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Cross sections, analyzing powers, and spin-rotation-depolarization observables
for 500 MeV proton elastic scattering from ' C and ' C
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New differential cross section (do. /dQ), analyzing power (A~), and spin-rotation-depolarization

(D„) data for 500 MeV p'+ "C,"C elastic scattering are reported. The do. /dA and A~ data span
scattering angles from approximately 5'—37' c.m. , while the D„data cover 5' —26' c.m. Except at
the largest angles, statistical errors are typically +1/o for der/dB, , +(0.01—0.02) for A, , and
+(0.03—0.05) for the D„observables. The data are compared to predictions of Dirac phenomenolo-

gy and the relativistic-impulse-approximation —Dirac-equation model.

For more than a decade, experiments with proton
beams have provided a variety of data that have been
used to test models of the nucleon plus nucleus elastic-
scattering process at intermediate energies. Analyz-
ing powers ( A ) and spin-rotation-depolarization observ-
ables (D, ) measured with polarized beams have been par-
ticularly useful in guiding theoretical development. '

Even today, the study of spin dependence in the scatter-
ing process continues to be an important part of medium
energy nuclear physics research. Indeed, during the last
few years much work has gone into development of po-
larized nuclear targets ( A ~ 2) for use in scattering exper-
iments. ' ' The intent is clearly to introduce a new de-

gree of freedom, that of target polarization, into the
scattering problem. For example, the first phase of one
such experiment, ' p+' C elastic scattering at 500 MeV,
will provide Amt„and Aoo~~, data (see Ref. 18 for
definition of these observables). Before performing this
polarized target experiment we measured differential
cross sections (do /d A), analyzing powers, spin-rotation
observables Dzz and DzL, and the spin-depolarization pa-
rameter D~&, for 500-Me V polarized proton elastic
scattering from ' C and ' C. These new data, along with
a comparison with theoretical results, are reported here.

A complete set of p+' C elastic scattering measure-
ments is intrinsically interesting. Such data provide a
means for testing certain aspects of relativistic' ' and
nonrelativistic models ' of the scattering process, as well
as for studying medium effects, nuclear structure models,
and multistep processes. ' They also allow empirical

determination of important components of the nucleon-
nucleon (NN) effective interaction. Similar comments
apply for p+' C. The p+' C do/dQ and A data will

also serve as benchmarks for the more difficult p + ' C ex-
periment.

In addition, the p'+' C, ' C data are needed for the
theoretical interpretation of the p+ ' C data. The p+ ' C
data enable determination of phenomenological represen-
tations of the twelve nucleon "core" scattering ampli-
tudes and distorted waves that are required in distorted
wave Born approximation (DWBA) calculations for
p+ ' C elastic scattering. ' The measured ratio of the ' C
to ' C differential cross sections can be used to constrain
models of the ' C valence neutron wave function. Final-
ly, studies of D&&- focus attention on important AJ=1
contributions to the p+' C elastic scattering amplitude.
%hen these transitions occur D~& becomes less than uni-

ty, and the spin-flip probability, given by —,
' (1 Dtt~, ), is-

nonzero.
The data were taken at the Los Alamos Clinton P. An-

derson Meson Physics Facility (LAMPF) with the high
resolution spectrometer (HRS) and its focal plane polar-
imeter (FPP). Experimental details are essentially the
same as those discussed elsewhere. ' ' ' The targets
were isotopically enriched foils ( ~99.9% for ' C and
78 —98 % for ' C) of known thicknesses ranging from
45 —160 mg/cm (+1—2 %%uo uncertainty). The beam ener-

gy was 494+1 MeV and the overall experimental energy
resolution was typically ~ 100 keV full width at half
maximum (FWHM) for the thin targets. The absolute
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scale of scattering angle was determined to +0.1'. The
absolute scale for the differential cross sections was deter-
mined to within 10% by normalizing to some ' C
cross-section data taken (but unpublished) in an earlier
experiment. The relative normalization diC'erences be-
tween the ' C and ' C differential cross sections are less
than +3%. The beam polarization was typically 80%
and was monitored continuously with a beam line polar-
imeter. Except at the largest angles, statistical errors are
typically +1% for do/dII, +(0.01—0.02) for 3, and
+(0.03—0.05) for D; . For the drr/dQ and A data the
systematic errors are small ( ~+2%}; for the D„data,
the systematic uncertainties in Dzl and D&~ are +0.02,
while those for D~z are &+0.04.

