PHYSICAL REVIEW C

VOLUME 31, NUMBER 3

Pion scattering to 4~ states in '“C

D. B. Holtkamp,* S. J. Seestrom-Morris, and D. Dehnhard
University of Minnesota, Minneapolis, Minnesota 55455

H. W. Baer and C. L. Morris
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

S. J. Greene*
New Mexico State University, Las Cruces, New Mexico 88003

C. J. Harvey
University of Texas, Austin, Texas 78712

D. Kurath
Argonne National Laboratory, Argonne, Illinois 60440

J. A. Carr
Florida State University, Tallahassee, Florida 32306
(Received 3 July 1984)

Angular distributions and excitation functions for inelastic scattering of 7+ and 7~ from “C were
measured at incident pion energies near the Aj;; resonance. Three states at excitation energies 11.7,
15.2, and 17.3 MeV were identified as 4~ states. Isovector and isoscalar spectroscopic amplitudes
Z, and Z,, and equivalently, neutron and proton amplitudes Z, and Z, were deduced by compar-
ison with microscopic distorted wave impulse approximation calculations. The 11.7-MeV state was
found to be excited with a Z,/Z, amplitude ratio of —1/3, resulting in a complete cancellation of
the 7+ cross section. A nearly pure proton excitation was observed for the transition to the 17.3-
MeV state. Both results are in qualitative agreement with the presented shell-model calculations. A
poor correspondence with theory is found for the 15.2-MeV state. Data and distorted-wave impulse
approximation calculations using shell-model wave functions are presented for the first 3~ state at
6.73 MeV as an example of a transition dominated by AS=0 (no spin transfer). Its excitation func-
tion and angular-distribution shape contrast sharply with the transitions to the 4~ states that
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proceed by AS=1.

I. INTRODUCTION

Pion inelastic scattering at energies near the Aj; reso-
nance provides a powerful means for measuring the pro-
ton and neutron components in nuclear wave functions.
States that are especially well suited for quantitative
analysis are the so-called “stretched” one-particle—one-
hole (1p-1h) states. For even-A, even-Z nuclei, these are
negative-parity states with angular momentum J =j, +jp,
where j,=1,+ —;— and j,=I,+ % are the total angular mo-
menta of the particle and hole, respectively. Specifically,
for *C these are 4~ states formed by coupling a 1ds,,
particle to a 1p;,, hole. More than for other types of
states, the excitation of stretched states in inelastic
scattering is expected to correspond to a single p-h excita-
tion built on the ground state. In this approximation a
single, isospin-dependent transition density determines the
probability of exciting the state by scattering of electrons,
protons, or pions.!~> This simplifies considerably their
interpretation, making these transitions good candidates
for tests of reaction theories and structure calculations.

The 4~ states have exceptionally clear signatures for
identifying them in inelastic pion scattering.*> Their ex-
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citation functions at fixed-momentum transfer g exhibit
an approximate sin’@ dependence (where 0 is the scatter-
ing angle) because of the spin transfer AS=1 involved.
Other states produced with the same angular-momentum
transfer of AL =3 but without spin transfer (AS =0) have
fixed-¢ excitation functions that follow a cos’d depen-
dence. The angular-distribution shapes of the two types
of AL =3 transitions also differ in that the AS =1 transi-
tions peak at larger g than AS =0 transitions. These sig-
natures are clearly demonstrated in the present study.

In a recent Letter® results from inelastic scattering of
164-MeV pions from !“C were briefly reported. Cross-
section ratios were found that could only be explained by
an almost complete cancellation of the proton and neutron
parts of the transition-density amplitudes for either 7+ or
7~ scattering. The angular distributions (not shown in
the Letter) for two of the states with large cross-section
ratios suggested a spin and parity assignment of J"=4".
These data, the first experimental evidence for M4 transi-
tions in *C, thus promised to give some insight into the
distribution of M4 strength between neutrons and protons
in light N+Z nuclei. In this paper we present a full
study of the data for pion inelastic scattering to the 4~
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states in *C.

In Secs. II and III we describe the experiment and
present the excitation functions for three states in *C that
appear to be excited predominantly by AS =1 transitions.
We also show the excitation function for the 3~ state at
6.73 MeV, a collectively enhanced state, which provides a
good example of the excitation function of an almost pure
AS =0 transition. The shapes of the angular distributions
and the clear difference between AS =0 and 1 excitation
functions are used to empirically identify three M4 transi-
tions. In Sec. IV we describe the distorted-wave calcula-
tions of the pion angular distributions. In Sec. V we
describe the technique used to extract the isoscalar and
isovector transition-density amplitudes (Z coefficients) for
the 4~ states. We make use of the complementary infor-
mation that the recent electron-scattering data’ provide
about the AT =1 parts of the transition densities for two
of the states. In Sec. VI we present distorted wave im-
pulse approximation (DWIA) calculations for the cross
sections for the '*C(p,p’) reaction based on the spectro-
scopic amplitudes deduced from our analysis. In Sec. VII
we describe new shell-model calculations for these 4~
states and compare the theoretical spectroscopic ampli-
tudes for the (ds,;,p3,5) 1p-1h excitation with those de-
duced from the data. In Secs. VIII and IX we present
sum rules for stretched states, discuss the fragmentation
of the M4 transition strength, suggest possible improve-
ments in the theoretical wave functions, and discuss the
evidence for 3p-3h admixtures in the 4~ states given by
recent three-particle transfer-reaction data. Our con-
clusions are presented in Sec. X.

II. EXPERIMENTAL PROCEDURE

The experiment was performed at the Clinton P. An-
derson Meson Physics Facility (LAMPF) using the ener-
getic pion channel and spectrometer (EPICS) system
described elsewhere.® The beam energy was 164 MeV.
The target consisted of ~9 g of carbon powder enriched
to about 80% in '*C. Details of the target design have
been discussed previously,® together with some of the oth-
er results of the experiment. Typical 7+ and 7~ spectra
are shown in Fig. 1. The energy resolution is about 200
keV (FHWM) and the uncertainty in the extracted excita-
tion energies is about 100 keV.

The 'C cross sections were normalized to the 7+ cross
sections for the 4.44-MeV state in '>C, using the '2C (4.44
MeV) yield from the C target and the measured *C/'2C
atom ratio, r. We chose this method of normalization be-
cause it does not rely on the assumption of uniform target
thickness. The atom ratio was determined from five tar-
get assays done at Oak Ridge National Laboratory. The
average of these measurements is »=4.6+0.4, where the
error represents the rms deviation in the five measure-
ments. The cross sections presented in Ref. 6 were based
on the first target assay, which had yielded »=4.87+0.24.
Also, we found that in our first analysis® the peak area for
the 4.44-MeV state in '2C, which was used to normalize
the *C cross sections, contained some background from
the stainless steel frame. Correcting for this and using the
new value of r yields the peak cross sections listed in
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FIG. 1. Spectra from inelastic scattering of 7+ and 7~ on
14C. The 4~ states at 11.7, 15.2, and 17.3 MeV are identified by
arrows in the 66° spectra.

