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Differential cross sections for inelastic pion scattering from ' C at incident energies of 100 to 291
MeV and momentum transfers (300 MeV/c have been measured and are compared to results ob-
tained from other probes, particularly electrons and protons. Angular distributions and excitation
functions are presented for many of the bound states, including the 4.44-MeV (2+,0), 7.66-MeV
{0+,0), 9.64-MeV (3,0), 12.71-MeV/15. 11-Mev (1+;0,1) doublet, 16.11-MeV (2+,1), 19-MeV (4;0,1)
doublet, and 2 states at 18.25 and 19.4 MeV. Distorted-wave impulse-approximation calculations
using both macroscopic and microscopic descriptions of the nuclear wave functions are compared to
the data. The observation of an anomalous excitation function for the 15.11-MeV level and the ob-
servation of dramatic m. +/vr asymmetries near 18 and 19 MeV excitation due to isospin mixing be-
tween 2 states and between members of the 4 doublet are of particular interest.

I. INTRODUCTION

Pion-induced inelastic scattering from the target nu-
cleus ' C has been extensively examined with the Energet-
ic Pion Channel and Spectrometer (EPICS) at the Clinton
B. Anderson Meson Physics Facility (LAMPF). These
data include precise measurements of ~+ and m scatter-
ing to states below or slightly above the single-particle
separation energy, i.e., (20 MeV in excitation. Angular
distributions have been measured for momentum transfers
out to 300 MeV/c, a range sufficient to include the first
maximum for all transitions which have been observed in
' C. Since these data were measured at incident pion en-
ergies of 100—291 MeV in 20- to 30-MeV increments,
these data provide a unique opportunity to compare the
energy dependences of natural- and unnatural-parity and
isoscalar and isovector transitions with those theoretically
predicted. For example, the energy dependences for tran-
sitions to natural- and unnatural-parity states are ob-
served to differ, ' and this difference has been attributed
to the spin properties of the pion-nucleon interaction in
an impulse-approximation description of the pion-nuclear
interaction. The availability of both ~+ and ~ data is an
important advantage because of the sensitivity of pion in-
elastic scattering to isospin mixing between analog levels,
as demonstrated for the 4 doublet at =19 MeV (Refs. 4
and 5) and the 1+ doublet at 12.71 and 15.11 MeV.

The purpose of this paper is to present the extensive ' C
pion inelastic scattering data and to examine their sys-

tematic features. The pion-nuclear interaction is investi-
gated within the context of the impulse approximation for
the several different classes of transitions through compar-
ison with results from other probes, particularly electrons
and protons. Emphasis is placed on comparison of the
predicted energy dependencies for the various components
of the pion-nuclear interaction to those observed for tran-
sitions which can couple (in some cases exclusively) to
those components. We thereby hope to isolate the in-
teraction from nuclear-structure issues. Although it is
possible to obtain agreement between impulse-
approximation calculations and the ' C data over certain
ranges of energy for some transitions by ignoring kinemat-
ic details of the pion-nuclear interaction, we find that
more consistent results can be obtained for all classes of
transitions by first using pion elastic-scattering data to
calibrate the energy dependence of the pion-nuclear in-
teraction. For this reason, we first include an analysis of
the elastic scattering data for ' C and a discussion of the
anticipated effect upon inelastic-scattering kinematics.

In Sec. II we describe the data acquisition and consider
systematic errors associated with the data. In Sec. III we
compare pion elastic scattering from ' C to optical-model
calculations to consider an appropriate treatment of kine-
matics in the impulse approximation. In Sec. IV we
present results for pion inelastic scattering to the collective
2+, 0+, and 3 states between the incident pion energies
of 100—291 MeV as compared with collective model pre-
dictions. In Sec. V we give results for the isoscalar and
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isovector 4 and 1+ spin-flip transitions and the isovector
2+ natural-parity transition in comparison with micro-
scopic calculations. Additionally we give the results for
2 states at 18.25 and 19.4 MeV. The effects of isospin
mixing and possible 43/2 3/p hole components upon these
results are considered. In Appendix I, available from the
Physics Auxiliary Publication Service, we examine a phe-
nomenological model to resolve the kinematic ambiguities
of the usual reduction of the first-order impulse approxi-
mation to the optical potential. In Appendix II, we ex-
amine how this model, fully constrained by elastic-
scattering results, impacts the inelastic-transition ampli-
tudes.

Tables of measured cross sections used in this work are
available, and may be obtained from the Physics Auxili-
ary Publication Service.

II. DATA ACQUISITION AND REDUCTION

EPICS consists of a pion channel which provides a
momentum-dispersed ~+ or ~ beam of 50—300 MeV, a
scattering chamber, and a high-resolution magnetic spec-
trometer for analyzing the reaction products whose mo-
menta are & 700 MeV/c. ' Position-sensitive, delay-line
readout drift chambers' ' are used to measure particle
trajectories before and after the spectrometer dipoles.
Computer software then uses this information to project
the particle trajectories back to the scattering target and
determine the incident pion momentum, scattering angle,
and the momenta of the scattered particles. ' ' The re-
action kinematics are then reconstructed and the Q value
is histogrammed.

With the slits fully open, the EPICS channel has a
maximum momentum bite of + l%%uo of the central momen-
tum and an intensity of 10 m+/s or 2& 10 ~ /s at ener-
gies above 160 MeV with 500 pA of primary proton beam
current. The intensity is reduced by about a factor of 2
for m. + and a factor of 1.5 for ~ at 100 MeV. With the
slits fully open, 95%%uo of the beam at the target plane is
within a region extending 6.4 cm horizontally and 20.4
cm vertically and has an angular divergence of 10 mr full
width at half maximum (FWHM) in the horizontal plane
and 120 mr FWHM in the vertical plane. Since computer
analysis should be limited to the order of 50 events/s to
maintain acceptable live time, the channel momentum bite
was decreased at forward scattering angles to reduce the
incident pion flux. For these data, the full spectrometer
momentum acceptance of +6%%uo and angular acceptance of
10 msr were used. A scattering angle acceptance of +2'
was used for all the inelastic data.

Since these data were taken over an extended period of
time, improvements in the apparatus and analysis have re-
sulted in variations of the resolution and background.
The earliest data typically had a resolution of 250—300
keV, while the resolution was 150—200 keV for the more
recent data. The improvement in resolution was primari-
ly due to vacuum coupling of the spectrometer to the tar-
get chamber. Installation of a muon rejector in the spec-
trometer focal plane has led to a reduction in the muon
background by about a factor of 5 over the course of these
measurements.

The beam intensity was monitored by an ion chamber
downstream from the target. The ion chamber was pre-
ceded by an absorber of sufficient thickness to remove
protons contaminating the ~+ beam. Absolute normali-
zation of the product of the beam flux and spectrometer
solid angle was accomplished by comparison of yields
from elastic scattering from hydrogen with the predictions
of an energy-dependent analysis of Dodder. ' These re-
sults agree within 1 —3% with the data of Bussey. ' The
ratios of experimental yields to the predicted m. + + p cross
sections were fiat within +2%%uo between 40' and 120. The
performance of the downstream ion chamber could be
monitored by comparison to an ion chamber located at
the pion production target and by comparison to the in-
tegration of the primary beam current by a toroid ahead
of the production target. The analysis of the data in-
cludes correction for the pion survival fraction through
the spectrometer, chamber efficiency, computer live time,
and the spectrometer focal plane acceptance function.
The beam flux was normalized at each slit opening and
each energy for both ~+ and ~ . Additionally, the cross
sections for the 4.44- and 9.64-MeV levels were remea-
sured for a forward and a back angle point at each energy
as the last phase of these measurements.

