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Differential cross sections and analyzing powers have been measured between 0&,b ——6.5' and 34.5
for scattering of 547-MeV polarized protons from "C. Data for the 2 (0.0), 2 (3.09), 2 (3.68),

2 &

(3'85) 2 2
(6.86) 2 (7'55) 2 2

(8.86), and 2 (9.50) states are presented. The elastic scatter-
s+ + 5 1 9+

ing data were analyzed with a potential calculated in the impulse approximation and the resulting
distorted waves were used in the distorted-wave impulse approximation analysis of the inelastic data
with microscopic transition densities based on shell model wave functions.

I. INTRODUCTION II. EXPERIMENT

In a recent study' of inelastic pion scattering from ' C,
several transitions were found to be well described by dis-
torted wave impulse approximation (DWIA) calculations
using microscopic transition densities derived from
shell-model calculations. For other transitions, however,
these calculations failed to describe the data. Since these
discrepancies might be due to either deficiencies in the re-
action model or in the nuclear structure calculations, it is
important to investigate the same transitions with other
probes. We have therefore measured with polarized pro-
tons of incident energy Tp ——547 MeV cross sections and
analyzing powers for elastic scattering from ' C and for
the transitions to the states of J (E„)=—,

' (3.09 MeV),
(3.68 MeV), —', (3.85 MeV), —, (6.86 MeV), —',

(7.55 MeV), —,2 (8.86 MeV), and —, (9.50 MeV).
Medium energy inelastic proton scattering from ' C has

been studied before at Tp= 135 (Refs. 5 and 6) and 800
MeV (Refs. 7 and 8). Proton scattering at 500 MeV offers
several advantages over both the lower and higher energy
experiments. At 500 MeV the impulse approximation
(IA) is expected to be more valid than at 135 MeV; the
free nucleon-nucleon (NN) interaction, particularly the
proton-neutron force, is better determined than at 800
MeV; and the relative strength of the spin-dependent in-
teraction (compared to the spin-independent interaction) is
larger than at both of these other energies.

We have analyzed our data by DWIA calculations us-
ing the one-body density matrix elements of Cohen and
Kurath ' for the negative-parity states and those of Mil-
lener and Kurath for the positive-parity states. An up-
dated version of the effective NN interaction of Ref. 10
was used in the DWIA calculations. The results of our
analysis are completely consistent with those from pion
scattering. '
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FIG. 1. Energy spectrum from "C(p,p') at Tp=547 MeV
and H~,b ——16.5'. Spin orientation direction is up.

The high resolution spectrometer (HRS) at the Clinton
P. Anderson Meson Physics Facility was used to measure
differential cross sections and analyzing powers for 547-
MeV polarized proton scattering from ' C between
0&,b

——6.5' and 34.5' in 2' steps. The particle detection sys-
tem consisted of the standard HRS focal plane delay-line
readout drift chambers and trigger scintillators. Details
of this setup have been reported elsewhere. " The overall
energy resolution depended on the scattering angle and
varied from 100 to 150 keV (FWHM). A typical energy
spectrum at O~,b

——16.5' is shown in Fig. 1.
The beam polarization I'b was reversed at the polarized

ion source with a cycle time of 3 min, and logic levels
generated at the source were used to identify each event
according to the direction of I'b (i.e., up or down with
respect to the scattering plane). The beam polarization
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was continuously monitored during data acquisition using
a hydrogen polarimeter located about 10 m upstream of
the target. The value of Pb was calculated from ratios of
sealer counts in the left and right arms of the polarimeter
for spin up and spin down. These ratios are designed to
cancel any first-order geometrical false asymmetries in the
polarimeter.

The target was a carbon wafer of areal density 50
mg/cm, enriched in ' C to 96%. Absolute normaliza-
tions were obtained by measuring yields for p+ p scatter-
ing from a CHz target of areal density 65 mg/cm at
O~,b ——24.5', 26.5, and 32.5' and comparing them to cross
sections from the phase shift solution WI82 of Amdt. '

Scattering angles were calculated to an accuracy of
0.10 for each event using the information derived from
the drift chambers. This made it possible to separate the
full angular acceptance of the spectrometer (=2') into
five angle bins of 0.35' angular width each. Peak areas
were extracted from the spectra for each angle bin
and beam polarization direction. For all groups, except
the —, , —, (3.68,3.85 MeV) doublet, counts above

a linear background were summed. For the doublet,
separate areas mere extracted for the two states using the
fitting option of the code PEKFIT. Consistency checks
were made by refitting some spectra with the lineshape
oriented fitting code LQAF. Analyzing powers were cal-
culated for each state and angle bin using the equation

