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Influence of the ®7Li breakup process on the near barrier elastic scattering by heavy nuclei
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Angular distributions of the elastic scattering of thé.i on 13Ba were measured, in the energy range 21
<E;;»=32 MeV. The analysis of the data was performed via the optical model, using the Woods-Saxon
potential, in order to find the energy dependence of the real and imaginary parts of the nuclear potential. The
existence of a threshold anomaly for tAki scattering and its absence for tifiei one was observed. It is
interpreted that the breakup Bfi, with dissociation energy smaller that its first excited state, is responsible for
the vanishing of the threshold anoma[$0556-28139)01404-1

PACS numbdss): 25.70.Mn, 24.10.Eq, 25.60.Gc

[. INTRODUCTION MeV) is strongly coupled to the ground state. The excitation
of this state should produce an attractive polarization poten-
The existence of the threshold anomaly in the interactingial. As a result of the characteristics of these projectiles, it
potential for the elastic scattering has been found for manyvas suggestef6] that their dissociations should influence
systems (see, for instance, Refs[1,2] and references the behavior of the real part of the optical potential at ener-
therein. This anomaly shows up as a localized peak in thegies near the Coulomb barrier, leading to the absence of the
real part of the interacting potenti@isually assumed as an threshold anomaly. This effect could be interpreted as an
optical potential or doubled folding potentidh the neigh-  inhibition of the fusion process by the breakup of the projec-
borhood of the Coulomb barrier and it is associated with thdile, as predicted7,8] and measured for the light systefi$s.
decrease of the imaginary part of the interacting potential ifThe small separation energies for tfid and ’Li favors the
the same energy region. It has been shown that this correl&reakup process, but the consequence of that on the fusion
tion between the real and imaginary parts of the interactingnd elastic scattering cross sections is not yet clear. The un-
potential is due to causality and consequently that they obegerstanding of the role of the breakup on the reaction mecha-
the dispersion relations]. nisms, for these projectiles, is also quite important, as a ref-
For instance, coupled channel calculations carried out foerence for studies with'Li projectiles.
the system'®0+2%pPb [4] have shown that the behavior of ~ Keeley and co-workergl0] analyzed the elastic scatter-
the optical potential can be explained by taking into accountng of ®’Li on 2°%b at energies near the Coulomb barrier.
the inelastic and transfer channels, typically surface reacthey have found the absence of the threshold anomaly of the
tions, in the coupling scheme. This anomaly in the behaviointeracting potential for théLi projectile and its presence
of the reaction potential due to the closure of the direct surfor the ‘Li projectile. In their work they used a double-
face reaction channels, at energies near the Coulomb barridplded potential for the real part of the interacting potential
leads to the enhancement of the fusion cross sef8¢H). and the Woods-Saxon potential for the imaginary part. Fur-
A subject of increasing interest in recent years is the inther experimental investigation on this subject, with other
vestigation of the effect of the breakup channel on the othesystems, is required in order to confirm this effect.
reaction channels when weakly bound projectiles, fiKkei, In the present work, we analyze the elastic scattering of
impinge on heavy target$Li and “Li have similar struc-  ®’Li on '3*Ba at near-barrier energies. Th&Ba is a spheri-
tures and show almost the same behavior at high energiesal neutron magic nucleus and it is expected that the collec-
but their differences become evident at low energiéshas  tive excitations of the target, vibrational like, do not play an
a threshold breakupa(+d) of 1.48 MeV, smaller than the important role for these reactions.
dissociation energy of théLi( a+t), 2.45 MeV. TheSLi Section Il of this paper is devoted to describing the ex-
nucleus does not have excited states strongly coupled to teriment. In Sec. Ill we present the results of the optical
ground state(its first excited state is 2.185 M@Vand it is model calculations, and finally, in Sec. IV, some conclusions
spherical in its ground state, whereas the nucleus is de- ~are drawn.
formed in its ground state and its first excited si@e77 61

