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a breakup of 6Li and 7Li near the Coulomb barrier
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Angular distributions of thea-particle production differential cross section from the breakup of6Li and 7Li
projectiles incident on a208Pb target have been measured at seven projectile energies between 29 and 52 MeV.
The a-breakup cross section of6Li was found to be systematically greater than that of7Li across the entire
energy range. These data have been compared with previously reported results and with the predictions of
continuum-discretized coupled channels~CDCC! calculations including resonant and nonresonant projectile
breakup. The present data compare well with previous measurements, while the CDCC calculations provide a
reasonable prediction of the relativea-breakup cross sections but underpredict their absolute values. The
calculations confirm that a major factor in the enhancement of the6Li to 7Li a-breakup cross section is the
difference between thea-breakup thresholds of the two isotopes. These results have implications for structural
studies of light exotic nuclei based on elastic scattering.
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I. INTRODUCTION

Over the past several years, developments in theore
techniques for performing detailed coupled-reactio
channels calculations have led to significant advances in
understanding of the way the structures of colliding nuc
influence the course of the collision process itself. The ov
all effect of the couplings can be usefully described in ter
of an energy dependent, complex polarization componen
the nuclear potential, the details of which depend on
nature of the reaction processes involved. Channel coup
effects appear to be manifested particularly strongly at e
gies close to the Coulomb barrier. This is seen most cle
in the enhancement of near-barrier and sub-barrier fusion
in the appearance of a so-calledthreshold anomalyin the
optical potential@1#. At energies near threshold, the numb
of significant contributing channels becomes relatively sm
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and it becomes possible to examine in some detail the in
ences of the various reaction mechanisms arising from
ferences in the nuclear structure. It is this fact which ma
the interplay of different nuclear processes at near bar
energies such a fruitful area for investigation.

In a previous analysis@2# of the elastic scattering of6Li
and 7Li by 208Pb it was found that at energies just above t
Coulomb barrier the polarization contribution to the real p
tential is of opposite sign for the two isotopes. The resu
are consistent with the existence of a threshold anomaly
7Li but not for 6Li. The strengths and energy variation of th
imaginary potentials are also considerably different. This
in contrast to the results at higher energy, where the dou
folded potential~generated from the M3Y nucleon-nucleo
interaction! of both projectiles must be scaled by a factor
about 0.6 in order to describe the elastic scattering.

Certain consequences for some of the unobserved rea
processes are implied by these findings. The existence
threshold anomaly for7Li suggests, for example, that th
relative importance of breakup for the two projectiles, whi
is similar at high energies, changes dramatically when
bombarding energy is reduced to near the Coulomb bar
Indeed, Keeleyet al. @2# suggested that the quasielastic sc
tering cross sectionsqe may be two to three times greater fo
6Li at near-Coulomb barrier energies than for7Li and, if it is
the case that breakup dominatessqe for 6Li, as expected, the
ratio of the breakup cross sections would be even greate

Although many studies of thea-breakup of6Li and 7Li
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after an interaction with a heavy target have been publish
only that of Pfeifferet al. @3# compared the breakup of th
two isotopes, populating channels including ana particle, at
the same center-of-mass energies in the vicinity of the C
lomb barrier. Their results for a118Sn target show a consis
tent enhancement of thea-breakup cross section of6Li over
that of 7Li at the same center-of-mass energy and parti
larly so near the Coulomb barrier~around 17 MeV!. The
a-breakup cross section for6Li was found to be approxi-
mately;1.5 to;4 times that for7Li.

Thompson and Nagarajan@4# first demonstrated that th
breakup of6Li into a1d plays a highly important role in the
elastic scattering of6Li. Nishioka et al. @5# then demon-
strated that calculations of analyzing powers for polariz
6Li and 7Li scattering were highly sensitive to coupling
between the ground and resonant excited states of the
jectile. Many studies have used this technique to anal
polarization data for lithium scattering@6#. More recently,
couplings to nonresonant excited states in the projectile h
been shown to be just as important as couplings to reso
states@7,8#. In particular, Ruseket al. @8,9# have used the
continuum-discretized coupled channels~CDCC! technique
to demonstrate that the inclusion of nonresonant brea
permits the reproduction of6Li elastic scattering data usin
cluster-folding potentials without the introduction of reno
malization factors. However, a question mark still rema
over the CDCC technique as only the work of Daviset al.
@10#, over a small angular range and at a single bombard
energy, has compared CDCC predictions with empiri
breakup cross sections.

