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Reaction mechanisms in the scattering ofLi on 2%%Pb around the Coulomb barrier
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We present an analysis of the reactfiin +2°%Pb, which has been recently measured at energies around the
Coulomb barrier. The study is focused on the elastic and one-neutron removal channels. The elastic angular
distribution has been analyzed by means of the optical model and coupled-channels method. The rigasured
yield has been assumed to come from the one-neutron transfer re&mfLi, 7Li)2°Pb and the breakup
reaction®Li+2%%b—n+"Li +2%Pb. For the former, an analysis in terms of the distorted wave Born approxi-
mation and coupled-channels Born approximati@CBA) methods has been performed. For the breakup
reaction, a generalization of the CCBA method has been used, in which the final states are desaribed as
+298pp continuum states. Transfer and breakup are then treated consistently. The summed angular distribution
for the two processes reproduces the shape and absolute magnitude of the méhisdistlibution. We
conclude that most of the measuréd yield comes from the one-neutron transfer channel. We also show that
the elastic scattering is notably affected by the strong coupling to transfer channels.
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. INTRODUCTION lem has been object of exhaustive analyses, be it®Fe,
1Be, or MLi [1-9]. However, the controversy raised over a
From the experience gained with stable nuclei, it is gendecade ago still subsists. Clarifications, both from the experi-
eral knowledge that physical phenomena measurable at emental and theoretical point of view, are needzd].
ergies well above the Coulomb barrier may differ signifi-  Other representative examples of recent low energy stud-
cantly from those that are revealed around and below th@s concern measurements of transfer or breakupHs.
barrier. Indeed, some effects can be suppressed/enhanc8dch measurements have been performed at Notre-Dame
and, furthermore, new phenomena may appear. Recent invesith a 2°Bi target, at energies around and below the barrier.
tigations prove that dripline nuclei show similar effects. By a simultaneous analysis of the elastic, fusion, and
In recent years, a fewmall scalefacilities have invested transfer/breakup measured cross sections, Aguikral.
large efforts in measuring reactions with light radioactive[11,17 found that the latter mechanism accounts for basi-
beams. In thelarger facilities radioactive beams are ob- cally all the reaction cross section at energies below the bar-
tained from the fragmentation of very energetic primaryrier. This distinctive feature is probably a direct consequence
beams of stable nuclei, producing secondary beams with emf the weak binding of the halo neutrons. For a better under-
ergies of several tens of MeV per nucleon. Counteracting, thetanding of this phenomenon, it is desirable to perform simi-
unstable nuclei produced in the smaller facilities need to béar studies on other systems with weakly bound nucleons.
postaccelerated. Even though these beams are energeticallyAdditionally, the relatively strong coupling to direct reac-
limited to a few MeV per nucleon, their focus and energy aretion channels at energies below the barrier observed in pro-
accurately controlled. The analysis of low energies reactionsesses with weakly bound nuclei has been put forth as the
has provided information on the structure of light dripline principle reason for the apparent absence of the threshold
nuclei and the reaction process, complementary to the highnomaly in these systeni43]. Nevertheless, the scarce ex-
energy regime data. perimental data prevents us from making strong conclusions
The multiple measurements of fusion with light exotic on the generality of these results.
nuclei demonstrates the vivid activity in this field. The prob-  Within this context, there has been a revival of studies
lem that has been addressed by many authors concerns tinolving the Li isotopes. Comparative measurement$lan
role of the halo nucledis) when halo nuclei fuse: is there and ’Li have been performed in Florida stdt&4] as well as
suppression or enhancement of the cross section? This proior Sao Paulo[15]. These two isotopes exhibit rather different
a-breakup thresholds, thus a consistent theoretical descrip-
tion is by no means trivial.
*Email address: moro@nucle.us.es Apart from any experimental consideration, the study of

0556-2813/2003/68)/0346149)/$20.00 68 034614-1 ©2003 The American Physical Society



A. M. MORO et al. PHYSICAL REVIEW C 68, 034614 (2003

low energy reactions with exotic nuclei is certainly challeng- TABLE I. Optical potential parameters used in the calculations
ing from the theoretical point of view. In many situations, aat Ecm=33.1 MeV. The Coulomb parameter fdr’Li+2%Pb is
good understanding of the physics requires the use of few-<c=1.25 fm._ For _each potentia_l, the _reduced ragius is_ the same for
body models beyond those presently available. The main reé’l_” the real, imaginary, and spin-orbit parts. This radius has to be

iAli 1/3 ; /3 1/3
son being that, at low energy, many of the high energy ap[nultlplled by A; "™ for nucleon-nucleus potentials ami +A;” for

T8 L 20 . N -

proximations that simplify the theoretical treatmentsthe 8I__|+ %Pb potentials. The spin-orhit term refers to the binding
. . . . . ) otentials.

