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Differential cross sections and analyzing powers in inelastic scattering of 65- and 50-
MeV polarized protons exciting the 1* states at 12,71 MeV (7 =0) and 15,11 MeV (T =1)
in 2C have been measured. There is a marked difference between the analyzing powers
of the two states, which show an out-of-phase pattern in angular distribution. The ex-
change effect was found to contribute essentially to the isospin dependence from the re-
sults of distorted-wave Born-approximation calculations.

Studies of proton inelastic scattering to pair
levels of different isospins with same spins and
parities are described in this Letter, Here so-
called spin-flip 1* states at 12.7-MeV (T =0) and
15.11-MeV (T =1) excitations in *2C were chosen
as representative of such levels.! These states
are well known to have a similar configuration
described as single-particle excitations upon the
ground state of *C within the p shell.? The exci-

tation of these states by proton inelastic scatter-
ing at about 60-MeV incident energies can be de-
scribed by a simple direct-reaction process.
Therefore this reaction is suitable to search for
the importance of an isospin-dependent term in
the two-body interaction potential in direct reac-
tions.® There is also a possibility of determining
the importance of noncentral terms or exchange
effects in distorted-wave Born-approximation
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(DWBA) calculations by fitting the experimental
cross sections and analyzing powers simultan-
eously.*

The angular distributions of cross sections and
analyzing powers of proton inelastic scattering
to these states were measured with 65- and 50-
MeV polarized protons. The polarized protons
from an atomic-beam-type polarized ion source®
were accelerated by the Research Center for Nu-
clear Physics azimuthally varying field cyclotron.
The experimental arrangement has been shown
elsewhere.® Polarized protons up to 30 nA were
delivered onto the target with polarization of 50—
60%. The direction of polarization was frequently
changed by reversing the magnetic field of the
ionizer of the ion source by control signals from
the beam-current integrator. The beam polariza-
tion was monitored by a '2C polarimeter” contin-
uously during the measurements. The scattered
protons were detected by a pair of counter tele-
scopes positioned at symmetric angles to beam.
Each telescope consisted of a 1-mm-thick trans-
mission-type Si detector and a 15-mm-thick high-
purity Ge detector cooled by liquid nitrogen. The
particle identification was made with AE and E
signals. The overall energy resolution was less
than 200 keV full width at half-maximum (FWHM),
the major part of which came from energy spread
of the incident beam. The typical pulse-height
spectrum is illustrated in Fig. 1.

Angular distributions of the cross sections and
the analyzing powers for inelastic scatterings to
the 12,71~ and 15.11-MeV states at 65-MeV inci-
dent energy are shown in Fig, 2, The errors in-
dicated in Fig. 2 are overall ones including er-
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FIG. 2. The experimental data and calculated curves
of the differential cross sections and analyzing powers
for the inelastic scattering to the 12.71-MeV 1*, T =0
and 15.11-MeV 1*, T =1 states in 12C at 65- and 50-
MeV incident energies. The notations D, D,, D +E,
and (D +E), labeling the calculated curves are described
in the text. Errors in the figure are overall ones.

rors caused from subtraction of overlapping peaks
and background in addition to statistical ones.
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FIG. 1. Proton spectrum of 65-MeV polarized protons scattered from !2C.
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There are some differences between the angular
distributions of the cross sections. The cross
sections of the T'=1 state increase rapidly at for-
ward angles, The most interesting feature of the
data is the strong isospin dependence in the an-
gular distributions of analyzing powers. The two
analyzing powers show out-of-phase patterns in
the angular distributions. At lower incident en-
ergies up to 30 MeV, the cross sections and
analyzing powers to the 12.71-MeV level were
found to vary rapidly with the incident energies.®
To ascertain that such resonance effects did not
contribute to the scatterings in the present ener-
gy region, the cross sections and analyzing pow-
ers were also measured at 50-MeV incident en-
ergy. Though there are some differences in the
cross sections and analyzing powers between 65
and 50 MeV, the out-of-phase pattern of analyz-
ing powers still remains at 50 MeV as shown in
Fig. 2. So in this energy region two-step reso-
nance effects® can be neglected.