The CDCC technique has recently been applied to
study of the elastic scattering of6He @11#. The 6He nucleus
is very similar to6Li and 7Li. These three nuclei are weakl
bound, have relatively large matter radii, have no (6He and
6Li) or few (7Li) bound excited states and exhibit stron
cluster structure (a12n in 6He, a1d in 6Li, and a1t in
7Li). Ter-Akopian et al. @12# obtained data for the elasti
scattering of6He by 4He at 151 MeV and inferred a stron
dineutron configuration for6He from that data. The principa
evidence for this structure was that an optical model anal
failed to describe the large angle scattering data. T
Akopian et al. obtained a satisfactory description of the
data at all angles only after the calculations were extende
include dineutron exchange using the distorted wave b
approximation. The most appropriate spectroscopic factor
the dineutron cluster was found to be unity. Rusek a
Kemper@11# reanalyzed the data taken by Ter-Akopianet al.
using the CDCC technique and found that the effects
breakup on the elastic scattering observables were at lea
great as the effects of dineutron transfer. Rusek and Kem
concluded that the elastic scattering contains a much sm
dineutron transfer component than that derived by T
Akopian et al.

The present work describes an experiment similar to
of Pfeiffer et al. @3# measuring thea-particle yield from6Li
and 7Li breakup following scattering by a208Pb target over a
range of bombarding energies similar to that of Keeleyet al.
@2#. Given a sufficiently wide angular range, the total~angle
integrated! a-breakup cross section can be obtained a
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function of bombarding energy for both6Li and 7Li. The
data are then compared with the predictions of CDCC ca
lations with a view to the following:

~1! Testing the predictions of Keeleyet al. that the 6Li
a-breakup cross section is systematically enhanced over
of 7Li @2#.

~2! Testing the proposed energy dependence of this
hancement, based on the enhancement originating from
difference in thea-breakup thresholds@13#.

~3! Comparing CDCC predictions with empirical breaku
cross sections obtained at several bombarding energ
thereby establishing~or otherwise! the validity of the CDCC
technique in the analysis of elastic scattering data.

II. EXPERIMENT

The experiment was performed at the Florida State U
versity Tandem Accelerator Laboratory using6Li and 7Li
beams. Data were taken at seven bombarding energies
tween 29 and 52 MeV. Beam energies up to 35 MeV w
provided by the tandem Van de Graaff accelerator alo
while the higher energy beams were prepared using the
dem Van de Graaff and a superconducting linear post ac
erator. The targets used were self-supporting208Pb foils with
nominal thicknesses of 250mg cm22 and the typical beam
current was 20 nA~electrical!. Data were taken over a perio
of approximately 10 days.

Particles were detected using two 10350 mm2 position-
sensitive detector telescopes located in an 85 cm diam
scattering chamber. Each telescope consisted of a 70mm
DE and a 500mm E detector. Each telescope was fitte
with a 10 slit mask, where each slit measured 3.7 mm in
reaction plane and 8.7 mm normal to the reaction plane.
centers of the masks were positioned 150 mm from the
get, such that each slit subtended an angle of approxima
1.41° in the reaction plane~equivalent to a solid angle o
1.43 msr!. The error in the position of the detected particl
was less than60.9° ~given the slit width and a beam spo

FIG. 1. Typicala-particle energy spectrum from the breakup
6Li incident on a 208Pb target, obtained at 35 MeV bombardin
energy and a laboratory angle of;59°.
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a BREAKUP OF 6Li AND 7Li NEAR THE COULOMB BARRIER PHYSICAL REVIEW C 63 024601
size of 333 mm2). The design of the scattering chamb
enabled the acquisition of data in the interval 34°<u
<160°, whereu is the scattering angle measured in the lab
ratory frame.