(classical trajectories, sudden or adiabatic assumptions, mds

tiple scattering expansions, gtare no Ipnger valid. In t_hls System Vo . aa W, a

way, the analysis of low energy reactions also constitute a

test on existing methods and a motivation for new develop”Li+2%Pb 154 1.3 065 13.2 0.65 Refereeg]

ments. 8Li+2%Pp 154 1.3 065 584 0.70 OM-1
In a recent experiment performed at Notre-Dame, theé’Li+2Pp 37.1 13 065 154 0.57 OM-2

scattering ofSLi on 2%%Pb was measured at energies around8Li+2%Ph  60.0 1.3 0.65 154 0.60 cc

the Coulomb barrier. The most distinctive feature was a8 j+2%pp 600 1.3 0.65 154 0.55 CRC

prominent ‘Li group measured at the incident energies system Vo ro a, Vis  as

Ecm=32.9 MeV andE ,=33.4 MeV. Since only charged p+7(j BE? 1.25 052 4.89 052 Referenf2?]

particles were detected, it was not possible to determine thg, 208pp, BE 125 065 7 065

fate of the removed neutron, and both breakup and transfer
contributions need to be considered. Along with this strongDepth adjusted to give the binding ener@E).

’Li group, large cross sections were also found fble par- _
ticles at the same energies. is performed for the breakup channel. The effect of higher

In this work we extend the analysis performed in Ref.order terms in the transfer channels is studied in Sec. V.
[16] in order to obtain a consistent description of the elastid=inally, Sec. VI includes a brief summary and the conclu-
and one-neutron removal channels. For this purpose, we fir§ions of our work.
study the elastic angular distributions, in order to obtain a
good description of the entrance channel. An optical model Il. ANALYSIS OF THE ELASTIC SCATTERING
analysis is performed on the elastic angular distributions,
providing a set of optical potential parameters for each scat-
tering energy. Since the energy resolution of the cited experi- The study of the elastic scatterin®i+2°Pb gives a
ment did not permit the separation of the elastic scatteringyaluable information about the interactions between the col-
from the inelastic scattering leading t8Li in the E, liding nuclei and may provide insight into the relevance of
=0.98 MeV excited state, we have also performed anonelastic channels through the deviation with respect to Ru-
coupled-channel$CC) analysis of the data, in which both therford scattering.
states are explicitly considered and coupled together to all In the experiment under study, elastic angular distribu-
orders. This approach allows the extraction of the elastic antions were measured at several incident energies ranging
inelastic contributions to théLi yield, within the uncertain- from E.,=24.4 MeV to E. ,=33.1 MeV. Following the
ties of the model. standard procedure, we have performed an optical model

The measuredLi is inclusive with respect to the trans- analysis of these distributions. The optical potentials were
ferred neutron. From the various processes that could, iparametrized in terms of usual Woods-Saxon forms, with real
principle, contribute, we restrict our analysis to the directand imaginary volume parts. The initial parameters were
transfer of the valence neutron to the bound state&’®b  taken from the optical potential reported in RE20] that
and the breakup of the projectile to continuum states. Secondescribes the ’Li +2%pp  elastic scattering atEj,y,
or higher order terms involving projectile or target excitation =33 MeV. The calculations were performed with the com-
besides the one-neutron removal are ignored, since they apgiter codeFRESCO[21], version frxy. In order to permit a
expected to have a small effect on the inclusive cross secomparison betweeriLi and 8Li, we tried to vary as few
tions. In our calculations, breakup is treated as transfer of thparameters as possible. We found that fixing the imaginary
valence neutron to the target continuum. The treatment ofliffuseness t@;=0.7 fm, and taking the imaginary depth as
breakup as transfer to continuum excited states of the targéhe only free parameter, a good overall fit of the data could
has been recently applied to study the Coulomb dissociatiohe achieved. The optimal parameters for the dat&af.
of one-neutron halo nuclei on heavy targgt3,1§. Also, a  =33.1 MeV (potential OM-1 are listed in Table I. The re-
similar method has been developed by Bonaccorso and Bringulting angular distribution is given by the dashed line in
[19] to study nucleon transfer reactions at medium and highrig. 1.
energies, using a semiclassical model. Indeed, if more parameters are allowed to vary, better fits

