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The first complete measurement of the polarization-transfer observables in the (p, p')
reaction at intermediate energies is reported. Data are presented for the reaction

C(p,p')' C to the 1+, T =0 (12.71-MeV) and 1+, T =1 (15.11-MeV) states at 500 MeV for
laboratory scattering angles of 3.5, 5.5', 7.5', and 12.0'. Linear combinations of these
observables are shown to exhibit a very selective dependence on the isoscalar and iso-
vector spin-dependent components of the nucleon-nucleon interaction.

PACS numbers: 25.40.Ep, 24.70.+s

Inelastic proton scattering involves the full com-
plexity of the nucleon-nucleon (NN) interaction.
In particular, unnatural-parity transitions are ex-
pected to be particularly sensitive to the spin-de-
pendent parts of the NN interaction. ' In this Let-
ter we report the first complete measurement of
polarization-transfer (PT) observables in the ex-
citation of two well-known unnatural-parity states
in "C, the 1', T=O (12.71 MeV) and 1", T=1
(15.11 MeV). The data are compared to distorted-
wave impulse-approximation (DWIA) and Glauber-
model calculations. Using a simplified reaction
model, we show that the PT observables demon-
strate a high selectivity and sensitivity to the
spin-dependent amplitudes of the effective NN in-
teraction in the small-momentum-transfer re-
gion covered by the data.

Beams of 500-MeV protons with initial polariza-
tion longitudinal (L) and normal to the reaction
plane (N) and sideways (S =Nx L) were provided
by the Clinton P. Anderson Meson Physics Facil-
ity (LAMPF). Protons inelastically scattered
from natural carbon targets were momentum
analyzed in the high-resolution spectrometer
(HRS). For these measurements the focal-plane
polarimeter (FPP) was employed to analyze the
outgoing proton polarization. This apparatus has
been used for elastic-scattering measurements

reported recently'; and it is equally well suited
to the present high-resolution inelastic measure-
ments. Residing at the exit of the HBS, the FPP
consists of eight planes of multiwire drift cham-
bers (IVfWDC) plus associated trigger scintillators
which constitute the standard focal-plane detector
system. This system is followed by a four-inch
carbon analyzer and eight more planes of larger
lVIWDC's to detect the rescattered protons.

The FFP system maintains the energy resolu-
tion (-100 keV for these measurements) and angu-
lar resolution (-0.1') of the HRS while reconstruc-
ting trajectories of the rescattered protons for
all states on the focal plane, finally yielding the
polarization of the scattered proton. A fast. mi-
croprocessor is used to reject small-angle re-
scatte rings and buffered CA MAC electronic s are
used to maintain high data rates at low duty
cycles„The overall efficiency of the polarimeter
is 10%-15%.

Analysis of both polarization components per-
pendicular to the momentum at the focal plane
allows for measurement of all possible polariza-
tion-transfer observables at this energy because
of the precession of the spin in the HRS dipoles.
The outgoing sideways component (S', perpendicu-
lar to h' and in the reaction plane) is transported
unprecessed to the focal plane and is determined
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by the vertical asymmetry. The longitudinal (L')
and normal (N') components precess by 360 + 52
and are inferred from the horizontal asymmetry.

Several systematic checks of the data are pos-
sible when analyzing all states present at the fo-
cal plane, For most of the measurements, simul-
taneous analysis of the 0' (7.65 MeV) state in "C
allowed for checking of several symmetry rela-
tions appropriate to 0'-0' transitions. In most
instances, the statistical accuracy of the checks
was comparable to or better than that of the 1'
states of interest. High-precision checks for
elastic scattering, ' as well as systematic checks
of the FPP in general, ' lead to the estimation that
false asymmetries are less than 0.01. At the
smallest scattering angle covered by these meas-
urements the signal-to-background ratio for the
15.11-MeV state was better than 10:1; at the larg-
est angle it was 1:10. This background was pri-
marily broad nuclear states underlying the peaks
of interest. Since this background is analyzed
concurrently with the peaks of interest, the back-
ground subtraction did not pose a serious system-
atic problem and has been described previously
for these states at 397 MeV. '

Data for the 1', T=O (12.71 MeV) and 1', T=1
(15.11 MeV) states in "C at laboratory scattering
angles of 3.5, 5.5', 7.5, and 12 are shown in
Figs. 1(a) and 1(b). The solid curve is a Glauber
calculation of the PT observables with use of
Cohen-Kurath (CK) wave functions and free NN
amplitudes from Amdt's SP82 solution. ' The
dashed curve in Fig. 1 is a DWIA calculation with
use of CK wave functions and a recent parametri-
zation of the same free //&amplitudes in terms
of Yukawa potentials. '

In order to determine the origin of the differ-
ences between the Glauber and DWIA predictions,
a DWIA calculation (not shown in the figures) was
done in which the (I.SJ}„«„=(111)and (101)
transition densities were excluded. Parity con-
servation prevents these L = 1 components from
contributing to the transition if the effective in-
teraction is local (momentum independent). Thus
they have no effect on the Glauber predictions and
also do not enter the dzrect DWIA scattering
amplitudes. However, these L=1 densities are
sampled by the effective interaction operator (a
x L), acting on the target nucleons, which enters
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FIG. 1. Polarization transfer observables for (a)
1+, T =p (12.71 MeV), and (b) 1+, T =1 (15.11 MeV) in
reaction ' C(p,p') ' C at 5pp MeV. Shown are Glauber-
model (solid curve) and DWIA (dashed curve) calcula-
tions.

where Ii) and
I f) are the initial and final states

of the system characterized by the target spin,
parity, isospin, and the projectile spin proj ec-
tions. E~„(q) is the NN scattering operator which
we parametrize as

the exchange scattering amplitudes. ' With these
densities excluded, the Glauber and DWIA results
are very similar, the largest differences remain-
ing between the two calculations being in D»
and Ds, .

