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Quadrupole contributions to ' '"B+' 0 elastic scattering
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Elastic scattering angular distributions have been measured for the systems ' B+ ' 0 at EL ——33.7, 41.6,
and 49.5 MeV and "B + ' 0 at EI = 41.6 and 49.5 MeV. The ' B and "B data are oscillatory and similar

for angles less than 50' c.m. For angles greater than 50 c.m. , the oscillations in the ' B data are damped

and the data stop decreasing with increasing angle. Elastic scattering angular distributions have been

calculated for "' B+ ' 0 with the coupling to the ground-state quadrupole moment included explicitly.

Potentials which describe the scattering are extracted with the double folding model. It is found that the

quadrupole coupling is necessary to explain the difFerence in ' B and "B scattering from' O.

NUCLEAR REACTIONS 1 O~ioB toB) 0 E = 33.7, 41.6, and 49.5 MeV, 0
( B, B)t 0, &I = 41.6 and 49.5 MeV. Measured 0'(8), deduced %'oods-Saxon,
and double-folding model parameters. Coupled channels calculations for the

ground-state quadrupole moment contributions.

I. INTRODUCTION II. EXPERIMENTAL PROCEDURES

Tn an earlier study' of ""B,"C scattering from
"Al it was suggested that the "Bground-state
quadrupole moment could be responsible for the
observed differences in the angular distributions
at larger angles. The possibility of contributions
to the elastic scattering from the ground-state
quadrupole moment of heavy-ion projectiles was
first pointed out by Blair.' Scattering from the
ground-state quadrupole moment will give rise to
a nonspherical potential, which transfers two units
of angular momentum, in addition to the normal
spherical potential which acts in the elastic chan-
nel. The diagonal contributions to the angular
distribution of this nonspherical potential will be
"bell" shaped and out of phase with the contribu-
tions of the spherical potential. ' Thus the effects
of the quadrupole moment on the elastic scattering
are expected to be a damping of the oscillations
and with perhaps some change in magnitude of the
angular distribution at larger angles.

The elastic scattering of ""B+"0was under-
taken to further assess the importance of ground-
state quadrupole moments on the elastic scatter-
ing. This system was chosen because the more
highly diffractive angular distributions expected
should make the quadrupole contributions more
apparent in the data. The elastic scattering data
were analyzed with both the standard Woods-Saxon
and double-folded potentials. Coupled channels
calculations are presented for the ""Bground-
state quadrupole moment contributions to the elas-
tic scattering.

A detailed description of the systems used to
take the boron scattering data has been given re-
cently, ' so that only a brief summary is required
here. The ""Bbeams were extracted from an
inverted sputter source4 and accelerated with the
Florida State University Super FN tandem Van de
Graaff Accelerator. The self-supporting SiO,
targets used had thicknesses of 110 pg/cm' and
220 p, g/cm'. The data were taken with an array
of Si surface barrier detectors at forward angles
and hE-E counter telescopes for laboratory an-
gles) 50'. A monitor detector was used to cor-
rect for charge collection and target thickness
variations. The product of target thickness times
sol. id angle, necessary to obtain absolute cross
sections, was determined by measuring the yield
of elastically scattered 4.5 MeV protons from the
SiO, targets and assuming the cross section for
this scattering previously measured by Salisbury
ef al.' The cross sections are accurate to +7%
with the principal uncertainties arising from the
extraction of the cross sections from the figures
in Ref. 5, target nonuniformities, and charge in-
tegration errors.

III. ANALYSIS AND RESULTS

The data for the ""B+"0 elastic scattering are
shown in Figs. 1 and 2. As can be seen, the "B
scattering data are quite different froxn the "Bda-
ta for angles greater than 60' c.m. The angular
distributions for both projectil. es are oscillatory
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FIG. 1. B+ 0 e1astic scattering at E&&
——41.6 and.B49.5 MeV. Dashed lines are spherical optical model cal-

culations. Solid lines are 8-matrix coupled channels
calculations including coupling to the ~~B ground-state
quadrupole moment.

and descrease with increasing angle for o/os
& 5 & 10~, but around o/o~ = 5 x 10 ' the "Bdata
stop decreasing, while the "8 data continue to
decrease in magnitude. This same difference in
the larger angle scattering of "B and "Bfrom
"'"Siwas observed recently. ' This difference in
scattering of the "B and "Bprojectiles has been
suggested' to arise because of contributions to the
scattering from the large "Bground-state quad-
rupole moment.