The paper is organized as follows. In Sec. I, the quasiof the data can be obtained. For instance, a very good fit of
elastic angular distributions are analyzed within the opticathe distribution forE.,,=33.1 MeV can be achieved by al-
model and coupled-channels frameworks. In Sec. lll, wdowing the depths and the imaginary diffuseness to vary. The
analyze the transfer channels within the distorted wave Bormesulting potential, denoted by “OM-2,” is also listed in
approximation (DWBA) and coupled-channels Born ap- Table I. This optical potential provides a better fit at large
proximation(CCBA) schemes. In Sec. IV, a similar analysis angles than the previous of®M-1), as can be noticed vi-

A. Optical model analysis
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FIG. 1. Elastic cross section angular distributions for the scat- FIG. 2. Quasielastic cross section angular distributi@ssratio
tering °Li+*Pb atE.,=33.1 MeV. The dashed and solid lines to Rutherford for the scattering®Li+2%Pb atE,,,=33.1 MeV.

correspond to optical model calculations performed with parametershe curves correspond to a coupled-channel analysis using the op-
OM-1 and OM-2 from Table I. tical potential “CC” of Table I.

sually in Fig. 1. However, this improvement on the quality of angles. We found that the agreement with the data can be
the fit requires a very deep imaginary potential. Despite theifestored by increasing the depth of the real part of the optical
different shape, both potentials indicate a strongly absorptivgotential and the imaginary diffuseness. We show in Fig. 2
nature of the®Li scattering, which is evidenced in either the the quasielastic cross section angular distribution for the data
large imaginary diffusenegss compared to the real oner  atE_,=33.1 MeV using a modified OM-2 optical potential,
the very deep imaginary potential. Interestingly, the samen which the imaginary diffuseness was setage=0.60 fm
conclusion holds for the other energies of the experimentand the real depth was increasedvig=60 MeV (potential
These results suggest that nonelastic channels are more imEC” hereafter. The thick solid line corresponds to the sum
portant in the case ofLi scattering as compared to tHéi  of the elastic and inelastic cross sections while the dashed
case. A more detailed discussion on this result can be founghe is the elastic contribution. By comparison of the two
in Ref. [24]. curves, we observe that there is a significant contribution of
the inelastic cross section in the quasielastic data, particu-
B. Coupled-channels analysis larly at backward angles. As in the optical model analysis,
we notice that the optical potential still requires a strongly
gbsorptive part.
Qualitatively similar results are obtained by starting with

The energy resolution of the present experiment was in
sufficient to separate the elastic scattering from the inelasti

. . + . _
scattering leading to the,lexcited statek,=0.98 MeV) of the set of parameters “OM-1." In this case, the quasielastic

Li. Th!s means that the angular distributions a'nalyz'ed n theda’[a are well reproduced by increasing the imaginary depth
preceding section actually correspond to quasielastic scatter-",,, —
! : . to Wy=80 MeV.
ing rather than pure elastic scattering. In order to separate the
elastic from the inelastic data and to gain a better understand-

ing of these quasielastic data, we performed a CC calcula- Ill. ONE-NEUTRON TRANSFER

tion, in which the entrance channel is described in a two- As mentioned in the Introduction, the most remarkable
state model space, including the ground and the first exciteinding of the present experiment is the large cross section
state. These states were coupled to all orders. In order tgssociated to théLi yield, coming from one-neutron trans-
generate the coupling potentials, a collective model for thger to the target and/ofLi breakup. Since the measurements
8Li nucleus was assumed. Coulomb and nuclear matrix e|epresented in Ref[16] are inclusive with respect to the re-
ments were obtained from the experimental value of the resjqual nucleus and the removed neutron, the experimental
duced transition probabilityB(E2) and the deformation gata by themselves does not permit to separate both contri-
length &, respectively. In particular, we adopted the valuespytions. For this reason, the mechanism producing the mea-
B(E2)=30€’fm* and 6=1.75 fm, derived in Ref[25].  syredLi in the present reaction is referred to in RE¥6] as
Besides the nondiagonal terms, diagonal couplings were alspansfer/breakup. One of the purposes of the present work is
considered, in order to account for the reorientation of thqg disentangle the relative importance of both mechanisms
projectile. The diagonal matrix elements were obtained fronpng to verify that the sum of their cross sections accounts for
the nondiagonal matrix elements, assuming that thea@d  the total measuredLi yield. We point out that, strictly, both

