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Microscopic Description of 800-MeV Polarized-Proton Scattering from '60
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Differential cross sections and analyzing powers have been measured for elastic and
inelastic scattering of 800-MeV protons by '~0. Microscopic analyses utilizing the im-
pulse approximation are used to study the ground-state neutron distribution of ~~O, and
to demonstrate the importance of the spin-orbit amplitudes for the inelastic transitions.

In this Letter we present new differential-
cross-section and analyzing-power data for the
elastic and inelastic scattering of 800-MeV trans-
versely polarized protons from "Q. The results
of microscopic impulse-approximation calcula-
tions are compared with the data. The approach
followed is that of Kerman, McManus, and Thaler
(KMT). ' Although several impulse-approximation
analyses of elastic and inelastic proton-nucleus
scattering data have been -recently reported in the
literature, (e.g. , see Refs. 2-5), these are not
subject to the additional constraints provided by
measurements of the inelastic analyzing power.
The forward-angle analyzing powers for the in-
elastic transitions are a direct reflection of the
spin-orbit amplitudes.

Data were obtained with use of the high-resolu-
tion spectrometer at the Clinton P. Anderson
Meson Physics Facility (LAMPF). The data,
shown in Figs. 1 and 2, include elastic scattering

from 6' to 26' (c.m. ) and angular distributions
for exciting the lowest 8'= 1 (7.12 MeV), 2'(6.92
MeV), 3 (6.13 MeV), and 2 (8.87 MeV) states.
Differential cross sections were normalized to
the known p+p cross section' at 30' (lab) by utiliz-
ing the hydrogen present in the 64-mg/cm' Mylar
target, resulting in a + 15$ normalization uncer-
tainty. The beam energy was determined to be
800+2 MeV, based on the kinematic energy shift
between elastic scattering from "Q and "Ca.
The beam polarization (typically 75'g was con-
tinuously monitored with a hydrogen polarimeter, '
located upstream from the target. The "C pres-
ent in the Mylar target limited the useful excita-
tion range in 'Q to less than 9 MeV. Overall en-
ergy resolution for these data was 130-190keV
full width at half maximum (FWHM) (sufficient
to resolve the 1 state from the 2' at most an-
gles). At a few angles where "C peaks overlapped
"Q excited states, data from a water target were
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FIG. 1. Differential cross sections and analyzing pow-
ers for elastic scattering. Statistical errors are small-
er than the data points unless otherwise indicated.

acquired with a resolution of about 300 keV
FWHM.

The elastic scattering data have been analyzed
using optical potentials generated both phenom-
enologically and with the microscopic KMT ap-
proach, together with the Schrodinger equation
including relativistic kinematics. The phenom
enological fits indicated by the dashed curves in

Fig. 1 result from the Woods-Saxon potential pa-
rameters which in the usual notation' V, V.. .
W«and ro 0 ~r r ~~o a~, , ~, are given by
-3.49, 78.7, 0.702, and 2.34 MeV and 0.985,
0.454, 0.940, 0.587, 1.005, 0.511, and 1.05 fm,
respectively.

The KMT analysis, also shown in Fig. 1 utilized
point-proton densities extracted from the "Q
charge density of Sick and McCarthy, "including
the neutron electric form factor. " Local approxi-
mations for the generally nonlocal second-order
terms in the optical potential due to the Pauli,
short-range dynamical, and center-of-mass cor-
relations have been included as prescribed by
Harrington and Varma' and by Schaeffer. '" The
effect of these terms (proportional to the square
of the nuclear density) is to increase the magni-
tude of the differential cross section by about
20% (35%) at the second (third) maximum. Simi-
lar effects have been observed in analyses of 1-
GeV "O(p, p) data when correlations were in-
cluded in KMT'- and Glauber-model" calcula-
tions. The spin-independent nucleon-nucleon
(N-N) amplitudes were taken from Ref. 4, while

the spin-dependent amplitudes and the neutron
point-density distribution were varied to optim-
ize the fit to both the cross section and analyzing
power. The resulting values for the isospin-
averaged, spin-dependent parameters (defined in
Ref. 4) are 8~=14.4 fm', n, p=0.49, and B,&=0.2
fm', and the resulting neutron rms radius is
2.66 fm, compared to the empirical proton rms
radius of 2.6l2 fm.

Uncertainties in the neutron rms radius due to
errors in the cross-section normalization, scat-
tering angle, charge density, beam energy, and
N-N amplitudes have been estimated. Contribu-
tions from statistical errors in the data, ambigui-
ties in the model, and errors in the approxima-
tions used to calculate the second-order potential
terms have also been estimated. The resulting
uncertainty in (r„')'~' is +0.2 fm. The largest
contributors to this error are ambiguities in the
empirically determined spin-dependent ampli-
tudes, and the cross-section normalization error.
Calculations using equal proton and neutron den-
sity distributions [p„(r) -=p~(r)] are not signifi-
cantly different from those displayed in Fig. 1.
Hence our results are consistent with p„(r) = p~(r).