Initially, attempts were made to reproduce the
elastic scattering data of this work with the 1p
shel. l universal optical ~odel parameters of Tows-
ley et al. ' The calculated angular distributions
were out of phase with both the "8 and "Bdata
and did not reproduce the rate of falloff of the da-
ta. The explicit ' B+"0parameter set of Ref. 6
gave a somewhat better description of the ' B+"0
data at smaller angles, but was still out of phase
with the "B+"0data and failed to reproduce the
"B+"0data at larger angles. Slight adjustments
of the Ref. 6 parameters failed to yield calculated
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FIG. 2. B+ 0 elastic scattering at &fo 33-7, 41.6,
8

and 49.5 MeV. Dashed lines are spherical optical model
calculations. Solid lines are R-matrix coupled channels
calculations including real coupling to the B ground-
state quadrupole moment. Dot-dashed 1ines are R-ma-
trix coupled channels calculations including complex
coupling.

angular distributions which reproduced the data.
Both double folding and Woods-Saxon form fac-

tor optical model parameter searches to repro-
duce the data were carried out. It was possible to
get equivalent reproductions of the "8+"0data
with both types of form factors. For the "B+"0
data, all Woods-Saxon form factor parameter sets
found which agree with the forward angle data
generated oscillations greater than those seen in
the larger angle data and underpredicted the data
at larger angles. Heal optical model potentials
generated by the double folding model. , which
should have some physical reality, were also used
to attempt to fit all of the data. However, these
also failed. Although no optical potential was found
in the current study which could reproduce the da-
ta, it is still possible that the data can be repro-
duced with a spherical optical potential which we
did not find in our searches.

In order to make subsequent coupled channels
calculations easier, Woods-Saxon potentials with
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TABLE I. Optical model parameters. The parameter NDz is the double folding renormal-
i ation factor.

-U iW
w s( =

1+exR
—1+ ex

R&Ue "~ iRI We I
(1+e "&)2 (1 + e "I)2

' (i=R, r)
(r-R,-) .

CE]

NDp U (MeV) rg (fm) a~ (fm) W (MeV)

10B 1.46
~~B 1.00

49.03
28.46

1.227
1.227

0.5232
0.5232

44.37
26.02

1.305
1.059

0.302
0.808

0.260
0.083

real geometry which reproduced the more phys-
ically correct double folding model potentials in
the spatial region of 6 fm and beyond were found.
'These Woods-Saxon potentials were used to gen-
erate the angular distributions shown in Figs. 1
and 2. Since the strong absorption radius is -7.5
fm, the use of Woods-Saxon potentials which re-
produce double folding model potentials from 6 fm
and beyond is equivalent to using the double folding
model. Details of the double folding model calcula-
tions are given below. The Woods-Saxon para-
meters are given in Table I. In Table I, the quan-
tity N» is the multiplicative factor by which the
double folding model potentials would have to be
renormalized to reproduce the data.

The ' B+"0optical parameter set from the pre-
sent study was used to calculate the cross section
for 100 MeV ' B+ "0. In the angular region 0,
(35' for which data. exist, ' the calculated cross
sections provide a reasonable fit to the data; how-

ever, the angular distribution calculated with the
present potentials is out of phase with the one cal-
culated with the Ref. 6 potentials for larger angles.
It would be extremely useful to measure detailed
"B+"0 scattering at 100 MeV out to the c.m.
angle of 50 for the purpose of distinguishing be-
tween the different spherical potentials in Ref. 6
and the one given here, and also to determine
whether an energy dependent potential is neces-
sary.

As has been shown earlier in Ref. 1, the contri-
bution to the elastic scattering from the "B
ground-state quadrupole moment can give rise to
the differences in behavior observed for "Band
"B scattering by "0. Spin orbit contributions to
the elastic scattering might also produce some
damping of the oscillations in the L =0 angular
distributions. However, estimates of the nucleus-
nucleus spin orbit potential using the double fold-
ing model suggest that these contributions would

TABLE II. Charge density distribution parameters:
pcH(r)= (A+ Ba r2)e +2 f'2

A (fm+) B (fm) n (fm+) Q (efm2)