The data ' (and curves to be discussed) are shown in
Figs. 1 —3. The ' C/' C di6'erential cross-section ratios
versus momentum transfer are plotted in Fig. 4, along
with curves to be discussed. The observables for ' C and
' C are similar as expected.

We now discuss results of two types of theoretical
calculations. The first is the relativistic-impulse-
approximation (RIA) —Dirac-equation model of Ref. 20
for ' C and the relativistic DWBA model of Ref. 18 for
' C. The second is a Dirac optical-model fit to the
p+ ' C data and a p+ ' C relativistic DWBA calculation
that uses the scattering amplitudes and distorted waves
from the optical-model fit. The former calculations are
fully microscopic, whereas the latter treat only the
valence neutron contribution in ' C microscopically.

The first set of calculations for p+' C based on the
RIA-Dirac-equation approach includes the following in-
gredients: (1) Lorentz invariant amplitudes generated
from the SP82 NN phase shifts, ' (2) the proton vector
density obtained from the ' C charge density, (3) the
neutron vector density parametrized as in Eqs. (20} and
(21) of Ref. 18 with the surface geometry adjusted to fit
the p+ ' C differential cross-section data (parameter
values are given in Ref. 18), and (4) scalar densities ob-
tained from relativistic mean-field theory (RMFT) (Ref.
27) according to Eq. (22) in Ref. 18. The predictions
(dashed curves in Fig. 1) qualitatively describe the p+ 'zC

data. The corresponding relativistic DWBA predictions
for p+' C (from Ref. 18) are shown as dashed curves in
Fig. 2. These calculations use the preceding p+' C
RIA-Dirac-equation scattering amplitudes and relativis-
tic distorted waves, a 1p

& &2 single-particle eigenstate from
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TABLE I. Best fit %'oods-Saxon Dirac optical potentials for
500 MeV p+' C elastic scattering. Each term is of the form
V/[1 +exp((r —ra A ' ')/z)] where 3 is the baryon number of
the target.

5 10

I I

15 20

(deg)
25 30

Potential term

Real vector
Imag vector
Real scalar
Imag scalar

V

{MeV)

214.05
—62.63

—297.11
35.23

ro
(fm)

0.9834
1.0829
0.9809
1.1834

(fm)

0.4817
0.4355
0.5143
0.3263

FIG. 1. Elastic difterential cross section, analyzing power,
and spin-rotation data, and results of calculations, for 500 MeV
p+' C. The solid and dashed curves are Dirac optical-model
fits and RIA-Dirac-equation model predictions, respectively, as
discussed in the text. The errors in the data include statistical
uncertainties only.
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FIG. 3. Data and RIA results for the spin-depolarization ob-
servable D» for 500 MeV p+ "C elastic scattering. The solid

and dashed curves are the relativistic D%'BA results when the

pseudovector and pseudoscalar forms for the Lorentz invariant
NN amplitude (Ref. 18) are used, respectively. The curves in the

upper (lower) half of the figure correspond to use of the RIA
(Dirac phenomenological) "C optical potential to compute the
core scattering amplitudes and distorted waves. The errors in

the data include statistical uncertainties only.
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ing potentials, and the pseudoscalar form of the XIV in-
variant amplitude. ' This calculation, referred to as the
standard RIA-DWBA, also provides a qualitative fit to
the data.
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FIG. 2. Elastic differential cross section, analyzing power,
and spin-rotation data, and results of calculations, for 500 MeV

p+ ' C. The solid and dashed curves are relativistic D%BA re-

sults based on Dirac phenomenology and the RIA optical po-
tentials for ' C, respectively, that were used to compute the
twelve nucleon core scattering amplitude and relativistic dis-
torted waves as discussed in the text. The errors in the data in-