Table I. These are a factor of 1.25 larger than reported in
Ref. 6. The new normalizations result in elastic-scattering
cross sections in excellent agreement with optical-model
calculations.!® The large uncertainty in the atom ratio
(10%), added in quadrature to the 10% error in absolute
cross-section scale, results in an overall uncertainty in the
absolute normalization of +14%. The errors shown in
the figures are due only to statistical errors and uncertain-
ties in the peak fitting; they do not include the overall
normalization error of +£14%. Also shown in Table I are
the measured excitation energies and the cross-section ra-
tios R=o(mr*)/o(m7™).

III. EXPERIMENTAL RESULTS

A. Identification of M4 transitions

Sections of 7+ and 7~ spectra measured at 0),,=42°
and 66° are shown in Fig. 1. The peaks observed at 66°,
where the momentum transfer g is approximately 1.5
fm~!, are due to high-spin states and the remnants of
strong low-spin states that peak at lower g. Angular dis-
tributions for three peaks, at 11.7, 15.2, and 17.3 MeV, are
shown in Fig. 2. These have maxima near 6., =65° and
are similar in shape to those observed for known M4 tran-
sitions in 2C (Ref. 11), 13C (Refs. 12 and 13), and !°0
(Ref. 14). Based on this similarity, these states had been
tentatively identified® as 4~ states. Results for the first
and second excited 2% states at 7.01 and 8.32 MeV (see
the left-hand side of Fig. 1) have been presented in Refs. 6
and 15.

Excitation functions measured at fixed-momentum
transfer g=1.45 fm~!, corresponding to the peaks of the
measured angular distributions, are shown in Fig. 3. It
was shown by Siciliano and Walker’ that the constant-g
cross sections for AS=1 transitions should decrease as
sin?0 with increasing energy (long-dashed line in Fig. 3).
(Note that for the excitation-function measurement, 6 is
decreased as the incident energy is increased to keep g
constant.) In contrast, excitation functions for AS=0
transitions increase according to cos?8. ‘Such differing ex-
citation functions have been observed* for transitions in
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TABLE 1. Experimental and theoretical peak cross sections and deduced spectroscopic amplitudes for the observed 4~ states in

MC-
Deduced
spectroscopic
Experiment DWIA calculations amplitudes®
E, o) opl(m™) ot ol

J7 (MeV) (ub/sr) (ub/sr) R® (ub/sr) (ub/sr) Z, Z,
4- 11.7+0.1 <4 67+4 <+ 0.1 69 —0.18+0.04 —0.33+0.01
4- 15.240.1 33+ 4 1745 1.9+0.6 34 19 0.22+0.06 —0.05+0.03
4= 17.3+0.1 110+ 8 <10 >11 111 10 —0.26+0.03 0.271+0.01
3~ 6.7+0.1 490150 1010+80 2.1+0.3 201 624

2Isoscalar (Z,) and isovector (Z,) transition-density amplitudes (as defined in Ref. 9) for the (1ds,,,1p 3‘/12) 4~ particle-hole excitation.

Errors in extracting the values from the data are discussed in Sec. V.

bR EO'pkUT+ )/Upk(ﬂ'_)-

°For the 4~ states, these are the peak cross sections given by the DWIA calculations (renormalized by the factor 1.8) using the Z,; and
Z, values given in the last two columns. The harmonic-oscillator size parameter a=(Mw/#)'/? is 0.649 fm. For the 3~ state the
values correspond to the shell-model calculations of Sec. VI and the use of Eq. (13).

BC. Clearly, the excitation functions for the three pro-
posed 47 states decrease with increasing energy, following
approximately the sin?0 behavior. This result supports
the 4~ assignment, since the stretched (ds,, ,p3—/12) 4~ con-
figuration can be reached only by a AL =3, AS =1 transi-
tion.

To demonstrate the reliability of the method of
discriminating between AS =1 and O transitions by mea-
surement of fixed-q excitation functions, data for the
transition to the low-lying 3~ state at 6.73 MeV in “C are
shown in Figs. 4 and 5. This collective octupole transition
is expected to be dominated by AS =0 components (Sec.
VIID. One sees from Fig. 4 that the angular-distribution
shape for this AL =3, AS'=0 transition differs from the
AL =3, AS =1 shapes for the 4~ states (Fig. 2) in that the
maximum is at a smaller angle (~42°) and that the angu-
lar width of the diffraction peak is narrower. For the 3~
state, the constant-q excitation function (Fig. 5) was mea-
sured at g~0.96 fm~—!, corresponding to the peak of the
angular distribution. Indeed, the excitation functions for
m+ and 7~ scattering to the 3~ state increase rapidly with
energy in qualitative agreement with the cos®> 6 behavior
for a AS=0 transition and in sharp contrast to the de-
crease in cross section observed for the 4~ candidates.

B. The 27, 4~ complex near 24.5 MeV

To search for possible 4~ states in the 20—30-MeV ex-
citation region, we measured a 7+ spectrum at 164 MeV
and 0,,,=60° with this region centered on the focal plane
(Fig. 6). A broad structure centered near 24.5 MeV and
having a width of ~1.7 MeV is evident. There is also an
indication that this structure includes a narrower peak at
24.4 MeV. In a subsequent *C(e,e’) experiment’ at 180°, a
4~ state was identified at 24.3 MeV having a width
I'(FWHM) < 0.3 MeV and a peak cross section compar-
able to the 4~ states at 11.7 and 17.3 MeV. This raised
the question as to why it was not as clearly observed in
the w7+ spectrum. Since the 4~ state at 24.3 MeV is be-
lieved’ to be a T=2 state, its excitation must be purely
isovector and it would have nearly equal 7+ and 7~ cross

sections. Furthermore, its absolute cross section would be
only 0.25 of that of a purely isoscalar transition of the
same spectroscopic amplitude (Z coefficient). One can es-
timate its peak cross section relative to the 17.3-MeV state
using the (ds/,,p3/) spectroscopic amplitudes given in
Sec. IV and Ref. 7, and the relation

Z,(24.3) g

T 1224(17.3)—2,(17.3) | ’ M

o(mt;4—,T=2,24.3)
o(r*;4=,T=1,17.3)

which follows from the analysis presented in Sec. V. In-
serting the value Z(24.3)=0.40 (Ref. 7) and the values
Zy(17.3)=—0.26 and Z,(17.3)=0.27 given in Table I,
gives 0(24.3)/0(17.3)=0.26. The areas of the 17.3-MeV
state and the broad complex centered near 24.5 MeV as
shown in the spectrum of Fig. 6 are equal to within 10%.
It is completely consistent with the 7+ spectrum to have
25% of the 24.5-MeV complex be due to a relatively nar-
row state at 24.3 MeV. Indeed, as already mentioned,
there is the suggestion of such a peak in the spectrum.
One cannot, however, obtain a reliable cross section for
this state from the 7+ data because it cannot be unam-
biguously separated from the other states in the
23.7—25.4-MeV region.

