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The depolarization parameter D in proton-' C elastic scattering at 72 MeV has been measured with

an accuracy of 0.003-0.004 per data point. D was found to deviate from unity by -0.02 around 65',
which is unambiguous evidence for a nucleon-nucleus spin-spin interaction. The data are well described
by a microscopic calculation as well as by a phenomenological optical-model potential, which includes a
real spherical spin-spin potential of strength V„0.7+ 0.1 MeV.

PACS numbers: 24.70.+s, 24. 10.Ht, 25.40.Cm, 27.20.+n

A complete description of the nucleon-nucleus interac-
tion has to take into account effects due to the coupling
of projectile spin and target spin (for a review, see Ref.
1). These effects are large and well known in the under-

lying NN interaction due to the spin-spin and tensor
force between two nucleons. For nucleon-nucleus scat-
tering one expects greatly reduced spin-flip probabilities
mainly because spin flip occurs only in the interaction
with a valence nucleon, and not with the many nucleons
of an inert core. However, this simple picture can be
drastically modified by core polarization effects.

Various experimental approaches have been used to
demonstrate the presence of spin-spin effects: ' (1)
transmission experiments of polarized neutrons through
polarized targets; '2 (2) analysis of (n, y) slow-neutron-

capture data; and (3) measurements of the depolariza-
tion parameter D(8) for elastic proton scattering. ' The
interpretation of these data was contested subsequent-
ly' ' due to the presence of contributions from sources
other than the spin-spin interaction. The most dominant
among these are compound-nucleus effects at energies
below 30 MeV and "quadrupole spin flip" or "nuclear
reorientation" effects that occur in the interaction with

targets of spin & 2 . The only experiment without these
deficiencies did not reach a significant level of accuracy.
The question of spin-spin potentials is therefore still an

open one, with predictions for the strength of this poten-
tial ranging from 0 to 2 MeV. ' The present Letter re-
ports the first unambiguous determination of the spin-
spin interaction via a measurement of D(8) for elastic
scattering from a spin-2 nucleus at an energy where

compound-nucleus effects are negligible.
The principle of the experiment is based on double

scattering of polarized spin- 2 particles from a spin- 2

target. The depolarization parameter D is given by the

relationship

p)—(1+8 )pa~ ) —A )

Po

which connects the incident beam polarization po—,the
analyzing power A ~ in the scattering, the scattered beam
polarization p~—,and D (see Fig. 1). Superscripts refer
to the sign of the incident beam polarization, the direc-
tion of which is the y direction, i.e., normal to the
scattering plane.

The experiment was performed at the Paul Scherrer
Institut (PSI) injector cyclotron. The setup (see Fig. 1

and Ref. 9 for more detail) consisted of three major
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FIG. l. Schematic layout of the experiment, showing the
polarimeters (POLO, POL2), the target (Tl), the Faraday cup
(FC), and the magnetic spectrometer (MSP). Inset: POL2
shown in more detail; the MSP beam tube {VT) with the exit
slits {$2), the active targets (AT 1, AT2), and the side tele-
scopes (AEL-EI, AE&-E&). Intensity profiles were measured
along the dashed lines, denoted by Scl and Sc2.
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components: the polarimeter POLO to measure the in-

cident beam polarization po—,the magnetic spectrometer
MSP to select elastically scattered protons, and the po-
larimeter POL2 to measure the scattered beam polariza-
tion pi—.The beam polarimeter POLO contained two
NaI(TI) detectors at ~ 44.0' which measured the left-
right asymmetries eo

—in the scattering from natural car-
bon. The target foils (100-400 pg/cm ) were always
kept in the beam, thus providing a continuous sampling
of the beam polarization. Intensity profiles, measured
periodically upstream and downstream of POLO, showed
that the beam axis was aligned with the nominal axis to
within 0.5 mm and 3 mrad. After passing through
POLO the beam was refocused onto the scattering target
(T~). The beam position on target was measured con-
tinuously by a secondary-electron-emission monitor and
stabilized via feedback to steering magnets. The ' C tar-
gets (100-200 mg/cm ) were prepared from enriched
' C, while the natural carbon targets (90 mg/cm ), used

for normalization, were cut from high-purity graphite. '

The beam was stopped in a shielded Faraday cup (FC)
equipped with electron suppression. The spectrometer,
of type QQDQQ, focused elastically scattered protons
from Ti onto the two active plastic-scintillator targets
(AT~, AT2, each 5 mm thick) of POL2. The energy sig-
nals from either AT were gain matched to the energy
signals of the NaI(T1) side detectors. Requiring coin-
cidences between one of the active targets, a side detec-
tor, and an additional dL' plastic detector in front of the
side detector provided good background suppression.
The time of flight between all detectors was also record-
ed.

