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Quadrupole EfFects in 7Li and 9Be Scattering and the Folding Model
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The inclusion of the quadrupole moment of Li and Be in coupled-channels calculations
removes the need to renormalize the real double-folded potential, obtained from an ef-
fective nucleon-nucleon interaction, for Li+ Fe, Ca and Be+ Ca elastic scattering.

PACS numbers: 21.40.Dp, 25.70.Hi, 21.30.+y

In the double-folding model, the optical poten-
tial is obtained by folding an effective nucleon-
nucleon interaction with the projectile- and tar-
get-density distributions. Elastic scattering of
the lighter heavy ions has been in general suc-
cessfully described' ' by using the effective nucle-
on-nucleon interaction M3Y, ' which is based on a
realistic t" matrix, to generate a double-folded
real part of the optical potential. However, the
scattering of 'Li (Refs. 5 and 8) and 'Be (Ref. 7)
projectiles appears to be anomalous in the sense
that the M3Y interaction has to be reduced by a
factor of about 2 to reproduce the data. Recently,
the need for a renormalization of the double-fold-
ed potential by a factor of -

2 has been shown for
'Li scattering. " Satchler' has suggested that the
anomalous behavior of 'Li and Be could be con-
nected with the very small breakup energies of
these two nuclei: only 1.47 MeV and 1.57 MeV
for 'Li -o.'+d and 'Be -2a+n, respectively. The
nuclei 'Li and 'Be have, however, another impor-
tant property, large static quadrupole moments:
—4.5 ~0.5 e fm' for 'Li (Ref. 10) and + 4.9 +0.3

e fm' for 'Be (Ref. 11). Blair" first suggested
that ground-state quadrupole moments could be
important in elastic scattering of heavy ions. Re-
cent work" has demonstrated that there are sig-
nificant quadrupole contributions to "B elastic
scattering. In this Letter we show that when the
strong quadrupole effects in the scattering of 'Li
and 'Be projectiles are treated explicitly in coup-
led-channels calculations, no renormalization of
the real double-folded potential is needed to re-
produce the data in the cases investigated.

The targets "Ca and "Fe were chosen for the
present study to minimize the role of strongly
coupled target excited states, which could ob-
scure the effects due to the projectile quadrupole
moment. We analyzed previously measured data
for 'Li+' Fe elastic scattering and inelastic scat-
tering to the first excited state in 'Li taken at
E,~ = 48 MeV (Ref. 14), and for 'Li+4'Ca elastic
scattering at 34 MeV (Ref. 15), and our new data.
for 'Be+ "Ca elastic scattering at 40 MeV. The
'Be+ "Ca data were taken at the Florida State
University tandem laboratory and details of these
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types of measurements and their sources of er-
rors are given in Ref. 3. The Be beam was pro-
duced by accelerating BeH ions obtained by flow-
ing ammonia onto a Be cone in our inverted sput-
ter source. The 'Be+ "Ca angular distribution
extends to o/o'z -—10 ' (8, ~ =120'), and has an
absolute uncertainty of +6%.

The data for 'Li+ "Fe elastic scattering at 48
MeV were analyzed in terms of the double-folding
model in Ref. 8, where a renormalization factor
N = 0.51 was found for the real double-folded po-
tential. We studied the effects of the quadrupole
moment of 'Li+'4Fe scattering by including a
quadrupole term in the optical potential, and per-
formed coupled-channels calculations" with the
renormalization factor of the real folded potential
fixed at N =1.0. The real monopole part of the po-
tential was obtained by folding the M3Y interac-
tion with spherical projectile and target nucleon
densities obtained from electron-scattering work,
while the imaginary monopole part had the phe-
nomenological Woods-Saxon form. The details of
the procedure are given in Ref. 8. The real part
of the quadrupole term was calculated by folding
the M3Y interaction with the quadrupole density
of the projectile and the spherical density of the
target. For simplicity, the radial quadrupole
density was assumed to have a derivative form

p, '~(r) = 5,"dp,(r)/dr,

where po(r) is the spherical density of the projec-
tile, and 5, '~ is the quadrupole deformation length
for the coupling of the ith state with the jth state
in the projectile. The deformation length 6,"for
the reorientation (self-coupling) of the projectile
ground state was fixed by normalizing the quad-
rupole density p,o'(r) to the intrinsic electric
Iluadrupole moment Q» of the projectile:

(16m/5)' 'J p, o(r)r'dr =(A/Ze)Q» (2)

En view of the absence of a model-independent
knowledge of the deformation of the neutron dis-
tribution, this seemed to be the simplest assump-
tion. There is some evidence" that this assump-
tion is correct for 'Li. The rotational model was
assumed, with the ground & state and the &

(0.48-MeV) state in 'Li belonging to the E= —,
' ro-

tational band. The ground state intrinsic moment
Q„of 'Li is thus given as Q„=—5Q, =+ 22.5 e ~ fm'
with the experimental value' of the static mo-
ment Q,. The deformation length 6,"for the coup-
ling between the ground and the first excited
states in 'Li was adjusted to the magnitude of the
cross section" for the 'Li*(&, 0.48 MeV) excita-
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FIG. 1. Calculations based on different coupling
schemes for Li+ Fe elastic and inelastic scattering
at 48 MeV. The calculations were done with N fixed at
1.0 with use of the parameters of Table I.
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tion. The resulting value 6,"= 2.8 fm is in excel-
lent agreement with the charge deformation length
of 2.8 fm deduced from the experimental B(E2, &

--,') value" of 6.7 e' fm'. The imaginary part of
the quadrupole term was of the conventional,
Woods-Saxon derivative form with the same de-
formation length as the real part.

Figure 1 shows the results of our calculations
for the 'Li+'~Fe scattering and compares predic-
tions based on different coupling schemes. The
X =1.0 prediction without quadrupole effects is
seen to oscillate too strongly and completely out
of phase with the experimental data. The effect
of the reorientation coupling of the ground state
of 'Li is quite dramatic, as the oscillations are
now damped and have the right phase. The inclu-
sion of the & -~ coupling further improves the
agreement with the data, resulting in a very good
fit which is equivalent in the region covered by
the experimental data (8 ~~ a 55') to the N =0.51
fit without quadrupole effects of Ref. 8. The ~3

coupling results in a prediction for the 'Li*(~,
0.48 MeV) cross section, shown also in Fig. 1,
which agrees much better in phase with the data
than the distorted-wave fit of Ref. 14. The pa-
rameters of the calculations are summarized in
Table I. It should be noted that the Woods-Saxon
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TABLE I. Optical-potential parameters and quadru-
pole deformation lengths. The potential has a double-
folded real part, renormalized by the factor N, and a
Woods-Saxon imaginary part.
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imaginary potential was the same as that of Ref.
8. Using the same procedure, we were also able
to reproduce the main features of the data" for
'Li+~Ca elastic scattering at 34 MeV with the
renormalization factor fixed at N =1.0. For these
data, a renormalizationN =0.60 was found in Ref.
8, where the fit still had much too deep minima
at the backward angles. The results of the 'Li
+~Ca calculations are shown in Fig. 2 and the
calculation parameters are given in Table I.

We analyzed our 'Be+~Ca elastic-scattering
data taken at 40 MeV using a procedure similar
to the one used for the 'Li scattering. The spher-
ical density of 'Be had a proton part determined
from electron scattering, "with a neutron part ad-
justed so that the difference between the neutron
and proton rms radii, after a deconvolution of
the proton size, was 0.38 fm (method B of Ref.
7). In agreement with Satchler, ' we found that
fitting the data without an explicit treatment of
the quadrupole effects required a substantial re-
duction of the real double-folded potential, result-
ing in a renormalization factor of N =0.66. This
renormalization is not, however, as drastic as
the factor of Ã- 0.3 reported recently»' for 'Be
+ Ca elastic scattering at E&,b =45 and 60 MeV.
In the coupled-channels calculations, we set N
=1.0 and assumed the K =