Although complete calculations presented here
have been done, some simple insights are offered
by examining the expressions for the PT observ-
ables in the lowest order of the expansion of the

(p, p') reaction amplitude in terms of the free NN
amplitudes (the plane-wave impulse approxima-
tion or equivalently the single-collision approxi-
mation in the Glauber theory). The nucleon-nu-
cleus scattering amplitude is

F»(q) =p(q)+ B(q)(8, ~ n)(8, n)+ C(q)(8, n+ 8; n) + E(q)(8, ~ m)(8, m) + E(q)(8, p)(8, p), (2)

99



VOLUME 52, NUMBER 2 PH YS ICAL REVIE%' LETTERS 9 JANUARY 198/I

where

q=f'-f, n=fxf /lkxk li m=q/lql~ p=mxn

and

A(q) =A,(q)+A, (q)(7, ~ 7,), etc. (4)

D, '=~[1+(D„+Dpi.)cos&i+D~. —(D». -D, )sin6~]=[X, ]'IC, I'/I, ,

D» ~[1+D qs' DiI. ' Darn '1 = Ix~ 1'IE g I'/I g,

D „~=~ [1 + (D ~ ~ + Disci ) cos8i+ D~„+ (D~~ i D~i i-) sin0i] = [Xg ]' IB g I'/I g,

D, ' =~[1+D„.-D„,. +D». ] = [X,']' IF, I'/I „
where

wave function was kept. It is found that at small
momentum transfers this reproduces results
using the full CK wave function. Under these

I =[x ']'[I&,l'+ilB, I'+I& I'1+2[x ']'IE I'

o, (~,) and c,(~,) are the projectile- and target-nucleon Pauli (isospin) matrices, respectively, and
k(k') is the incoming (outgoing) momentum vector in the laboratory system.

Given the complete set of PT observables, it is possible to construct four functions D~, &=0,
Z, which show particular selectivity to the specific components of the (p, p ) collision matrix. These
functions are shown in Figs. 2(a) and 2(b) for the T = 0 and T = 1 states and are related to the PT ob-
servables for unnatural-pa. rity transitions by

is the unpolarized cross section, and X& and

X& are the transverse and longitudinal form fac-
tors defined as the reduced matrix elements of
the axial transverse electric and axial longitudi-
nal multipole operators'

x,' = &I'gll z "'llo' g =o&,
(7)

x,' = &I'gill'Ilo' g =o&.

g =0, 1 is the isospin of the final nuclear state and
8& is the laboratory scattering angle. A more
detailed discussion of the PT observables and
the D& functions is given in Moss and Bleszynski,
Bleszynski, and Whitten. " In the single- collision
approximations the D& functions reduce to the
approximate forms of Eq. (5). For momentum
transfers less than 0. i fm ' the agreement be-
tween the full Glauber (solid curve) or DWIA

(dashed curve) and the approximate form (dotted
curve) is to within the accuracy of the data.
(Those functions where the two calculations are
virtually the same are indicated with an asterisk. )
It is seen from the approximate forms of Eq. (5)
that each D~ function is proportional to the pro-
duct of the modulus of a single spin-dependent
amplitude of the ÃN interaction and a form fac-
tor. It is this second factor which contains the
nuclear structure inf ormation. Furthermore,
the normally dominant spin-independent part of
the NN interaction does not enter in the D& func-
tions. Additional calculations have been done
where only the dominant l=o component of the
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FIG. 2. Dz observables defined in Eq. (5) for (a) 1+,
T=o (12.71 MeV), and (b) 1, T =1 (15.11 MeV) states.
Shown are Glauber model (solid curve), DWIA (dashed
curve), and the approximate forms of Eq. (5) (dotted
curve) .
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conditions the two form factors given in Eq. (7)
are equal and therefore cancel with the same
factors in the cross section given by the approxi-
mate forms of Eq. (5). One therefore is left with
relations between the DE functions and a single
spin-dependent NN amplitude, independent of any
nuclear structure. In Fig. 2 the amplitude of the
NÃ interaction to which a particular D~ function
is proportional is shown in parentheses.

Our results relate to recent natural-parity in-
elastic- and elastic- scattering results. Effective
interactions have been derived which incorporate
nuclear matter effects in the local-density ap-
proximation. Typically large density-dependent
effects are seen in the central spin-independent
part of the force." However, it is found that
proton elastic data on 'Ca at 500 MeV for the
analyzing power A, and spin rotation function Q
require a phenomenological adjustment of the
spin-orbit NX amplitude in order to improve
agreement between theory and the data. '" Our
data for D„which is proportional to the spin-orbit
strength in the single-collision approximation,
are not precise enough to discriminate between
the free NÃ spin-orbit values and those needed
to fit the elastic-scattering data. We must con-
clude, in fact, that our measurements are in
very good agreement with calculations based on
free NN amplitudes at the 10/o to 15$ level. Im-
provements at the HRS facility should make it
possible to increase our sensitivity significantly
in future measurements.

We have demonstrated a new approach at inter-
mediate energies to determine the effective nu-
cleon-nucleon interaction for proton-nucleus
reactions directly from PT observables. The
approach presented here requires the complete
measurement of polarization-transfer observa-
bles in order to study selectively the individual
components of the full spin-dependent form of
the nucleon-nucleon effective interaction. We
have shown the first such complete set of meas-
urements. As a result of high-efficiency and
high-resolution polarimeters now available,

further measurements will hopefully allow for
a very sensitive and selective mapping of the ef-
fective interaction in nuclei and provide insights
into the deficiencies of the theories.
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