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Polarized-Proton Elastic Scattering from Polarized ' C
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The p+ "C (polarized target) elastic-scattering spin observables Aooo„(target analyzing power) and
Aoo„(spin-correlation parameter) were determined at 497.5 MeV over the laboratory angular range
12'-30' with statistical uncertainties typically + (0.02-0.06). Results of distorted-wave Born approxi-
mation calculations, based on either the relativistic or the nonrelativistic impulse approximation, are in

reasonable agreement with these new data.

PACS numbers: 25.40.Cm, 24. 10.Eq, 24.70.+s

The medium-energy proton-nucleus scattering data
taken over the last twenty years for even-even target nu-

clei have stimulated calculations of density-dependent
nucleon-nucleon (NN) effective interactions from a few

MeV to —1 GeV, ' investigations of ofl'-shell and full-

folding eff'ects in the proton-nucleus optical potential, ' '
studies of ground-state matter densities and matter
transition densities for collective excitations, and devel-

opment of the relativistic impulse approximation (RIA),
based on the Dirac equation.

However, studies of elastic and inelastic (collective)
scattering for J =0+ targets are sensitive mainly to just
the no-spin and no-isospin transfer components of the
1V1V interaction and the isoscalar, one-body densities of
the target. Other types of reactions can be studied to in-

vestigate the spin and/or isospin transfer components of
the NN interaction and the single-particle aspects of nu-

clear structure. These reactions include non-natural-
parity inelastic excitations and charge-exchange process-
es. Another possibility'' is proton elastic scattering from
polarized, odd-mass nuclear targets. In this Letter we

report the results of a medium-energy proton elastic-
scattering experiment with a polarized ' C target: a
measurement of the target analyzing power ' oooo„and
the spin-correlation parameter' Aoo„„ for Fp 497,5
MeV.

Data were taken at the Clinton P. Anderson Meson
Physics Facility (LAMPF) with the high-resolution
spectrometer (HRS). The target nuclei, ' C and 'H,
were polarized by using the dynamic nuclear polarization
(DNP) technique. "' ' The target material was 99-
at. %-' C-enriched ethylene glycol, ' C2H602. Polariz-
ing centers for DNP were created by doping the material
with a paramagnetic complex' (7 x 10' molecules/
cm ). The material was in the form of glassy beads
about 1.5 mm in diameter contained in a 1-cm-diam
thin-walled (0.13 mm) cylindrical Teflon cell (1.6 cm in
volume). The cylindrical axis of the target cell was
parallel to the 2.5-T field of a C-type electromagnet with
magnetic field oriented perpendicular to the scattering
plane. The target was cooled to 0.5 K using a pumped

He evaporation refrigerator. DNP occurs when the tar-
get is irradiated with microwaves of frequency near 69
GHz. The eA'ective thicknesses of ' C and 'H were 280
and 66 mg/cm, respectively. The overall energy resolu-
tion was typically 1 MeV (FWHM). A single coil pro-
vided both the ' C and 'H nuclear-magnetic-resonance
(NMR) signals, which were used to determine the ' C
and 'H polarizations for the entire target material. "
The NMR measurements were calibrated by measuring
the target thermal-equilibrium polarizations for both nu-
clei (no microwaves applied) near 1 K.
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The hydrogen polarization of the target was also mea-
sured by using a target polarimeter which monitored

p+p elastic scattering at 0, =46, and relied upon the
known values of 8, =Appp„and App„„ for 500-MeV
p+p. The 'H and ' C polarizations are related through
the equal-spin-temperature (EST) hypothesis: "'

P =tanh(pB/kqT, ),
where P is the proton (' C) polarization, p is the proton
("C) magnetic moment, T, is the spin temperature (as-
sumed equal for 'H and ' C), 8 is the field in which the
dynamic cooling takes place, and k~ is the Boltzmann
constant. The validity of the EST hypothesis for this
target material was verified (~2%) by comparing the
NMR measurements for ' C and 'H, both before and
after the target was irradiated by the beam protons. The
target polarimeter and the EST hypothesis proved in-

dispensable during the experiment in that they allowed
the effects of beam-induced radiation damage to be
directly determined and accounted for. Although the
NMR and polarimeter results agreed within errors when
the target material was fresh, differences grew with in-

creased integrated beam flux through the target. '