III. DATA REDUCTION AND DISCUSSION

A. a-particle energy spectra

Figure 1 shows a typicala-particle energy spectrum ob
tained using a 35 MeV6Li beam. Maximum yield was ob-
served at ana-particle energyEa'24 MeV, where the ki-
netic energy per nucleon of thea-particle is approximately
equal to that of the projectile. Similar spectra were obtain
at the other beam energies and with a7Li projectile. A back-
ground of low-energya particles is visible beneath the pea
in Fig. 1. This is perhaps attributable to deuteron capture
the 208Pb target. For7Li, the spectra were further compli
cated at forward angles by the1H(7Li, a)a reaction, arising
from hydrogen contamination in the target. The effect of t
background on the measureda-breakup cross sections is di
cussed in Sec. III C.

FIG. 2. Angular distributions of the differential cross section f
a-particle production from6Li incident on a 208Pb target at bom-
barding energies between 29 and 52 MeV. The error associ
with each datum is smaller than the symbol.
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B. Differential cross sections

The peak in Fig. 1 was integrated for each slit positi
using ax2-minimization routine incorporating backgroun
subtraction. To eliminate the effect of deadtime in the det
tor or data-acquisition system, eacha-particle yieldYa was
normalized with respect to the elastic scattering yieldYel
within the same slit. Thea-breakup differential cross sectio
ds/dV was then calculated by multiplying the resultin
quotient by the elastic scattering differential cross secti
that is,

ds

dV
5

Ya

Yel
S ds

dV D
el

, ~1!

where (ds/dV)el is the elastic scattering differential cros
section calculated using phenomenological optical model
rameters determined by Keeleyet al. @2#.

Angular distributions of thea-particle production differ-
ential cross section for6Li and 7Li projectiles are shown in
Figs. 2 and 3, respectively. With the exception of the
MeV data, a clear maximum is observed in each of the d
tributions, which, as one would expect, shifts to lower lab
ratory angles at higher beam energies. Comparison of Fig

ed

FIG. 3. Angular distributions of the differential cross section f
a-particle production from7Li incident on a 208Pb target at bom-
barding energies between 29 and 52 MeV. The error associ
with each datum is smaller than the symbol.
1-3
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and 3 shows that, at each energy, the maximum value
ds/dV is greater for 6Li than for 7Li, implying that the
total a breakup is greater for6Li than for 7Li.

C. Angle-integrated cross sections

To extract the angle integrated~i.e., totala breakup! cross
section, each differential cross section angular distribut
was fitted with a skew Gaussian functionf (u) using a
x2-minimization routine. Thegoodness of fitparameterxn

2

~i.e., thex2 per degree of freedom! emerging from this pro-
cess varied from just over zero to just below 17. The to
a-breakup cross sections was then calculated using

s5E
0

2p

dVE
0

p

f ~u!sinudu ~2!

for both lithium isotopes at each beam energy. The forw
peaking of differential cross sections for transfer reactio
and the sinu weighting mean that the background due
transfer reactions mentioned in Sec. III A introduces onl
slight systematic error into the integration procedure.

The totala-breakup cross sections obtained are plotted
Fig. 4 and tabulated in Table I~along with thexn

2 values
emerging from the fitting procedure!. The a-breakup cross
section of6Li is systematically greater than that of7Li, with
the greatest difference being observed at low beam ener
i.e., closest to the Coulomb barrier. Figure 4 also dem
strates that the present lower-energy6Li measurements com
pare very well with an extrapolation of the data taken by O
et al. @14#.

Finally, Fig. 5 shows a comparison of the ratio of the6Li
to 7Li a-breakup cross sections, obtained from the pres
experimental data, with the results of Pfeifferet al. @3#. In
order to provide a fair comparison, this ratio has been plo
for each6,7Li 1 target combination as a function of the rat
of the approximate center-of-mass energyEc.m. to the respec-

FIG. 4. Excitation function of thea-particle production cross
section for lithium isotopes incident on a208Pb target. Also shown
are the data of Ostet al. @14# and Gemmekeet al. @16# and the
results of CDCC calculations. The lines between the data points
to guide the eye.
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tive Coulomb barrierEC . The ratio of6Li to 7Li a-breakup
cross sections is around 2.5 at the Coulomb barrier, but g
erally decreases with increased beam energy. The total c
sections in the present measurement are equal at a bom
ing energy of 52 MeV. Apart from the single6,7Li1208Pb
datum atEc.m./EC51.43, which corresponds to the dip i
the 7Li a-breakup cross section shown in Fig. 4, the pres
data are in good agreement with the general trend of
results of Pfeifferet al. @3#. Figure 5 also shows that th
enhancement of the6Li a breakup to that of7Li is indepen-
dent of the target species.