1; states belong to K =1 rotational band, as done in Ref. processes are coupled and should be treated simultaneously.
[25]. For the central potential, we took as initial parametersFor instance, the transfer to bound state€%®b could pro-
those for the optical potential OM-2 derived above. Due toceed through the continuum states by means of a multistep
the explicit inclusion of the 1 state in the calculation, this process. In practice, the inclusion of all possible intermediate
optical potential produces an overestimation of the data at attouplings would require the solution of a large set of coupled
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equations. We adopt a simpler approach, treating both pro- TABLE Il. Spectroscopic amplitudes for tR&Li-Li) overlaps.
cesses separately. Test calculations revealed that couplings

between the final transfer channels do not affect significantly Component CFP(i)

the inclusive transfer cross sections. 7 a7 ntj This work Referenc§23]

2+ 3/2° 1P 0.943 1.025

A. DWBA analysis 327 1py, 0.471 0.366

In this section we study théLi angular distribution com- 12— 1pspe —0.471 —0.535

ing from the one-neutron transfer leading to bound states of * 3/2” 1pss 0.000 0.406

209h. For this purpose, we use the DWBA amplitude. All 3/2” 1Py 0.816 0.565

calculations were performed for a bombarding energy of 1/2” 1psp 0.816 0.972

Ecm=33.1 MeV. 1/2- 1pys 0.000 0.055

In the DWBA analysis, the entrance and exit channels are
described by optical potentials, which are usually chosen to
reproduce the elastic scattering cross sections in the respegs the processes in which the outgoifigi remains in the
tive channels. In particular, for the entrance channel we usegoyngd state or the 172excited state, respectively.
the optical model potential OM-2 derived in the preceding™ e note also that this experiment does not provide infor-
section. For the exit channel, we adopted fhé+**Pb op-  mation on the final states populated in tR&Pb nucleus.
tical potential obtained in Ref20], corrected by the mass of Therefore, we have to include the transfer to all possible final
the target. In the present analysis, the post form of th&iates and the resulting cross sections need to be added inco-
DWBA amplitude was used. This n;v_ol_ves the operatorperently, The2*%Ph spectrum was described within a single-
Vin7) + U720~ Uprii 20 . Then-“Liinteraction was  particle picture, in which the valence neutron is coupled to a
described in terms of a real Woods-Saxon potential, with theospp, inert core. The bound state wave functions were gen-
radius and diffuseness as those in the binding potential fog,ateq with a Woods-Saxon potential, with standard param-

°B used in Ref[22]. The potential depth was adjusted in giers(see Table)land spectroscopic factors taken from Ref.
order to reproduce the experimental binding energy. For thfzﬂ

core-core interaction’Li+“*Pb, we used the optical poten- ™ | Fig. 3, the experimental angular distributions for the
tial from Ref.[20]. These potentials are shown in Table I. {551 7| yield at E,,=32.9 MeV (circles and E.,

The 8,'-' states considered in the calculation were de-_33 4 MeV/(squarepare shown, along with the calculations
scribed in the shell model, as it is shown in the Appendix.or the one-neutron transfer. These calculations are summed
For the purpose of calculating transfer reactions, the relevan§yer all bound states ot°Pb. The DWBA results are rep-
magnitudes are the coefficients of fractional parentageesented by the dashed lines. The thin dashed lines corre-
which are defined as: spond to the elastic and inelastic transfer, whereas the thick

<8Li(J)||a*-||7Li(J ) dashed line is the sum of both contributions. A comparison
- nlj L (1)  between the calculation and the data shows that the one-
V2J+1 neutron transfer can account for most of the measutad

yield. However, there is still a clear underestimation of the
with reduced matrix element convention adopted in Refdata, suggesting that other channels contribute to the produc-

CFRJ|J;,nlj)

[26]. tion of Li in this reaction.
CFRIII7. ) =CLiDI[a" (Dol N, @ 60— ———
L 208 8, .7 .,209
. Pb("Li,"Li)"" Pb . =32.
The relevant amplitudes for the ground state8of are 501 (L) . Ec-m-zii_i 33 s
CFP(2"(3/27,1pgp), CFP(2"|3/27,1py»), and : } o
CFP(2"|1/27 ,1p3,). The first two components correspond 401 Total transfer 7

&
to configurations with théLi in the ground state, while the £
last component corresponds to a configuration With in 5{30

o
©
©

Inelastic transfer

the first excited state. The values adopted in our calculations | Elastic transfer

are derived in the Appendix and listed in Table Il. We remark 20? % ]
that, in our calculations, no excitation mechanism is consid- 10l s h
ered between théLi ground state and 1/2 excited state. I

Therefore, the calculatefLi in this excited state comes ex- o T .~

clusively from the presence of this component in tHe 0 50 o, (&gg) 150

ground state wave function.

