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Parameterfree account of quasielastic scattering of stable and radioactive nuclei
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Elastic and inelastic scattering cross sections of the system12C112C at several bombarding energies are
calculated within a parameterfree model using the recently developed nonlocal energy-independent bare po-
tential. Comparison with the data indicates that such a calculation gives accurately the average values of the
cross sections. The system12C111Li is also discussed.@S0556-2813~98!01407-1#

PACS number~s!: 25.702z, 24.10.2i
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Recently, we have proposed an energy and density in
pendent real bare interaction for the description of heavy
scattering @1,2#. In Ref. @2#, we subjected our potentia
~coined the NLM3Y potential! to a stringent test by confront
ing it with elastic scattering data of a wide range of syste
and energies. The imaginary part of the potential was ta
to be a Woods-Saxon one with three adjustable parame
~in fact the diffuseness was taken to be fixed with respec
energy!. The good agreement with the data, especially in
refractive region, convinced us that the NLM3Y interacti
captures the essentials of the physics. The purpose of
work is to develop a parameterfree model by using for
absorptive part atr1r2-inspired form. The energy depen
dence of such an interaction is then completely determi
by that of the effective nucleon-nucleon total cross sect
@3#. We calculate both the elastic and inelastic cross sect
for the 12C112C at several energies where data are availa
We also compare our theory with the elastic scattering of
halo nucleus11Li off 12C. There are no free parameters
our calculation. The NLM3Y interaction is given by

V~rY,rY8!5VDFS r 1r 8

2 D 1

p3/2b3
expF2

urY1rY8u2

b2 G , ~1!

whereVDF(r ) is the local energy- and density-independe
~aside from the folding of the two densities! double folding
potential andb50.85/m fm with m being the reduced mas
of the two colliding nuclei.

We have shown in Ref.@2# that the energy-dependen
local equivalent potential of Eq.~1! is, to a very good ap-
proximation, given by

VLE~r ;E!5
12A124gVDF~r !exp$2g@E2Vc~r !#%

2g
,

~2!

whereg5mb2/2\2 andVc(r ) is the double folding Coulomb
interaction. As for the imaginary part we employ here t
Lax interaction

W~r ,E!52
E

kN
sT

NN~E!E dr8rA~ urY2rY8u!rB~ urY8u!, ~3!

where rT
NN(E) is the average nucleon-nucleon total cro

section with Pauli blocking@3#.
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We have solved the optical differential equation using E
~2! as the bare real interaction andW of Eq. ~3! as the
energy-dependent imaginary potential. The model and
method of solution are fully discussed in Ref.@2#. The sys-
tems we chose to discuss the model are12C112C at several
bombarding energies and11Li112C at Elab5637 MeV. The
value ofsT

NN(E) were taken from Ref.@4# and realistic den-
sities were used in the double folding calculation. In t
evaluation of the cross section for the inelastic transit
12C112C→12C(E2154.4 MeV)112C we used the distorted
wave Born approximation~DWBA! with an appropriate col-
lective form factor having the form

F~r !5dS dU

dr
1 i

dW

dr D , ~4!

with d5bR0 , R051.2A1/3, andb50.6 @4#.
The potentialsU andW are the same as those of Eqs.~2!

and ~3!. We ignore Coulomb excitation since the system
light and the bombarding energy is high. In Fig. 1 we sh
our result both for the elastic@Fig. 1~a!# and inelastic@Fig.
1~b!# cross sections for the12C112C system. The data point
were taken from Ref.@4#.

Although the calculated cross section shows stronger
cillatory behavior, the magnitude, however, is in good agr
ment with the data. We consider this a very positive asp
of our parameterfree model. Clearly, space is available
improvement since what is at stake is not so much the ene
dependence, which we believe to be well accounted for,
the geometry of the imaginary part.

In Table I we present a comparison of the calculated to
reaction cross sections and the ones obtained directly o
directly from the data. The agreement is excellent.

We consider next the scattering of a typical halo nucle
11Li. A measurement of the differential, inclusive, quasiela
tic cross section for11Li112C atElab5637 MeV has already
been reported@5#. Several attempts to account for the da
were made@6,7#. Here our aim is not so much to get a bett
fit to the data, but rather to test the parameterfree NLM
interaction.