10B
ii B
16O

0.0796
0.0839
0.0704

0.0666
0.0681
0.1086

0.585
0.591
0.546

6.67
3.33

be small. '
In Ref. 1, the effect of the L =2 coupling poten-

tial due to the quadrupole moment was treated
within the distorted-wave Born approximation
(DWBA). Because the spherical "0 density is
smaller than the spherical "Al density, the L =2
potential obtained from folding with the boron
quadrupole distribution is larger, relative to the
L =0 potential, for scattering from "0 than from
"Al, so that the DWBA is probably insufficient for
calculating the angular distributions. Consequent-
ly, the coupling between the different elastic chan-
nels is included explicitly in the present calcula-
tions. The coupled equations were solved using
R-matrix techniques. '

The potentials used in the R-matrix coupled
channels calculations were Woods-Saxon potentials
which reproduce the L =0 and L = 2 potentials gen-
erated by the double folding model over the spa-
tial region~ 6 fm. The double folding potentials
used were generated from the same boron densi-
ties and interaction as was used in Ref. 1. The
equivalent Woods-Saxon potentials were used sim-
ply to reduce the number of levels necessa. ry for
convergence of the R-matrix calculations. The "0
density was taken to be of an oscillator form as
were the boron densities. The proton parts of the
densities were taken from electron scattering. '
Neutron densities were assumed to be of the same
shape as the proton densities. Boron ground-state
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FIG. 3. Same as Fig. 2 except E&0 = 100 MeV.

quadrupole densities were taken to have a 1p oscil-
lator shape and were normalized to the measured
quadrupole moments. The charge density para-
meters used are given in Table II. The L =2
coupling potentials generated by the double folding
model were multiplied by the same N» value as
the L = 0 double folded optical potentials. Para-
meters for the equivalent L =0 and L = 2 Woods-
Saxon potentials are l.isted in Table I.

Because it is not clear whether the coupling po-
tential should be real or complex, calculations
were carried out with both choices. Angular dis-
tributions for ' '"B+"0, including the L= 2 cou-
pling potentials are shown in Figs. 1—3. The so-
lid line is the result with a real coupling potential
and the dot-dashed l.ine is the result with a com-
plex coupling potential. No attempt was made to
improve the quality of agreement between the cal-
culations and experiment. Small changes in the
parameters, particularly the absorption, would
probably greatly improve the agreement. It is
clear, however, that the addition of coupling due to
the "Bground-state quadrupole moment immedi-
ately improves the agreement with experiment.
Both the magnitude and amount of oscillation seen
in the angular distributions at large angles are
similar to those seen in the data. At 100 MeV the
inclusion of the coupling potential, especially the
complex coupling potential, signif icantly dampens
the amount of oscillation at large angles, as can be
seen in Fig. 3. Data currently exist' only to 8,
=35'. It would be interesting to have data beyond
this angle to further check the effect of the quad-
rupole moment on the elastic scattering. The pre-
sent results are probably insufficient to determine
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FIG. 4. Comparison of R-matrix coupled channels in-
cluding real coupling (solid line) and DWBA estimate of
quadrupole contribution (dot-dashed line). The dashed
line is the L = 2 contribution in the DWBA.

IV. CONCLUSION

This work has shown that it is not possible to
obtain universal optical potential parameters for
the scattering between 1p shell nuclei as had been
proposed by Towsley et al. ' Also, we have shown
that results obtained for light nuclei with ' 8 as
part of the reaction system must be treated with
care because of contributions from the "Bground-
state quadrupole moment. It has also been shown
that coupled channels calculations are necessary
for determining the quadrupole contribution to the
elastic scattering rather than the simpler DWBA

whether the coupling potential should be real or
complex. The "Bground-state quadrupole mo-
ment has little effect on the "B+"0 angular dis-
tribution.

If the DWBA were sufficient to estimate the ef-
fect of the quadrupole potential, the savings in
computational effort over coupled channels would
make-use of the DWBA the obvious choice. The
DWBA and R-matrix coupled channels predictions
of the effect of the quadrupolepotentialfor "B+"0
at F. =49.5 MeV using a real coupling potential are
shown in Fig. 4. Clearly, the DWBA is insuffi-
cient. The quadrupole potential, which is L = 2,
allows coupling between L = J +2, J partial waves.
It is the interference between these various L
values, which is neglected in the DWBA, that caus-
es the difference between the DWBA and R-matrix
coupled channels results.
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