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Quadrupole scattering of 135 MeV protons by Be
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We have measured cross sections and analyzing powers for Be(p,p') at E~ =135 MeV, observing

the
2

and
z

members of the ground-state rotational band. Folding model calculations were per-

formed using a density-dependent effective interaction in the local density approximation. The
quadrupole contribution to elastic scattering was evaluated in distorted wave approximation. We
find the elastic quadrupole contribution to be important for q & 1.5 fm ', in good agreement with

data. The effect on the elastic analyzing power data is quite large.

The quadrupole deformation of Be is among the larg-
est known, and hence can be expected to make an impor-
tant contribution to elastic scattering. Nonspherical con-
tributions to elastic scattering by odd- A nuclei have been
studied by Satchler' and by Blair and Naqib, who show
that quadrupole cross sections due to a static deformation
share a common shape and have strengths proportional
to

Collective normal-parity transitions may be described
by potentials of the form

Ui(r)= Ut + Ut +VU g —V a,LS
l

where UI is the Coulomb potential and l is the multipo-
larity. The central and spin-orbit potentials

Ui'(r) = Jd—q qA'(qr) &ptdq)to&(q pG) (2)

where I; and If are the initial and final nuclear spins.
This model was used by Geesaman et al. to estimate
from inelastic data the quadrupole contribution to the
elastic scattering of pions by Be. We report new data for
the scattering of 135 MeV protons by Be, for both the

and —,
' members of the ground-state rotational band.

Transition potentials based upon Cohen-Kurath wave
functions are computed in the folding model. The quad-
rupole contributions to both elastic and inelastic scatter-
ing are then evaluated in DWBA, using distorted waves
generated by the spherical part of the elastic potential.
We find that the quadrupole contribution to elastic
scattering is important for momentum transfers q beyond
1.5 fm '. The effect upon the analyzing power is particu-
larly dramatic and is in good agreement with the data.

The experiment was performed at the Indiana Univer-
sity Cyclotron Facility, using the quadrupole-dipole-
dipole-multipole (QDDM) spectrometer and a standard
focal-plane detector array consisting of a helical wire
chamber and two plastic scintillators. Data were collect-
ed for several BeO targets ranging in thickness between
21 and 69 mg/cm . Half of the experiment was per-
formed with an unpolarized beam. For the other half,
the polarization was typically 0.75 and was monitored
every 4—8 h using the low-energy He polarimeter follow-
ing the injector cyclotron. Forward angle data were col-
lected with a small Faraday cup inside the scattering
chamber and normalized against the large external Fara-
day cup used for 9)24'. The normalizations between
targets and between the several runs comprising this ex-
periment were consistent to better than +5%. Further
details may be found in Ref. 5.

Ui (r) =—f dq q j t(qr) g pu(q)t~ (q PG )
7T

are obtained by folding the matter transition density pI~
with effective interactions t&& and t&, where A, =O or 1

denotes isospin. For simplicity, the dependence of the
effective interaction upon the local ground-state density

po is evaluated at the site of the projectile. Additional
contributions due to spin and current densities were
found to be negligible. This microscopic approach in-
cludes magnetic and other noncollective contributions,
and thus is more general than the collective model calcu-
lations of Refs. 1 and 2.

We use the density-dependent effective interaction con-
structed by the Hamburg group from the Paris poten-
tial. The Paris-Hamburg (PH) interaction has been
found to provide a good description of elastic scattering
of 100—400 MeV protons by spherical nuclei. However,
its description of inelastic scattering is less successful; the
data seem to require stronger density dependence. For
the surface-peaked 2+ state of ' 0, we found that an
adequate description of the scattering of 135 MeV pro-
tons could be obtained by multiplying the results of this
model by (0.86) . The same factor is applied to the inelas-
tic cross section for Be.

Transition densities were computed from the p-shell
wave functions tabulated by Lee and Kurath using oscil-
lator wave functions. The oscillator parameter b =1.67
fm was chosen to reproduce the charge radius
(r ) ' =2.52 fm. ' Note that we correct for the finite
nucleon size but do not apply a center-of-mass form fac-
tor. To reproduce the quadrupole moment Q =5.3 fm~

deduced from measurements of hyperfine structure, " it is
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FIG. 1. Elastic electroexcitation form factor for Be. The
dotted curve gives the monopole and the dashed curve the quad-
rupole contributions to the total form factor (solid line). The
data shown as triangles are from Ref. 10, the open circles from
Ref. 12, and the solid points from Ref. 13.

then necessary to include a C2 effective charge 5 =0.58.
This model provides a good fit to the elastic form factor
measurements' ' ' shown in Fig. 1, and to the data for
the —,

' state (not shown). ' ' Assuming that the core po-
larization is essentially isoscalar, we also use 6„=6, so
that the isoscalar quadrupole density is enhanced by a
factor of co=2. 16. The (p,p') results are not very sensi-
tive to the assumed isovector charge e, =1. Spin and
current densities were not enhanced.