In the present experiment, it was not possible to separate G, 3. 7Li angular distribution aftefLi one-neutron transfer
both states of'Li in the measured cross sections. Then, iNjeading to the bound states &°Pb. The solid lines correspond to
order to compare with the data, this component has to becBA calculations, whereas the dashed lines are the DWBA re-
included in our calculations. For the sake of clarity, we will sults. Experimental data for the inclusive one-neutron removal are
use the nameslasticandinelastic transferin order to refer  also shown.
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FIG. 4. Schematic representation of the couplings included in
the CCBA calculations for one-neutron transfer and breakup.

nlj

B. CCBA analysis I [ Elastic breakup
r M Inelastic breakup |1

The first excited state irfLi is strongly coupled to the
ground state and, consequently, it could influence the transfer
process. For instance, the projectile can be first excited be-
fore the valence neutron is transferred to the target. It is not
obvious that this process is properly accounted for within a
pure optical model description of the entrance channel, as it
is assumed in the DWBA. As an improvement of the DWBA
analysis, we have also performed calculations for the transfer
cross sections using the CCBA approach. Here, we have used
a more complete description of the entrance channel, by in-
cluding explicitly the excited state ofLi, along with the
ground state. For the diagon_al entrance optical potential W€ riG. 5. Energy and angle integrated breakup cross sections for
used the_par"_"meters CC' Asinthe DWBA qnaIyS|s, the trangpe transfer(upper paneland breakuplower panel channels. In
fer coupling is treated in Born approximation. The relevantye tormer, the single-particle quantum numbers are indicated. In

couplings are schematically represented in Fig. 4. Notice thahe |atter, the abscissa correspond to the neu#8b relative an-
the CCBA requires the spectroscopic factors for the overlapgular momentum.

(8Li(17)|"Li(3/27)) and (BLi(17)|"Li(1/27)), which are _ o _
also derived in the Appendix and listed in Table II. commonly discretized into a set of energy bins and only the

In Fig. 5, we show the calculated energy- and ar]g|e_relevant partial waves for the-’Li relative motion are re-

integrated cross sections to individual final states of the tarl@in€d. Then, a coupled-channels calculation is performed
get. A clear dominance of the elastic transfer over the inelag¥ithin this truncated space. This procedure, usually referred
tic transfer is observed in all cases. to as continuum discretized coupled chann@®CC), has

The “Li angular distributions, obtained in this CCBA cal- been successfully used to study the elastic and breakup chan-

culation, are compared in Fig. 3 with the DWBA results andnels of many reactions involving weakly bound nuclei. How-

the experimental data. The thin solid lines correspond to th&Ver, for the reaction under study, this approach presents

elastic transfer and inelastic transfer contributions, as indiSOmMe disadvantages. The nonzero spin of the core makes the

cated by the labels. The thick lines correspond to the totafumbper of continuum bins very large, even if a small number
transfer calculated in the CCBAsolid line and DWBA of partial waves are retained. Another limitation is that, be-

(dashed lineapproaches. We see that the DWBA and ccpasides the coupling to the continuum states, it would be also
calculations give similar results. Since the valuesB6E2) necessary to consider in the calculations the excitation to the

+ . . .
and & in 8Li are still quite uncertain from the experimental 11 €xcited state ofLi, which we have shown to have a
point of view, the small difference between DWBA and "élevant role in the description of the entrance channel. The

CCBA calculations indicates that reaction mechanisms in th€0Upling to this state is better treated within a collective

3 8 . . . . . .
entrance channel may not affect the transfer cross sectiond?icture of the®Li nucleus which, in practice, is implemented
by using a deformed potential for the entrance channel. By

contrast, continuum states are better treated within a single-
particle picture. However, it is not obvious how to combine

Another process that can contribute to the production oboth descriptions in the same partition. Due to these difficul-
“Li is the breakup®Li into Li+n, with the neutron being ties, we have adopted a different approach, in which®tie
scattered instead of absorbed by the target. Physically, thisreakup is treated as a one-neutron transfer to the continuum
process can be interpreted as single-particle excitations aftates of the target, as illustrated schematically in Fig. 4.
8Li into the “Li+n continuum. As in the case of the transfer Note that, in this way, the breakup channels are strictly or-
reaction, all possible final states should be considered. Ithogonal to the transfer channels and so overcounting is
order to make the number of states finite, the continuum iswvoided.

a,, (mb)