Some information on this excitation region is available
from other experiments. In the “C(7~,y)"B reaction
with stopped pions, a broadened 27 state at 2.1-MeV exci-
tation in B was observed.'® The analog of this T=2
state would occur at approximately 24.3 MeV in *C. The
low-gq data’ on the *Cle,e’) reaction at 180° also show a
broad structure at 24.3 MeV having a width I'~0.9 MeV
(FWHM). Thus one candidate for an interfering state is a
27, T=2 state with an excitation energy within 0.1 MeV
of the 4 state. It appears that there may be more states
near 25-MeV excitation contributing to the 7% cross sec-
tion at 60°, because a 27 state at 24.3 MeV having a width
of 0.9 MeV could not produce the large 7+ yield observed
at 25.0 MeV (Fig. 6). Candidates for additional states are
given by the shell-model calculations discussed in Sec. VI,
which predict several 4~, T =1 states near 25 MeV. Cal-
culated 4~ states at 24.2 and 24.6 MeV have predicted 7+
peak cross sections of 0.09 and 0.03 mb/sr, respectively,
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FIG. 2. Experimental and theoretical angular distributions
for the 4~ states. The DWIA calculations were done assuming
a pure (ds/2,p3/4) particle-hole excitation.

compared to 0.04 mb/sr predicted for the 4, T'=2 state
calculated to be at 24.4 MeV. The B(M4) values for
these T'=1 states are small, and thus the calculated cross
sections for 180° electron scattering are very small relative
to the T=2 state. Thus the presence of 4~ states with
predominant isoscalar-transition amplitudes would be
consistent with the present experimental situation.

1V. DISTORTED-WAVE CALCULATIONS

The distorted-wave calculations were made using a sim-
ple smgle—scattermg model for pion-induced unnatural-
parity transitions in nuclei. A recent paper!” describes
this model and callbrates it by comparison to data'#!® for
the 4~ states in '°O and 6~ states in 28Si. For complete-
ness we glve a general descrlptlon of the model here.

The spm dependent part t5% of the pion-nucleon in-
teraction is given in momentum space by

1B = — (¢85 + 155t r)onk XK (2)
in the pion-nucleon center-of-mass (c.m.) frame, where oy
is the nucleon Pauli-spin operator, t, is the pion isospin
operator, and 7y is twice the nucleon -isospin operator.
The impulse approx1mat10n estlmates for the isoscalar
(¢85) and isovector (¢15) parts of tLY are obtained using
the phase shifts of Ref. 20. The nuclear matrix element
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FIG. 3. Experimental fixed-q excitation functions for the 4~
states. DWIA calculations are shown for the 11.7-MeV state.

of tL% gives the scattering potential U, 4, which can be
wntten as

Upa=U(r Y ()X V], 3)

where

> ki Ak, j(knr ) eTtrk o5 (ky,)  (4)

== 2
Urz)=va,—
m nT

is essentially the form factor required for the distorted-
wave calculation. It is evaluated using the discretized
momentum technique?! with k,=n(w/R), R=12 fm,
and n=1,2,...,40. Here y=kw./k.» and a,~ k. /k are
factors required by the transformation from the pion-
nucleon to the pion-nucleus c.m. system,?? k and o (k,
and ®,) are the pion momentum and total energy in the
pion-nucleus (pion-nucleon) center of mass, and €’ is 1 for
T =0 and F1 for T=1 for 7* scattering. The transverse
spin-transition density pS5+(k,) that appears in Eq. (4) is
defined by

172
Pt = |57 | P atha)
J 172 .
2‘1—_’_1‘ pJ,J.H(kn) , (5)
where
o5 (s )_< Py oyl Tk i>. ©)
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FIG. 4. Angular distributions for 7+ and 7~ scattering to
the 3~ state at 6.73 MeV in “C. The DWIA calculations were
done using the shell-model wave functions and an isoscalar-
enhancement factor of 1.5, as discussed in Sec. VII.
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FIG. 5. Fixed-q excitation functions for the 3~ state. The
DWIA calculations are based on the shell-model wave functions
and an isoscalar-enhancement factor of 1.5, as discussed in Sec.
VIL
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FIG. 6. The #* spectrum with the higher excitation region
centered on the focal plane. There is a suggestion of a peak at
24.4-MeV excitation, which is close in energy to the known (Ref.
7) 4=, T=2 state at 24.3 MeV. Other states in this energy re-
gion are also excited, as discussed in the text.

Note that p}TJ 41 vanishes for stretched configurations.
Since the current transition densities also vanish!=33 in
this special case, the single isospin-dependent density re-
quired for the pion-scattering calculations is also the only
transition density needed to calculate the cross sections
for (e,e’) and (p,p’) reactions. The direct relationship be-
tween various reactions that excite a stretched state makes
interpretation of the data more straightforward than is
usual. It should be noted that this is strictly true only if
we assume that proton and neutron wave functions have
the same radial dependence and that only 1% excitations
are allowed.

The scattering potential in Eq. (4) was generated by the
code ALLWRLD (Ref. 23) and used in the code MSUDWPI
(Ref. 24) to calculate the distorted-wave-approximation
angular distributions for the 4~ states. Similar ap-
proaches have been followed by Siciliano and Walker,’
who use the eikonal model for the distorted waves, and
Lee and Kurath,?> who use a nonlocal pion-nucleon ¢ ma-

“trix and execute the full calculation in momentum space.

These different approaches give similar relative cross sec-
tions for states of a given J”, but usually require some-
what different overall normalizations. Predictions of the
model given by Eq. (4) are compared to that of Lee and
Kurath in Sec. VIIL

V. EXTRACTION OF THE SPECTROSCOPIC
AMPLITUDES Z, and Z,

The determination of spectroscopic amplitudes for the
4~ states reported here was made considerably more pre-
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cise by the recent electron-scattering measurements’ of the
transverse magnetic form factor of the 11.7- and 17.3-
MeV states, which allowed us to fix the average ra-
dial dependence of pj‘,,TJ_‘. Assuming a (ds,;,pi) 4~
harmonic-oscillator model for the transition density, these
data determine the oscillator-size =~ parameter
a=(Mw/#)'? to be 0.649 fm—!, where the usual finite
size and center-of-mass corrections’® are made. (The
center-of-mass corrections to the shell-model wave func-
tions were made in a consistent fashion for the pion-
scattering calculations.) Since magnetically scattered elec-
trons see AT =1/AT =0 in the cross-section ratio 29 to 1,
these data are mainly sensitive to the magnitude of the
AT =1 transition density. In contrast, 7% scattered at en-
ergies near the Ajz; resonance see AT=1/AT =0 in the
cross-section ratio 1 to 4. Thus the pion cross sections are
well suited for determining the AT =0 transition density.