To explain the remarkable features, calcula-
tions have been made using an antisymmetrized
microscopic DWBA code. The code used is
DWBA-T4 programmed by Raynal.° The param-
eters of the optical potential were determined
using the cross sections and polarizations of the
elastic scattering obtained in this experiment at
65 and 50 MeV and are listed in Table . The
parameters at 65 and 50 MeV were used for en-
trance and exit channels, respectively. In these
calculations the values of the spectroscopic am-
plitudes® obtained from the calculations of Cohen
and Kurath were used, but the configurations ex-
cept for (pg,) " (p,,,)" were omitted because of
their small contribution to the cross sections
and analyzing powers.

The effective interaction potential between two
nucleons was taken as

Vr)=Ve@) # V@) + V()@ F,)
+ Ve )7 T) + Vo ()G (70 7y)
+ [VLS o) + VLST(V)(‘T-I'-’FZ)]—I:'g
+[Ve0) + Vi, (7 7)IS 1,

where the suffixes 1 and 2 refer to the two inter-
acting nucleons and V to the Coulomb potential.
The radial dependence of each potential was tak-
en to be Yukawa form (except for V), V)=V
Xexp(-7/wWr/uw)™, with different range param-
eters in each potential.® The parameter values
of the interaction are listed in Table II, The
DWBA calculations at 65-MeV incident energy
are presented in Fig, 2. Efforts were exerted to
fit the theoretical curves to the experimental data
for the cross sections and analyzing powers for
the two levels simultaneously. In this figure,

D and E represent the direct and exchange proc-
esses, respectively. The suffix ¢ indicates the
calculation containing only central potential and
D and D +E without suffix express the results in-
cluding both central and noncentral interactions
in the potential between two nucleons. We failed
to obtain a good fit to the analyzing powers with-
out any exchange effect in spite of the wide range
of parameters searched. For the 15,11-MeV 1%,
T =1 state, the theoretical curves labeled as D
+E are qualitatively in good agreement with both
the experimental cross sections and analyzing
powers simultaneously. For the 12,71-MeV 1%,
T =0 state, both angular distributions are fitted
by the curves labeled D +E and (D +E),. From
the above analysis it is concluded that the out-of-
phase pattern in analyzing powers can be ex-
plained by taking into account the exchange proc-
ess. The noncentral interactions are also impor-
tant to fit the experimental data,

We also observed the angular distributions of
cross sections and analyzing powers leading to
4.44-MeV 27, 15,4-MeV 2%, and T =1, 16.11-
MeV 2% states' at 65-MeV incident energy, which
are shown in Fig, 3. The 15.4-MeV state is a
broad level with a level width of about 2 MeV
(FWHM). 1t is also interesting that the angular
distribution of analyzing power to the 15.4-MeV
state is also out of phase with that to the 16.11~
MeV state.

In summary, we found isospin dependence of
the analyzing powers in inelastic scatterings to
the states with the same configuration. An ex-

TABLE 1. Optical-model parameters for >C @, p)1*C scattering at 65 and 50 MeV,

rc =13 fmg 7y =7rp, ay=ap.

E |4 2 ag w Ty ay Uso Tso a
(MeV) (MeV) (fm) fm) (MeV) (MeV) (fm) fm) (MeV) (MeV) (fm)
65.0 25,39 1.244 0,712 2.841 2.320 1.469 0.390 6,790 1,041 0.532
50.0 38,91 1,147 0,641 4,878 4.050 1,405 0.336 5,896 1.038 0.445
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TABLE II. Parameters of two-nucleon interaction
potential.

Vo (MeV) —-16.2
Vs (MeV) 5.5
V. (MeV) 26,2
Vsr (MeV) 1.55
g (fm) 1.0
VLS (MeV) -1.25
Visr (MeV) 23.75
u (fm) 0.7
V¢ (MeV) -1T7.75
Ve (MeV) 6.75
© (Em) 0.80

change process plays an essential role in explain-
ing the isospin dependence of analyzing power in
12C, Further measurements are planned in other
nuclei to pursue the persistence of the isospin de-
pendence in proton inelastic scattering.
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