IV. ONE-NEUTRON BREAKUP
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T e —— ——— The sum of the transfer and breakup distributi@nslud-
} e E,., =329Mev | ing both the elastic and inelastic compongigsgiven by the
a0k " Eop =334 MeV | thick solid line. We find a very good agreement with the
- Transfer + breakup | experlm_ental d|str|but|or_1, in both_shape and ma_lgmtude. By
& ) — comparison of the relative magnitudes of the different pro-
S 30| Elastic transfer - . . X
g cesses, we observe that the dominant mechanism leading to
o one-neutron removal from the projectile is the transfer to the
g 200 elasic nelastic breakup | bpund states of the target. According to the present ca_llcula-
B | yanster tions, this process accounts for about 70% of the tétal
10l cross section. This result extends the conclusions outlined in
| Ref.[28], where the single-neutron transfer was also identi-
o - ] fied as the most prominent reaction mechanism in the scat-

tering of 8Li by light targets £Be and*°C). As done in that
work, we interpret this result as a consequence of the small
binding energy of the last neutron fiLi and the positiveQ

FIG. 6. ’Li angular distribution afteLi breakup/transfer. The  values(which facilitates momentum matchipgpr these re-
lines show the result of our CCBA calculations, as described in theactions.
text. Apart from the clear dominance of the transfer cross sec-

tion over the breakup cross section, our calculations indicate

As in the conventional CDCC approach, we perform aa rather different angular shape for these two mechanisms.
discretization of the?®®Pbn two-body continuum into a set While the transfer angular distribution exhibits a symmetri-
of energy bins. For each partial wave, we considd¥etl3 cal shape, peaked around the rainbow angter§°), the
bins of equal width, up t@&,,,,=6 MeV. In connection with breakup shows a broad and asymmetrical distribution. We
the analysis of the elastic scattering performed in the precednterpret the difference as follows. The transition probability
ing section, we adopt a two-state model for the entranc€lepends crucially on the overlap of initial and final states, in
channel, comprising the;2and 1 states oféLi. As in the  the region where the interaction potential is relevant. The
case of bound states, we treat the transfer in Born approxgPatial confinement of bound states, together with the match-
mation. Note that, within this procedure, the breakup ampliig conditions, makes the transfer effective on a relatively
tude is formally equivalent to a CCBA calculation, in which N&rrow window of angular momenta. On the other side, ab-
the final states are continuum bins instead of bound stateSCrPtion of the imaginary potentials suppresses the transfer
Therefore, this method provides a description of the oneProbability in collisions if the projectile and target come very
neutron transfer and breakup processes within a common fof/0S€ to each other. These two effects tend to favor the trans-
malism. For consistency, we used the same ingredients as fé" for grazing collisions, giving rise to an angular distribu-
the CCBA calculations discussed in the preceding section. IO Peaked around the grazing angle. By contrast, the infi-

particular, the2%8Pbn continuum states are generated with nite extension of continuum wave functions permits the
the poten,tial of Table 1. breakup at large projectile target separations. For small im-

In these circumstances, the breakup®bf may leave the pact parameters, breakup can occur to configurations where
outgoing "Li in the ground or the excite state. In order to the fra_gments are well apart and where the particles can sur-
distinguish between the two situations, we will use the'IVe without being absorbed, even if the center of mass cor-

names ofelasticandinelastic breakup. responds to a close collision. This implies that breakup can

The calculated angle- and energy-integrated breakup Croﬁ important at small partial waves, where the transfer is

sections are schematically depicted in the lower panel of Fig!<€ly t0 be suppressed by the nuclear absorption. Also, we
5 as a function of the relative angular momentum betweerfXPect the Coulomb field to induce breakup at large partial

the 2°%Ph and the transferred neutrah,. It is interesting to waves, where transfer is suppressed due to the exponential

note that the breakup is maximum féy=4 and then decays decay of the bound states. In addition, breakup can occur for

gradually for higher partial waves. As observed in Fig. 5, aNany different energy and angular momentum configura-

good convergence of the breakup cross section is achievdlpns. and so the total_ _angular d|str|bqt|on sho_uld be under-
with a few partial waves{;~8). Note that, despite the for- stood as a superposition of many different final states of

mal similitude between the DWBA and CCBA expressionsenergy and angular momentum, each having a different an-
for transfer and breakup, the calculation is much more degular shape. In conclusion, we expect the breakup process to

manding in the latter case, due to the long range of the corf?e t?]ffe(t:tlve fon a wider rang;z ?g partlall dwavels,_ as_tcotr)npa(;ed
tinuum (or bin) wave functions. For instance, while transfer 0 the transier process, an IS could explain 1ts broader

