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a breakup of ®Li and ‘Li near the Coulomb barrier
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Angular distributions of ther-particle production differential cross section from the breakuplofand “Li
projectiles incident on 8°%Pb target have been measured at seven projectile energies between 29 and 52 MeV.
The a-breakup cross section §Li was found to be systematically greater than that bif across the entire
energy range. These data have been compared with previously reported results and with the predictions of
continuum-discretized coupled chann€é@BDCC) 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 relativebreakup cross sections but underpredict their absolute values. The
calculations confirm that a major factor in the enhancement ofthéo “Li a-breakup cross section is the
difference between the-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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[. INTRODUCTION and it becomes possible to examine in some detail the influ-
Over the past several years, developments in theoreticances of the various reaction mechanisms arising from dif-
techniques for performing detailed coupled-reaction-ferences in the nuclear structure. It is this fact which makes
channels calculations have led to significant advances in odhe interplay of different nuclear processes at near barrier
understanding of the way the structures of colliding nucleienergies such a fruitful area for investigation.
influence the course of the collision process itself. The over- In a previous analysif2] of the elastic scattering ofLi
all effect of the couplings can be usefully described in termsand ‘Li by 2%%Pb it was found that at energies just above the
of an energy dependent, complex polarization component ogEoulomb barrier the polarization contribution to the real po-
the nuclear potential, the details of which depend on thdential is of opposite sign for the two isotopes. The results
nature of the reaction processes involved. Channel couplingre consistent with the existence of a threshold anomaly for
effects appear to be manifested particularly strongly at ener’Li but not for °Li. The strengths and energy variation of the
gies close to the Coulomb barrier. This is seen most clearlymaginary potentials are also considerably different. This is
in the enhancement of near-barrier and sub-barrier fusion and contrast to the results at higher energy, where the double-
in the appearance of a so-calltitreshold anomalyin the  folded potential(generated from the M3Y nucleon-nucleon
optical potential1]. At energies near threshold, the numberinteraction of both projectiles must be scaled by a factor of
of significant contributing channels becomes relatively smalebout 0.6 in order to describe the elastic scattering.
Certain consequences for some of the unobserved reaction
processes are implied by these findings. The existence of a
*Present address: Ministry of Defense, London, United Kingdomthreshold anomaly for'Li suggests, for example, that the
"Present address: School of Chemistry and Physics, Keele Univerelative importance of breakup for the two projectiles, which
sity, Keele, Staffordshire ST5 5BG, United Kingdom. is similar at high energies, changes dramatically when the
*present address: Department of Physics, University of Yorkbombarding energy is reduced to near the Coulomb barrier.
Heslington, York YO10 5DD, United Kingdom. Indeed, Keeleet al.[2] suggested that the quasielastic scat-
SPresent address: Department of Physics, Florida State Universit§ering cross sectiotr, may be two to three times greater for
Tallahassee, FL 32306—3016. SLi at near-Coulomb barrier energies than fdi and, if it is
'Present address: Computing and Communications Services Othe case that breakup dominateg for 8Li, as expected, the
fice, University of lllinois as Urbana-Champaign, Urbana, IL ratio of the breakup cross sections would be even greater.
61801. Although many studies of the-breakup of®Li and “Li
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after an interaction with a heavy target have been publishedunction of bombarding energy for botfLi and “Li. The

only that of Pfeifferet al. [3] compared the breakup of the data are then compared with the predictions of CDCC calcu-

two isotopes, populating channels includingamparticle, at  |ations with a view to the following:

the same center-of-mass energies in the vicinity of the Cou- (1) Testing the predictions of Keelest al. that the °Li

lomb barrier. Their results for 4'*Sn target show a consis- a-breakup cross section is systematically enhanced over that

tent enhancement of the-breakup cross section 6ti over  of “Li [2].

that of “Li at the same center-of-mass energy and particu- (2) Testing the proposed energy dependence of this en-

larly so near the Coulomb barrigaround 17 MeV. The  hancement, based on the enhancement originating from the

a-breakup cross section fdiLi was found to be approxi- difference in thea-breakup thresholdgsl3].

mately ~ 1.5 to ~4 times that for’Li. (3) Comparing CDCC predictions with empirical breakup
Thompson and Nagarajgd] first demonstrated that the cross sections obtained at several bombarding energies,

breakup of°Li into a+d plays a highly important role in the thereby establishinépr otherwise the validity of the CDCC

elastic scattering ofLi. Nishioka et al. [5] then demon- technique in the analysis of elastic scattering data.