Natural carbon targets of 100- and 227-(mg/cm ) areal
densities with dimensions of 15 & 22 cm were used
throughout. (CH2)„(polyethylene) targets with the same
dimensions as the carbon targets were used for normaliza-
tion. Spectra at angles near the maxima of the angular
distributions for the 1+, 2+, 3, and 4 transitions are
shown in Fig. 1. The accuracy and linearity of the
EPICS system have been calibrated using the positions of
known states. The uncertainty in the determination of the
energy loss was found to be equal to or less than the un-
certainty in determining the peak position, about 50 keV.

Yields for inelastic states were extracted from the Q-
value spectra by the line-shape fitting code LOAF. An
instrumental line shape was first determined from an in-
trinsically narrow state, then line shapes for each of the
other states were obtained by convolution of the instru-
mental line shape with a Lorentzian shape of the ap-
propriate width. The background was simultaneously
fitted with a polynomial of order up to eight. The separa-
tions between peaks were constrained to be in agreement
with the known energy level assignments for ' C, ' there-
by facilitating separation of overlapping states and estab-
lishing upper limits for states which were not easily ob-
served.

Systematic errors are estimated as follows: (1) Normal-
ization errors and flux monitoring variations are estimated
at +8%. (2) Errors associated with corrections to the
data, i.e., corrections for focal plane acceptance,
efficiencies, and survival fraction, are normally less than
+5%%uo. However, for a position on the focal plane where
the acceptance is rapidly varying the error can be large
(+15%). (3) Extraction of yields from the background in
Q-value spectra led to systematic errors for weak or over-
lapping states. For the low lying 2+, 0+, and 3 states
the systematic errors are no more than +2%, but for
weak states such as the 15.11-MeV (1+, T =1) level the
systematic errors can be quite large. The overall sys-
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tematic error is then estimated to be +10%. For those
points where the instrumental errors were known to be
larger than normal, the statistical error bars were corre-
spondingly increased. Systematic errors for the weakly
excited states will be stated separately when required.
Owing to the increased rates and increased difficulty in
normalization, the forward angles ((25') have an uncer-
tainty which systematically increases with decreasing an-
gle. The overall systematic error at 15 is estimated at
+15%. The angular uncertainty is estimated to be no
more than +0.5'.

III. ELASTIC SCATTERING

In spite of the ample pion elastic scattering data extend-
ing up to 340 MeV incident energy and extending back to
120, there remains considerable diversity among the
theories which attempt to explain these data. Not only do
questions remain as to kinematics, the reaction mech-
anism, the choice of form factor, and the impor-
tance of second-order effects, ' but diverse conceptual
models yield similar comparisons to the elastic data, par-
ticularly in the region of the A3/p 3/2 resonance. Figure 2
shows a comparison of calculations for various models to
the 164 MeV m. + + ' C elastic data of Piffaretti et al.
The agreement with the data is comparable for most mod-
els within the forward hemisphere. For this reason we
chose to use a model employing no more complications
than are necessary to predict pion elastic scattering at an-
gles forward of 100' in the energy region of the A3/p 3/2
resonance.

A simple systematic relationship exists between the free
pion-nucleon (vr N) amplitud-es and the optical-model pa-
rameters which can be used to obtain reasonable agree-
ment between a first-order, zero-range, impulse-
approximation calculation and pion elastic elastic-
scattering data. Figure 3 compares the values for the
optical-model parameter, b~, predicted from the free m-N

amplitudes using the frozen-target approximation, to the
values obtained from a search on b~ for the available ' C
data in the energy range 100—300 MeV. Both the real
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FIG. 2. Comparison of differential cross sections for various
models to the 162 MeV data of Ref. 29. The solid curve is the
result of our calculation. The dotted curve is the result of a
first-order calculation of Chen (Ref. 88) which attempts to ex-

plain large-angle pion scattering in terms of a finite multiple-
scattering series obtained from a reduction of the Watson series.
The dashed curve is the result of a full potential fit (Ref. 89) us-

ing the Stricker, McManus, and Carr (Ref. 64) representation for
the optical potential. The dotted-dashed curve shows the results
of an isobar-doorway model calculation of Horikawa, Thies, and
Lenz (Ref. 90).
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FIG. 3. Real and imaginary values for the optical-model pa-
rameter b~. The points are the result of a search on bl for the
' C data shown in Fig. 4. The dashed lines are the real and

imaginary values for b& predicted from the free n.-N amplitudes
using a frozen-target approximation. The solid curves are the
real and imaginary values for b& assuming a —28-MeV shift in
energy at which the optical-model parameters were calculated.



36 INELASTIC PION SCATTERING FROM ' C 233

and imaginary parts of b ~ obtained from the search exhib-
it a rather uniform shift in energy from their predicted
values. It is only the strong energy dependence of the
63/p 3/p resonance which makes this shift significant. The
solid curve of Fig. 4 shows calculated differential cross
sections for ' C with a —28 MeV shift in the energy at
which the optical-model parameters were calculated. The
dashed curve represents the same calculations without the
kinematic shift. The obvious effect is that this single phe-
nomenological parameter gives an energy dependence
which is in better agreement with the data. The predic-
tions for the total cross section for the same calculations
are compared to the ' C data in Fig. 5. Similar results for
nuclei ranging from Be to Pb have been observed and
are reported in Ref. 30. In all cases the kinematic energy
shift is about —30 MeV for incident pion energies of
100—300 MeV.
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FIG. 5. Total cross sections for pion scattering from ' C.
The dashed curve represents frozen-target calculations and the
solid curve includes a —28-MeV shift in the energy at which the
optical-model parameters were calculated. These data were from
Ref. 92.

Justification for the use of this phenomenological kine-

matic shift in energy becomes apparent upon examination
of the usual reduction of the first-order impulse approxi-
mation. The collision energy [the energy available to the

Ntwo-body s.y-stem in the pion-nuclear (tr-A) c.m. ]
used in these reductions are ambiguous since no relativis-

tic, invariant many-body theory exists. Appendix I, avail-

able from the Physics Auxilary Publication Service,
demonstrates that the Fermi motion of the target nucleons
can give rise to a reduction in the collision energy similar
to that used in the previous calculations.

The coordinate-space optical-model computer code,
pIRK, ' with the modifications described in Appendix I, is
used to solve a Klein-Gordon equation containing only
linear terms in the optical potential. A Kisslinger form
for the optical potential is assumed,

(&
~

t(~(K))
~

&) =Go+at&

where sc and v' are the "effective on-shell momenta" de-
scribed in Appendix I, t(co(a. )) is the t-matrix containing
the tr-N collision energy, co(K) =co (a)+co„(a), and ao
and a~ are related to the vr-N amplitudes given in Eq.
(A4). The coordinate-space representation for the solution
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of the nuclear part of the Klein-Gordon equation is

(r
~

U~G) = —{bpa p(r)+b)V, [p. (r)V„]I

bp= —2(277) Ct) (K) ap/K

b( ———2(2~) cu (a.)a) .