Ay —— (0 t —o1)
Pb (o t+o l) '

where o & and crl are the spin-up and spin-down yields.
For the weak transitions to the —, , —, ~+, —,

'
2+, —,'2, and9+

states the Az data were averaged over three, or in
some cases, five adjacent angular bins to reduce the sta-
tistical errors. The —, -state cross section, which varies
slowly with angle, was also averaged. The experimental
data are present in Sec. IIIA and Sec. IIIB together with
the results of the DWIA analysis.

The error bars plotted with the cross section and
analyzing power data represent statistical uncertainties
only, except for the 3.85/3. 68 doublet. For that case an
additional 10% uncertainty was included to account for
additional uncertainties introduced by the peak fitting of
the doublet. Uncertainties of 15% in the hydrogen nor-
malization, 3% in chamber efficiency correction, and 3%
in computer live time correction result in an overall sys-
tematic uncertainty of 16%.

III. ANALYSIS

A. Elastic scattering

The inelastic scattering program DWBA70 (Ref. 15) was
modified to calculate elastic scattering observables using
relativistic kinematics (described in Ref. 8) and an optical
potential obtained in the impulse approximation (IA).
The spin-independent and spin-orbit potentials were gen-
erated by folding an updated version of the Tp 515
MeV t matrix of Ref. 10 with the point proton and neu-
tron densities, RHOx, of Ref. 17. This version of the NN
interaction was derived from a more recent set of NN

scattering amplitudes and differs little from the older one
in its predictions of the observables measured in our ex-
periment.

Data and predictions (solid lines) for the elastic dif-
ferential cross sections o(0) and analyzing powers Az(0)
are presented in Fig. 2. The angular distribution is well
described at low momentum transfer, q, up to the first
minimum near q =1.4 fm ' and at the second maximum
near q =1.8 fm ', but the calculated minima are deeper
than those of the data. The qualitative features of the
elastic A~(0) are also well represented by the IA predic-
tions. In particular, the large negative value ( A~= —0.6)
near q =1.4 fm ' is reproduced, although the calculated
positive maxima are too large. The presence of a deep
forward-angle dip in A~(0) at a momentum transfer near
the first minimum in 0.(0) is a common feature of elastic
data' at this bombarding energy. However, the IA does
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FIG. 2. Differential cross sections do. /dQ, and analyzing
powers A~ for elastic scattering of 547 MeV protons from "C.
Solid curves: IA calculations with the ground state densities de-
rived from pion scattering (Ref. 17). Dashed curves: the same
calculations without the spin-orbit force.
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TABLE I. One body density matrix elements for negative parity states in ' C. The OBDME are as
defined in Refs. 2 and 4. The Z coefficients used with DWBA70 are obtained by multiplying these by
[(2Jf+1)/(2J;+1)(2J+ 1)]' . p 3 and p 1 on the left-hand side indicate a "particle" in the lp3/7 and

1p&/2 orbitals, respectively. p 3 and p 1 on the right-hand side indicate a "hole" in the 1p3/2 and 1p&/2

shells, respectively.

1

22

Eexp P/N

P

(p 3p 3)

—0.039

+0.063
—0.043
—0.087

(p 3p1)

+0.022

+0.303
0.
0.

(p 1p3)

—0.002

+0.774

0.

(p 1p1)

—0.086

+0.010
+0.060

+0.123

3.68

P

P

—0.068

+0.056
—0.038
—0.159

+0.132

+0.013
+0.033
—0.336

—0.579

—0.006

+0.748

+0.594

—0.0004

+0.036
0.

7.55 —0.052

—0.130

—0.220

—0.278

—0.0005

+0.790

0.

0.

not reproduce' this dip for nuclei heavier than 3=16.
For ' 0, at T~ =500 MeV, the dip in the predicted A~(8)
is located at the correct momentum transfer, but it is not
deep enough to reproduce the data.