The whole POL2 setup was adjustable in the horizon-
tal plane and could be rotated (0' ~ p2 ~ 180') around
the direction of the scattered beam (i.e., z'). This direc-
tion was measured with two profile scanners (ScI, Sc2).
The horizontal alignment of the rotation axis with the
beam axis was done carefully in order to reduce false
asymmetries: Profiles were measured for "normal"
(P2 0') and "reversed" (pq 180') orientations and
the diff'erence of the centroids upon rotation iteratively
reduced by horizontal adjustment of POL2. The cen-
troids, measured at the beginning and the end of each
run, were found to be normally distributed about the
nominal axis with FWHM's of 0.15 mm. This corre-
sponds to an angle spread of 1 mrad FTHM.

D can be expressed in terms of experimentally ob-
served quantities" as

Ro (1 —R i)(1 —R iR2)
D =40 (2)

po po (R [
—Ro)(R ~R2 Ro)

where

(1+po Ai)/(1+po Ai) =(1+ei )/(1+ei+)

is the intensity ratio in the scattering from T~ upon spin
reversal and Ro po /po Eo /Eo and R2 pl /p&+

/E2 are the polarization ratios of the incident and
scattered beam. The e;— represent left-right asym-
metries, obtained at POLO (i 0), after the scattering
(i 1), and at POL2 (i 2). Ao, the proton-carbon
analyzing power for POLO, was extrapolated from the
nearby precise calibration point A(71.2 MeV, 44.0 )

0.9864+ 0.0010, ' using the energy dependence given

by Ref. 13. This calibration, obtained in a separate ex-
periment with a natural-carbon target for T~, exploited a
method, which, in contrast to Eq. (2), only involves the
ratios R;.

The ratios R; are essentially independent of the
effective analyzing powers of the polarimeters and rather
insensitive to instrumental asymmetries; hence our main
concern was the extraction of the POLO asymmetries
eo—.We used a special technique, which is based on the
count rate ratios R+/R and L+/L and exploits the
fact that 88~/88 0 at 44.0'. "' While this allowed us
to determine t.p independently for each spin state with

little sensitivity to misalignments, contributions due to
background and target impurities within the integration
limits affect eo

—directly. The background, assumed to
be linear, was fitted to the spectra below the ground state
and well above any contaminant contribution and aver-

age correction factors were extracted. The tail of a small
' 0 target impurity, monitored continuously with an ad-
ditional NaI(Tl) detector at 64', extended into the in-

tegration range and a correction h, eo
—~ 0.001 had to be

applied. The whole procedure was tested by inserting a
graphite target for T ~ at regular intervals at 8~'

32',36,40,44', 52,60 . Using Ao as given above,
we obtained D 1.0001 ~ 0.0012, in excellent agreement
with the expectation value D—= 1 for spin- 2 from spin-0
scattering. The distribution of the individual values was
found to be completely statistical (g 24.3 for 26 data
points) and showed no indication of an angle depen-
dence. The same background reduction procedure was
then applied to the actual ' C measurements performed
under identical background conditions.

R~ was obtained from the left-right sum of the POL2
side detectors and R2 by taking the geometric mean of
the count rates for normal and reversed orientation.
The count rates were normalized to the FC integrated
charge and corrected for dead-time effects.

Data were taken in four run times. At each angle
about five run pairs were recorded, ~here a pair consist-
ed of two measurements, taken with normal and reversed
orientation. The beam polarization was flipped every 10
s between typically po+ 0.87 and po —0.89. The
beam intensity varied between 0.8 and 2.4 pA.