Il. EXPERIMENTAL DETAILS

*Permanent address: Center of Applied Studies to Nuclear Devel- The experiments were performed at the 8UD Pelletron
opment, P.O. Box 6122, Havana, Cuba. accelerator of the University of 8aPaulo. The®'Li beams
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were extracted from a natural lithium sample, mixed with TABLE I. Sets of optical model parameters that equally well fit
silver, and placed at a SNICS source. The beam intensitiebe experimental data, at different diffusenesses for fhe

on the targets were typically of the order of 10 nA féri

+ 13883 system.

and 100 nA for ‘Li. The beam energies were within the

range from 21 to 32 MeV fofLi and from 21 to 28 MeV for Eian [MeV] 21 22 23 24 26 28

SLi, corresponding to energies just below the nominal Cou- a,=a,=as=0.55 fm

Iomb barrier to 50% abo_ve_ this valu¥/{,,~ 22 Me\/_). The V, [MeV] 120.16 83.03 9938 8523 8164 71.99

maxq’\sﬁum energy was limited by the detectc_)r thlckneg,ses\Nov [MeV] 040 040 367 869 078 294

The 138Ba targets were made by tht_e evapora_tlon _of enriche < [MeV] 80.16 2777 3015 2363 1251 511

BaCQ; on 15 ugl/en? carbon backings. Their thicknesses a —a.—a.—0.65 fm

were of the order of 100-20@g/cn?. Some *2C and 0 S

contaminations were detected and they were used in the ey [MeV] 27.65 28.64 31.17 2855 31.33 3217

ergy calibration of the spectra. Four targets were mounted a/,, [MeV] 029 043 178 293 274 166

the center ba 1 mdiameter scattering chamber. Wos [MeV] 2860 11.74 13.84 11.63 7.84 6.45
The detection system was an array containing nine silicon a,=a,=a,=0.75 fm

surface barrier detectors, placed at 40 cm from the target

The detector thicknesses were 160. The angular separa- Vo [MeV] 1041 1486 1326 12.77 14.88 14.65

tion between two adjacent detectors was 5°. In front of eacVov [MeV] 020 053 192 3.08 466 3.35

detector there was a set of collimators and circular slits foMos [MeV] 1271 577 727 633 493 485

the definition of solid angles and to avoid slit-scattered par-=
ticles. The angle determination was made by reading on a
goniometer with a precision of 0.5°. A monitor was placed atAny attempt to fit the experimental data has failed. These
30° with the beam direction. The energy resolutions of the'esults showed the need for the inclusion of a surface imagi-
detectors were of the order of 300—500 kgfvll width at ~ hary partWs of derivative form:
half maximum(FWHM)], good enough to separate the elas-
tic peak from the inelastic scattering to the first excited state
of 13Ba and of Li isotopes peaks. The angular distribution
data were taken in the range 259,,,<135°. The relative
solid angles of the detectors were determined by the Ruther- The presence of the surface imaginary potential indicates
ford scattering of lithium isotopes on thé®Ba target, at the  that some direct reaction processes, like inelastic scattering,
same angle. transfer, or breakupwith surface form factgr could play an

The uncertainties in the differential cross section datamportant role in the reaction process for these systems.
vary from 1% to 10% for the elastic scattering. The inelastic Wwith the inclusion of the surface potential, a new fit pro-
scattering was not analyzed in this work, due to its very lowcedure was carried out, assuming the radius of the real and
statistic. surface parts of the optical potential to be equal. Then, these
values were fixed as,=r,=1.239 fm,r,=1.14 fm for the
bLi+1%%Ba system and,=r,=1.237 fm,r,,=1.14 fm for

For the theoretical description of the experimental an uIaFhe 'Li+"Ba system.
P P 9 Using these radii we tried to find some families of optical

