ; SN A : Coulomb-breakup contribution is justified for the elastic
The discretized wave function in théh bin is written as scattering of this light system at the high energy.

The convergence of th&matrix elements for the''Be
+ 2C elastic scattering is obtained when we take,,
=1.2 fm 1, andAk=0.133 fm ! for all the partial waves,
except for thed wave, for which we take\k=0.157 fri ?
for the lowest two bins andk=0.127 fm'! for the other
higher bins due to the existence of the resonance state. The
differential cross section is sufficiently converged when we
take into account the orbital angular momentum up tofthe
wave ((=3).

Figure 1 shows the angular distribution of théBe
+ 12C elastic scattering aE/A=49.3 MeV. The dashed
curve shows the result of single-channel calculation using
the cluster-folded potential Eq2), while the solid curve
shows the result of the CDCC calculation. It is found that the
breakup effect of'Be into 1°Be+ n is significant and largely
reduces the cross section. The filled circles are the experi-
)‘fﬁ(r)> mental datd1], which are found to be well reproduced by

J ' the present CDCC calculation. The dotted curve is the result

of the full adiabatic calculation taken from RéL], which is

R 1
¢i<r>=J—WifAkiw(r,km(k)dk, @

where 14/N; is the normalization factor andis the relative
coordinate betweed®Be andn. f;(k) represents the weight
function, the form of which is the same as that used in Ref
[4], namelyf;(k)=1 for nonresonance bins and Lorentzian
form is used for resonance bins.

In terms of the discretized wave functions Et) as well
as the bound-state wave functions, the interactign be-
tween 'Be and °C is calculated by the cluster-folding
model. The diagonali&j) or coupling (#]) nuclear po-
tential is written as

o

o 10
11"

Rt =
11"

uij(R>=<Z/fi<r> >+Uc

037601-2



BRIEF REPORTS PHYSICAL REVIEW G7, 037601 (2003

Im (Se) T
0.5 ~J=50

..... <----- 1—channel
—— CDCC

FIG. 3. TheS-matrix elements for the elastic scattering’dBe
from %2C. The open circles with dotted curve and the solid circles
with solid curve are for the single-channel and CDCC calculations,
respectively.

close to that of the present CDCC calculation, indicating the 0 10 20
validity of the adiabatic approximation at this energy. R (fm)

Flgure_ 2 S.hOWS the Contrlbutlons_of individual breakup FIG. 4. Ratio of the dynamical polarization potential to the
states with different’ values. The_solu_j and dashed CUIVeS{hded elastic potential. The results for three sets of the potential are
are the same as those shown in Fig. 1. The dot-dashedy,,un.
double-dot-dashed, and dotted curves represent the results of
CDCC calculations including the breakup states up to the

dd velv. The bound tod .~ In order to see the nature of the breakup effect on elastic
S, p, andd waves, respectively. The bound excited stateé iNge4itering, we plot th&matrix elements for individual par-

thep_wave is also mcluded_, vvhen tiewave breakup states tial waves of the elastic scattering in the comp&plane. In

are |.ncluded. The result§ indicate that the breakup effect '?ig. 3, the open circles with dotted curve represent the
domlnated'by the coupllng. to the- and d-wave breakup Smatrix elements of the single-channel calculation, while
states, which play a very important role to reproduce thgne sojig circles with solid curve represent those of the
experimental data. It is also found that, among fh&ave  cpcc calculation. It is clearly seen that the inclusion of the
breakup states, the seconif,(0.954 MeV, whereE, rep-  coupling rotates theSmatrix elements clockwise and re-
resents the mean energy of the )band third €,=2.592  duces the absolute values of them, implying that the breakup
MeV) bins have the largest contribution, while, in the effect is of a repulsive and an absorptive nature.

wave, the bin containing the resonance stat&at 1.778 In order to see the breakup effect BB8e shown in Fig. 3
MeV has the largest contribution. The large contributionin the potential form, we evaluate the dynamical polarization
from thep-wave breakup states is a notable property characpotential(DPP) in the same manner as that used in Reéf.
teristic to the halo nucleus. This can be understood as folWVe search effective potential of the forbhs=Ug+AU,
lows by a detailed analysis of the relation between the neuwhich reproduces the result of the CDCC calculation in the
tron wave functions in‘'Be and the breakup coupling matrix single-channel framework and, consequently, simulates the
elements. Because of the halo nature of the ground state, theeakup effect. HerdJr denotes the folded potential given
wave function of theswave neutron in the ground state is by Eq. (2) for the elastic channel, while we assume the
found to have a very large coupling matrix elements withWoods-Saxon derivative form for both the real\() and
those of thep-wave neutron in the breakup states, especiallyimaginary (AW) parts ofAU. For the potential search pro-
those in the second and third bins. Thavave resonance cess we use the computer coslers [8].

state also has a fairly large coupling matrix element with the We find three parameter sets fdlJ which fit the result of
ground state. the CDCC calculation. It should be noted that ®Benatrix

TABLE |. Parameter sets of the dynamical polarization potential.

Set Real AV) @ Imaginary AW) @

Vp (MeV) ry (fm) ® ay (fm) Wp (MeV) Iy (fm) ° ay (fm)
set 1 3.302 1.099 1.140 -0.718 2.293 0.894
set 2 1.182 1.493 1.092 -10.90 0.002 1.364
set 3 1.372 1.597 1.095 -1.584 1.495 1.202

aDefined as AV(R)=4Vpexd (R—Ry)/a/J/{1+exd(R—Ry)/a,J* and AW(R)=4Wpexd(R—Ry)/ayl/{1
+exd (R—R)/awl.

bR, =r,A¥° for x=V or W, whereA;=12.
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elements withU.4 are indeed close to the elastic-channelwhere the elastic scattering is the most sensitive to the po-
Smatrix elements of the CDCC calculation. The potentialtential. On the other hand, the imaginary part of DPP’s has
parameters are given in Table |, and the polarization potentidhe same sign as that of the folded potential (absorptive
evaluated as ratio to the folded potential is shown in Fig. 4and is of longer range than the real pf®f. Its strength

It is found that the real part of all the three DPP’s is found toamounts to about 30% of the imaginary partlbf in this
have opposite sign dil: (repulsive and to reduce the real region. This result reflects the characteristic of the weakly
part of the effective potentidl . by about 10% at~7.5fm  bound halo structure of th&'Be nucleus.
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