The extraction of Z, and Z; for mixed isoscalar-
isovector transitions is greatly facilitated by the use of
closed-form expressions, which for the stretched states ap-
proximate closely the results of DWIA calculations.
These formulae exhibit explicitly the Zy,Z, correlations
in the measurements and provide a means for evaluating
the errors in the extracted values.

The measured 180° electron-scattering cross sections
Oexp at the peak of the form factors were given’ in terms
of single-particle units o,,/0,, which are related to Z,
and Z, by

Zew _72(1.87)(1—0.187a)? (7)
Osp

where a=Z,/Z,. The magnetic-moment factor
(p+py)/(Up—py)=0.88/4.706 =0.187

gives the relative weighting of the isoscalar and isovector
coupling constants, whereas o, =0, (T =1) is the
“single-particle” cross section defined in Ref. 7. This is
the sum of the calculated peak cross section for a
(ds/y,p 3—/12) isoscalar excitation of a 4= T =0 state with a
spectroscopic amplitude Z,=1 and one-half of the calcu-
lated peak cross section for a (ds,,,p3,5) isovector excita-
tion of a 4= T =1 state with a spectroscopic amplitude
Z,=1.

The pion differential cross sections at the peaks of the
angular distribution may be expressed as

opmt)=(aZy—Z,)’N topw (8)
and ‘ ‘
oulmT)=(aZo+Z N "opw , 9)

where opw are the peak differential cross sections for
w% /m~ ‘scattering given by the DWIA calculations for

(ds/p37) isovector excitations coupled to 4=, T=1.

The letter a represents the force ratio r55 divided by tlLs.
At 164 MeV, the value a=1.93 is obtained from the
phase shifts of Rowe et al.,?® and it is the value used here
for the 4~ states. The N* and N~ are renormalization
factors for the DWIA calculations to be determined
empirically. In a previous study!’ on %0 and 2%Si, Nt
and N~ were found equal to within a few percent. We

assume N*t=N~"=N. The DWIA calculations for the
14C 4~ states gave larger peak cross sections for 7% than
for m~. At the maxima of the angular distributions (68°)
we obtained ofw/opw=Np=1.11.

The 7+ /7~ ratio of measured peak cross sections is, to
a first approximation, independent of the DWIA renor-
malization factor N. It is directly sensitive to the
isoscalar-isovector amplitude ratio a in a mixed transi-
tion. Using Egs. (8) or (9) we obtain

(aa—1)?

oulmt) _
oplT™) P (aa+1)?

R (10

i

This equation can be used to determine o when R is mea-
sured, or to restrict the range of ¢ when limits on R are
given by the pion data. It is convenient to express the
solutions of Eq. (10) in terms of the distortion-corrected
ratio R, =R /Np and the ratio 2/a so that the approxi-
mations @ =2, from the A-dominance assumption, and
Np=1, from ignoring the charge dependence of the dis-
torted waves, are easily recovered. The two solutions are

(R, +1)4+2vV'R, 2

a = 2(R —1) a ’ (lla)
(4
(R +1)—-2V'R, 2
BETTORD (11b)
.~
] L L L A L R
E @, , vs R ]
i (r*) 1
Re =ilb For J
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- : /_a| :
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FIG. 7. The two solutions for a=Z,/Z, allowed by a mea-
sured ratio R=o,(7m*)/ou(m~) of peak pion cross sections.
R, is the distortion-corrected ratio R/Np, where
Np=ow/opw is a correction for the differences in 7+ and 7~
distortions (see the text). For R, > 1, a; and a, are negative; for
R, <1, a; and a; are positive.
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Graphical representations of «; and a, vs R, (or 1/R,)
for a =2 are given in Fig. 7. The solutions have the prop-
erty ;(R.)=—a;(1/R,), i=1,2. Thus if there are two
states in the spectrum, one with measured R and the other
with a measured 1/R, the Z, and Z, for the two states
differ only in their relative sign. For R, > 1, both a; and
a, are negative (Z, has opposite sign to Z;) and for

R, <1 the a; are positive. For R.=1, either Z, or Z;

must be O; that is, the transition is either purely isovector
or purely isoscalar. A third property of the two solutions
is that a;'ay=a ™2 An interesting special case occurs
when «a;=a,: the solutions for R,=w are
a;=a,=—a !, whereas for 1/R,= o (R,=0) the solu-
tions are a;=a,=a ~!. The preceding discussion also ap-
plies to a quantitative study of inelastic proton and neu-
tron scattering to stretched states, provided the value of a
is suitably modified.

The combination of pion data and electron-scattering
data can provide a precise determination of both Z, and
Z,. In general, the error in Z; depends primarily on the
error in o, of Eq. (7). The error in Z, depends primari-
ly on the error in R, when a definite value of R is mea-
sured; when only limits on R are measured, the accuracy
to which the normalization factors N* in Egs. (8) and (9)
can be determined is the limiting factor. Since only limits
on R could be measured for the 11.7- and 17.3-MeV states
in %C, knowledge of N is essential. The data on the
17.3-MeV state provide a lower limit on N, so we discuss
them first.

17.3-MeV state. The measurement R >11 (R.>9.9)
shows that Z, and Z, have opposite signs. The allowed
ranges on «, as calculated from Eq. (11) or read from Fig.
7, are —a1=0.27 to 0.52 and —a,=0.52 to 1.01. Using
the electron-scattering cross section’ Oexp/ 0p=0.19£0.01
(corrected for meson-exchange currents) together with Eq.
(7), we see that restricting a from —0.27 to —1.01 re-
stricts |Z;| to the range 0.27—0.30. The acceptable
ranges of a can be reduced further using Eq. (8) and the
measured 71 peak cross section op(mt)=110£8 ub/sr,
opw=88.5 ub/sr, and the condition @ > —1.01. The rela-
tion between |Z,| and a given by Eq. (8) is shown
graphically in Fig. 8(a) for various values of N. One sees
that for |Z;| <0.30 and a> —1.01, N must be greater
than 1.5. For the range N=1.5 to 2.1, the values of a al-
lowed by the condition |Z;| <0.30 are —1.01 to —0.8.
Solution a; is thereby ruled out for reasonable choices for
N.17?7 Using Eq. (7), we get Z;=0.268 for a=—1.01
and Z;=0277 for a=-0.8. Thus we obtain
Z,=0.273£0.015, where the error arises from the uncer-
tainties in & and in the measured T y,/0 .