& rotational band
for 'Be. The value of 6, for the reorientation
coupling of the ~ ground state of 'Be was deter-
mined from the experimental value" q, =5 e fm'
of the static quadrupole moment of 'Be. Since it
is not possible to observe the 'Be projectile ex-
citation in the detection setup we used, the effect
of the coupling between the ground state and the

(2.43-MeV) state in 'Be was difficult to as-
sess. We thus simply set &,"=6, for this coup-
ling. The strength W of the imaginary Woods-
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FIG. 2. Angular distributions for Li+ Ca elastic
scattering at 34 MeV and Be+4 Ca elastic scattering
at 40 MeV, compared with calculations based on differ-
ent coupling schemes with use gf the parameters of
Table I. The fits without coupling (dashed line) were ob-
tained by allowing N to vary.

Saxon potential was allowed to adjust for the coup-
ling effects. The results of the calculations are
compared with the data in Fig. 2. It can be seen
that the reorientation coupling of the 'Be ground
state results in a fit which is at least as good as
the fit with N =0.66 and no quadrupole effects,
especially at the backward angles. The & -&
coupling with &~

' =~, was perhaps too strong,
as it was not possible to adjust fully for the inclu-
sion of this effect by a change in 8' only. Adjust-
ments in the geometry of the imaginary potential
can be done reliably only when 'Be projectile ex-
citation data are obtained. The calculation pa-
rameters are given in Table L

In conclusion, quadrupole effects are very im-
portant in the scattering of Li and Be projectiles.
When these effects were treated explicitly in the
coupled-channels formalism, it was not necessary
to renormalize the real double-folded potential
to fit the data in the cases we considered. These
results give support to the double-folding model
with the MSY interaction as providing a correct
first-order real part of the heavy-ion optical po-
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tential in the exterior region. Coupled-channels
calculations which involve an explicit treatment
of both the projectile and the target higher-order
effects still impose an excessive demand on the
computing time, especially at higher energies
where a large number of partial waves is needed.
For this reason it was not possible to carry out
such calculations for the recently measured 'Be
+"Si elastic-scattering data at 121 and 201.6 Mev
(Ref. 20). The sLi anomaly still presents a pro-
blem since ~Li has a very small quadrupole mo-
ment. However, proton and o. scattering by 'Li
shows its 8' (2.18-MeV) state to be strongly ex-
cited, and it is possible that simple coupled-
channels effects due to this state play an impor-
ant role in 8Li scattering
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Role of Thermalization for Electron Distributions in Resonance Absorption

Bandel Bezzerides and Steven J. Gitomer
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The interplay between the bulk properties of the plasma and the nonlinear particle heat-
ing due to resonance absorption is analyzed. It is shown that the dependence of the heating
on the initial energy with which parti~les enter the heating region provides a key to under-
standing the formation of the time-averaged distribution.

PACS numbers: 52.50.Jm, 52.65.+ z

In the last few years particle simulations have
concentrated on resonance absorption as an ex-
planation of the hot electrons observed in high-in-
tensity laser experiments. In these simulations
the heating region is continuously replenished
with particles drawn from the background ther-
mal distribution fixed at the overdense boundary. '
This effect of the background temperature goes
beyond the direct effect the temperature may have
on the accelerating waves, themselves causing
thermal dispersion. On the other hand, the cold-

plasrg. a limit has been used to provide some in-
sight into the heating. Limited to single-stream
Qow, the model cannot be used to investigate the
effect of the initial energy of particles, and, more
generally, the effect of thermalization, and there-
fore the description of the heating is transient,
not permitting detailed comparison with quasi-
steady simulations.

Since the heating is predominantly in the direc-
tion of the density gradient, we employ here the
well-known one-dimensional (lD) capacitor mod-
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