B. Inelastic scattering
1. General remarks

The inelastic data were analyzed by microscopic 0%IA
calculations performed with a modified version of the

code DWBA7o. ' The interaction used in the inelastic cal-
culations was the same as described in Sec. IIIA. The
zero-range approximation of Ref. 10 was used to calculate
the knockon exchange terms for the central and spin-orbit
interactions, but an exact calculation of the exchange was
done for the tensor interaction. The entrance and exit
channel distorted waves employed in the inelastic calcula-
tions were generated via the same optical potentials from
which the elastic scattering observables (Sec. IIIA) were
obtained.

TABLE II. One body density matrix elements for positive parity states in ' C. The OBDME are as
defined in Refs. 2 and 4. The Z coefficients used with DWBA70 are obtained by multiplying these by
[(2Jf+1)/(2J;+1)(2J+1)]'~ . d 5, d 3, and s 1 on the left-hand side indicate a "particle" in the id'&2,
1 d3/2 and 2s &/2 orbitals, respectively. p 3 and p 1 on the right-hand side indicate a "hole" in the 1p3/2
and 1p~/2 orbitals, respectively.

Eexp J P/N ( d 5p 3) ( d 5p 1) ( d 3p 3) ( d 3p 1) (s 1p 3) (s 1p 1)

3.09 1

P

—0.238
—0.078

0.
0.

0.
0.
0.
0.

—0.004
+0.016
+0.037
—0.003

—0.005
—0.008

0.
0.

+0.057
+0.081

0.
0.

+0.944
+0.010
+0.547

+0.004

+
2 3.85 2 N

P
N
P

—0.195

+0.008

+0.066
—0.089

—0.655
—0.002
—0.788
—0.020

—0.O74

+0.002

+0.100

+0.069

+0.002

+0.0003
0.

—0.090
+0.0003

0.
0.

0.
o.
0.
0.

5 +
22

P
—0.245
+0.018
+0.143
—0.016

+0.037
+O.005

+0.029
—0.021

—0.008
—0.010
+0.030
+0.033

+0.004
+0.003

o.
0.

+0.554
—0.022

0.
0.

0.
0.
0.

P
0.635
0.001 0. 0. 0.

o. 0.
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2. Transition to the ~ (3.09 Me V) state

The data for the —,
' state at 3.09 MeV are shown in

Fig. 3 together with the results of the DWIA calculations.
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FIG. 3. do. /dQ, and A~ for the transition to the 2 (3.09
MeV) state. Solid curves: sum of D%IA prediction with the
MK transition amplitudes for J=0 and 1 (Table I). Dashed
curves: J= 1 calculation only.

The one-body density matrix elements (OBDME) need-
ed to calculate the microscopic transition densities were
the same as previously used by Lee and Kurath in their
calculation of pion inelastic scattering. These have been
derived from the lp-shell wave functions of Cohen and
Kurath (CK) for the negative-parity states and from the
lp-2s ld shell wave functions of Millener and Kurath
(MK) for the positive-parity states. Tables I and II list
the OBDME of CK and MK in the jj representation. The
radial dependences of the transition densities for all states
were calculated with harmonic oscillator wave functions
using the same oscillator parameter as Ref. 2, b =1.67
m.

Additional microscopic transition densities were ob-
tained by scaling the CK and MK one-body density ma-
trix elements using effective charges. The effective
charges were adjusted to obtain agreement with the abso-

3 5 5 +
lute cross sections for the —, , —, , and» states.

The dashed curve corresponds to J= 1 only and the solid
curve includes the small contribution from J=0. Clearly,
theory gives a very poor representation of both the cross
sections and analyzing powers. The predicted cross sec-
tions are out of phase with the data and —on the
average —much smaller. The calculated analyzing powers
are also out of phase with the data.

Although the rr data' for this state were described
reasonably well by the MK wave functions, the predicted
~+ cross sections were much less than observed. Howev-
er, the cr(m. +)/o(m ) ratio was found to be consistent
with the observed E 1 transition rates in ' C and ' N (Ref.
20). Calculations for 135-MeV proton scattering also
failed to describe the observed cross sections for this state.
Furthermore, large discrepancies were observed ' between
the form factors determined from electron scattering
(both longitudinal and transverse) and theoretical predic-
tions based on the same wave functions. These results
taken together suggest quite strongly that the MK wave
functions do not provide an adequate description of the

transition. We note that, in general, theory has not
been very successful in describing El transitions be-
tween low-lying states. Thus a need for more theoretical
work on such transitions is indicated.