Two corrections to the raw data were applied: (1) The
finite geometry correction (~ 0.003) was obtained from
Monte Carlo calculations, based on existing analyzing-
power and cross-section data. ' ' (2) The correction for
the ' C impurity of the targets (~0.003) was derived
from a determination of the ' C contents by mass spec-
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FIG. 2. The depolarization parameter D for p-"C elastic
scattering at 72 MeV. The solid curve represents a microscop-
ic prediction. The dashed curve represents the best fit with the
phenomenological OM potential mentioned in the text.

trometry (11/o~2%). We saw no indication of other
impurities based on periodic measurements of the energy
spectrum of the scattered beam, obtained by scanning
the magnetic field of the dipole.

Apart from the statistical uncertainty (0.002~ h„t
~0.004) various systematic errors contribute to the
final errors. Angle-dependent contributions due to non-

proper spin flip arise from imperfect alignment of the
POL2 rotation axis with the axis of the scattered beam
(6 pt ~ 0.00 1 ). The error estimate was based on the
variation of the scanner centroids and on an estimate of
the alignment uncertainties for both side detectors. Oth-
er systematic contributions may arise due to correlations
between the polarization and the energy of the scattered
beam with its position and angle at the POL2 targets.
Upper limits (&„,~ 0.002) were calculated assuming a
linear dependence of the polarization and energy on the
horizontal phase-space coordinates at the AT' s. Mea-
surements of the ratio R~ as a function of the scanner
positions at an angle where A~(8~) shows a steep gra-
dient are consistent with these assumptions.

The uncertainties due to various other effects (POL2
spectra integration, corrections for finite geometry, ' C
and dead time, energy averaging in T~, and energy
differences between run times) were estimated to be well

below 0.001, respectively. An angle-independent contri-
bution (0.0015) was due to the POLO integration prob-
lem discussed before.

Figure 2 shows the final results. The errors represent
the root square sum of the statistical and all systematic
errors. The normalization uncertainty due to the error in

Ao is not included. Since several systematic errors are
common to both experiments, the resulting uncertainty
for D is 0.0012.

Two different approaches have been used to analyze
the data: In the first one D was fitted with an optical-
model (OM) potential which, in addition to the conven-

tional part, included real spin-spin potentials of spherical
(V„) and tensor type (V,&).

' The small spin-spin poten-
tials were treated as perturbations. " The parameters
without spin-spin potentials were determined by a fit to
der/dQ, crR, and A~,

' which are insensitive to spin-spin
effects. The geometry for both spin-spin potentials was
chosen to be the same. We found that D can be repro-
duced using a real spherical spin-spin potential alone.
Volume-type form factors fit the data only for unrealistic
values of the diffuseness parameter (a„0.1), whereas
for surface type good fits were achieved with normal
geometry parameters. This finding supports the naive in-

terpretation of spin-spin effects as due to an interaction
with the valence nucleons. The best fit (V„-0.7 MeV,r„1.65 fm, a„0.50 fm) is represented by the dashed
curve in Fig. 2. The uncertainty of V„(0.1 MeV) in-
cludes the usual statistical error of the fit as well as an
estimate of the uncertainties of the conventional OM pa-
rameters and of the effect of possible correlations be-
tween different parameters. It should be pointed out,
however, that with inclusion of a tensor-type potential,
V„changes drastically even for very small V,t. For in-
stance, the combination V„0.5 MeV, V,t 0.05 MeV,
r„r,t 1.65 fm, and a„a,t 0.50 fm fits the data
equally well.

In the microscopic approach the nucleon-nucleus po-
tential was calculated by averaging an effective interac-
tion between the projectile and a target nucleon over the
distribution of the nucleons in the target. The effective
interaction was based on the Paris NN potential' and
the local-density approximation. The wave functions
used ' reproduce other valence-nucleon-dependent ob-
servables such as the magnetic moment and the trans-
verse form factor for elastic electron scattering. ' The
solid line in Fig. 2 shows that this calculation is in good
agreement with our data.

In conclusion, we have reported the first significant
measurement of the depolarization parameter D for elas-
tic proton scattering from a spin- 2 nucleus at an energy
where compound-nucleus contributions are negligible.
The data reveal a deviation from unity of 0.02 around
the second diffraction minimum, which was determined
with an overall accuracy of 0.003-0.004 per data point.
Our data represent unambiguous evidence for spin-spin
effects in nucleon-nucleus scattering and are well de-
scribed by a microscopic calculation based on the Paris
potential. An OM approach, which includes a real
spherical spin-spin potential with surface form factor,
also reproduces the data, yielding V„=0.7~0.1 MeV
for the strength of the potential.
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