Q|strlbutlon§, the optical model was used, considering an 0pf)otential parameters that equally well describe the angular
tical potential in the form

distributions. The details of these procedures can be found in
Refs.[5,12,13. Considering the diffusenessas=a,=as,

and varying them within the interval from 0.50 fm to 0.80
fm, in steps of 0.05 fm, the values of the potential strength
were derived. Tables | and Il show some of these optical
1 potential parameter sets for tif&i+1*%Ba and ‘Li +1*Ba

d
Ws(r) = —4iWosy-f(r,Rs.as) - @

Ill. ELASTIC SCATTERING ANALYSIS

V(r)=—Vof(r,R,,a,) —iWuf(r,Ry,a,) +Veou, (1)

where

fr.Ri,a) = 1+exd(r—R)/a]’ systems, respectively, for different energies and some dif-
fuseness values. These sets describe equally well the angular
Ri=ri(AP+AL), i=vw. distributions; i.e., they give similay? values. For some dif-

fusenesses, more than one set of potential strengths described

Vo andWy, are the real and volume imaginary strengthsalmost the same way the experimental angular distributions.
andr; anda; their reduced radii and diffusenesses, respectn order to remove this ambiguity, the well-known linear
tively. f(r,R;,a) is the form factor of the Woods-Saxon behavior of the reaction cross section with the inverse of
potential andV¢,, is the Coulomb potential of a uniform energy for energies above the Coulomb barrier was used to
charged sphere with radil:=1.22(A}°+A!"). A, andA, fix the optical potential parameters.
are the projectile and target mass, respectively. The objective of this procedure is to reduce the ambigu-

All the calculations were performed using theis code ities of the optical potential parameters by finding the so-
[11]. As a starting point in the determination the optical po-calledradius of sensitivity5,12,13, in order to find the en-
tential parameters, g2-fit procedure was carried out, adjust- ergy dependence of the optical potential at this radius. It
ing the radii and diffusenesses at the highest of energiegorresponds to the radius where potentials, giving compa-
where nuclear effects are expected to be more significantable fits to the data, have the same value.
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TABLE Il. Sets of optical model parameters that equally well
fit the experimental data, at different diffusenesses for the
Li+1%Ba system.

|

N
-
2
<
i

Ejap [MeV] 21 22 23 24 28 30 32
a,=a,=as=0.55 fm

)

Vo [MeV] 115.63 74.58 66.77 71.69 50.28 54.16 46.10

Wy [MeV] 0.20 5.80 11.34 0.28 32.09 20.32 7.69

Wos [MeV] 3.78 1491 8.78 1066 0.26 0.50 0.48
a,=ay,=as=0.65 fm

T IIIIIEI
]

V, [MeV] 50.05 30.81 28.18 28.07 24.09 26.66 24.85

Wy [MeV] 0.20 3.00 10.16 3.09 37.57 38.00 37.74

Wos [MeV] 205 652 429 650 032 050 0.30
a,=a,=as=0.75 fm

dc761/ dGRuth

Vo[MeV] 2691 17.62 15.98 13.82 13.32 14.49 13.88
Woy [MeV] 020 2.80 10.05 5.05 27.34 29.32 31.27 1
Wos [MeV]  1.42 319 198 381 025 050 0.30

26 MeV_|

From Tables | and I, one can notice the high sensibility %_ ;
of the potential strengths to the changes of the diffusenesses. C ]
The reason for this dependence is evident: to obtain the same 3

value of the real and imaginary parts of the potential at the
radius of sensitivityone has to have deeper potential if their
diffusenesses are smaller avide versa Another feature of '
the potential sets of Tables | and Il is a general trend to 20
increase the volume imaginary part of the optical potential elab(deg)
and to decrease the surface imaginary potential as the energy

grows. This is in agreement with the prescriptions of the FéG_. 11.3Elastic ;cattering differe_ntial cross section for the sys-
optical model. The increase of the volume part of the opticafe™ °Li+**Ba at different bombarding energies. The experimental
potential corresponds to the growth of the fusion cross sectrmor bgrs are smaller thaﬂ the pomts. The solid line corresponds to
tion as the energy increases at near barrier energies. Tftllée optical model calculation using one of the sets of Table I.
decrease of the surface part of the optical potential indicates

the importance of the surface excitations, like inelastic scatFrom Fig 3 a rather smooth energy dependence of the real
tering, transfer and nuclear breakup, at near-barrier energieand imaginary parts of the optical potential can be seen, ex-
and the lack of importance of these channels at higher enecept for the lower oneE=21 MeV, measured at subbarrier
gies. From Tables | and Il one can see that the energy désoulomb energy. This indicates that no optical potential
pendence of the real part of the potential is smooth, whemnomaly is present near the Coulomb barrier for the system
compared with the imaginary parts. bLi+1®%Ba. The opposite situation occurs with the system