(2a)

(2b)

(2c)

0.08 ~~::::::-"

The optical-model parameters, bo and b ~, are evaluated
using Eq. (A4),

0.06—

E
o

4~ KcoN(K )
bl =, , (~*fr') .

K K CON(K/ A )

(3) 0.04-

The superscripted asterisk denotes variables in the ~-N
c.m. It should be made clear that the energy-shifted kine-
matics of Appendix I is only used for determination of the
optical-model parameters, b o and b ~, and the momentum
term, v, in Eq. (2).

For all of these calculations, both elastic and inelastic,
the amplitudes, f~', are constructed from the vr Npha-se
shifts of Rowe, Salomon, and Landau, and the density
distribution, p(r), for ' C is obtained from a modified
harmonic-oscillator density distribution with parameters
taken from electron-scattering results,

p(r) =pp(1+c(r/a) )exp[ —(r/a) ],

0.02—

0
O

FIG. 6. Density distribution for ' C. The solid lines define
the error envelope of model-independent analysis of both high
and low q electron scattering data {Ref. 36). The dashed curve is
the electron-scattering, modified-harmonic-oscillator density dis-
tribution {Ref. 35).

pp
——[(1+—', c)(&m.a) ]

a = 1.514 fm, c = 1.674

(4a)

(4b)

The electron-scattering parameters given in Eq. (4b) have
been modified to remove the finite charge size of the pro-
ton to obtain a point-density distribution consistent with
our on-shell assumptions. For ' C the modified
harmonic-oscillator model gives a density distribution
which is within the error envelope of model-independent
results which are well determined out to 4.5 fm or about
1 % of the central density. This density distribution is
shown in Fig. 6.

To predict pion elastic scattering data in the resonance
region forward of 100', it is only necessary for a model to
determine the peripheral partial-wave amplitudes due to
the nuclear "blackness. " Our analysis indicates that
these partial waves, 5 ( l (7 for ' C at 164 MeV, are criti-
cal for the angular region 30'—100 . Therefore, any model
which accurately determines amplitudes for these partial
waves wi11 be successful in this region. However, to pro-
duce the larger, backward-hemisphere cross sections as in-
dicated by the 164 MeV ' C data requires dramatically
adjusting the real part of the lower partial-wave ampli-
tudes by second order effects. None of the existing
theories predict such values for the lowest partial waves,
and therefore we do not consider the large-angle data.

The conspicuous lack of consideration given to several
aspects of pion-nuclear scattering may suggest that the
agreement between data and the calculations shown in
Fig. 4 and in Ref. 30 is fortuitous. However, within the
region of the A3/2 3/p resonance, the strong surface nature
of the m-nucleus interaction may justify ignoring nuclear-
medium effects, which at other energies may be critical.
The sensitivity to the finite size of the pion-nucleon form
factor and nuclear correlations are greatly reduced if the

interaction is contained in a region where the local density
is only a fraction of the central density. Furthermore, a
pion range of about 1 GeV/c is consistent with the
assumption of an essentially on-shell interaction. Except
for the

~ q ~

dependence which is dropped from our es-
timation for the collision energy, the on-shell assumptions
of Eq. (A4) and the assumption that our kinematic shift
has aff'ected a correct factorization of Eq. (A3) are incon-
sistent with the inclusion of the standard "angle transfor-
mation. " (See Ref. 22, pp. 172—174, for a discussion of
this subject. ) The neglect of the

~ q ~

dependence in the
collision energy should have little effect, except at large
angles, where far more sophisticated models fail. The
absence of corrections for pion absorption is justified if the
process of absorption at resonance energies generally in-
volves a sufficient number of interactions to have prevent-
ed the pion from returning to the entrance channel and
consequently will not affect elastic scattering. We con-
clude that the energy-shifted optical model is an adequate
representation at moderate momentum transfers for the
pion- ' C interaction near the A3/2 3/2 resonance.

IV. SPIN-INDEPENDENT TRANSITIONS

Since the low-lying states in ' C are known to be collec-
tive in nature, having negligible spin-Aip contribution in
the transition from the ground state, ' we begin by con-
sidering the 4.44-MeV (2+,0), 7.66-MeV (0+,0), and
9.64-MeV (3,0) transitions. The present data for pion-
induced inelastic scattering to these states are shown in
Figs. 7—9. These data span the energy region of the
63/2 3/2 dominance and an angular range which encom-
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FIG. 7. Differential cross sections for pion-induced inelastic
scattering to the 4.44-MeV (2+;0) state in ' C in the region of
100—300 MeV for the present data and those of Ref. 91. The
solid curves are results of collective model calculations assuming
a 3PF ground-state density distribution. The dotted curves are
from Tassie-model calculations assuming a MHO ground-state
density distribution. The dashed curves represent results from
calculations where the transition densities were empirically de-
duced from electron scattering. The dashed-dotted curves are re-
sults from calculations using microscopic descriptions of the
transition densities.

minimum is there disagreement. Similar discrepancies on
the order of 20% are also observed between the present
162 MeV data and those of Ref. 29 for the 0+ and 3
levels. The 180 MeV sr+/m data previously reported,
although about 8% lower at the maximum, are within our
estimate of systematic errors.

The curves represent first-order, configuration-space,
distorted-wave impulse-approximation (DWIA) calcula-
tions where the initial and the final pion distorted waves
are obtained from the elastic optical potential using the
methods previously discussed. The frozen-target approxi-
mation assuming on-shell kinematics with a collision ener-
gy deduced from elastic scattering is also used in the eval-
uation of the inelastic scattering matrix. Figure 11 com-
pares calculations for the 2+ (4.44-MeV) state with and
without a kinematic energy shift of —28 MeV in the in-
elastic scattering matrix. Although not dramatic, the en-
ergy dependence at the first maximum is more accurately
reproduced by the inclusion of this phenomenological en-
ergy shift. Attempts to treat the inelastic kinematic shift
as a free parameter while also allowing the transition
strength to vary results in values which are consistent
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with those previously determined for elastic scattering.
Inclusion of this phenomenological energy-shift param-

eter into the inelastic scattering matrix is plausible since
the factorization of the inelastic t matrix, as demonstrated
in Appendix II (available from the Physics Auxiliary Pub-
lication Service ), is entirely analogous to that for the elas-
tic factorization. Implementation of the phenomenologi-
cal energy shift into our first-order, configuration-space
calculations is also described in Appendix II.