calculations converge integrating the coupled equations up t ngulaar %lstntk)utmn. TE'S (_j|fferenF"nE1ture betwe(_e; thte ttralns-
R,=60 fm andL =60, the breakup calculations require 'c' and bréakup mechanisms will be more evident at low

typically Ry~200 fm andL~150. enle:gles:[ Wher:a Couflfomtb effects become more important in
The calculated angular distributions for the elastic and &'ation to nuciear etiects.
inelastic breakup are shown in Fig. 6. The elasielastio
S . . . V. CRC CALCULATIONS
breakup is given by the thickhin) dotted-dashed line. For
comparison, the CCBA elastic and inelastic transfer cross The relatively large transfer/breakup cross section ob-
sections of Fig. 3 have also been plotted in this figure. served in this reaction evidences a strong coupling of these
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T trance channel in the CRC calculation is less absorptive than
(a) Quasi-elastic the original potential.

We note, however, that the calculations presented corre-
spond just to a truncated CRC calculation in which only
transfer channels are properly coupled to the elastic channel.
A full CRC calculation would require the simultaneous in-

clusion of breakup and transfer channels. Moreover, the final
T e bags states of the targegbound and unboundshould be coupled
—— CRC:Pot CRC b together. This calculation is numerically very demanding and
[ e e it is probably not justified given the uncertainties of the
40| (b) Elastic + inelastic transfer | present data. Moreover, we expect less influence of the
r 1 breakup channels as compared with the transfer channels,
= A since the cross section for the former is considerably smaller.

G/GR

0.1

m  Exp.E  =33.1MeV

10~ N\ B VI. SUMMARY AND CONCLUSIONS

0 50" ET R In this work, we have performed an analysis of the elastic
0, (degrees) and one-neutron removal channels for the scatterin§Lof

o on lead, at energies around the Coulomb barrier. The mea-

FIG. 7. Coupled reaction channels calculations for the quasielassured quasielastic scattering angular distributions can be ac-
tic (a) and single-neutron transféb) cross sections, using the op- curately reproduced by using a conventional Woods-Saxon
tical potentials “CC” and “CRC” for the entrance channel. optical potential. There are ambiguities in the determination
of the parameters of the optical potentials. However, all the
otentials that fit the elastic data are strongly absorptive,

channels with the elastic channel. In these situations, X ; : ¢ s X
aving either a very deep imaginary potential or a very dif-

proper treatment of the reaction requires a joint analysis o
i e one.
elastic and rearrangements channels. However, the DWB . . . . :
and CCBA approaches calculate the transfer cross section n In order to dls_entangle the elastic and inelastic contribu-
fions to the guasielastic data, we have performed a coupled-

Born approximation and assume that all effects on the el‘r’I‘Q‘éhanneI calculation that includes explicitly the ground and

t!CS coming from these channels can t.)e included in an e.ﬁec'xcited state ofLi in the entrance channel. This calculation
tive way in the entrance optical potential. We have examlne(ihows that a significant fraction of the measurdid at
the accuracy of these assumptions for the present reaction

l@/ =33.1 MeV in the large angle region is in thg kx-
performing a coupled reaction channéBRC) calculation, ci%gd state. g g g ¢

in which the transfer couplings are treated beyond the Born \ye have investigated the reaction channels that lead to
a_tpproxma_ltlon and, hence, can modify the_elastlc distribu-7| ;- transfer channels, populating the bound state&fpb,
tion. At this stage, we do not include couplings among theyy preakup channels, leading to a three-body final state with
final states themselves, in order to make the calculation$| j 208ppy and a neutron. We have described the breakup
more feasible. For the diagonal part of the optical potential inchannels discretizing the-2°%Pb continuum into energy bins
the entrance channel we took the parameters CC. and treating the breakup as a transfer of the valence neutron
The results of these calculations are shown in Fig. 7. Théo these continuum bins. One of the most striking conclu-
upper and lower panels correspond, respectively, to theions of this work is that 70% of the one-removal cross sec-
guasielastic and transfer angular distributions. The thin solidion comes from transfer. Also, we find that the summed
line in the upper panel shows our previous CC calculatiorcontribution of the calculated transfer and breakup is in good
for the quasielastic distribution. Analogously, the thin solid agreement with the experimental angular distribution for the
line in the bottom panel corresponds to the transfer distribuinclusive “Li cross section. Interestingly, the value of the
tion, obtained in the CCBA scheme. When transfer back coutransfer and breakup cross sections are not affected by the
plings are included, an overall reduction of the elastic anduncertainties in the optical potential.
transfer distributions is observed, as shown by the dashed We have also studied the effect of the transfer channels on
lines. In order to restore the description of the elastic chanthe elastic cross sections by performing a CRC calculation
nel, we decreased the imaginary diffuseness of the entrandkat couples simultaneously the elastic, inelastic, and transfer
optical potential froma;=0.60 fm toa;=0.55 fm, leading channels. These CRC calculations reveal that the single-
to a good agreement with the experimétitick solid ling.  neutron transfer produces a significant depletion of the elas-
Basically, the effect of decreasing the imaginary diffusenessic angular distribution. We find also that a less absorptive
is to reduce the absorption in the entrance channel. Interegpotential is required when these transfer channels are in-
ingly, this change increases the transfer cross section givingeuded. This indicates that reaction channels leadindLio
distribution very close to the original CCBA distribution. It (transfer and breakyplay an important role in collisions of
is worth noting that starting with the parameters of the po-Li on 2°%Pb. However, other reaction channels should be
tential OM-2 very similar results were obtained. As before,responsible for the still large absorption which is required in
we found that the optical potential used to describe the enthe CRC calculation.