These differences are expected because the polarimeter
monitors the beam-target interaction region (correspond-
ing to a beam spot size of approximately 0.5 cm), while

the NMR signal mainly comes from the outer portion of
the target material closest to the NMR coil. During the
course of the experiment, the target material was an-
nealed' (7 times total) by raising its temperature to 180
K whenever the target polarization dropped to one-half
of the value obtained immediately after annealing. Typi-
cal ' C polarization after annealing was 28%. The tar-
get material was also replaced once during the experi-
ment. Beam polarization (normal to the scattering
plane, and determined by quench-ratio measurements' )
was reversed in direction every 2 min and was typically
80%. A beam-line polarimeter upstream of the target
monitored the asymmetry in p+ p elastic scattering at
45' c.m. using a thin CH2 foil and gave beam polariza-
tions which were consistent with those from the quench-
ratio measurements. Target polarization direction (nor-
mal to the scattering plane) was reversed approximately
every 8-16 h by changing microwave frequency.

The target magnet deflected the beam to the left by
18', the magnet's center, and hence, the target's center,
was offset -0.5 cm upstream and —1 cm beam left
from the HRS pivot in order that the virtual object was
in the position required by the HRS optics. The HRS
was used to momentum analyze scattered protons and
generate missing-mass spectra. Data were taken be-
tween laboratory angles 12 and 30 in about 1.5'-2.0
steps for the ' C target and also for an empty-target cell
(to enable background corrections) and a thin, unpolar-
ized ' C2H602 target (the ethylene glycol was sand-
wiched between two thin Be foils separated by 1 mm) to

allow accurate determination of the ' C/' 0 cross-
section ratios. The data from the dummy target and the
thin "C target were crucial to the experiment because
the ' C and ' 0 elastic peaks were not well resolved ex-
cept at the larger angles. See Fig. 6 of Ref. 17 for typi-
cal missing-mass spectra.

For beam and target polarizations normal to the
scattering plane the yield at a particular scattering angle
is given by

Y=O'p
Ngpt

[ 1 +PbA ppnp+ P(Apppn

+Pb P, A pp„„]Iply, Qe, (2)

where ~p is the unpolarized differential cross section,
N~pt/A is the number of target nuclei per unit area, Pb
and P, are the appropriate (average) beam and target
polarizations (either positive or negative), App„0= AJ is
the projectile analyzing power, 2 ppp„ is the target
analyzing power, and App„„ is the spin-correlation pa-
rameter. ' The quantities Ip, AO, and e are the incident
number of beam protons, the HRS solid angle, and
overall efficiency, respectively. The subscript n refers to
the direction tt, where n=(k&&k')/~k&&k'~, k (k') being
the initial (final) proton-nucleus relative momentum in
the center-of-momentum (c.m. ) system. Yields were ob-
tained at each angle for each of the four beam-target po-
larization directions ("up-up, " "down-up, " etc.). Appp„
and App„„were obtained from these equations after sub-
tracting background and ' 0 contributions as deter-
mined by the information from the empty-target and
thin-target runs. Small differences (~1%) in effective
target thickness between runs in which the target polar-
ization was "up" and "down" (due to the cylindrical tar-
get geometry and the composition of the target material
which consisted of irregularly packed frozen beads) had
to be determined carefully to avoid large, systematic er-
rors in the deduced analyzing powers. A parameter C
was introduced and fixed such that the difference,
(YIt+Y~t) —C(YI~+Y~~), vanished in the elastic re-
gion of the yield spectrum for nuclei with A & 13: 'bO,

Cr, Cu, F, and other material in the target region (i.e.,
no ' C yield). Here YI ~

denotes a normalized yield [i.e.,
Y/Ipe, see Eq. (2)] for beam polarization up, target po-
larization down, etc. , and the parameter C depends upon
effective target thicknesses for target polarization up and
down runs as well as upon small differences in beam po-
larization magnitudes for the various beam-target polar-
ization combinations. C varied over the range 0.97-1.10,
and its statistical uncertainty was a major contributor to
the errors in the deduced analyzing powers [typically a
+' (0.01-0.05) contribution].

The results for Appp„and App„„are shown in Fig. 1

along with theoretical predictions. The errors shown ac-
count for all sources of statistical uncertainty; the statis-
tics of the measured yields account for essentially all of

3097



VOLUME 65, NUMBER 25 PHYSICAL REVIEW LETTERS 17 DECEMBER 1990

the uncertainty. Systematic errors in the beam and tar-

get polarizations, as well as those associated with the
HRS data-acquisition system, are estimated to be negli-

gible. Both data sets are smooth with respect to their
angular distributions and display structure in the angular
regions near the minitna in the diA'erential cross section
(18.5' and 34.5' in the c.m. system) as expected. The
complete data set for polarized proton elastic scattering
from unpolarized ' C at 500 MeV was reported in Ref.
18.