To determine Z;, we must specify N. The pion data on
the 4~ states in '*C do not provide a sufficiently restric-
tive upper bound on N. In previous studies the value
N=1.3 was obtained'’ for '°0O and N=1.5—2.0 was ob-
tained for “N.27 Since we know from the preceding
analysis-of the 17.3-MeV state N > 1.5, we take N=1.8 as
the most probable value for *C and assign an error +0.3.
This uncertainty includes the normalization error in the
data in addition to the systematic errors of our model.

The upper bound N <2.1, together with the measured
value |Z;|=0.273%0.015, restricts a to < —0.92. The

4~ States, 4
+1.5
N
17.3 MeV lat5 (a)
R> I //:lz»ﬁ
/

15.2 MeV . iz (b)
R=19%*06
<+ 10
|
|
| +5
|
|
______ ot
—_— ! 4 4 L)
as -0 -5 1 o
a, | L
N
15+ L 10
1.7 Mev 'j,:\_ 1Z] (c)
R< & \\ !

FIG. 8. The loci of (|Z,|,a) values allowed by the mea-
sured 7 and/or 7~ peak cross sections for the 4~ states. The
band of |Z,| values allowed by the 180° electron-scattering
cross sections of Ref. 7 are shown for the 17.3- and 11.7-MeV
states.

measurement R > 11 restricts ¢ to > —1.01. Thus
Zy(=a|Z,|) may vary from —0.291 to —0.237. Since
any value in this interval is equally probable, we obtain
the final value Z,=—(0.26+0.03). We have arbitrarily
chosen Z, to be positive.

11.7-MeV  state. The measurement R™!'>17
(R !> 18.9) shows that Z, and Z, have the same sign,
and it restricts a to values a;=0.83 to 0.52 and a,=0.32
to 0.52. Using the electron-scattering results Oex,/0p
=0.161+0.01 with Eq. (7) and this range of a, we can re-
strict |Z;| to the range 0.311—0.345. The acceptable
range on «a is further narrowed using the measured
opl(m™)=67+4 ub/sr and the calculated opw=79.7
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pub/sr and Eq. (9). The Z,, @, and N correlation for this
state is shown in Fig. 8(c). The conditions 1.5 <N <2.1
and 0.311<|Z;| <0.345 provide the restriction
0.44 <a <0.74. With this further restriction on a, we ob-
tain Z;=0.33+0.01 by use of Eq. (7). ‘

To determine Z; and its error we use Eq. (9) in the

form
172
] . (12a)

Since Z; and Z,; must have the same sign, we require the

1

Zy=— l_zli olr”)
a

NO'EW

minus sign for the second term on the right-hand side of |

this equation. Using the values Z;=0.33+0.01,
op(mT)=67+t4 pub/sr, N=1.8+0.3, a=193, and
opw="79.7 ub/sr, we obtain Z;=0.18+0.04. In comput-
ing the error, we assumed that the errors in Z,, o(77),
and N are independent. The determined Z, to Z, ratio is
a=0.55+0.12. For a=0.55, we %et using Eq. (10)
R '=490; for @=0.67, we get R, '=48. Thus we see
that the expected o (™) is exceedingly small (< 1 ub/sr)
due to the fact that Zo~+Z, for this state.

15.2-MeV state. The pion data on this state,
oulmt)=33+4 pb/sr and oy (77 )=17%5 ub/sr, give a
definite ratio R=1.9+0.6 (R, =1.721+0.55). Since R, > 1,
we know Z, and Z; to have opposite sign. Also, since
the state was not observed in 180° electron scattering, it
may be presumed to be predominantly an isoscalar excita-
tion. Use of Eq. (11) or inspection of Fig. 7 shows that
solution a, is nearly purely isovector for R,=1.7 and
therefore may be ruled out. The allowed range for the iso-
scalar solution is —a;=13.2 to 2.6 for R, =1.17 to 2.27.

We use both ou(r™) and op(7™) to determine Z;.
The Z,, a, and N correlations are shown in Fig. 8(b).
Taking N=1.84+0.3 and —a=2.6 to 13.2, we can restrict
| Z,| to the range 0.02—0.08 using both the 7~ and the
a+ data. Thus we see that although the percentage error
in determining Z, is large, the magnitude of Z, is deter-
mined to be quite small.

To get Z, and its error we use the more accurately
measured 7+ cross section and use the equation

+) 172
. (12b)

ol
Nopw

1
ZO=; {Zli

Since Z,; and Z, must have opposite sign, we require the
plus sign for the second term on the right-hand side.
Inserting Z;=—(0.05+0.03), oulrt)=33%t4 ub/sr,
ofw=288.5 ub/sr, N=1.8+0.3, and a=1.93, we obtain
Z,=0.22+0.06. The value of —a=4.4 corresponds to
R=1.75 by use of Eq. (10).

The determined values of Z, and Z; for all three of
these 4~ states are given in the last columns of Table I.
Comparison of these results to those in Table II of Ref. 7
for the 11.7- and 17.3-MeV states indicates that our
answers fall within the range allowed by their analysis.
Furthermore, it is clear that our pion cross-section data
significantly narrow the allowed ranges for Z, and Z,,
providing a more definitive test of wave functions predict-
ed by nuclear structure calculations.

VI. PREDICTION OF C(p,p’) CROSS SECTIONS

Inelastic proton scattering can be used to confirm our
determination of the Z coefficients for these 4~ states
based on electron and pion-scattering data. We note that
for unnatural-parity transitions 135-MeV protons see
AT=1/AT=0 in amplitude ratio 1 to 1.3 at g~1.5
fm~!, and thus are not as sensitive a probe of neutron-
proton differences as pions. To estimate the usefulness of
such a measurement, we performed standard distorted
wave approximation (DWA) calculations for *C(p,p’) at
135 MeV using the free ¢ matrix given in Ref. 28, which
gave good results for the stretched states in 2®Si and **Mg
(Refs. 2 and 3). We used the '2C optical potential of Ref.
29, which should be adequate for our purpose here. Cal-
culations were performed using the code DWBA70.%°

The solid curves in Fig. 9 show the predictions based on
the values of Z, and Z, given in Table I. The shaded
area in Fig. 9 shows the range of proton cross sections al-
lowed for the 11.7- and 17.3-MeV states if only the
electron-scattering measurements’ and the limits on the
mt /7~ ratios® R were known. We see that the more ac-
curate determination of Z, using the absolute 7 cross
sections considerably reduces the range of the predicted
proton cross sections.

(mb/sr)

6, m.(deg)

FIG. 9. Predicted proton cross sections for the 4~ states.
The dark solid line is based on the Z coefficients deduced in this
work (Table I). The shaded area represents the range of cross
sections allowed by the Z coefficients obtained from electron
scattering (Ref. 7) and the wuse of the limits on
R=o(w*)/o(m™) given in Ref. 6.
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TABLE II. Parentage expansions of '“C states to common parents JTa of 4 =13 that are present in
the expansion of the Ot ground state. For negative-parity states the parent is coupled to a ds,, nucleon;
for the O ground state the coupling is to a 1p nucleon. Calculated excitation energies in MeV are given

in the last row.