In the case of the scattering of11Li we have learned in the
last few years that two competing effects come into play d
to the extended size of the system: the enhanced probab
for the breakup into9Li12n ~due to the very small separa
tion energy of the 2n) and the longer tail in the attractiv
bare potential due to the halo. The first effect brings in
576 © 1998 The American Physical Society
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FIG. 1. Elastic~a! and inelastic~b! differen-
tial cross sections for the12C112C system. The
data points are from Ref.@4# and also from Ref.
@11#.
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long-range absorption to be added toW while the second
adds to refraction. There is a third effect which is inheren
our NLM3Y interaction and that is the nonlocality rangeb.

On general ground and from the arguments given in R
@8#, a slightly different~smaller! value of b is expected for
the halo nucleus-stable nucleus NLM3Y interaction. To
precise, the value ofb adapted for our analysis of the stab
projectile-stable target NLM3Y interaction, namely,b
50.85/m fm, is in fact obtained by Jackson and Johnson
the limit of an infinite size projectile or target~zero binding
energy!. This is not so bad an approximation, since relax
this approximation by using Gaussian form for the density
the projectile or target, gives rise to a reduction inb by @8#

b→b̄5bF11S 0.85

2R D 2G21/2

. ~5!

Thus the largerR is, the closerb would be to the value use
above, 0.85/m fm.

Another, potentially important, consequence of the fin
size of the nucleus is a reduction factor that multiplies
double folding potential, viz.

UDF→ŪDF5S b̄

b
D 3

UDF5F11S 0.85

2R D 2G23/2

UDF. ~6!

The effects represented by Eqs.~5! and ~6!, are appre-
ciable in the case of tightly bound~small! nuclei such asa
particles. Thus, at most, the smaller value ofb̄ and the re-
duced strength of the double folding potential for halo nuc
result in few percent effects. This, coupled with the need
take into account the breakup channel, suggests the use
model for elastic scattering following the line of Ref.@9#,

TABLE I. Calculated and experimental reaction cross secti
of the 12C 112C system.

Elab ~MeV! s theory ~mb! sexperimental~mb! s inelastic ~mb!

1016 958 960625 a 29
1449 886 907650 b 24
2400 825 860650 a 15

aData taken from Refs.@12,13#.
bData taken from Ref.@4#.
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which uses the adiabatic approximation and takes into
count the breakup effects to all orders, viz.,

ds

dV
5uF~Q!u2

dscore

dV
, ~7!

where dscore/dV is the core (9Li) 111C elastic scattering
differential cross section, whileF(Q) is the form factor re-
lated to the ground state wave function of11Li. This form
factor has a value of unity atQ50 and drops gradually with
increasingQ, thus simulating the effect of breakup couplin
At the small angles (Q) involved in the measurement of Re
@5# we set for the time beingF(Q)51. With this we are
approximating the combined effect of smallerb̄ and breakup
damping by considering the11Li112C cross section, to be
roughly the9Li112C cross section. In the following we giv
a description of our calculation for the system11Li112C.

Although a slightly differentW from Eq. ~3! should be
used, owing to the loosely bound two neutrons halo, we h
simply employed Eq.~3! for the imaginary part. We calcu
lated the elastic and inelastic cross section for the 21 and 32

states in12C. The result of the calculation is shown in Fig.
together with the data of Kolataet al. @5#. The summed cross
section comes a bit short of accounting for the data in

s

FIG. 2. The calculated summed quasielastic cross section
11Li112C at Elab5637 MeV ~see text for details!. The data points
are from Ref.@5#.
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angular region 10°,u,15° and also in the region aroun
u54°. This latter region is also missed by most other cal
lations reported in the literature@6#. The total reaction cross
section comes out to besR51.41 b, in good agreement wit
the deduced one@5#. This result is very similar to the on
obtained by Khoa, Satchler, and von Oertzen@6# where a
three-parameter Woods-Saxon imaginary potential was
s-

y

hy
-

-

ployed. We stress here that we do not have in our model
adjustable parameter. We consider our result reasonable
certainly there is room for improvement such as consider
higher-order terms in the multiple scattering theory-inspir
form for W. It is also quite possible that other inelastic cros
sections may have to be added, such as the transition to
‘‘3 a ’’ 0 1 state atE* 57.68 MeV @10#.
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