The inelastic cross sections are calculated according to
Eq. (A13) using the coordinate-space DWIA computer
code, UTDwPI. Figures 7—11 compare the measured
cross sections with the UTDwPI calculations. The solid,
dashed, and dotted lines represent only the spin-isospin
independent component of the transition density. The
dotted-dashed curves represent microscopic calculations
which will be discussed later. The solid lines are the re-
sults from a model where the transition densities are given
in terms of collective nuclear excitations of angular
momentum A, and projection p, i.e.,

(Sa)p(r)= QPgFg(r)Yg„(r) (J'M'
~
JMAp), .—,

( —1)"
A,p

J'

F~(r) =c [ps, (r, c)]a
ac C =Co

= —c [ps, (r,c)]a
ar C =Co

(sb)

ps, (r) =po( 1 + w (r /c)') r —c1+exp (sc)

The notation J' implies (2J'+1)' . The Clebsch-Gordan
coefficient reduces to 6Jg6M „for the 0+ ground state of
' C. The ground-state matter density distributions, p~,
[taken to be three parameter Fermi (3PF) models with
half-density radii, co, and diffusivity parameters, z], were
obtained from electron-scattering charge distributions by
the deconvolution of the proton form factor. The normal-
ization, po, is chosen such that J r dr ps, ——1. The defor-
mation parameter, f3', is related to the reduced electric
transition probability, B(CA, ), and the electric transition
width, I P', by,
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8(crA, ) t =(J/J') 85„'(J~J')
2

Z f r dr r ~ip'(r)

p~'(r) =P~F~(r), k(C, E)=)i,, k (M) =I,—1,
(6a)

( )
Sera' '(A. +1)
A.((2)i, + 1)!!)

(C,E)

g2A, +1
X ~ (Cr)

1

(~ )
2A.

2

4 7

Vl pC

(6b)

100

10

[ 1 ! I ! ~
I

1

12C( * &*)lac'
2' (4.44 MeU)

! I 1

0.1

10 7T' 100 Mev~

0.1

for A,&0. For A, =O the reduced matrix element is defined
as Mo ' =Z J r dr po'(r).

The dashed curves represent hydrodynamic model cal-
culations within the Tassie ' formulation, for which the
distorted density and deformation parameters are given by

Here, ps, (r) is taken to be the modified-harmonic-
oscillator (MHO) density distribution given by Eqs. (4).
This MHO ground-state density is the same as used in the
calculation for the elastic and the distorted waves.

The dotted curves r present matter transition densities
empirically deduced from electron scattering.
The parametrization used to fit the electron-scattering
form factors was that of random-phase-approximation
(RPA) shell-model transition densities,

pg(r)=par (1+cr +zr )exp( —wr ), (&a)

po=MP'/Z f r + dr r (1+cr +zr )exp( —mr ) . (8b)

These transition densities were used for comparison to
proton scattering by Gustafsson and Lambert. " The de-
formation parameters extracted from proton scattering
have been shown to be independent of the beam energy
over a wide range.

Our calculations are normalized to the electron-
scattering reduced matrix elements determined from that
reference. Therefore, the pion-scattering results can be
compared directly to both the electron- and proton-
scattering data.

Figure 12 displays the radial transition densities for the

10
~' 116 MeVt

~ 0.1
E
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1
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n' 140 Mevt

Z (4.44 MaV)
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FIG. 11. Comparison of calculations with a kinematic shift of
—28 MeV (solid line) and with no kinematic shift (dashed line)
in the inelastic t matrix. These calculations used the collective
model but the same results are obtained with either of the other
models.

I I I

0 1 P. 3 4 5 6
Radius (f m)

FIG. 12. Radial transition densities for the macroscopic rnod-
els used in our calculations. The solid, dashed, and dotted
curves are as indicated in Fig. 7.
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State

TABLE I. Macroscopic model parameters used in calculations.

I (E)a

(10 ' eV) Model

0+

2.355
1.649
0.487

0.283

2.355
1.649
0.0

0.5224

0.0

0.006 32

0.5224

0.0

—0.149
1.762
0.437

0.321

—0.149
1.762
0.325

11.3
11.3
11.3

1.74 fm

0.220
0.220
0.220

Collective (3PF)
Tassie (MHO)
Empirical (e,e')

Empirical (e,e')

Collective (3PF)
Tassie (MHO)
Empirical (e,e')

'En all cases calculations were normalized to produce the quoted value for the transition width.
Value for reduced matrix element, MP'.

2+, 0+, and 3 transitions. The transition densities for
each state, which have been normalized to the same value
for the reduced matrix element, are quite similar beyond
the half-density point. This similarity results in similar
predictions for pion scattering in the region of the A3/2 3/2
resonance. Since a collective calculation was considered
inappropriate, only the empirical transition density is
given for the 0+ transition. Indeed, calculated angular
distributions using either the 3PF or the MHO are out of
phase with the 0+ data at all energies. Table I gives the
matter density parameters and transition widths used in
each case.

The agreement between data and calculation above
140-MeV incident pion energy is good for most models
within the forward hemisphere, but, in contrast to the re-
sults for elastic scattering, there is a systematic failure
below 140 MeV. Additionally, coupled-channel calcula-
tions indicate that the forward-angle cross sections for

I

the 0+ state become increasingly suppressed as the in-
cident pion energy falls below 150 MeV if two-step pro-
cesses are included. Although there is an indication in
our forward-angle data that such a process may be con-
tributing to the failure of the DWIA for the 0+ transition
at the lower energies, the most obvious deficiency is the
dramatic underestimation of the cross sections at angles
beyond 70' and below 140 MeV. If we ignore the data of
140 MeV and below, the data show the same trend as is
observed for proton scattering. ' The electron-scattering
transition widths give cross sections which are 20—30%
low for the 2+ transition and 15—30% high for the 3
transition. The cross sections for the 0+ transition are
adequately reproduced by the empirical electron-scattering
transition density, considering the statistical and systemat-
ic uncertainties in the data.

By defining a sensitivity function as

X( *(r), „X(+(r)
Gl (r)= g J dr Yr~ (r)I bpK„YIM(—r)+b~V„[YI.M(r)V„]jj Y~ (r),

1, 1' I' T

2
2

(rf()gg~= r dr GL (r)Fq(r)

(9a)

(9b)

i.e., the radial transition density is set to 1 and the angle-
integrated cross section is observed as a function of the
nuclear radius, the eA'ect of the distortions and angular
momentum transfer can be observed as a function of the
incident pion energy. Figure 13 shows the sensitivity
function for the incident pion energies of 100, 160, and
260 MeV. At energies of 160 MeV and greater, the cross
sections are sensitive to nuclear regions beyond the half-
density radius at 2.4 fm. However, at 100 MeV the pion
has penetrated beyond the nuclear surface and is most
sensitive to a radius of about 2 fm for all values of L.
Since the transition densities remain large at 2 fm, the
overlap between the sensitivity function and the transition
density will result in a large contribution to the cross sec-
tion from that region. Therefore, it may be that in the
case for the 2+, 0+, and 3 transitions, our simple im-
pulse approximation is breaking down at low energies as a
direct result of the pion penetrating the nuclear medium.

At least for these spin-independent inelastic transitions,

the DWIA provides reasonable agreement with the data
for incident pion energies above 140 MeV for properly
normalized collective models or empirical electron-
scattering transition densities. The phenomenological en-
ergy shift appears to be a simple method for incorporation
of a correction to the frozen-target approximation as ap-
plied to the inelastic interaction for the Fermi momentum
of the target. Empirically, it results in the determination
of transition probabilities that are independent of energy
above 140 MeV.