3. Transitions to the z states5 +

at 3.85 and 6.86MeV

The data and DWIA curves for the first —,
' (3.85

MeV) state are presented in Fig. 4. The transition to this
state can proceed by total angular momentum transfers to
the target of J=2 and 3. As can be seen in Fig. 4, theory
predicts significant contributions from J=2, orbital an-
gular momentum transfer L =1, and spin transfer S =1
[dashed curve is the sum of J(LS)=2(11)and J=3] at
forward angles ((15'), but a dominant J=3 transfer
(dot-dash curve is J=3 only) at larger angles ( & 1S.O').

The predicted cross sections are about a factor of 2
smaller than the data. This factor of 2 was also found in
the analysis of the scattering of 162-MeV m+ and m to
the same state. A deficiency in the MK densities for this
transition was also indicated by the ~+/rr cross section
ratios. The pion results suggested a much larger proton
contribution than predicted. The MK wave functions
presumably underestimate the contributions to this transi-
tion from the collective octupole excitation of the ' C
core. To account for this we introduce, as was done for
octupole transitions in ' 0 in Ref. 23, an isoscalar polari-
zation charge 5o——0.51 so that the isoscalar enhancement
factor is (1+5O)=1.51 for the J(LS)=3(30) part of the
transition density, resulting in good agreement between
the DWIA curves and the data (Fig. 4, solid curve). If the
same polarization charge is used in a calculation of the
(m.,m') cross sections, the agreement with the data is much
improved over the MK result. Both the m. + and m cal-
culations are still smaller than the data by a factor of 0.7,
but the ratio o(vr )/cr(m+) is much closer to that experi-
mentally observed.

DWBA calculations for 135-MeV proton scattering us-
ing spectroscopic amplitudes very similar to those of MK
generated cross sections near the peak which are a factor



S. J. SEESTROM-MORRIS et al.

IO

q(fm )
2

I

5+
5.85

10
CA

(fm )
2

I
I

I

l3
(
~,

)
is~a

~ +

p, 6.86

IO

0.8—

0.6
0.4—
0.2—

0.0 —.

-0.2—
0.4—

I

50
I I

0 IO 20 40
8, (deg)

FIG. 4. der/dQ, and A~ for the transition to the z, (3,8S

MeV) state. Dot-dashed curves: DWIA predictions with the
MK amplitudes for J=3 only. Dashed curves: sum of the pre-
dictions for J=2 and 3 using the MK amplitudes. Solid curves:
sum of predictions for J=2 and 3 with the J(LS)=3(30) iso-
scalar part of the MK amplitudes multiplied by a factor of 1.51.

of 2 to 3 larger than the data. This result from the
analysis of the 135-MeV proton scattering data is incon-
sistent with the (~,n') work and this (p,p') study.

The components of the transition to the (weakly excit-
ed) second —, state at 6.86 MeV (Fig. 5) are predicted to
be quite different from those of the first —,

' . The latter is

dominated by the jJp &&2~1d5j2 amplitude and
J(LS)=3(30), the former by the Ipggp~2s)gp amplitude
and J(LS)=2(11). The DWIA predictions for the cross
sections are in reasonable agreement with the data near
the second maximum, but they are much too small at
q )2.5 fm '. The J(LS)=3(30) enhancement factor
determined for the —,', state was not included since it
has only a very small effect on the predicted cross section.
The analyzing powers do not resemble the data except for
the position of the minimum near q=2. 3 fm '. lt should
be noted, however, that a pure J(LS)=3(30) calculation
yields a cross-section shape that agrees equally well with
the cross-section data and produces better agreement with

0.8—
0.6—
04—
02—
0.0—

-0.2—
-0.4—
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0

the analyzing power data.
Data for this transition were not published in either the

pion scattering or earlier proton scattering studies. Be-
cause the transition is extremely weak (the peak cross sec-
tion is smaller than 40 pb/sr), it is possible that effects
due to channel couplings are important. It is therefore
not surprising to find poor agreement between the DWIA
predictions and the data.

4. Transitions to the 2 (3 68 Me V).
and s (7.55 MeV) states

The data and DULIA predictions for the collectively
enhanced transitions to the lowest —', and —, states are
shown in Figs. 6 and 7. The calculations give a good
qualitative description of the shapes of the differential
cross sections and analyzing powers for both transitions.
The minima are at the correct angles, although the
predicted dips in the analyzing powers are too deep. As is
the case for the elastic scattering, the theoretical analyzing
powers at the peaks are too large for both states.