strated that calculations of analyzing powers for polarized

SLi and ’Li scattering were highly sensitive to couplings

between the ground and resonant excited states of the pro- ll. EXPERIMENT

jectile. Many studies have used this technique to analyze Tpe experiment was performed at the Florida State Uni-

polarization data for lithium scattering]. More recently, yersity Tandem Accelerator Laboratory usifigi and Li

couplings to nonresonant excited states in the projectile havgeams. Data were taken at seven bombarding energies be-

been shown to be just as important as couplings to resonagfeen 29 and 52 MeV. Beam energies up to 35 MeV were

states[7,8]. In particular, Ruselet al. [8,9] have used the royided by the tandem Van de Graaff accelerator alone,

continuum-discretized coupled channéBDCC) technique  \hile the higher energy beams were prepared using the tan-

to demonstrate that the inclusion of nonresonant breakugem vvan de Graaff and a superconducting linear post accel-

permits the reproduction ofLi elastic scattering data using grator. The targets used were self-suppor®f§b foils with

cluster-folding potentials without the introduction of renor- o minal thicknesses of 25@g cm 2 and the typical beam

malization factors. Hoyvever, a question mark still remainscurrent was 20 nAelectrica). Data were taken over a period
over the CDCC technique as only the work of Daetsal. ¢ approximately 10 days.

[10], over a small angular range and at a single bombarding Particles were detected using twoX.B0 mn? position-

energy, has compared CDCC predictions with empiricakensitive detector telescopes located in an 85 cm diameter
breakup cross sections. scattering chamber. Each telescope consisted of auit0

The CDCC technique has recently been applied t0 th§ g ang a 500um E detector. Each telescope was fitted
study of the elastic scattering He [11]. The °He nucleus  \ith 4 10 slit mask, where each slit measured 3.7 mm in the
is very similar tOGITi and 'Li. These three nuclei are weakly e5ction plane and 8.7 mm normal to the reaction plane. The
tgqund, have ;e[anvely large matter radii, have ﬁb"f and  centers of the masks were positioned 150 mm from the tar-

Li) or few (‘Li) bound eé<C|ted states Gar)d exhibit strong get such that each slit subtended an angle of approximately
c;lu;ter structure¢+2n in "He, a+d in °Li, anda+tin 7 47° jn the reaction planéquivalent to a solid angle of
Li). Ter-Akopian et al. [12] obtained data for the elastic 1 43 msy. The error in the position of the detected particles

scattering of°He by “He at 151 MeV and inferred a strong \yas |ess than-0.9° (given the slit width and a beam spot
dineutron configuration foPHe from that data. The principal

evidence for this structure was that an optical model analysis
failed to describe the large angle scattering data. Ter-
Akopian et al. obtained a satisfactory description of these
data at all angles only after the calculations were extended tc
include dineutron exchange using the distorted wave born
approximation. The most appropriate spectroscopic factor for_ 2000 -
the dineutron cluster was found to be unity. Rusek and &
Kemper{11] reanalyzed the data taken by Ter-Akopé&tral. f;
using the CDCC technique and found that the effects of z
breakup on the elastic scattering observables were at least ¢
great as the effects of dineutron transfer. Rusek and Kempe
concluded that the elastic scattering contains a much smalle
dineutron transfer component than that derived by Ter-

3000 T T

1000 -

Akopian et al.
The present work describes an experiment similar to that 0 ‘ ‘ , A . . ‘ ‘
of Pfeiffer et al.[3] measuring thex-particle yield from5Li o5 s 20 25 30 35 40 45 S0
and ’Li breakup following scattering by &%b target over a o-particle energy (MeV)
range of bombarding energies similar to that of Keedexl. FIG. 1. Typicala-particle energy spectrum from the breakup of

[2]. Given a sufficiently wide angular range, the td@hgle  ©Li incident on a?°%b target, obtained at 35 MeV bombarding
integratedl «-breakup cross section can be obtained as @&nergy and a laboratory angle of59°.
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FIG. 3. Angular distributions of the differential cross section for
a-particle production fron?Li incident on a2%%b target at bom-
l&arding energies between 29 and 52 MeV. The error associated
ed. .
with each datum is smaller than the symbol.