IV. CDCC CALCULATIONS AND DISCUSSION

A. Model space

Figure 4 shows CDCCa-breakup cross section predic
tions for 6Li and 7Li projectiles incident upon a208Pb target.
These calculations were obtained using versionFRXP15of the

re

TABLE I. Empirical a-breakup cross sections for6Li and 7Li
after interaction with a208Pb target. The parameterxn

2 , measuring
the goodness of fitbetween the functionf (u) and the angular dis-
tribution of the differential cross section, is also shown.

s ~mb! xn
2

E ~MeV! 6Li 7Li 6Li 7Li

29.0 11761 4762 0.08 0.49
33.0 186619 111613 11.11 16.57
35.0 203631 8.40
35.5 145617 7.52
39.0 183625 96610 5.90 5.25
44.0 18764 13466 7.23 4.36
48.0 19765 16268 5.11 4.43
52.0 20669 216613 4.06 3.29

FIG. 5. A comparison of the present results with those of P
iffer et al. @3#. The ratio of the6Li to 7Li a-breakup cross section
is plotted for each6,7Li 1 target combination as a function of th
ratio of the center-of-mass beam energies to their respective C
lomb barriers.
1-4
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FIG. 6. The6Li5a1d and 7Li5a1t model
spaces used in the CDCC calculations. Excitati
energies are measured relative to the projec
breakup thresholds at 1.47 and 2.47 MeV for6Li
and 7Li, respectively.
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code FRESCO @15#. The parameters of the input potentia
were the same as in the calculations published Keeley
Rusek@13#. The model spaces used for each projectile
shown schematically in Fig. 6. The continua were binned
terms of wave numberk from 0 to 0.75 fm21, in bin widths
of Dk50.25 fm21. This width was suitably modified in the
presence of the resonant states in order to avoid do
counting. In the calculations, each momentum bin w
treated as an excited state of either6Li or 7Li, at an excita-
tion energy equal to the mean energy of the bin and hav
spin IW and parityp5(21)L, whereLW is the relative angular
momentum between thea-particle core and the deuteron o
triton, respectively.

The 6Li1208Pb calculation included sequentiala-breakup
from the first three resonant states plusL50,1,2 nonresonan
~continuum! a breakup. The7Li1208Pb calculation included
a breakup from the first excited state plus the first two u
bound resonant states andL50,1,3 nonresonant breakup
Test calculations, similar to those described by Ruseket al.
@8#, indicated that theL52 contribution to7Li breakup was
minimal, as were contributions fromk bins missing from Fig.
6.
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B. Discussion

The calculations showed that the6Li→a1d breakup
proceeds mainly via thea1d cluster states with angula
momentumL52. Since the ground state of6Li is L50, the
breakup corresponds to transitions with multipolarityDL
52. In the case of7Li→a1t, the breakup proceeds mainl
via theL50 states, so the multipolarity isDL51. Table II
details how contributions to the totala-breakup cross sec
tions at 48 MeV bombarding energy depend on the ang
momentum of the cluster state through which the brea
proceeds.

Figure 4 demonstrates that the predicted6Li a-breakup
cross sections are systematically larger than the predi
7Li a-breakup cross sections across the entire projectile
ergy range. However, the enhancement of the6Li a-breakup
cross section over that of7Li is greatest near the Coulom
barrier, decreasing smoothly from a factor of 3.3 at 29 M
to a factor of 2.2 at 52 MeV. Thus, the energy variation
the predictions qualitatively matches that of the present d

It is clear from Fig. 4 that the calculations under-pred
the data across the entire range of bombarding energy.
TABLE II. Contributions to thea-breakup cross section from cluster states with angular momentumL at
48 MeV bombarding energy. The final column shows the effect of artificially reducing the7Li a-breakup
threshold to 1.47 MeV, i.e., equal to that of6Li.

s(6Li→a1d) ~mb! s(7Li→a1t) ~mb! s(7Li→a1t) ~mb!