The CK wave functions predict a significant contribu-

I I I I I I

IO 20 '50 40
8, (deg)

FIG. S. der/dQ, and A~ for the transition to the z (6.86

MeV) state. Solid curves: D%"IA predictions using the MK
amplitudes.
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FIG. 6. der/dQ, and A~ for the transition to the z (3.68

MeV) state. Solid curves: DWIA predictions using the CK am-

plitudes and isoscalar and isovector enhancement factors of 1.5
and 0.46, respectively, for the J(LS)=2(20) part. Dashed
curves: as for the solid, but with the enhancement factors of
Ref. 2. Dot-dashed curves: as for the dashed but J=2 only.

tion of the J=1 part of the transition density for the —',
state at far forward angles. Although our data do not ex-
tend to small enough q to test this prediction, more recent
very small angle scattering has indicated a cross section
for the —, state at 2.5 that is more than an order of mag-
nitude larger than the cross section for the ' C 2+ state at
4.44 MeV.

The excitation of these states is dominated by the
strong E2 parts of the transition densities. Lee and
Kurath introduced enhancement factors for the
J(LS)=2(20) amplitudes which reproduce known B(E2)
values in the p shell to predict the pion cross sections.
For ' C, these factors are E~ =- 1.4 for protons and
E„=2.1 for neutrons. DWIA calculations using these
enhancements give cross sections which are somewhat
too high for the —,

' states and too low for the —,
' state

(dashed curves in Figs. 6 and 7).
The CK amplitudes for the —, state contain much

smaller neutron than proton components. This is due to

IO 20 50
8, (deg}

40

FIG. 7. do. /dQ, and A~ for the transition to the ~ (7.55

MeV) state. Solid curves: D%IA prediction with the CK am-

plitudes and isoscalar and isovector enhancement factors of 1.78
and 0.77, respectively, for the J(LS)=2(20) part. Dashed
curves: as for the solid curves but with the enhancement factors
of Ref. 2.

the fact that a large component of the ' C(g.s.) wave func-
tion has one neutron in the lp ~~q orbit and filled proton
and neutron Ip3&z orbits. From this piece of the ground-
state wave function a [ 1p 3/2 Ip & &z j —,

' state cannot
be formed by a single neutron excitation. A shell-model
calculation with a basis 1arge enough to produce the
correct strength for these transitions might increase the
neutron contributions to the —,

' transition more than for
the —', state. It seems that the attempt to account for the
reduced basis by using common enhancement factors for
both states as in Ref. 2 generates too large a neutron con-
tribution to the —,

' state and does noi increase the neu-

tron contribution to the —, state enough. The need for
slightly different values for E„and E~ for the two states
was also indicated by the pion analysis.

An attempt was made to improve the agreement for
both states using an isoscalar effective charge (1+5O} to
enhance the bare 2(20) amplitude. It was found that an
isoscalar polarization charge 6O ——0.63 for both states pro-
duces only slightly better agreement with the data than
does use of the E~ and E„enhancements of Ref. 2. The
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polarization charges that are needed for the best fits are
5o——0.50 for the —', state and 50=0.78 for the —,

' state.
The (p,p') cross section is almost completely insensitive to
changes in the isovector component of the J(LS)=2(20)
amplitude. Therefore, the isovector amplitude may be
scaled to reproduce the observed ~+/m cross section ra-
tios. ' The result is an isovector polarization charge
5~ ———0.54 for the —,

' state and 5~ ———0.28 for the —,
'

state. These polarization charges yield 8 (E2) and
8(X2) values in good agreement with those obtained
from a collective model analysis' of the pion scattering
data. Microscopic (n, n') calculations using these effec-
tive charges are in reasonable agreement with the (m., m')

data, although it seems as if the J=1 contribution to the
state is overestimated in the CK transition densities.

5. Transition to the z 2 (8.86 Me Vj state

There is strong disagreement between the DWIA pre-
dictions and the data for the —,

'
z state at 8.86 MeV (Fig.

8). The experimental angular distribution peaks at about
9, =10' (q=0.9 fm ') with a minimum at 20', whereas
the calculated angular distribution (solid curves) peaks at
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FIG. 8. der/dQ, and A~ for the transition to the 22 (8.86
MeV) state. Solid curve: D%'IA prediction with the CK ampli-
tudes. Dashed curve: as for solid curve, but with no spin-orbit
optical potential. Dot-dashed curve: DULIA prediction with a
pure J(LS)=0(00) transition density (see the text).