FIG. 2. Angular distributions of the differential cross section for
a-particle production fronfLi incident on a?°%b target at bom-
barding energies between 29 and 52 MeV. The error associat
with each datum is smaller than the symbol.

B. Differential cross sections
size of 3x3 mm?)._ The design of the scattering chamber 1o neak in Fig. 1 was integrated for each slit position
enabled the acquisition of data in the interval 8%  sing ay2-minimization routine incorporating background
<160°, whered is the scattering angle measured in the labo-gyptraction. To eliminate the effect of deadtime in the detec-
ratory frame. tor or data-acquisition system, eaahparticle yieldY , was
normalized with respect to the elastic scattering yi¥lg
within the same slit. Thex-breakup differential cross section

Ill. DATA REDUCTION AND DISCUSSION do/dQ was then calculated by multiplying the resulting
, quotient by the elastic scattering differential cross section,
A. a-particle energy spectra that is,
Figure 1 shows a typicak-particle energy spectrum ob-
tained using a 35 Me\PLi beam. Maximum yield was ob- d_f’:ﬁ(d_”) (1)
served at amx-particle energye,~24 MeV, where the ki- dQ Y ldQ) '’

netic energy per nucleon of the-particle is approximately

equal to that of the projectile. Similar spectra were obtainedvhere do/dQ), is the elastic scattering differential cross
at the other beam energies and witfila projectile. A back-  section calculated using phenomenological optical model pa-
ground of low-energyr particles is visible beneath the peak rameters determined by Keeley al. [2].

in Fig. 1. This is perhaps attributable to deuteron capture by Angular distributions of thex-particle production differ-

the 29%Pb target. For’Li, the spectra were further compli- ential cross section fofLi and ’Li projectiles are shown in
cated at forward angles by tHél(“Li, )« reaction, arising Figs. 2 and 3, respectively. With the exception of the 52
from hydrogen contamination in the target. The effect of thisMeV data, a clear maximum is observed in each of the dis-
background on the measuradbreakup cross sections is dis- tributions, which, as one would expect, shifts to lower labo-
cussed in Sec. Il C. ratory angles at higher beam energies. Comparison of Figs. 2
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TABLE I. Empirical a-breakup cross sections f8ti and 7Li
after interaction with &€°%b target. The parametg?, measuring
the goodness of fibetween the functiori(6) and the angular dis-

_twor tribution of the differential cross section, is also shown.
€
: o (mb) X
3 E (MeV) oLi “Li oLi “Li
S 10| ] 29.0 1171 47+2 0.08 0.49
El ——- ‘Licpee 33.0 186+ 19 111+13 11.11 16.57
3 —-— 'LiCcDCC
3 <L present work 35.0 20331 8.40
3 »—» "Li present work 355 145-17 752
v °LiOst et al. . .
4—a °Li Gemmeke et al. 39.0 18325 96+ 10 5.90 5.25
T ] 44.0 187#4 134+ 6 7.23 4.36
: . : 48.0 19%5 162+8 511 4.43
15.0 25.0 35.0 45.0 56.0
Projectile energy (MeV) 52.0 206+ 9 216+13 4.06 3.29

FIG. 4. Excitation function of thex-particle production cross
section for lithium isotopes incident on%%b target. Also shown
are the data of Osgt al. [14] and Gemmekeet al. [16] and the
results of CDCC calculations. The lines between the data points a
to guide the eye.

tive Coulomb barrieEc . The ratio ofSLi to “Li a-breakup
gross sections is around 2.5 at the Coulomb barrier, but gen-
erally decreases with increased beam energy. The total cross
sections in the present measurement are equal at a bombard-

H H 7 i 20
and 3 shows that, at each energy, the maximum value df'9 energy of 52 Mev. Apart from the singlLi +*%Pb
da/dQ is greater forSLi than for ‘Li, implying that the datum atE,,,/Ec=1.43, which corresponds to the dip in
total a breakup is greater fofLi than for “Li. the “Li a-breakup cross section shown in Fig. 4, the present

data are in good agreement with the general trend of the
results of Pfeifferet al. [3]. Figure 5 also shows that the
enhancement of théLi « breakup to that of Li is indepen-

To extract the angle integratéice., totala breakup cross  dent of the target species.
section, each differential cross section angular distribution
was fitted with a skew Gaussian functidifd) using a
x?-minimization routine. Thegoodness of fiparametery? IV. CDCC CALCULATIONS AND DISCUSSION
(i.e., thex? per degree of freedomemerging from this pro- A. Model space
cess varied from just over zero to just below 17. The total
a-breakup cross sectiom was then calculated using

C. Angle-integrated cross sections

Figure 4 shows CDCGy-breakup cross section predic-
tions for 6Li and ’Li projectiles incident upon &%Pb target.