034614-7



A. M. MORO et al. PHYSICAL REVIEW C 68, 034614 (2003

One of these channels could be the transfer/breakup lead- This description is adequate for nuclei in the first half of
ing to a particles, also detected in this experiment. No at-the p shell.
tempt has been made in this work to calculate thie an- The relevant states ofLi are characterized by the maxi-
gular distribution, reported in Refl16]. In that work, the mum spatial symmetry, corresponding to the Young tableau
“He vyield is interpreted as coming from the sequentialY=[3]. This allows the valuesS=1/2, T=1/2, andL
breakup: 8Li—’Li+n, followed by ‘Li—a-+t. Another =1,3. The 3/2 ground and 1/2 first excited state of Li
process that can contribute is the direct breakuflofinto ~ form a doublet withL=1 andS=1/2. The 3/2 and 5/2
the three-body systemr+t+n. Furthermore, other experi- resonances form a doublet with=3 andS=1/2.
ments have observed very energetic particles in The relevant states diLi are characterized by the maxi-
8Li-induced reactions with light targetsil, °Be, °C) at mum spatial symmetry which, for three neutrons and a pro-
Eiab=14 MeV. Their angular distribution seems to be in- ton, is given by the Young tableat~=[ 3, 1]. This allows the
dicative of a compound-nucleus fusion evaporation mechavaluesT=1, S=0, 1, andL=1, 2, 3. The states with higher
nism rather than a direct mechanig28]. More exclusive spin and lower orbital angular momentum are lower in en-
measurements for the present reaction in future experimentgy. So, the ground state=2"* and the first excited state
would be desirable in order to provide a better understanding=1" belong to a triplet witl. =1 andS= 1. This argument
of the relevant reaction mechanisms responsible for the pras in agreement with theoretical calculatiof9,30 which

duction of « particles. show thatL=S=1 configurations are dominant for the
ground state and for the first excited state.
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APPENDIX SPECTROSCOPIC AMPLITUDES FOR (A1)
BLI|LI)

The values of the coefficients CAP%|L,¢,S;s) can be ex-

The CCBA and DWBA calculations performed in this plicitly evaluated in our case, by expanding the wave func-
work require the spectroscopic amplitudes which correspontions of 8Li and ’Li in terms of products of nucleon wave
to the coefficients of the expansion of thki wave function  functions. Thus, we obtain CFP(11L,1/21/2)= Val3.
in terms of|’Li)®|n) product states. To perform this evalu-  The calculated CFP’s are listed in Table II, and compared
ation we have made the following assumptions. with a recent theoretical predictid23]. According to theo-

(i) The relevant states &iLi and “Li are described in the retical calculationgsee, for instance, Ref29]) this is a very
shell model as (f)* and (1p)® configurations, respectively, good approximation for the ground statthe L=1,S=1
outside a closed (€* shell. configuration appears to be around 80%or the excited

(i) Wigner supermultiplet scheme is considered to be adstate, there is a significant contribution coming from the
equate to label completely these states, which then are fullpomponentsL=2,S=1 and L=1,S=0. However, as the
characterized by the Young tableau describing the spacidlLi excited state only participates in the transfer by means of
symmetryY, the orbital angular momentum of the nucleonstwo step processes, a strong sensitivity of the results with
L, the spinS the isospirT, and the total angular momentum respect to the description of this state is not expected.
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