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The excitation function for m. + inelastic scattering to the 0+, T=1, 3.563-MeV level of Li has
been measured at a constant momentum transfer q=109 MeV/c for incident pion energies from 100
to 260 MeV. Although the differential cross sections extracted for the natural-parity transitions to
the 3+, T=0, 2.185-MeV and 2+, T=0, 4.25-MeV levels are well reproduced within the framework
of the distorted-wave impulse approximation, distorted-wave impulse approximation calculations
fail to reproduce the anomalous excitation function observed for the transition to the 3.563-MeV lev-

el. The shape of the 3.563-MeV excitation function is similar to that previously observed for m. —in-

elastic scattering to the 1+, T=1, 15.11-MeV state of ' C [C. L. Morris et al., Phys. Lett. 108B,
172 (1982)]. The same mechanism may be responsible for the observed excitation functions of both
AS=ET=1 transitions. A possible mechanism is the previously proposed direct excitation of 5-
particle —nucleon-hole (6-h) components in the wave functions.

I. INTRODUCTION

Comparison of pion-inelastic-scattering data in the en-

ergy range of the (3,3) resonance with calculations using
the distorted-wave impulse approximation (DWIA) and
well-known transition densities, indicates that a single-
step, impulse approximation is an adequate description
for pion-induced transitions to nuclear states which are
strongly excited. For example, Lee and Kurath' and Lee
and Lawson, using the DWIA and transition densities de-
rived from shell-model wave functions, qualitatively
reproduce angular distributions for pion inelastic scatter-
ing to excited states of various p and sd-shell -nuclei.
Morris et al. and Boyer et al. obtain good agreement
between angular distributions and DWIA calculations,
which use empirical transition densities determined from
electron-scattering data, for inelastic scattering to low-
lying collective states in ' C, Ca, Ca, Ca, and Ca.
Furthermore, the excitation functions measured at a con-
stant momentum transfer for the unnatural-parity transi-
tions to the 4, 19.25-MeV state and 2 structure at ap-
proximately 18.4 MeV in ' C (Ref. 5) and the —, , 9.5-
MeV state in ' C (Ref. 6) decrease with increasing in-
cident pion energy as predicted by the DWIA. Within
the framework of the DWIA, these unnatural-parity tran-
sitions are particularly simple, involving only the spin-
dependent part of the effective pion-nucleus inelastic in-
teraction and the transverse spin transition density. In
particular, for the unnatural-parity transitions to states of
stretched configuration in ' 0 (4 levels at E~=17.79,
18.98, and 19.80 MeV) and Si (6 levels at E„=11.58

and 14.36 MeV), Carr et al. satisfactorily reproduce the
measured angular distributions with DWIA calculations
using spin transition densities fixed from (e,e') and (p,p')
data.

For pion-induced excitation of nuclear states that are
weakly excited by a one-step, impulse-approximation
mechanism, nuclear medium effects and multistep pro-
cesses may be important and there may not be good agree-
ment between the pion-inelastic-scattering data and
DWIA calculations, as for the above strongly excited ex-
amples. This is indeed the case for the T =1 member of
the weakly excited 1+ doublet, 12.71 MeV (T =0) and
15.11 MeV ( T =1), of ' C. ' Cohen-Kurath wave func-
tions" describe the 15.11- and 12.71-MeV states as near
analogs, and this description for the spin transition densi-
ties is supported by (e,e') data. ' Calculations using a
one-step, DWIA mechanism predict the ratio of cross sec-
tions for unnatural-parity transitions to members of an
antianalog-analog pair to be four to one. ' Both the
constant-momentum-transfer-excitation function and the
angular distributions for the 12.71-MeV state are well
reproduced by DWIA calculations. However, the mea-
sured ratio of four times the averaged m+ and a dif-
ferential cross sections for the 15.11-MeV state to the
averaged n. + and ~ differential cross sections for the
12.71-MeV state deviates significantly from one, especial-
ly at energies near 180 MeV (ratio is approximately three),
and displays a rapidly varying energy dependence.
(Averaging the m. + and n. differential cross sections re-
moves the effect of isospin mixing between the two states
on the ratio to better than 1%.' ) Also, DWIA calcula-
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tions do not agree with the 15.11-MeV angular distribu-
tions at energies near the (3,3) resonance. "