0' with the first minimum at about 1S'. The data and
theoretical predictions for the analyzing powers are simi-
larly out of phase. The calculations reflect the dominant
J(LS)= 1(01), i.e., M 1, nature of the CK transition den-
sity for the first excited —,

' state. The CK model
predicts the transition to be due to an almost pure proton
excitation. The small J=0 (EO) parts of the theoretical
transition density give a negligible contribution to the
cross section.

To test whether the discrepancy could be explained by
modifications to the spin-orbit optical potential, a calcula-
tion was done with the magnitude of the spin-orbit optical
potential set equal to zero. This resulted in only a very
small change in the predicted cross section and a larger
change in the analyzing power (Fig. 8, dashed curve). The
resulting As was somewhat closer to the data, but still far
from a good representation of it. From this test it was
concluded that it is unlikely that a reasonable modifica-
tion of the spin-orbit optical potential would produce
agreement with the data.

Some insight into the failure of the CK wave functions
for this state can be obtained by comparing the ' C data
with the ' C(p,p') results of Jones for the 02+ (7.65 MeV)
state. The data of Ref. 25 at Tz ——398, 598, and 679
MeV, plotted as a function of q, are very similar to our
data for the —,z state in ' C(8.86 MeV) at Tz ——547 MeV,
although the minima in ' C occur at a slightly larger
momentum transfer than in ' C (1.9 vs 1.8 fm '). At
Tz ——598 MeV, the peak cross section for the 02+ state in
' C is about 3.6 mb/sr (Ref. 25), compared to only 0.65
mb/sr for the —,

'
2 state in ' C. Nevertheless, the similari-

ty in the shape of the angular distributions for the two
transitions suggests that the —,

'
z state at 8.86 MeV has a

significant component of a lp~~z' C(0+) configuration.
This conclusion was arrived at previously by Collins
et al. It has also been pointed out in Ref. 26 that the
summed EO strength observed in (e,e') for the —,'2 (8.86
MeV) state and another —,

' state at 11.08 MeV is nearly

equal to the EO strength for the '2C(Oj+~02+). We note
that the 02+ state in ' C is not contained in the 1p shell
model of Cohen and Kurath.

In order to compare the predictions of the CK transi-
tion densities with a pure J(LS)=0(00) density, which
would be appropriate to an EO transition such as the
0&+-~Oq+ in ' C, we used the appropriate combination of
tsoscalar 1p ~ ~z ~2p ~ ~2 and 1@3~A~2@3~2 components
with b = 1.67 fm (the same harmonic oscillator parameter
as for all calculations here). The shape of the predicted
differential cross sections using this density is in much
improved agreement with the data (Fig. 8 dot-dashed
curve), and the analyzing powers are in phase with the
measured A~, in contrast to the predictions using the CK
densities. The difference in phase between the two predic-
tions is primarily due to the use of pure 0(00) versus the
mixed 1(01)/1(21) transition density of Ref. 2. The
change in the radial dependence of the densities (pure lp
shell vs 1@~2@shell) has only a minor effect. The fit to
the data is not perfect, e.g. , the relative cross section at the
third maximum (q=2 fm ') is too large in the calcula-
tion, but this is not unreasonable considering the artificial
nature of the transition density. The first maximum in
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the predicted Az is much larger than the data, similar to
the discrepancy in the elastic analyzing powers.

The analysis of the pion data for this state also re-
vealed severe discrepancies between theoretical predic-
tions and experiment. ' The theoretical transition density
is dominated by a pure proton, M 1, excitation. The cross
stx:tion ratio o.(m+)/cr(m ), however, showed that the
transition is not a pure proton excitation. Furthermore, as
for the (p,p') case, the (m, vr') calculations with the CK
densities do not reproduce the shape nor the magnitude of
the differential cross sections. We therefore conclude that
the —,'2 state at 8.86 MeV excitation is not the —,

' state
of the lp-shell model of Cohen and Kurath. Rather, the
proton and pion data suggest, in agreement with Ref. 6,
that this state has a large component of a 1p&&z neutron
coupled to the first excited 0+ state in ' C(7.66 MeV).
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6. Transition to the 2 (9.5 Me V) state9+

The data and DWIA predictions for the transition to
the —, "stretched" state at 9.5 MeV are shown in Fig. 9.
The MK transition density for this state consists of essen-
tially a pure neutron 1@3~2—+id5~2 component. In our
calculations we have not included the very small proton
component (see Table II). The 1p3/2 ~ id5gp one-
particle —one-hole excitation is the only one that can make
a spin of —', in a 1%co basis. Such an excitation proceeds
by J(LS)=4(31)only.