The theoretical results for oooo„and Boo„„shown in

Fig. 1 were computed in the distorted-wave Born approx-
imation (DWBA) for both the relativistic impulse-

approximation (RIA) model' and the nonrelativistic
impulse-approximation (NRIA) model. For both calcu-
lations the ' C wave function was assumed to be a pure

1p l/2 neutron single-particle state coupled to an inert ' C
"core," and the scattering amplitude, corresponding to
the twelve-nucleon core, was obtained from a Dirac-
phenomenological-optical-model fit to the 500-Me V

p+ ' C elastic-scattering data. ' The NN t matrices (in
both the RIA and NRIA forms) in the proton-nucleus
Breit frame were generated from the SP82 NN phase-
shift solution by using the transformation developed in

Ref. 10.
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FIG. l. Experimental data and theoretical predictions for
p+ ' C target spin observables Appp (upper portion) and App„„
(lower portion) at 497.5 MeV as discussed in the text. Errors
in the data include all statistical sources of uncertainty. The
RIA-DWBA predictions assuming the relativistic mean-field

(nonrelativistic) value for the valence neutron lower-com-

ponent wave function are indicated by the solid (dashed)
curves. The NRIA-DWBA predictions are given by the dash-
dotted curves.

For the RIA-DWBA calculations the NN Lorentz-
invariant amplitudes were assumed to be given by the lo-

cal form '

F5+FP pl ) 2 +FV pl $2p+ FA pl pl f) $2p

p v
+FT&l &2p (3)

The valence neutron wave function was taken to be the

Ipli2 eigenstate of the relativistic mean-field (RMF) sca-
lar and timelike vector binding potentials for ' C. The
relativistic distorted waves were obtained through solu-

tion of the Dirac equation for p+ ' C elastic scattering
by using the Dirac-phenomenological-optical potential. '

The results are indicated in the figure by the solid curves.
RIA-DWBA calculations were also done in which the
relativistic enhancement of the lower component of the

1p l/2 valence neutron wave function was suppressed, thus

reducing its strength to the nonrelativistic limit. ' These
results are shown by the dashed curves. Other calcula-
tions were made with a pseudovector, rather than pseu-
doscalar, form for the NN-invariant amplitude, ' and
with the twelve-nucleon core contribution to the isoscal-
ar, three-vector current. ' Both of these results lie be-
tween the solid and dashed curves in the figure.

For the NRIA-DWBA calculations the full NN t ma-
trix in the proton-nucleus Breit frame was used. ' This t

matrix is given by
Cl C2

Ejy/V E + f &ln&2n+ i &]n+ 1 02n

+t OlqO2q+t'alpO2 (4)

where a& „=cr
& x, n = (k x k')/i k x k'i, q = (k —k')/i k

—k'i, and p = (k+ k')/i k+ k'i. Direct and exchange
contributions were included, and the amplitudes t'
through t' were taken to be functions of momentum
transfer only. The NR distorted waves were generated
by solving the Schrodinger equation with relativistic ki-

nematics by using the Schrodinger equivalent potential
of the Dirac-phenomenological-optical potential for
p+' C. The valence neutron wave function was as-
sumed to be the (properly normalized) upper component
of the RMF 1pl/2 eigenstate. The NRIA-DWBA pre-
dictions are shown by the dash-dotted curves in the
figure.

Each of the calculations qualitatively describes the
data for both observables, although all are lacking in

necessary structure in the region from 15 to 25 c.rn.

Compared to the discrepancies between theory and data,
the diff'erences between the two RIA-DWBA predictions
are small as are the diA'erences between the RIA- and
NRIA-DW BA predictions. Results using the SP89
phase-shift solution are very similar to those presented
here, and these and other results based on density-
dependent eA'ective interactions and more realistic
nuclear-structure input will be discussed in a later arti-
cle. Non relativistic-Glauber-model predictions for
oooo„are in poor agreement with these data.
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In summary, there are a variety of motivations for do-

ing medium-energy scattering experiments for polarized
protons on polarized nuclear targets. These primarily in-
volve studies of the NA eA'ective interaction and relativ-
istic eff'ects. The results reported here for p+ ' C at 500
MeV show that such experiments are difficult, but possi-
ble, and that quality data can be obtained. These new

types of scattering data are qualitatively explained by
current theoretical models, but further improvements
will evidently be necessary before quantitative under-
standing can be achieved. Other DNP polarized targets
are being developed that will lead to a new generation of
experiments that in turn will provide much higher-
quality data and impose more stringent tests on the reac-
tion models.
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