27 w These calculations were obtained using versiRrrP150f the
azf de f(#)sinodo (2
0 0 i
ithi i sof | o— *Li + ®Ni Pfeiffer et al.
for both lithium isotopes at each beam energy. The forward . =L sy Praitfer ol

peaking of differential cross sections for transfer reactions
and the sirg weighting mean that the background due to
transfer reactions mentioned in Sec. Il A introduces only a
slight systematic error into the integration procedure.

The totala-breakup cross sections obtained are plotted in
Fig. 4 and tabulated in Table (klong with thexi values
emerging from the fitting procedureThe a-breakup cross
section of®Li is systematically greater than that 6&fi, with
the greatest difference being observed at low beam energies
i.e., closest to the Coulomb barrier. Figure 4 also demon-< 1.0
strates that the present lower-eneflly measurements com-
pare very well with an extrapolation of the data taken by Ost ‘ ‘ , ‘ ‘
et al. [14]_ 0.9 1.1 1.3 1.5 1.7 1.9

Finally, Fig. 5 shows a comparison of the ratio of the Center-of-mass energy to Coulomb barrier ratio
to 'Li a-breakup cross sections, obtained from the present FiG. 5. A comparison of the present results with those of Pfe-
experimental data, with the results of Pfeifferal [3]. Intfer et al.[3]. The ratio of the®Li to "Li a-breakup cross sections
order to provide a fair comparison, this ratio has been plottegs piotted for eact?’Li + target combination as a function of the
for each®’Li + target combination as a function of the ratio ratio of the center-of-mass beam energies to their respective Cou-
of the approximate center-of-mass enekgy, to the respec- lomb barriers.

& - %L + ®Pb present results

by
o
T

ol
o

o
o

to 'Li a-breakup cross section ratio

L
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6 7

k(fm-1) Li Li
0.75 = -
0.50
FIG. 6. The®Li=a+d and’Li=a+t model
0.25 spaces used in the CDCC calculations. Excitation
energies are measured relative to the projectile
breakup thresholds at 1.47 and 2.47 MeV fbi
and "Li, respectively.
0.00
-1.47 MeV 120 MeY
-2.47 MeV
b1 + + + + + -
1 0 1T 2 3 2 I 7
]’2 3/2 1/2 " 5/2
L 0 1 1 1 2 2 2 0o 1 1 3 3
code FRESCO[15]. The parameters of the input potentials B. Discussion

were the same as in the calculations published K_eel'ey and 1ho calculations showed that theLi
Rusek[13]. The model spaces used for each projectile aﬁ)
shown schematically in Fig. 6. The continua were binned i

terms of wave numbek from 0 to 0.75 fm%, in bin widths break ds 1o t i ith ltinolarik
of Ak=0.25 fm L. This width was suitably modified in the P°r€akup corresponds to transitions with multipolariy-

presence of the resonant states in order to avoid doublg2- N th_e case of Li—a+t, the breakup pri)ceeds mainly
counting. In the calculations, each momentum bin wag/i@ theL=0 states, so the multipolarity isL=1. Table Il
treated as an excited state of eittf&i or “Li. at an excita- details how contributions to the total-breakup cross sec-

tion energy equal to the mean energy of the bin and havin§ons at 48 MeV bombarding energy depend on the angular
spin i and paritym=(— 1) wherel is the relative angular momentum of the cluster state through which the breakup

momentum between the-particle core and the deuteron or Proceeds. _
triton, respectively. Figure 4 demonstrates that the predictdd «-breakup

The 6Li + 2%8Pb calculation included sequentialbreakup ~ Cr0SS sections are systematically larger than the predicted
from the first three resonant states plus 0,1,2 nonresonant ' Li a-breakup cross sections across the entire projectile en-
(continuum « breakup. The'Li+2%%Ph calculation included €rgy range. However, the enhancement of thea-breakup
a breakup from the first excited state plus the first two un-Cross section over that ofii is greatest near the Coulomb
bound resonant states ahd=0,1,3 nonresonant breakup. barrier, decreasing smoothly from a factor of 3.3 at 29 MeV
Test calculations, similar to those described by Rusiel.  to a factor of 2.2 at 52 MeV. Thus, the energy variation of
[8], indicated that thé.=2 contribution to’Li breakup was the predictions qualitatively matches that of the present data.
minimal, as were contributions frokibins missing from Fig. It is clear from Fig. 4 that the calculations under-predict
6. the data across the entire range of bombarding energy. It is,