Figures 1 and 2 show the angular distributions of elastic’Li+3®Ba. From Fig. 4 one can see an anomalous energy
scattering for the®Li+'%®Ba and ’Li +'3®Ba, respectively, dependence of both potentials at the lowest energies, near the
calculated with any of the sets of parameters of Tables | anénergy corresponding to the Coulomb barrier. The imaginary
Il (solid lines. optical potential increases rapidly at near-barrier energies

With the values of the potential strengths obtained at eaclnd then drops slowly. This, according to the dispersion re-
energy for every value of the diffuseness, we obtained dations[1], leads to a real potential shown in the upper part
radius of sensitivityas a point of intersection of these poten- of Fig. 4. The decrease of the imaginary potential at high
tials (see for details Ref$5,12,13). Once we had theadius  energies is forced by the values of the real potential at 28, 30,
of sensitivityat each energy for the real and total imaginaryand 32 MeV. However, if one imposes a constant value for
parts(the sum of volume and surface parts the interacting the imaginary potential for energies above the Coulomb bar-
potential, we derived their mean values as 12.15 fm andier, which is allowed by the size of the error bars, the thresh-
11.27 fm for the®Li + 13%Ba and’Li + 1*3Ba systems, respec- old anomaly is still present, and only the fit of the real po-
tively. tential is slightly affected.

In Figs. 3 and 4, the energy dependence of the potentials The results of the analysis show important differences in
at these radii for both systems is shown. The points represetie elastic scattering of the two lithium isotopes. Of course,
the values of the real and imaginary potentials, evaluated &s one has the same target for both systems, one should
the radius of sensitivityfor each system. The error bars rep- expect that the difference between their elastic scattering
resent the range of deviation of the potential, correspondinghould not be governed by the inelastic excitations of the
to distinct sets of parameters with different values of diffuse-target, but by the structural characteristics of the projectiles.
nesses and roughly the sampe The solid lines representthe ~ The presence of the anomaly for thEi elastic scattering
results of the calculations using the dispersion relatidds can be interpreted as the effect of the strong couplings with

T III|I|T|
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b1 FIG. 4. Values of the real and imaginary parts of the optical
o

potential at theradius of sensitivity equal to 11.27 fm, for the
system 'Li+%a. The solid line corresponds to the dispersion
relation calculations.

state, 0.478 MeV. Consequently, there is a high probability
of exciting the first excited state ofLi. Recently, Keeley
and Rusel 14] have shown that the potential anomaly at
near-barrier energies for théLi +2%Pb is mostly governed
by the one-neutron transfer channel. The situation could be
the same for the system studied in the present work.
The absence of the anomaly for the very weakly bound
180 8Li induced elastic scattering is a signature that, for this
elab(deg) projectile, the breakup is the dominant direct channel, lead-
ing to weak coupling between the elastic and inelastic chan-
F;G_. 21.3Elastic _scattering differe_ntial cross section for the SYySmels. Unlike the’Li, the dissociation energy ofLi into
tem “Li + **3Ba at different bombar_dlng energies. The experlmentaI4He+ 2H is around 1.5 MeV, much smaller than the energy
error bgrs are smaller than the pomts. The solid line corresponds t8f its first excited staté2.185 MeVj, and consequently the
the optical model calculation using one of the sets of Table II. - s . . .
probability of exciting this state is very low. The coupling to
the breakup channel may contribute as a repulsive effective