V. SPIN-DEPENDENT TRANSITIONS

Next, we consider transitions having large spin-Aip con-
tributions. Transitions between the 0+ ground state and
states of unnatural parity, such as the 12.71-MeV/15. 11-
MeV (1+;0,1) doublet and the 19-MeV (4;0,1) doublet
in ' C, can proceed only through the spin-dependent part
of the interaction. The transition to the 16.11-MeV
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FIG. 13. Absolute value of the real (solid line) and imaginary
(dashed line) parts of the sensitivity function as described in Eq.
(9a) for L = 1, 2, 3, and 4.

(2+,1) level in ' C, although of natural parity, is also
known to have a large spin-dependent contribution.
Figures 14—17 show data for inelastic scattering to the
1+, 2+, and 4 levels in ' C at incident pion energies
from 100 to 291 MeV. For the 1+ levels, the data are
adequate to define the position and magnitude of the first
maximum, but there are suScient statistics to define the
position of the first minimum or second maximum only at
a few energies. The 15.11-MeV level was situated on a
broad structure of about 2 MeV FWHM, presumably a
2+ T =0 state, ' which leads to ambiguities in the choice
for the line shape used for fitting the peak. It was deter-
mined that the yields could be altered by as much as
+15% by choosing equally plausible line shapes. Conse-
quently, the systematic errors for cross sections beyond
the first maximum can be as large as +20%. Cross sec-
tions for the 2+ 16.11-MeV state should be considered to
have an additional systematic fitting error of 10%%uo. These
data are, in part, the result of reanalysis of the data
presented in Ref. 62. Subsequent higher quality data have
allowed a better determination of the background content.
The 180 MeV n.+ data for the 19.25-MeV level contain a
point 40% below the other data. This point, as well as
that for m. at 180 MeV, and the 19.65-MeV m+ and ~
180 MeV points were measured separately from the other
data for the purpose of accurately determining the ratio of
yields for ~+ and m. . Although the relative uncertainty
in these yields is small, & 5%, the absolute normalization
was not determined at 180 MeV, but was extrapolated
from a lower energy. The error in this extrapolation is
thought to be the source of this discrepancy.

The curves represent DWIA calculations as outlined in
Appendix II, but now including the spin-dependent com-
ponents which were omitted in Eq. (A12). For the spin-

100 E.

1 E.

100 E

10

dependent part of the interaction we use the zero-range
spin-orbit operator which Carr et al. have demonstrated
to predict the effective pion-nucleus interaction for the
stretched 4 and 6 states in ' 0 and Si. The
configuration-space, p-wave form of the spin-orbit opera-
tor was given by

t„*N(r) =(a2+a2I„r; }V„5(r)Xa'.o;, (10}

where 5(r}=5(r—r, ) is the relative coordinate, a' is the
pion c.m. momentum, and the strength parameters, aq
and aq, are the same as given in Eq. (Al I). Equation (10}
is consistent with the spin-dependent part of the
momentum-space representation contained in Eq. (All),
where the strength parameters are evaluated at the
effective on-shell collision energy. Carr et al. found the
spin-dependent component of this model to be equivalent
to the Stricker, McManus, and Carr (SMC) form at 162
MeV. However, as can be seen from Fig. 17, the DWIA
calculations for a kinematic shift of —28 MeV (solid line)
have a different energy dependence from calculations with

01 I I ~» I i I ). L i I

0 25 50 75 100125150 0 25 50 75 100125150

c.m. Angle (deg)

FICr. 14. Differential cross sections for pion-induced inelastic
scattering to the 12.71-MeV (1+;0) level in ' C in the region of
100—300 MeV incident pion energy. The curves are results of
microscopic calculations using the particle-hole spectroScopic
amplitudes given in Table II. The solid (dashed) curves are the
results of using the harmonic-oscillator parameter a (b).
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level and dashed curve uses the harmonic-oscillator parameter c.
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FIG. 16. Same as Fig. 14, except for the 16.11-MeV (2+;1)
level.

no kinematic shift (dashed line) for the 4 states in ' C.
The two calculations differ by a factor of 2 at 291 MeV,
while virtually total agreement is retained at 160 MeV.
This is due, in part, to the strong energy dependence in
the spin-dependent components above 160 MeV and, in
part, to the diminished effects of the distortions for high-
spin states. These calculations were performed using a
modification of the generalized inelastic scattering poten-
tial code ALLwRLD (Ref. 65) to calculate the transverse
spin transition density from harmonic-oscillator wave
functions given in the j-j coupling scheme and to form the
subsequent folded potential using the interaction of Eq.
(10). The pion distorted-wave code UTDwPI (Ref. 49) was
used to generate the distorted potential and to form the
differential cross sections.

We consider first the 4 transitions observed in pion in-
elastic scattering by Moore et aI. ' as well as in electron
scattering. The stretched configuration, [1dq�q-

2lp�/2]4,

of these states reduces the possible complexities
to a minimum. First, in the impulse approximation, only
the transverse spin transition density can contribute.
Second, the corrections to the impulse approximation for
Fermi motion which led to terms involving pionic current
coupling to the nuclear convection current cannot contrib-
ute to stretched configurations. Third, A3/2 3/2-hole ad-

mixtures which may contribute to isovector transitions
(such as the 1+ isovector transition in ' C) are negligible
for high-spin states. However, it is still possible to have
contributions from coupling of the spin-orbit component
of the ~-N interaction to the nuclear spin-current transi-
tion density which is not considered in these impulse-
approximation calculations.

We have previously attributed the large m. +/m. asym-
metries, which can also be seen in the present data, to iso-
spin mixing between the members of the 4 doublet, re-
sulting in the 19.25-MeV level being proton-like and the
19.65-MeV level being neutron-like. The ratio for
w +/o. was originally observed to be greater than 2:1
and less than 1:2 for the 19.25-MeV state and 19.65-MeV
levels, respectively. Assuming h3/2 3/2 dominance and
two-state mixing, the admixture amplitude of the T =1
component into the otherwise pure T =0 level at 19.25
MeV (or, conversely, of the T =0 component into the
19.65-MeV level), i.e.,

~

~&=a
~

T=O& —P~ T=l&,
~a&=a

~

T =1&+p
~

T =O&,

a+p =1,
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TABLE II. Wave functions used in microscopic calculations.