clude statistical uncertainties only.
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FIG. 4. Ratio of "C to "C elastic differential cross sections
as a function of momentum transfer. The errors in the data in-

clude statistical uncertainties only. The solid and dashed curves
are relativistic D%'BA and Dirac optical-model results, respec-
tively, as discussed in the text.
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For the second set of calculations complex, phenome-
nological scalar and timelike vector potentials in the
Dirac equation were searched to obtain a best fit to the
do/dQ, 3, and D&L data for p+' C. The best fit
Woods-Saxon parameters are given in Table I; the good
fit to the data is shown by the solid curves in Fig. 1. The
p+' C scattering amplitudes and relativistic distorted
wave functions from this phenomenological optical mod-
el result were then used for the p + ' C relativistic
DWBA calculation. Otherwise this p+' C calculation
was the same as that described in the preceding para-
graph. The result, indicated by the solid curves in Fig. 2,
quantitatively fits the data. The improvement over the
standard RIA-DWBA prediction is a direct consequence
of using a phenomenological model that accurately repro-
duces the p+' C data.

To observe effects due to the 13th nucleon, with proton
elastic scattering from an unpolarized ' C target, the
quantity D~~ and the small differences between the ' C
and ' C observables, must be studied. The amount by
which Dz~ differs from unity is determined by a few of
the AJ=1 components of the NN effective interaction'
along with the valence nucleon wave function. The
' C/' C cross-section ratio primarily depends upon the
AJ =0 components of the NN amplitudes' and is partic-
ularly sensitive to the large, upper component of the
valence nucleon wave function.

In Fig. 16 of Ref. 18, a variety of RIA-DWBA Dzz
predictions are shown for 500 MeV p+ ' C. Two of these
are compared with the new data in the upper half of Fig.
3; the standard RIA-DWBA result is indicated by the
dashed curve; the solid curve also represents a RIA-
DWBA result, except that the pseudovector form of the
NN invariant amplitude was used, and the isoscalar
three-vector current was suppressed. ' The two curves
shown in the lower half of the figure correspond to those
in the upper half, except that the phenomenological ' C
distorted waves and scattering amplitudes were used in-
stead. None of the four results fit the data very well. The
calculated minimum in D„z~ at 18' c.m. is constrained by

the deep, first minimum in the differential cross section.
The suggested sharp minimum at 19' c.m. in the Dz~
data is hard to fit simultaneously with that of the
do. /d O.

In Fig. 4, the ' C/' C do. /dQ ratio is compared with
two model predictions. The ratio, (' C relativistic
DWBA do. /d0 using phenomenological distorted waves
and core amplitudes)/(the Dirac phenomenological ' C
do/dQ) is indicated by the solid line. The dashed curve
results from using the Dirac optical potential of Table I
to calculate both the ' C and ' C cross sections, where in
both cases the radii were scaled by A' (see Table I).
The majority of the structure in the ' C/' C ratio results
from the overall A' scaling of the nuclear size. The
amount of sensitivity to different forms for the ' C-' C
nuclear structure difference is indicated by the small
differences among the two curves and the data.

In summary, new elastic scattering data for 500 MeV
p+' ' C are presented. The data are described qualita-
tively with the microscopic RIA-Dirac-equation model
quantitative fits are obtained with empirical potentials.
The measured spin-flip probability does not agree in de-
tail with any of the theoretical predictions shown here or
in Ref. 18. However, the D&z data are far from con-
clusive and more measurements of this quantity are need-
ed, as are continued improvements in the theoretical
model. Such improvements might include the use of
shell-model wave functions and covariant meson ex-
change models for the relativistic NN interaction. So-
phisticated nonrelativistic scattering models for p +' C
also need to be developed. Finally, the ' C/' C
differential cross section ratio is fit reasonably well with
the relativistic DWBA model; this ratio is sensitive to the
' C-' C structure difference and can be used to constrain
the nuclear structure model used in analyses of p+' C
elastic scattering data.
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