; olarization potential, which may exceed the attractive term
neutron transfer and other reaction channels at near barng

energies, leading to an attractive polarization potential Con-?iSing from the inelastic coupling to bound states or to be of
gies, 9 P P ' the same order as that. Therefore, for very weakly bound

sequently, it may also be interpreted as a signature of the clei, such asPlLi, this effect may be strong enough to

fusion cross section enhancement. One should rememb& : .
that the dissociation energy dLi into *He-+3H is around affect the real part of the optical potential near the Coulomb

2.45 MeV, much higher than the energy of its first excitedbarrier in sugh way that it Igads to the absgncg of the thresh-
old anomaly in the scattering of these projectiles. The need

for the imaginary surface potential for describing the elastic
scattering of®Li on *3Ba is a signature that nuclear inter-
actions might play an important role in the dissociation of
- the ®Li projectile. Therefore, it seems reasonable to expect
that the fusion, at low energies, should be enhanced lfor
relative to °Li, whereas quasielastic reactions should be
t stronger for the®Li and dominated by the breakup.

These conclusions strengthen the ones drawn by Keeley
and co-worker$10] for the 7Li +2%Pb systems.

If this interpretation is correct, the total reaction cross
sections should be higher for tif&i+13Ba system, due to
its stronger surface imaginary potentiate Tables | and )l
Figure 5 shows the reaction cross sections for both systems.
The points are the mean values, obtained by averaging the
FIG. 3. Values of the real and imaginary parts of the opticalf€action cross section derived for different sets of param-

potential at theradius of sensitivity equal to 12.15 fm, for the eters, at each energy. Although they are similar at high en-
system 6Li+13%Ba. The solid line corresponds to the dispersion ergies, one can notice that the reaction cross section at low
relation calculations. energies is indeed larger for thei+ 13%Ba system.
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1500 T I . . . I . differences in the elastic scattering of the two lithium iso-
topes. For the optical potential that describes the elastic scat-
i o 'Li ] tering of ’Li on 13®8a, the well-known threshold anomaly is

* observed, while for the elastic scattering%fi on *®Ba the
anomaly is no longer present. Its presence for thieelastic
i scattering can be interpreted as the effect of the strong cou-

g
|
|

plings with the first excited state of thi inelastic channel,
the one-neutron transfer, and any other direct reaction chan-
nels at near barrier energies, leading to an attractive polar-
ization potential. The absence of the threshold anomaly for
300 = ! 7] the SLi induced scattering is an evidence that, for this pro-
. jectile, the breakup is the dominant direct channel, leading to
L . o weak coupling between the elastic and inelastic or transfer
channels. Moreover, the breakup channel should produce a
. | . | . | | | L repulsive polarization potential that compensates the attrac-
S 28 0.032 0.036 0.040 0.044 0.048 tive potential produced by other direct channels.
1/B, ,(1/MeV) From the present study, it is expected that fusion, at low
energies, should be enhanced fai relative to 6Li, whereas
FIG. 5. Rection cross section for the systérti+'*8Ba versus  quasielastic reactions should be stronger %or and domi-

. (mb
reactlon( )
-

(o]

the inverse of the energy. nated by the breakup. It will be interesting to measure the
fusion cross section for these systems, in order to test this
IV. SUMMARY conclusion.

In this paper original data for the elastic scattering angular
distributions for the®’Li + *3Ba systems at sub- and near-
barrier energies are presented, with the aim of investigating The authors would like to thank the Conselho Nacional de
the role of the breakup channel on reactions and elastic prddesenvolvimento Cierfico e Tecnlgico (CNPg, Fundaeo
cesses, with heavy targets. This was done by the study of tde Amparo ‘aPesquisa do Estado do Rio de Janeiro
energy dependence of the optical potential atridius of (FAPERJ, Centro Latinoamericano de dica (CLAF), and
sensitivity Coordenaao de Aperfejoamento de Pessoal dévdl Supe-

The results of the optical model analysis show importantior (CAPES for financial support.
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