E
(MeV) [j] Jh ]J (fm ') Z(T =0)' Z(T =1)'

r~
(eV)

12.71

15.11

16.11

19.25
19.65
4.44'

7.64

9.64'

[lp]/2 lp]/2]1
[lp I/2 lp 3/2]1
[lp3/2 lp I/2]1
[lp3/2 lp3/2]1
[ lp I/2 lp]/2]1
[lp]/2 lp3/2]1
[lp3/2 lp]/2)1
[ lp 3/2 lp 3/2 ] 1

[lp]/2 lp3/2]2
[lp3/2 lp]/2]2
[lp3/2 lp3/2]2
[lds/2 lp3/2]4
[ 1d5/2 lp 3/2]4
[ ld3/2 ls 3/2)2

[

is]�/2

1d 3/2 ]2
[ ld5/2 1$]/2]2
[ls]/2 lds/2]2
[lp3/2 lp I/2]2
[ lp]/2 lp 3/'2 ]2
[2p3/2 lp]/2]2
[lp]/2 2p3/2]2
I lp»3/2 lp 3/2)2
[2p] /2 lp 3/2]2
[lp3/2 2p]/2]2
[2p3/2 lp3/2]2
[lp3/2 2p3/2]2
[ ld3/2 ld 3/2]2
[ ld5/2 ld 3/2]2
[ld3/2 ld5/2]2
[ ld5/2 ld 5/2 )2
[ lp]/2 lp]/2]&
[ 1p 3/2 lp 3/2 )0
[ld5/2 lp I/2]3

0.5 13 b 0.625c

0 513 0 552

0.610

0.620
0.620
0.575

0.380

0.575

0.0445
—0.7317
—0.3611
—0.0142

0.0041
0.0484
0.0239
0.0054
0.0
0.0
0.0
0.4190
0.3160
0.079

—0.0090
—0.007
—0.0097

0.6201
—0.8506

0.0077
—0.0188

0.4471
—0.0175

0.0185
0.0068
0.0123
0.0356
0.0213

—0.0271
0.0646
0.6076
0.183 28
0.3686

—0.0028
0.0467
0.0231
0.0009
0.0636
0.7578
0.3729
0.0840

—0.6796
0.1136

—0.0607
—0.3160

0.4190
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.35

0.67

3.1 ~ 10-'
1.3 &&

10-'
11.3 & 10

1.74fm '

0.22 X 10

4 doublet is apparently almost totally isospin mixed and
more accurately described as a proton and a neutron
state.

The particle-hole spectroscopic amplitudes for the iso-
scalar and isovector components of the 4 spin transition
densities were chosen such that ~/3

~

=0.6 and that the
cross section at the peak of the 180-MeV ~+ angular dis-
tribution for the 19.25-MeV level is reproduced. We are
free to choose the overall normalization for the 4 transi-
tions since the lower 4 state has not been identified in
electron scattering data. The centroid of 19.59 MeV
from Ref. 57 is near the upper 4 state from the present
work. The harmonic oscillator parameter for our calcula-
tions is the same as that used for the 4 transitions in ' 0
in Ref. 63 with the appropriate center-of-mass correction.
Possible shape differences between proton and neutron ra-
dial wave functions as discussed by Siciliano and Weiss
are ignored. Table II contains the transition density pa-
rameters used for these calculations. The agreement at
the maximum produced by our energy-shifted interaction
is quite good over the entire energy range.

Next we consider the transitions to the 1+ doublet at

12.71 and 15.11 MeV. Again, isospin mixing between the
two levels results in m+/vr asymmetries. ' The ad-
mixture amplitude for these states has been determined to
be

~
p

~

=0.06+0.01 from fitting the I7 ~//cr ratios for
the 100-, 116-, and 130-MeV 25 and 30' data. Unlike
the case for the 4 states, there has been extensive study
of this classic example of isospin mixing between analog
states using both electromagnetic and hadronic probes.
Although estimates vary widely, the value determined
from the pion data is in agreement with the back-angle
electron-scattering results of Flanz et al.

For the 1+ calculations shown in Figs. 14 and 15, the
isoscalar and isovector spin transition densities are given
in terms of particle-hole spectroscopic strengths taken
from the model of Cohen and Kurath (CK) and per-
turbed by the admixture amplitude. The 15.11-MeV level
was renormalized by 1.1 to produce the M1 strength as
determined from fitting the isovector electron-scattering
transverse form factor. The validity of CK wave func-
tions for ' C is supported by electron-scattering results for
the 15.11-MeV level and proton stripping data. (Elec-
tron scattering to the 12.71-MeV level is also well repro-
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TABLE II. (Con tinued).

E
(MeV)

18.25'

19 4'

Ut Jh ]J
[lpga/2 lds/2]3
[ld3/2 lp3/z]3
[lp3/2 ld 3/2]3
[ lds/2 lp 3/2]3
[ lp 3/2 ld s/z ]3
[lds/z 2p Dz]3
[ld3/2 2p3/2]3
[ lds/2 2p 3/2 ]3
[2s~/2 lf s/z ]3
[1d3/2 lp 1/2 ]2
[ lpi /zld3/z]2
[lds/2 lp 1/2]2
[2st/2 lp 3/2]2

[ ld3/2 lp 3/2]2

[ ld, /2 lp 3/2]2

[ lp3/2 ld s/z ]2
[lds/z 2p3/2]2
[ld3/2 lp &/z]2

[ 1p 3/z 1 d 3/2 ]2
[lds/2 lp 1/2]2
[2s)/2 lp 3/2]2

[ ld3/2 lp 3/2]2

[ lds/z lp 3/2 ]2
[ lp3/2 Id 3/2 ]2

[lds/2 2p 3/2]2

(fm ')

0.550

0.550

Z(T =0)'
0.2037

—0.4201
—0.2192

0.6973
0.2037
0.0141

—0.0129
0.0202
0.0002

—0.0159
—0.0078

0.0604
—0.1420

0.0552
—0.3990
—0.0414
—0.0112

0.0616
0.0030

—0.0233
0.0550

—0.0214
0.1540
0.0160

0.0434

Z(T =1)'
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0616
0.0030
0.0233
0.0550
0.0214
0.1540
0.0160
0.0434
0.0159
0.0078
0.0604
0.1420
0.0552
0.3990
0.0414

0.0112

rI.-
(eV)

0.243

0.652

'Values quoted for a, (Mco/R)', and the spectroscopic amplitudes are shell-model values. The stan-
dard c.m. correction is used in the calculation. Spectroscopic amplitudes have the convention that for a
pure particle-hole excitation the value is unity.
Harmonic oscillator parameter taken from Ref. 77.

'Harmonic oscillator parameter taken from Ref. 73.
"Harmonic oscillator parameter taken from Ref. 75.
'Glasgow wave functions.
Value for reduced matrix element, MP'.

duced by CK wave functions if the above admixture am-
plitude is included. ) Results for two diff'ering values for
the harmonic oscillator parameter are shown in Figs. 14
and 15. In both cases the solid lines represent a value
taken from Ref. 77 which gave reasonable results for pro-
ton scattering to the 15.11-MeV level. The dashed lines
represent calculations using oscillator parameters taken
from fits to electron-scattering data. For the 15.11-MeV
level, we use the results of Dubach and Haxton, who
fitted both low- and high-q electron-scattering data. For
the 12.71-MeV transition, the oscillator parameter is tak-
en from the fit to the 12.71-MeV transverse form factor of
Ref. 73. The particle-hole amplitudes and the oscillator
parameters used in these calculations are given in Table
II.