L(\) Q521.47 MeV Q522.47 MeV Q521.47 MeV

0 18.5 26.3 82.5
1 27.7 6.0 17.9
2 69.4
3 15.9 31.4
Total 115.6 48.2 130.8
1-5
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G. R. KELLY et al. PHYSICAL REVIEW C 63 024601
however, reassuring that the6Li calculations overpredict the
data taken by Gemmekeet al. @16#, also shown in Fig. 4,
who measured the resonanta breakup of6Li through the 31

excited state via ana1d coincidence experiment. Sever
possible causes exist for the discrepancy between the pre
data and the calculations.

~1! Incorrect normalization of the present data. Howev
Fig. 4 demonstrates that the present lower-energy6Li mea-
surements compare very well with an extrapolation of
data taken by Ostet al. @14#, implying that the6Li data are
normalized correctly. Since the same data reduction pro
dure was employed for the two lithium isotopes it is reas
able to infer that the present7Li data are also normalized
correctly.

~2! The absence of significant elastic breakup chann
from the CDCC calculations. The extensive test calculati
@8# performed during the early stages of this analysis ren
this explanation unlikely.

~3! The absence of significant inelastic breakup chann
from the CDCC calculations. However, mutual excitation
this kind was found by Ruseket al. @17# to have little effect
on elastic scattering observables, perhaps implying that
characterized by small cross section.

~4! Inappropriate results emerging from the clust
folding technique used to generate the interaction and c
pling potentials. However, the technique has been used
considerable success in earlier CDCC studies of elastic s
tering @7–9#.

~5! The absence of transfer breakup channels@10# from
the CDCC calculations, since the kinematically incompl
experiment from which the data were derived was unable
differentiate between, for instance,7Li*→a1t and 8Be
→2a.

Table II demonstrates that artificial reduction of t
a-breakup threshold of7Li from 2.47 to 1.47 MeV, equal to
that of 6Li, increased the predicted7Li a-breakup cross sec
tions such that they were comparable to those of6Li at the
same beam energy. This clearly shows that a major co
bution to the enhancement of the6Li a-breakup cross sec
tion to that of 7Li is the difference between thea-breakup
thresholds of the two isotopes. As the beam energy is
creased, the importance of this difference is reduced. T
idea has been more thoroughly discussed by Keeley
Rusek@13#.

V. CONCLUSIONS

Alpha breakup cross sections have been measured for6Li
and 7Li projectiles incident on a208Pb target at similar
center-of-mass energies and compared with the result
CDCC calculations. With reference to the objectives arti
lated in Sec. I, from the analysis of these new data and c
parison with similar breakup data the following conclusio
can be drawn.

~1! The a-breakup cross section of6Li on 208Pb is sys-
02460
ent

,

e

e-
-

ls
s

er

ls
f

is

-
u-
th
at-

e
to

ri-

-
is
nd

of
-
-

tematically enhanced over that of7Li, confirming the predic-
tion of Keeleyet al. @2#. This reinforces the indications from
data for other targets@3#. The present analysis demonstrat
that the cause of the enhancement is primarily the differe
in the a-breakup thresholds of6Li and 7Li.

~2! This cross section enhancement exhibits a signific
energy dependence. It is most pronounced at low beam
ergies, i.e., near the Coulomb barrier, and is less at hig
energies. The reason for this is that the difference in
breakup thresholds of the two lithium isotopes is proportio
ately less of the collision energy at higher beam energ
leading to the threshold difference being less significant
predicted by Keeley and Rusek@13#. A montage of the
present and previously reported results fora breakup of6Li
and 7Li scattering from a variety of targets@3# indicates that
the ratio of thea-breakup cross sections is independent
the target species.

~3! CDCC calculations are shown to be a powerful to
Resonant and nonresonant projectile excitations are inclu
and the outcome is that the breakup cross section enha
ment for 6Li over 7Li seen in the data is well produced b
the calculations. The energy dependence of this enhance
is also reproduced. There does however remain a disc
ancy between the observed and predicted magnitudes o
a-breakup cross sections. The existence of strong tran
breakup channels is believed to be the most likely cause
this discrepancy.

Rusek and Kemper@11# have already demonstrated th
strong elastic breakup effects are seen in elastic scatte
observables for light exotic nuclei. The present work in
cates that the effects of transfer breakup are likely to be
as great. Taken together, these studies indicate that atte
to infer the structure of such nuclei from elastic scatter
observables must include the effects of breakup if these s
ies are to be conclusive.
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