The quadrupole contribution to the elastic scattering
matrix f(8) is evaluated in perturbation theory according
to
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FIG. 2. Elastic scattering of 135 MeV protons by Be. The

dotted curves are computed for the spherical potential alone,
the dashed curve gives the quadrupole contribution to the cross
section, and the solid curves include the quadrupole contribu-
tion in DWBA. This calculation uses a density-dependent
effective interaction.

f (8)=fo(8)— (Xj' '
~

Uq
~

X';+'), (4)

where fo is the exact elastic scattering produced by the
spherical potential Uo alone. The distorted waves 7 are
solutions to the "relativistic" Schrodinger equation

[V +k —DUO]+=0, (5)

where p is the reduced energy and k is the relativistic
wave number.

The results for elastic scattering are shown in Fig. 2,
where the solid curves include both spherical and de-
formed contributions and the dotted curves include only
the spherical potential. The M1 and M3 contributions
were found to be negligible. The quadrupole contribution
to the cross section, shown as the dashed line, is most im-
portant for q & 1.5 fm '. The spherical part of the cross
section falls well below the data in this region. The quad-
rupole cross section repairs this deficit quite nicely.

The most dramatic signature of quadrupole scattering
is found in the analyzing power. Based upon the spheri-
cal potential alone, we would have expected to find a
strong positive A peak near q-2 fm '. Such a peak is
characteristic of elastic scattering by spherical nuclei of
protons in this energy regime. However, the observed
analyzing power fiattens out at small negative values for q
between 2 and 3 fm '. The quadrupole contribution to

elastic scattering reproduces this effect rather well.
The inelastic scattering results for the —,

' member of
the ground-state rotational band are shown in Fig. 3.
The cross section prediction agrees with the data very
well over the entire angular distribution. Although these
calculations are based upon the shell model, the relative
strength of the inelastic and elastic quadrupole cross sec-
tions is in good agreement with the rotational model.
The inelastic analyzing power is also in good qualitative
agreement with the data.

The remaining discrepancies between the calculations
and the data are attributable, in part, to known defects of
the Paris-Hamburg effective interaction. The node in the
inelastic analyzing power calculation occurs at somewhat
larger momentum transfer than the node in the data.
This same discrepancy has also been seen for normal-
parity isosealar transitions in other nuclei. Had the in-
elastic analyzing power become negative sooner, then the
elastic analyzing power would have been improved also.
Furthermore, elastic cross sections predicted by this in-
teraction are always somewhat too large at low q, as also
observed here. Therefore, we can expect improvements
of the effective interaction for spherical nuclei to also im-
prove the quantitative accuracy of the present calculation
and conclude that the model is essentially correct.

Similar effects have also been observed by Roy et al. '
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FIG. 3. Excitation of the —,

' rotational state of Be by 135

MeV protons. The calculation uses Cohen and Kurath wave

functions and a density-dependent effective interaction.

FIG. 4. Elastic scattering of 135 MeV protons by Be is com-
puted in the impulse approximation and shown with the same
legend as Fig. 2. Density dependence is important even for Be.

in the elastic scattering of 220 MeV protons. However,
those authors chose to fit their data with spherical optical
potentials of the Woods-Saxon type. The resulting
strength and geometry parameters are rather peculiar.
These potentials bear little resemblance to those predict-
ed by the folding model or fitted to data for other light
nuclei. Roy et al. then perform coupled-channels fits but
do not display the effect of coupling beyond that implicit
in our first-order model. Work by Carpenter et al. '

demonstrates that the distorted wave approximation ac-
curately reproduces the elastic scattering results obtained
from the solution to the coupled equations, even for the
large deformation of Be. The agreement between these
calculations is quantitative for the cross section and is
semiquantitative for the analyzing power beyond 2 fm
Hence, we believe that phenome nolo gical coupled-
channels analyses based upon unrealistic potentials serve
little purpose.

Finally, we present in Fig. 4 an elastic scattering calcu-
lation based upon the density-independent interaction of
Franey and Love. ' Although the quadrupole contribu-

tion still helps, it is clear that the impulse approximation
fails badly. Similar discrepancies are also found when in-
elastic scattering is computed in impulse approximation.
Evidently, density dependence is important and appears
to be well described by the local density approximation
even for a nucleus as small as Be.

We conclude that quadrupole scattering can make im-
portant contributions to elastic scattering by odd-A nu-
clei and is well described by the distorted wave approxi-
mation. We also conclude that the local density approxi-
mation provides an adequate description of the effective
interaction in light nuclei.
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