The results of both calculations give credible results
over the full energy range for the 12.71-MeV level consid-
ering the quality of the data past the first maximum. The
strength of the interaction is reasonably well reproduced
by the p-wave form of the spin-orbit operator using the
electron-scattering or proton-scattering results for the

transverse spin transition density. The two oscillator pa-
rameters exhibit somewhat differing energy dependencies
at the maximum, with that taken from electron scattering
appearing preferable. However, we have omitted Fermi
momentum corrections to the DWIA which can contrib-
ute to the 1+ cross sections. The contribution coming
from coupling to the nuclear convection currents through
the non-spin-fIip components of the interaction has been
estimated in Ref. 78 for the 12.71-MeV transition using
the correction term of Siciliano and Walker. The effect
of this Fermi momentum correction term is to increase
the cross sections below the resonance, =20%%uo at 100
MeV, and to decrease the cross sections above the reso-
nance, =15%%uo at 250 MeV. Therefore we cannot distin-
guish between the Fermi momentum corrections of Sicili-
ano and Walker and the shape of the spin transition den-
sity by considering only the magnitude of the cross sec-
tions at the maximum.

The general agreement that we obtain for the isoscalar
1+ transition is in sharp contrast to the results for the iso-
vector transition to the 15.11-MeV level. The transverse
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gion of the 1+ transitions in ' C for incident pion energies of
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spin transition density for the 15.11-MeV level is known
to be well represented by CK wave functions from elec-
tron scattering. The pion-scattering results for the
12.71-MeV level, which the CK wave functions give as a
near relative to the 15.11-MeV level, support this asser-
tion. However, the DWIA calculations for pion inelastic
scattering to the 15.11-MeV level systematically underesti-
mate the cross sections in the region of the resonance.
Figure 19 demonstrates that the relative yield for the 1+
levels can clearly be seen to change with energy in the Q-
value spectra. Figure 20 compares the excitation func-
tions for averaged rr+ and rr data (averaged to remove
Coulomb effects) near the first maximum, q = 124 MeV/c,
for the 12.71 and 15.11-MeV levels. The data and calcu-
lations for the isovector transition have been multiplied by
4, the expected ratio for isoscalar and isovector transi-
tions, assuming b, 3/2 3/2 dominance. The solid (long58

dashed) curve is the DWIA prediction for averaged sr+

and rr cross sections for the 12.71-MeV (15.11-MeV)
transition. The dotted curve is a prediction for the
12.71-MeV transition including the Fermi momentum
correction term. As was pointed out in Ref. 78, both the
shape and magnitude of the 15.11-MeV excitation func-
tion are difficult to explain in terms of either uncertainties
in spin transition densities or in any of the various pieces
of the non-charge-exchange m-2 interaction proposed or
observed to date. It has been suggested that the structure
in the 1+ isovector transition be attributed to A3/2 3/2
particle-nucleon hole (b, 3/2 3/2 h) admixtures in the iso-
vector state. In this model the isospin of the A3/2 3/2,

FIG. 20. Top: Ratio of the extrapolated cross sections for in-

elastic scattering to the isovector (0&4) and isoscalar 1+ states in
' C at a constant q vs incident pion energy. Bottom: Compar-
ison of extrapolated cross sections for scattering to the 12.71-
and 15.11-MeV levels to DWIA calculations. The solid (dashed)
curve are calculations for the 12.71-MeV (15.11-MeV) level. The
dotted curve includes an estimation of the Fermi momentum
correction for the 12.71-MeV transition.

T = —', can couple with the isospin of the nucleon hole,27

T = —', to aA'ect isovector but not isoscalar transitions. Al-2'
though no detailed model for the ~-A3/2 3/2 interaction is
available, an estimate of the necessary admixture of
A3/2 3/2 h component in the 1 5.1 1 -MeV level was ob-
tained by using the calculated contribution of the 1+

43/2 3/2 isobar hole state to the total ~- 2 cross section in
' C. The A3/2 3/2 h admixture necessary to produce the
observed enhancement for the 15.11-MeV state was found
to be

~

/3
~

)0.005. This implies that pion-induced inelas-
tic isovector transitions may be quite sensitive to even
small admixtures of A3/2 3/2 h components in the wave
functions. Similar enhancement of the 1+~0+ isovector
transition in Li has been observed. Calculations for C6 80 12

in a delta-hole model also predict this eff'ect. '

We next consider the natural-parity, isovector transition
to the 2+ state at 16.11 MeV in ' C. This state is predict-

74ed to have about equivalent rnatter and spin densities.
Figure 21 shows the relative radial dependences of the
transitions used in these calculations. While there is gen-
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systematic underestimation of the cross sections near reso-
nance.

Figure 22 compares extrapolated values of the mea-
sured cross sections for the isovector 2+ transition near
the maximum, q =150 MeV/c, to the DWIA predictions.
For this natural-parity transition, possible A3/2 3/2 h ad-
mixtures (or Fermi momentum corrections to the DWIA
for that matter) could be seen as an interference in either
or both the spin-dependent or the spin-independent com-
ponents of the pion-nucleus interaction. Additionally, the
Ml transition decay widths' of the 12.71- and 4.44-Mev
levels indicate that coupled-channel effects may be
significant. %'e are thus discouraged from asserting that
the enhancement observed in the excitation function for
the 16.11-MeV level can be construed as evidence for
A3/2 3/2 h components in the nuclear wave functions. %'e
do note, however, that the structure in the excitation
function for pion-induced inelastic scattering to the 2+
level at 16.11 MeV is similar to that observed for the iso-
vector 1+ level in both magnitude and shape.

Finally, we consider states at 18.25+0.03 (with a width
of 230+20 keV FWHM), 18.6+0.05 (with a width of
250+50 keV FWHM), and 19.4 MeV (with a width of
350+50 keV FWHM) which we identify as 2 levels.
The combined structure near 18.5 MeV, which is seen in
both electron scattering ' and proton scattering and
thought to be 2, is resolved into two levels by compar-

0 1 2 3 4 5
Radius (t m) ' C(7T',rr')' C'(16.11 MeV)

FIG. 21. Components of the radial transition densities for the
isoscalar 1+, the isovector 2+, and the lower 4 transition in
' C. The solid curves represent the isoscalar spin-density com-
ponent and the dashed curves represent the isovector spin-
density. The dashed-dotted curve for the 2+ represents the iso-
vector matter density for this natural parity transition.

2..5 I
I

I I I
I

t f s
I

I I r
I

1 I
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1.5

eral agreement that CK wave functions reproduce the
shape of the inelastic electron-scattering longitudinal form
factor, there is general disagreement as to the required
normalization. Measurements for the electric transition
width, 1 P', range from 0.35+0.04 (Ref. 82) to 0.75+0. 16
eV, whereas the CK prediction is 0.67 eV. The situa-
tion for the transverse spin density is somewhat less
confusing. The CK prediction without renormalization
gives rough agreement with the measured electron-
scattering transverse form factor. For these calculations
we use the CK wave functions without renormalization of
either the matter or the spin density and take the harmon-
ic oscillator parameter from the electron-scattering results.
Figure 16 (solid curves) shows the results for the particle-
hole spectroscopic amplitudes given in Table II. The
dashed curves show results considering the rnatter density
alone. It is interesting to note that the effect of the large
spin density is to increase the forward-angle cross sections
at lower energies while increasing the back-angle cross
sections at the higher energies. Although the CK wave
functions appear to produce approximately the correct
strengths at both the higher and lower energies, there is a