JTa 4=a 4-b 4—c 4-d 37a 0ta
774 0912 —0.409
2la —0.852 +0.436 +0.014 —0.081 + 0.040 —0.445
31b +0.035 +0.044 +0.608 +0.569 +0.040 —0.138
33a +0.106 +0.163 —0.624 +0.324 +0.191 —0.675
E, (MeV) 12.0 13.4 16.2 17.2 6.3 0

VII. SHELL-MODEL CALCULATIONS

A. Model space and eigenvalues

The negative-parity states were calculated in the space

(1p)~32s,1d) with a slightly modified form of the
Millener-Kurath?! interaction. In this space there are 29
states with J"=4" starting at an excitation energy of
about 12 MeV in *C, and 53 states with J"=3" starting
at about 6-MeV excitation. The positive-parity states
were calculated in the space (1p)~2+4(1p)~*(2s,1ds,,)%,
where only neutrons are excited to the (2s,1d) shell. This
results in two strongly mixed J"=2" states, as discussed
in Refs. 6 and 15, and a J™=0" ground state that is
mainly (1p)~? with a 5%-intensity admixture of a state
consisting of the 12C ground state coupled to two neutrons
as in the ground state of '30. In Table II there is a listing
of parentage amplitudes for the lowest 0 and 3~ states

and for the four lowest 4~ states of “C to states of
A=13, which are common parents to both the 0% ground
state and the negative-parity states. These are the com-
ponents needed to calculate transition amplitudes from
the ground state; the rest of the J ~ parentage is mainly to
the lowest J=3 and 7 states with 7=+. Calculated ex-
citation energies are also listed. Since the !*C states in
Table II all have T =1, the T=-;— parentage will lead to
neutron transitions from the ground state and consequent-
ly favor 7~ excitation over 7t excitation. Only the
J=4"c state has large parentage to the lowest Tz%
state, and hence favors 7 excitation.

B. Peak cross sections

The peak cross sections for strong transitions can be ob-
tained by the approximate formulas of Lee and Kurath?®
with parameters appropriate to *C,

g%( =05 JLS) = Cyps(2J + D {3[Ayn(d'p) — Ay(p'd) 1+ A5 (d )}, (13a)
%(ﬂJr,ka,JLS):CJLS(ZJ-i—1){pJ[A,n(dTp)—A,n(pTd)]+3A1p(dTp)}2 , (13b)

‘with C43l =4.7 [Lb, p4:1, 9pk=64° and C33Q:15.7 ,ub,
p3=1.13, 6,,=44". The calculated transition-density am-
plitudes and the peak differential cross sections for the

)
four 4~ states and the lowest energy 3~ state are given in
Table III. The amplitudes A;,(p?d) (annihilation of a
ds/, neutron and creation of a p;,, neutron) listed in the

TABLE III. Theoretical transition-density amplitudes for neutron (4,,) and proton (4,,) excitation
of 4~ and 3 states in '*C and the corresponding theoretical peak cross sections.

B(M4)t

(ud fm® oudmt)? oplm)?

Jo (10%) A(d'p) An(p'd) A;(d'p) (b/s1) (ub/sr)

4=a 70 —0.581 —0.045 +0.077 4,4 98,113
4-b 4 +0.351 + 0.025 +0.116 19,23 50,57
4=c 90 +0.034 + 0.002 —0.480 84,105 6,7
4-d 14 +0.078 + 0.003 +0.253 29,35 10,11
3-a —0.668 + 0.060 —0.177 201,172 624,516

*Values on the left-hand side were obtained by Eq. (13); values on the right-hand side for 4~ states were
obtained with distorted-wave calculations and normalizations discussed in Sec. IV. The amplitudes A4,
given in this table were used. The values for the 3~ state on the right-hand side were calculated, as dis-

cussed in Sec. VIIL.
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TABLE IV. Comparison of the experimental and theoretical
proton and neutron spectroscopic amplitudes. These are related
to experimental Z, and Z; given in Table I by
Z,=(Zo+Z,)/V2 and Z,=(Zo—Z,)/V2. The theoretical
values are obtained from Table III and the relations
Z,=A(d'p)—As(p'd) and Z,= 4,,(d"p) for the 4™ states.

Experiment
E, E,
(MeV) z, z, (MeV) z, Z,

11.7 0.11£0.04 —0.36+0.04 12.0 0.08 —0.54
15.2 0.19+0.07 0.121+0.07 13.4 0.12 0.33
17.3 —0.37+£0.03 0.01+0.03 16.2 —0.48 0.03

Theory

fourth column result from the (1p)~*2s,1d)* admixture
in the ground state. They interfere constructively with
the main amplitude for the 3~ state and destructively for
the four 4~ states. The B(M4)1 values for relevant cross
sections in inelastic electron scattering are given in the
second column of Table III. The last two columns give
the peak cross sections for 7+ and 7~ scattering, the first
number in each pair being the result of Eq. (13) and the
second number being the result of the DWIA calculations
described in Sec. IV. The absolute normalization of the
predicted 4~ cross sections differ by about 15% between
the two models.

In comparing the calculated cross sections for the 4~
states with the observed values (Table I), it is clear that
the strong transitions to the 11.7- and 17.3-MeV states are
qualitatively similar to the calculated transitions to 4~ a
and 47 ¢, respectively, since the lower state is strongly
favored in 7~ scattering, whereas the upper state is
favored in 7t scattering. The calculated cross sections
for the 4~ b state do not agree with the observed values for
the state at 15.2 MeV, considering that the calculated
w+ /7~ ratio is the opposite of the observed value. The
calculated peak cross sections for the lowest 3~ state are
lower than the measured values. In this case it will be
shown in the following that some isoscalar enhancement
can lead to agreement with experiment.

Differences between the experimentally deduced wave
functions and the theoretical wave functions for the 4~
states are more apparent by comparing the respective
spectroscopic amplitudes. These amplitudes given in
neutron-proton notation are shown in Table IV. Here it
becomes clear that the theory tends to overestimate the
neutron amplitudes Z,. The proton amplitude Z, is
slightly underestimated for the 11.7-MeV state and slight-
ly overestimated for the 17.3-MeV state (which is predict-
ed at 16.2 MeV). Thus the structure calculations describe
the fragmentation of the proton M4 strength, but must
lack some essential physics required to get the fragmenta-
tion of the neutron-transition strength and the excitation
energies correctly.