—a+d breakup
roceeds mainly via thex+d cluster states with angular
momentumL =2. Since the ground state 6Liis L=0, the

TABLE II. Contributions to thex-breakup cross section from cluster states with angular momeltaim
48 MeV bombarding energy. The final column shows the effect of artificially reducinglther-breakup
threshold to 1.47 MeV, i.e., equal to that Bif.

o(®Li— a+d) (mb) o("Li—a+t) (mb) o("Li—a+t) (mb)
L(%) Q=—1.47 MeV Q=—2.47 MeV Q=—1.47 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
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however, reassuring that tf&i calculations overpredict the tematically enhanced over that &fi, confirming the predic-
data taken by Gemmeket al. [16], also shown in Fig. 4, tion of Keeleyet al.[2]. This reinforces the indications from
who measured the resonanbreakup of®Li through the 3 data for other targetis3]. The present analysis demonstrates
excited state via amx+d coincidence experiment. Several that the cause of the enhancement is primarily the difference
possible causes exist for the discrepancy between the presentthe a-breakup thresholds dfLi and “Li.
data and the calculations. (2) This cross section enhancement exhibits a significant
(1) Incorrect normalization of the present data. However,energy dependence. It is most pronounced at low beam en-
Fig. 4 demonstrates that the present lower-enéigymea-  ergies, i.e., near the Coulomb barrier, and is less at higher
surements compare very well with an extrapolation of theenergies. The reason for this is that the difference in the
data taken by Osgt al. [14], implying that the®Li data are  breakup thresholds of the two lithium isotopes is proportion-
normalized correctly. Since the same data reduction proceately less of the collision energy at higher beam energies,
dure was employed for the two lithium isotopes it is reasondeading to the threshold difference being less significant, as
able to infer that the preserfiLi data are also normalized predicted by Keeley and Rusgd3]. A montage of the
correctly. present and previously reported results dobreakup ofSLi
(2) The absence of significant elastic breakup channeland ’Li scattering from a variety of targef8] indicates that
from the CDCC calculations. The extensive test calculationshe ratio of thea-breakup cross sections is independent of
[8] performed during the early stages of this analysis rendethe target species.
this explanation unlikely. (3) CDCC calculations are shown to be a powerful tool.
(3) The absence of significant inelastic breakup channelfResonant and nonresonant projectile excitations are included
from the CDCC calculations. However, mutual excitation ofand the outcome is that the breakup cross section enhance-
this kind was found by Rusest al.[17] to have little effect ment for 6Li over ’Li seen in the data is well produced by
on elastic scattering observables, perhaps implying that it ithe calculations. The energy dependence of this enhancement
characterized by small cross section. is also reproduced. There does however remain a discrep-
(4) Inappropriate results emerging from the cluster-ancy between the observed and predicted magnitudes of the
folding technique used to generate the interaction and coux-breakup cross sections. The existence of strong transfer
pling potentials. However, the technique has been used withreakup channels is believed to be the most likely cause of
considerable success in earlier CDCC studies of elastic scahis discrepancy.
tering [7-9]. Rusek and Kempelrl1] have already demonstrated that
(5) The absence of transfer breakup chanh& from  strong elastic breakup effects are seen in elastic scattering
the CDCC calculations, since the kinematically incompleteobservables for light exotic nuclei. The present work indi-
experiment from which the data were derived was unable tgates that the effects of transfer breakup are likely to be just
differentiate between, for instancéLi*—a+t and 8Be  as great. Taken together, these studies indicate that attempts
—2a. to infer the structure of such nuclei from elastic scattering
Table 1l demonstrates that artificial reduction of the observables must include the effects of breakup if these stud-
a-breakup threshold ofLi from 2.47 to 1.47 MeV, equal to ies are to be conclusive.
that of 6Li, increased the predictetLi a-breakup cross sec-
tions such that they were comparable to thoséldfat the

same beam energy. This clearly shows that a major contri- ACKNOWLEDGMENTS
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