0..5 I i a i I
r 1 I

I
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FIG. 22. Top: Ratio of the extrapolated cross sections for in-

elastic scattering to the isovector 2+ state in ' C at a constant q
to absolute DWIA predictions vs incident pion energy. Bottom:
Comparison of extrapolated cross sections for scattering to the
16.11-MeV level to DULIA calculations.
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energies isospin mixing between the 18.25-MeV level and
a state at 19.4 MeV is evident with a hint of further asym-
metry at 20—21 MeV. The 18.25- and 18.6-MeV levels
do not appear to be isospin mixed, as the extracted cross
section for the 18.6-MeV level is about 65 pb/sr at the
maximum for both m+ and ~ . Since 2 strength near
19.4 MeV has been observed in both electron scatter-
ing, ' ' and proton scattering, the assignment of 2
remains consistent. Figure 25 compares the measured
cross sections for the 18.25 MeV level to calculations as-
suming a dominantly isoscalar 2 transition with an ad-
mixture amplitude of 0.36 for the isovector component.
Table II gives the spectroscopic amplitudes used for these
calculations. Our choice of amplitudes is somewhat arbi-
trary as renormalization of single particle excitation of
[idsgp-lp3/2]2 gives essentially the same results. The
spectroscopic amplitudes quoted are the results of renor-
malization, by a factor of 0.7, of the dominant com-
ponents from Glasgow calculations for a 2, T =0 state

8 10 12 14 16 18 20 22 24

ENERGY LOSS (MeV)

ison of sr+ and ~ spectra. Owing to the overlap and
possible interference of the two lower levels, there is con-
siderable ambiguity in the determination of line shapes
and we estimate the overall systematic uncertainty to be
+25%. Figures 23 and 24 show ~+, vr, and the
~+ —~ diA'erence spectra at 130 and 180 MeV. At both
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FIG. 23. Q-value spectra for sr+, vr, and their diff'erence for
inelastic scattering at T = 130 MeV and O~,b = 35 .
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FIG. 24. Same as Fig. 23, except T =180 MeV.

FIG. 25. Differential cross sections for pion-induced inelastic
scattering to the 18.25-MeV level in ' C in the region 100—300
MeV incident pion energy. The curves are the results of micro-
scopic calculations using the particle-hole spectroscopic ampli-
tudes given in Table II.
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FIG. 26. Same as Fig. 25, except for the 19.4-MeV level.

predicted to be near 18 MeV in excitation. The harmonic
oscillator parameter was chosen to reproduce approxi-
mately the position of the first minimum. With the excep-
tion of the 291 MeV data, the agreement is quite convinc-
ing.

Figure 26 compares the cross sections for the 19.4-MeV
level with calculations assuming that this is the upper
member of an isospin-mixed 2 doublet. Although the

results are consistent with this assumption, calcula-
tions for sr+ greatly underestimate the observed cross sec-
tions at all energies. Provided that the extraction of cross
sections of ~+ scattering to the 19.4 MeV level is accu-
rate, simple two-state mixing between the 18.25- and
19.4-MeV levels must be ruled out. This suggests further
mixing with at least one other broad 2 state, possibly in
the region of 23—26 MeV in excitation.

In addition to the 2 states mentioned above, the 2
state at 11.83 MeV is weakly excited in pion scattering.
The differential cross section at 180 MeV and 35' is about
20 pb/sr. The 2 state at 16.6 MeV (Ref. 60) was not ob-
served. The observation of additional 2 structure in the
region 18—19 MeV and the observation of isospin mixing
should assist in clarification of the 2 structure in ' C.

It is interesting to note that DWIA calculations for the
collective 2+, 0+, and 3 transitions which gave reason-
able agreement at resonance energies and above fail badly
at the lowest energies. On the other hand, microscopic
DWIA calculations for the 1+ and 4 doublets and the
isovector 2+ transitions are reasonably well reproduced at
these energies. Microscopic calculations normalized to
8(CA, ) J, have been performed for the collective 2+ and 3

transitions including the full 2Acu basis for the natural-
parity components and the 1Acu basis for the unnatural-
parity components using Cilasgow wave functions, which
are represented by the dashed-dotted curves in Figs.
7—10. CK wave functions were used for the 0+ transi-
tion. These calculations, which now include both spin-
independent and spin-dependent components and contri-
butions from outside the p shell, do little to resolve the
difficulty at the lower energies. Comparison of the radial
transition densities, Figs. 12 and 21, and the sensitivity
function, Fig. 13, does not suggest that the discrepancy at
low energies is associated with the particular region of the
nuclear medium being sampled by the transition or with a
failure to predict the effect of the distortions as the pion
penetrates the nuclear surface. The success for the 4
transitions over the full energy range would also suggest
that, to first order, kinematics for the inelastic pion-
nucleus interaction are being adequately treated.

VI. CONCLUSIONS

From these results for ' C we conclude that pion-
induced inelastic scattering in the forward hemisphere can
be explained over the entire energy range of the A3/2 3/2

by simple zero-range, frozen-target DWIA calculations
for certain classes of transitions. Strongly excited transi-
tions involving only the spin-dependent component of the
m-A interaction exhibit energy dependences which agree
well with those of these calculations. The results for the
4 transitions indicate that some correction to the
frozen-target approximation to account for the Fermi
motion of the target nucleons is necessary, at least for
transitions involving the spin-dependent component of the

interaction, which has a rapidly changing energy
dependence. The energy dependence for the transition to
the 2 state at 18.25 MeV is also well reproduced by our
calculations. For the isoscalar 1+ transition, where
presumably the strength is known, we obtain semiquanti-
tative agreement between data and absolute calculations.
However, the quality of these data preclude investigation
of subtle effects such as the inhuence of nuclear-current
and spin-current densities. Likewise, transitions to the
collective 2+, 0+, and 3 states are reasonably repro-
duced for incident pion energies above 140 MeV using
empirically determined transition densities.

On the other hand, the transitions to the isovector 1+
level at incident pion energies near 180 MeV are grossly
underestimated by our calculations. This enhancement
may be an indication of the sensitivity of pion-induced in-
elastic scattering to delta particle —nucleon hole com-
ponents in the nuclear wave function. Cross sections
which are in excess of the calculated values have also been
observed for the isovector transition to the 16.11-MeV lev-
el. Although the magnitude and shape are similar to the
structure which has been observed for the isovector 1+
state, the structure for the 2+ level may be due to an
inadequate description of the transition. We have also ob-
served enhancements of backward angle cross sections at
low energies for the 4.44-, 7.66-, and 9.64-MeV levels
which are not predicted in our model. These enhance-
ments are not observed in the transitions above 10 MeV
in excitation, where the calculated values agree with the
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low energy data. In particular, it can be seen that the
100-MeV angular distributions for the 2+ state at 4.44
MeV and for the 2+ state at 16.11 MeV have di6'erent
shapes.

In the course of this work, we have identified new
features in the structure of ' C. The admixture amplitude
for isospin mixing and the spectroscopic strengths for the
4 doublet near 19.25 MeV have been estimated. The ob-
servation of isospin mixing between levels at 18.25 and

19.4 MeV and the shape of the angular distributions
confirm an assignment of 2 for these levels. We have

also observed additional fragmentation of the 2 structure
in the region 18-19 MeV.
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