To test the effect of using more recent optical-potential
parameters in the DWIA calculations than were employed
in obtaining Eq. (13), we performed DWIA calculations
for the 3~ state at 6.73 MeV using the code ARPIN.>> The
shell-model transition amplitudes were taken from the
present work. The harmonic-oscillator parameter was

TABLE V. Sum-rule values calculated with a pure jj ground
state, the Cohen-Kurath ground state, and a ground state in-
cluding some neutrons in the (2s,1d) shell. The final column
gives the fraction going to 1p-1h states in the last case.

s*p%(j)  s*p'™CK) Including (sd)? (Ip-1h)
S*p) 1 0.929 0.923 0.880
S*(n) 1 1.000 0.914 0.882
S4(1—-1) 1 0.965 0.919 0.881
S4(1—1) 0.5 0.500 0.463 0.441
S4(1—2) 0.5 0.465 0.456 0.440

chosen to be b=1.63 fm. The peak cross sections given
by these calculations are 172 pb/sr (7%) and 516 ub/sr
(m~) compared to 201 ub/sr and 624 ub/sr, respectively,
given by Eq. (13). We see that the use of different distor-
tions generates peak cross sections that agree to 20% with
those of Eq. (13).

The experimental peak cross sections, 490+ 50 ub/sr for
7t and 101080 ub/sr for 7w, are larger than the
theoretical cross sections, particularly for 71 scattering.
We can obtain good agreement with the peak cross sec-
tions by introducing polarization charges 8, and §, to
represent the fact that valence nucleons polarize the pro-
ton and neutron cores. A recent discussion for E3 transi-
tions in pion scattering may be found in Refs. 32 and 33.
The DWIA calculations shown in Figs. 4 and 5 were per-
formed with enhancement factors (1+8,+8,)=1.5 for
the isoscalar, spin-independent part of the transition den-
sity. No need was found for an isovector enhancement;
that is, (1+8,—8,)=1.0 was used, so that §,=8,=8
= 0.25. This value of 8 is smaller than the 0.6 obtained>?
for the strongly collective 3~ transitions in '°0 and '"O.
The smaller value of & for *C is consistent with the lower
B(E 3) value for this state®* as compared to B (E 3) values
for the 3~ states '2C (9.64 MeV) (Ref. 35) and '°O (6.13
MeV) (Ref. 36).

VIII. SUM RULES FOR STRETCHED STATES

A. General expressions
The particle-hole operator- for a stretched transition,
A =] 1 +.] 2 is

Qh(ts)EQszjl)(IB)_Q}‘(jljz)(t3) , (14)

where
QMi(t3)=(a

with @4, =(—1)Y*"q/ . Here a’ and a are the usual
creation and annihilation operators and ?, indicates either
a neutron (n) or a proton (p). One can write a sum rule in
terms of the double-barred reduced-matrix elements
(RME) from the Wigner-Eckart theorem

(W1 QL (1) | 97°%)
—=(JoAMoA, | IM)( 7% | QM) [¢7%) . (15)

+ .,
iy Xa 13)
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The sum rule for transitions from the Jyao ground state
to all excited states is

There are no jyty nucleons in the ground state. In this
case the second term of Q* in Eq. (14) does not contribute

and the sum rules simply depend on the number of j,¢;

SMt3)=(ToA) ! zj(t,bjoaolIQl(t3)[|¢Joa°)2 , (16a)  nucleons in (JoToag)=(0). The sum rules become
Ja .
A =1y, N1
which by closure equals SMt3)=G) ™ g Do s (19a)
a P Ar_ 1rgQh AVl =1¢, 1 D
S"(t;)—()»)"(z/J 7’ zgﬁi(t3)gﬁz<z3> ¢f.‘,’0°> . (16b) =7 [8Mn)+8%p)]=(2j;)"ny' +ny )o . (19b)

The Q(n)Q(p) cross term of Eq. (18) vanishes if there are
no j,t; nucleons in (0). The isovector sum rule can be
split into transitions from the T, ground state to states
with T=T, and to states with T=T(+1,

Here we define J=2J +1.
Alternatively, one can use the isospin-coupled form of
the operator

e 2
0l =1 m+(~ 1P (17 S To—To+ D=0~ (F25n7) o 0w
The isospin form of the sum rules is then SM(To—>To)=(2f|)“1<n£'+ To—1 n{,') . 20b)
S = L[SMn)+54p)]+(— D7 (R)~! Tot1 ] /o

This shows that as T, increases, the fraction of isovector
transition strength going to T, + 1 states decreases.

There are j, nucleons present in the ground state. In
this case the evaluation of Eq. (16b) and its isospin analog
Eq. (18) requires a more complex expression,

x(vadye ZQA 0}, (p) 445 . (1s)
wherein the two cross terms are combined, since the
operator sum is Hermitian.

~ L A j S j
(R = 01 @0, () )o=by, (G~ n + Gt g
Az

kTGt kT2
+2 3 Wiijijajz K0 23 (=D 47 tsITT3)<§_‘,CK ' Ck r‘j:))
3
_(2(_1)’(*1(2(0;31 )K (a Xalz) > 21
K, 0

Here CKTU Bt is a creation operator for two nucleons in the orbital j, which produces a normalized two-body wave func-
tion when applied to the vacuum; K + T must be odd. The term W is a Racah coefficient. For Eq. (16b), T, =13, the
squared isospin Clebsch-Gordan (CG) coefficient is unity, T =1, and T3=2¢;. For the cross term of Eq. (18), 7 =n and
t3=p so that T3=0 and the squared CG coefficient is 0.5. The cross term contributes only when there are both neu-
trons and protons in the j, level. The sum rule for transitions to Ty + 1 states becomes

(To+1DSM(To—To+ D=(G) ="l +Gy)~1n’2),

L Imjz)T KT(j2)
+> W(11]1]2]2;K7\-)( 2<2CK0 K012>
K

-> <2(—1) ’(a__,3 X& ~,3)K (a,3 Xa,Z)K> J .22
5 VK )

In Eq. (22) the term with the CX7 product contributes
only if both neutrons and protons are present in the j, lev-
el. we get the simpler forms

If there are only neutrons in the j, level, the physically
most likely situation, there is no cross term in Eq. (18)
and SMp) is given by Eq. (16b). If in addition the neu-
trons in j, are coupled to angular-momentum zero, only
K =0 terms occur in Egs. (21) and (22), and since

R -~ :
(af, xa@1)°’=—(""nf ,

S*Mn)=G)"Hnl Yo+ Go) "1 n'2 yo—2GiT0) " ntinl2y,
Ol(j ) 01

(
+4G 7)1V Co ' Coy 12 Yo . 23)
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and

(To+1)SM(Ty—To+1)
=G Un o= Gii) K ninit ). (24)
Two points should be kept in mind about these sum
rules. If there are j, nucleons in the ground state, then in
addition to making transitions to the level j,, they can
also be excited to some higher level, j;, with multipolarity
A. This possibility has been ignored in obtaining the sum
rules, since it is not likely to make a noticeable condition
in physically realized situations. A second point is that
the calculated sum includes contributions from transitions
to states of spurious center-of-mass excitation. This con-

tribution can be calculated, and it is a few percent effect
for stretched transitions.