Distorted-wave impulse-approximation (DWIA)
calculations have been performed for the "0 in-
elastic transitions leading to the 1, 2', and 3
normal-parity excitations. For convenience, the
distorted waves were generated with the phenom-
enological optical potential whose parameters
are given above. The transition densities were
chosen to fit published (e, e') data. " This pre-
scription removes most uncertainties due to nu-
clear structure; so the calculations test the one-
step reaction mechanism and the applicability of
the impulse approximation, and provide an addi-
tional measure of the validity of the N-N ampli-
tudes. In the present calculations, the N-N am-
plitudes resulting from the KMT analysis of the
elastic scattering data were used, and the point-
neutron transition densities were assumed to be
equal to the proton ones.

The functional form assumed for the transition
densities is that suggested by the harmonic-oscil-
lator shell model, namely

p„(r) =Q„c„a""r"e
'" "

The parameters obtained by fitting the longitud-
inal electron scattering form factors of Ref. 14
are given in Table I. The shape of the transition
density for the 3 excitation, i.e., n= 3 in Eq. (1),
is just that which would be obtained in a 15' par-
ticle-hole calculation. This is sufficient to pro-
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TABLE 1. Point-proton transition-density prameters.

C( C)

1
2+

3

0.527
0.515
0.554

1.210
—0.0856

—0.487

0.516
0.172

vide an excellent fit to the electron scattering
data over the momentum-transfer range @=0-3.0
fm '. The value of the size parameter, a=0, 554
fm ', is quite close to that inferred for the
spherical part of the ground state in a two-com-
ponent (spherical and deformed) treatment of
the form factors for elastic electron scattering
and the 0'(g.s.) -0'(6.05 MeV) transition. " This
is consistent with the expectation that the 3 level
is a vibration built on the dominant spherical
component of the ground state. The shape of the
transition density for the 1 excitation, i.e., n = 1
and n = 3 in Eg. (1) with C,/C, = 2, is also consis-
tent with a 1' particle-hole calculation with
spurious center-of-mass motion projected out.
The electron scattering data are not as complete
here as in the 3 case, covering only the range
@=0-1.7 fm ', however, the data clearly favor
a size parameter for the 0'(g.s.) -1 transition
that is smaller than that of the spherical compon-
ent of the ground state. This suggests that this

transition may be more complicated than a sim-
ple vibration about a spherical shape. The tran-
sition density for the 2+ excitation is consistent
with a rotational excitation built on the deformed
component of the ground state. This is clearly
reflected in the small size parameter, n =0.515
fm ', which is just that obtained for the deformed
component of the ground state in the analysis of
the elastic data and the inelastic data for the 0'
-0' transition.

The N-N amplitudes used in the DWIA calcula-
tions were the same as those used in the elastic
scattering analysis. The results of these calcu-
lations are shown in Fig. 2. The overall agree-
ment between the DWIA results and the data is
rather good, particularly for the 2' and 3 excita-
tions. The measured asymmetries, particularly
at small angles, and the large-angle cross sec-
tions are quite sensitive to the spin-orbit ampli-
tudes. This is clear from a comparison of the
results with and without the spin-orbit amplitudes
included. The main feature of the differential
cross section for the 1 excitation is that it peaks
at an angle greater than is characteristic for
orbital angular momentum transfer (L = 1) to the
target. This effect, which is due to the suppres-
sion of the low-momentum components of the
transition density that occurs when the spurious
center-of-mass motion is removed, is reasonably
reproduced by the theoretical calculation. The
experimental analyzing power for this transition
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FIG. 2. Differential cross sections and analyzing powers for the low-lying excited states in Q compared with
DWIA calculations: solid line with L ~ S, dashed line without L'S. The unresolved 0 (6.05 MeV) contribution to the
3 data is predicted to be negligibly small. The same spin-dependent optical potential was used for all calculations.
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is not well reproduced by the theoretical calcula-
tion. This difficulty may be due to the neglect of
amplitudes in the calculation corresponding to
spin angular momentum transfer (S= I) to the
target. Although these amplitudes are generally
small for natural-parity transitions, "they may
be important for 1, 7= 0 excitations because of
the suppression of the low-q components in the
S= 0 amplitude. This currently being investigated
using a 15& particle-hole model. Experimental
data on the transverse electron scattering form
factor for this transition would be useful here.

No calculations have been made for the transi-
tion to the 2, T= 0 unnatural-parity state in "O.
Analysis of this transition is complicated by the
fact that very little is known about the spin-spin
parts of the N-N t matrix at 800 MeV. Also,
(e, e') form factors do not exist for this state and
so one must rely on model wave functions to cal-
culate the transition density. Calculations for
this transition will be presented in a later paper.

In conclusion, the KMT analysis of the "O(p, p)
reaction is in good agreement with the elastic-
cross-section and analyzing-power data. The de-
duced neutron density is found to be insignificant-
ly different from the proton density. A more re-
fined investigation of p„(r) would require better
estimates of the second-order optical-potential
terms and less uncertainty in the spin-orbit pa-
rameters. The DWIA calculations for the natural-
parity inelastic transition are also found to give
a good description of the experiment. The spin-
orbit amplitudes are quite important for the for-
ward-angle inelastic analyzing powers.
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