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Polarization and Analyzing-Power Differences in the Excitation of 1+ States in '2C at 150 MeV
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Significant differences between the polarization, P, and analyzing power, A, have been
measured in the reaction ' C(p, p')' C{1+ states) at E& =150 MeV. It is shown that p —A
is different from zero primarily because of that part of the tensor exchange amplitude
associated with the transferred quanta, l sj = 111, to the nucleus. This amplitude deter-
mines a combination of transition density matrix elements for the 15.11-MeV state that
is largely undetermined from other experiments.

PACS numbers: 24.70.+s, 25.40.Ep, 27.20.+n

The polarization (P) and analyzing power g)
are equal for elastic nuc1eon scattering to the ex-
tent that time-reversal symmetry holds. ' For in-
elastic scattering, on the other hand, there is no
general symmetry that relates P to A-. There are,
however, limiting cases where one expects P =A.
Satchler' has shown that in the adiabatic limit
(Q~~E~, where Q and E~ are respectively the re-
action Q value and beam energy), and in the ab-
sence of exchange interactions, differences be-
tween P and& arise only from interference terms
between spin transfer (s =1) and spin nontra. nsfer
(s =0) processes. Recently Amado' has presented
a more detailed treatment of the difference be-
tween P and A. in inelastic scattering. One result
of this work is that P =A in the limit that Q =0.

The expression of the quantity P -A in terms of
the partial differential cross sections, 0;, , for
scattering from an initial state with spin projec-
tion i to a final state with projection j, normal to
the scattering plane, is

P-A =2(o „-(x, )/Q, , (x;, .
In general one expects 0. , and a, to be large
only when spin transfer is important in the inelas-
tic reaction. This situation does not occur in a
majority of strong inelastic transitions where
collective spin-independent phenomena dominate.
Hence it is not surprising that differences between
P and& have been observed only rarely. '

In this Letter we present data for inela, stic-
proton transitions to the 1' states of "C (12.71
and 15.11 MeV) at E~ =150 MeV which show large

differences between P and A. We show evidence
that these differences arise mainly from the non-
local/exchange character of the effective nucleon-
nucleon interaction, particularly from the tensor
component. The exchange terms provide informa-
tion about nuclear transition densities that are
unobtainable from electron-scattering and not
easily obtainable from pion-scattering experi-
ments.

Beams of 150-MeV polarized protons were pro-
vided by the Indiana University Cyclotron Facility
(IUCF). In order to measure P and other obser-
vables for inelastic proton scattering, we con-
structed a carbon polarimeter which mounts di-
rectly behind the focal-plane array of the quadru-
pole-dipole-dipole-multipole (QDDM) magnetic
spectrometer. ' The polarimeter target consists
of a 0.25-in-thick scintillator mounted directly
in front of a 20-MeV-thick block of natural
graphite. Double scattering is detected by a right
and left pair of detector telescopes each consist-
ing of a 0.25™in-thickplastic scintillator a,nd a 3
x 3x 6 in' NaI(Tl) crystal in which the protons
stop. The polarimeter is operated in coincidence
with the normal Q3DM focal-plane detectors. '
Thus the polarimeter-gated energy spectrum ap-
pears as a 600-keV-wide band of excitation ener-
gy with the peak of primary interest located at
the center (corresponding to the center of the
polarimeter target). Analyzing powers are meas-
ured simultaneously with polarimeter quantities
by scaling down and storing singles focal-plane
spectra.
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Detailed characteristics of the polarimeter as
well as its alignment and operation will be de-
scribed in a forthcoming publication. At E~ =150
MeV the measured analyzing power is 0.37 with a
scattering efficiency of 0.6/a. Systematic errors
are believed to be less than 0.02 in the measured
final polarization. The error bars presented here
are a combination of statistical errors plus un-
certainties arising from the choice of continuum
background subtracted from the two 1' states.

Figures 1 and 2 show data for the I' =1 and I'

=0 1' states in terms of P -A. . It is apparent
that large deviations from zero are seen for both
states. The inset in Fig. l is the product of da/dQ
and I' -A, using the cross-section data from Com-

fort et a~.' Also shown are distorted-wave im-
pulse-approximation (DULIA) calculations employ-
ing the Cohen-Kurath' (CK) wave functions and
the Love' interaction (Sussex tensor). The calcu-
lations were performed with a modified version of
the code DWBA-70." The optical potential was
extrapolated from the 122-MeV potential of Com-
fort et al."