The calculations reproduce the shapes of the differen-
tial cross sections and analyzing powers quite well. The
experimentally observed shoulder on the angular distribu-
tion at q )3.2 fm ', however, is not described. The mag-
nitude of A~ is underestimated at small q and, as for most
other transitions observed here, the predicted minimum is
too deep.

The DWIA cross sections
usia

the MK transition den-
sities for the excitation of the —, state were multiplied
by a factor of R =0.43 to reproduce the magnitude of the
experimental cross sections. This value is smaller than
the value R =0.65 deduced in Ref. 1 from the pion
scattering. However, newer (m, m') calculations with an
improved optical potential require a renormalization con-
sistent with that determined here. Since we deal here with
a pure M4 transition, quenching of the shell model
strength by a factor of about 0.4 is not uriexpected. This
result is in disagreement with some of the conclusions
drawn from the analysis ' of 135-MeV proton scattering
to the —, state. There, the transition density was ob-
tained from a shell model calculation which is similar to
that of MK but yielded a slightly smaller fraction of the
single particle strength. The resulting prediction for o.(8)
in Ref. 5 was about 20% smaller than the data so that
R =1.2. However, in Ref. 6 a larger cr(8) and thus
R =0.7 was predicted with a different parametrization of
a free NN interaction.

The 547- and 135-MeV data for the —, state have the
common feature of a shoulder on the large q side of the
angular distributions (q=3.2 fm '). The DWIA predic-
tions (when normalized at the peak) are much too small at

0.8—
0.6—
0.4—
0.2—

A 00
-0.2—
-0.4—

I I I I I I I

0 lp 20 30 40
8, (deg)

FICr. 9. do/dA, and A~ for the transition to the 2 (9.5
MeV) state. Solid curve: DWIA predictions with the MK am-
plitude and scaled by a factor of 0.43.

these large momentum transfers for both energies. Since
the transition densities used here involve only 1%co excita-
tions, the failure to reproduce the large-q data may indi-
cate the need for 3%co or higher terms in the transition
density.

IV. CONCLUSIONS

The elastic scattering cross sections and analyzing
powers calculated by folding ground state densities with a
NN interaction are in very good agreement with the data.
In particular, the deep forward-angle dip in A~(8) is
reproduced by the IA calculations. This is in contrast to
the results for Ca and Pb where relativistic Dirac cal-
culations are necessary to reproduce this feature of the
A~(8) data. For ' 0, where the nonrelativistic calcula-
tions provide a qualitative description of the A~(8) data,
the relativistic Dirac calculations make a smaller im-
provement, in particular a decrease in the magnitude of
A~(8) near the first maximum. A similar effect would
also improve agreement for ' C. Such calculations have
not been done for ' C, where it would be interesting to see
if the additional spin components for this odd-A nucleus
would be important.

Calculations of pion elastic scattering using the same
ground state densities as used in our IA calculations gave
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equally good agreement' with the pion data. This sup-
ports the concept that the impulse approximation for the
'lT-N and N-N )nteractlons used here 1s valid.

The shell model wave functions of Refs. 3 and 4 pro-
vide a reasonable description of inelastic proton scattering
at T~ =547 MeV for the transitions to the —,

9 + 5 + 3

and —,
' states in ' C when scaling factors which are con-

sistent with 8 (EA, ) values and pion scattering analyses are
used. The wave functions for the —, and —,

2 states,&+ 1

however, fail completely in predicting the shapes of the
differential cross sections and analyzing powers. These
failures were also found in the analysis of 162 MeV pion
scattering and 135 MeV proton scattering for the same
states.

In summary, the consistent results obtained for pion
and proton scattering for four states in ' C indicate that
the reaction models are adequately understood. Thus the
disagreements between experiment and theory for the —,2

and —, transitions show insufficiencies in the nuclear
structure calculations. The problems associated with the

state may be part of the general theoretical difficulties
in describing E1 transitions between low-lying states.
The —,2 state appears to be a state not contained in the
lp-shell model of Ref. 3.

We thank Dr. B. M. Spicer for helpful comments and
Dr. S. F. Collins for pointing out an error in our original
calculations.
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