B. Results for “C

In the case of 'C the stretched 4~ transition arises
from j; =p;,, and j,=ds,,. Three models of the ground
state are considered in order to show the effect on the sum
rules. The simplest is the jj limit, wherein the p;,, shell
is full for both neutrons and protons. Next is the ground
state for the Cohen-Kurath (8—16)2B interaction,’’

which has n§3=4(0.929). Finally, we consider a ground
state containing some neutrons in the (2s,1d) shell. A
good approximation to the result of a shell-model calcula-
tion is

1,001( 14C) =<1 _B% _B§)1/2¢01a( 14C)

otf(2s2), otfa?)

+¢%9(12C)x [B,C +BsC 1,

(25)
with 8= —0.106 and Bs= —0.203. The two ¢’s are pure
1p-shell ground-state wave functions for 4C and ?C. In

this approximation only the K =0 terms contribute and
we use Egs. (23) and (24). The sum rules for 14C are

S4p)=(4)""(ny Yo , (26)

for the protons and

S*n)=[(4)"Yn> o1 +(6)“(n:5 Yor—( 12)-1<nﬁ3n:’ Yoi

01(p?

o)
+2(6)"VXCy; * Cor *Doil (27)

for the neutrons. For the To=1 to T=2 transitions, one
has

S41(1_>2)=(8)—1(nf;3)01—(48)-‘<n§3n:5)o,. (28)

In order to evaluate the expectation values with the wave
function of Eq. (25), we use the calculated value of the
number of p;,, protons (or neutrons) in the '2C ground

state, (n,’;a)ooa=3.298; and in order to evaluate the last
expectation value in S(n), we also need the matrix element

.
(¢%1e(14C | PP | 4009120y —0.417 .

Numerical values for the three models are given in
Table V. One sees that the presence of (2s,1d) neutrons
produces an appreciable decrease in the sum-rule values,

considering that it is only a 5% admixture in the wave
function. The last column of Table V gives the amount of
the sum rule going to 1p-1h states. The remainder goes to
3p-3h states that arise when the Q* operator excites a p3,
nucleon from the '2C ground state into a ds,, level.

IX. DISCUSSION

Comparison of the neutron and proton spectroscopic
amplitudes deduced from the data with those given by the
shell-model calculations (Table IV) shows that the struc-
ture calculations considerably overestimate the neutron
contribution in all three 4~ states. The proton contribu-
tion is underestimated for the 11.7- and 15.2-MeV states
and slightly overestimated for the 17.3-MeV state.

We can also compare the experimental sum-rule
strengths with the shell-model values given in Table V.
For the T =1 states at 11.7, 15.2, and 17.3 MeV, the ex-
perimental values are

S$*(1—-1)=3Z3=0.15+0.08
and
S*(1—-1)=3Z3(T=1)=0.19+0.03 .

For the T =2 state at 24.3 MeV, the “Cle,e") experiment
yielded” Z;=0.40+0.04, which gives S*(1—2)=0.16.
The observed value of S* represents only 16% of the
theoretical value and the observed S*(1—1) and
S*(1—2) strengths represent 41% and 35% of the calcu-
lated values, respectively. .

Apparently the 1p-1h space used in the calculation of
the négative-parity states is insufficient. Earlier weak-
coupling calculations of Lie*® included 3p-3h states con-
structed by coupling the J"=3, T=1 ground state of
A=11 to the lowest T = + states with a (2s,1d)’ configu-
ration, such as J = —§-+. Lie obtained a 4, T =0 state of
this type within 5 MeV of his lowest 4=, T =0 state.
Thus one might also expect a 4, T =1 state with the
same structure within 5 MeV of the lowest 4=, T =1
state. The mixing of such states with the 1p-1h states will
result in some energy shift and redistribution of the
single-particle transition strength from the ground state.
Such a 3p-3h configuration can only be reached by proton
excitation from the 2p-2h component of our ground state.
This might offer an explanation for the observed cross
sections.

There is some evidence for appreciable 3p-3h com-
ponents in the 11.7- and 15.2-MeV states from recent in-
vestigations®® of the three-particle transfer reactions
UB(°Li,*He)*C and ''B(Li,a)!*C. In the 10° spectrum of
the (°Li,>He) reaction, which corresponds to an angular-
momentum mismatch of approximately 47, large peaks

‘are seen at 11.73 and 15.19 MeV and a small peak is at

17.28 MeV. These three states appear to correspond to
the 4~ states that we have identified at 11.7, 15.2, and
17.3 MeV. If this is indeed the case, it constitutes evi-
dence for the existence of appreciable 3p-3h components
in the lower two states and much smaller such com-
ponents in the 17.3-MeV state.

The (°Li,>He) and ("Li,a) data® show that there are two
states at 11.67 and 11.73 MeV, with the latter having
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properties expected for a 4~ state and the former appear-
ing to be a low-spin state. The lower spin state may be
showing up in the low-momentum transfer (30°) part of
the angular distribution shown in Fig. 2. Clearly,
14C(p,p’) measurements would be useful in clarifying the
level structure in this excitation region.

X. CONCLUSIONS

We used the clear signature for identifying M4 excita-
tions in pion-scattering excitation functions and differen-
tial cross sections to identify three new 4~ states in '*C,
two of which have been confirmed by 180° electron
scattering. Pion differential cross sections and
o(7+)/o(7r~) ratios show an enhanced sensitivity to the
isoscalar component of spin transitions that is comple-
mented by the sensitivity of magnetic electron scattering
to isovector components. For stretched states, this com-
bination of data permits the accurate determination of the
particle-hole transition amplitudes Z, and Z, within the
uncertainties of DWA in calculations for pion-inelastic
scattering to unnatural-parity states.

The deduced amplitudes were compared to shell-model

predictions of the distribution of M4 strength. The two

states at 11.7 and 17.3 MeV are described well, although a
deficiency exists in the neutron components of the

theoretical wave function. Overall about 40—50 % of the
expected isovector strength (S*!) was observed, whereas
only about 16% of the expected isoscalar strength (S*°)
was seen. This quenching is similar to what has been ob-
served for other stretched states.!~%!"27 It appears that
3p-3h configurations may be required to obtain the ob-
served excitation energies and wave functions. Recent re-
sults from three-particle transfer experiments indicate
that such components are present in several of the 4~
states discussed. It is clear that stretched states, which are
primarily excited via a single isospin-dependent density,
provide a stringent test of the fragmentation and distribu-
tion M4 strength predicted by nuclear structure calcula-
tions for p-shell nuclei. Understanding the M4 strength
distribution should contribute to a better theoretical
understanding of the quenching of other spin-flip transi-
tions in light nuclei.
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