Although nonzero Q values remove the equality
of P and & in the direct DWIA amplitude they
typically have similar shapes unless one is close
to a diffraction minimum. A much more interest-
ing difference between P andA arises from the
nonlocal/exchange nature of the nucleon-nucleon
interaction which produces an effective coupling
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FIG. 1. Polarization minus analyzing power. The
curves are DULIA calculations described in the text.
The inset at the lower left is p-& times the differential
cross section.

FIG. 2. Polarization minus analyzing power. The
solid curve is a DWIA calculation using the Cohen-
Kurath wave functions. The dashed curve is a similar
calculation with the Lsj = 111 term removed.
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between the currents of the projectile and target
nucleons. This results in calculated values of I'
that differ in sign from. h. This difference in
sign arises from spin, orbital, and total angular
transfer /sj =111 to the nucleus" and is domi-
nated by the tensor interaction. " The CK wave
functions predict this term to be spectroscopical-
ly dominant for both 1' states.

The effects of tensor exchange are readily seen
in Fig. 1 where DWIA calculations are shown in
which le =111 term has been removed from the
CK transition density for the 15.11-M:eV state
(dashed curve). The full CK calculations show

much better agreement with the small-angle data.
This region is most significant since the differen-
tial cross section is large and well described by
the DWIA. The nonvanishing value of I' -A comes
almost entirely from tensor exchange. The maxi-
mum near 0, =25' occurs at the minimum of
the cross section. The magnitude of I' -A at this
point is less significant because of its extreme
sensitivity to slight changes in optical-potential
distortions. A more meaningful comparison of

the product of experiment and calculation is in
terms of the product of P -A and do/dQ (Fig. 1,
inset). Here it is even more apparent that the
full CK calculation is required to reproduce the
data.

The sensitivity of I' -A to the lsj =111 ampli-
tude is especially significant because this term
determines an important feature of the transition
density matrix which is poorly known at pres-
ent."' Dubach and Haxton" pointed out recently
that an analysis of electromagnetic and beta-decay
data for the 15.11-MeV state and its analogs
leaves the sum of the density matrix elements
[p», 'p», + p», 'p», ] almost undetermined. The
lsj =111 term depends entirely on this sum, and
hence P -A is a direct measure of its strength.
The CK result, —0.73, is in good agreement with
the present measurements.

The same analysis may, in prinicple, be applied
to the 12.71-MeV state. The central spin-depen-
dent interaction, V, , is believed to be small"
and at E~ =150 MeV the cross section of the 12.71-
MeV state is dominated by the tensor-exchange
amplitudes. Unfortunately neither I' -A nor the
differential cross section" is mell described by
the calculations. Removing the le =111 term
(dashed curve, Fig. 2) reduces P -A at smail
angles (and reduces the differential cross section
substantially) as expected. The large values of
P -A observed experimentally suggest that the
111 term is important but that the isoscalar im-
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pulse-approximation interaction is inadequate.
More precise information therefore cannot be
extracted for the 12.71-MeV state at this time.

In summary, we have measured significant dif-
ferences between the polarization and analyzing
power in the (P,P') excitation of the 1' states of
"C at E~ =150 MeV. At forward angles we have
shown that I' -A is substantially different from
zero only when the ~sj =111 amplitude, arising
primarily from tensor exchange, is important.
Using DWIA calculations of I' -A we have ex-
ploited the relation between the tsj =111 ampli-

f

tude and the sum of density matrix elements
[p, &, "p», +p», 'p„,] to determine the latter
quantity. This aspect of the density matrix is
undetermined by electromagnetic experiments
and is poorly fixed by beta-decay experiments in-
volving the 15.11-MeV state and its analogs. The
same information is derivable in principle for the
12.71-MeV state. At present, however, ambigui-
ties in the s =1, isoscalar interaction prevent one
from drawing firm conclusions about the transi-
tion density.
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