Uncertainties in the spin transition density or inadequa-
cies in the spin-dependent piece of the effective pion-
nucleus interaction are an unlikely explanation' for the
anomalous excitation function for the AS =AT = 1 transi-
tion to the 15.11-MeV level of ' C. Rather, a more likely
explanation is that an additional process other than a
one-step, impulse-approximation mechanism is contribut-
ing to the isovector transition. Therefore, to further in-
vestigate pion-induced excitation of weakly excited nu-

clear levels, we consider the ES=6T= 1 transition from
the 1+, T =0, ground state of Li to the 0+, T = 1,
3.563-MeV level. We have measured an excitation func-
tion for ~+ inelastic scattering to the 3.563-MeV state of
Li at incident pion energies from 100 to 260 MeV and

partial angular distributions at 120 and 180 MeV. We
also present in Table I the differential cross sections for
elastic scattering and for inelastic scattering to the 2.185-
and 4.25-MeV states. The 2.185- and 4.25-MeV differen-
tial cross sections are compared to microscopic DWIA
calculations using transition densities derived from

Cohen-Kurath wave functions. ' ' The 3.563-MeV dif-
ferential cross sections are compared to microscopic
DWIA calculations using spin transition densities derived
from Cohen-Kurath wave functions, " the empirical
shell-model wave functions of Donnelly and Walecka, '

and the phenomenological wave functions of Bergstrom
et aI."

II. DATA ACQUISITION AND REDUCTION

The data were collected using the energetic pion chan-
nel and spectrometer (EPICS) system' at the Clinton P.
Anderson Meson Physics Facility (LAMPF). Four
separate targets consisting of sheets of enriched lithium,)98% Li, fabricated by the Oak Ridge National Labora-
tory were used during the experiment. Two of the targets,
with dimensions of 22.9 cm X 15.2 cm and areal densities
of 202 and 100 mg/cm, were used for approximately
one-half of the total data acquisition and contained no
discernible contamination. The remaining two targets,
with dimensions of 20 cm X 10 cm and areal densities of
205 and 95 mg/cm, were contaminated by exposure to
the air during shipping. Hydrogen contamination was

TABLE I. Differential cross sections for n.+ elastic scattering and inelastic scattering to the 3+,
2.185-MeV 0+ 3.563-MeV; and 2+, 4.25-MeV levels of Li.

T
(MeV)

100
120
120
120
120
120
120
120
120
120
120
120
140
160
170
170
180
180
180
180
180
180
180
190
190
200
200
215
230
230
260

0,
(deg)

34.3
15.7
21.9
25.1

28.2
28.2
30.3
33.4
33.4
38.6
43.7
48.9
27.2
25.2
24.7
24.7
21.1

24.3
24.3
24.3
24.3
27.4
30.6
23.2
23.2
21.7
21 ~ 7
20.7
19.7
19.7
18.2

q'
(fm-')

0.55
0.29
0.40
0.46
0.51
0.51
0.55
0.61
0.61
0.69
0.79
0.87
0.55
0.55
0.57
0.57
0.50
0.58
0.58
0.58
0.58
0.65
0.72
0.57
0.57
0.56
0.56
0.56
0.55
0.55
0.56

Elastic
do/dQ,

(mb/sr)

27.2+0. 1

80.5+0.4
74.1+0.4
64.0+0.3
49.1+0.2
48.8+0.2
43.0+0.3
34.9%0.2
35.1+0.2

15.0+0. 1

8.2+0. 1

64.9+0.3
80.5 +0.3

85.4+0.5
103.4+0.4
79.4+0.3
79.5+0.5
79.3+0.4
80.9+0.5
61.3+0.3
44.7+0.2

100.7+0.7
107.0+0.5
105.7+0.7
103.4+1 ~ 5
109.8+0.8

3+ 2.185 MeV
do. /d 0,

(mb/sr)

0.397+0.017
0.271+0.003
0.307+0.042
0.569+0.032
0.632+0.033
0.587+0.030
0.737+0.040
0.799+0.030
0.853+0.037

0.973+0.029
0.975+0.028
1.11 +0.05
1.36 +0.06

1.78 +0.09
1.25 +0.07
1.74 +0.06
1.62 +0.08
1.59 +0.06
1.68 +0.09
1.97 +0.06
2.32 +0.06

1.96 +0. 12
1.88 +0.09
2.03 +0. 12
2.09 +0.25
2.06 +0. 13

0+, 3.563 MeV
do. /d 0,

(pb/sr)

39.8+2.2
33.9%3.0
43.6+4.6
61.5+5.6
41.3+4.7
48.4+4. 1

57.0+4.3

38.0+3.3
32.8+3.2
22.3+3.2
12.3+2.3
60.7+4.4
68.5+5.5
70.2+7.0
80.7+9.4

117.0+7 ~ 6
100.0+7.7
95.0+9.4

62.0+9. 1

55.0+5.6
43.1+6.3
97.0+ 12.0
89.5+9.5
81.7+6.4
97.0+5.7
73.3+5.6
55.9+7.3
55.6+6.0
33.1+10.5

2+ 4.25 MeV
do/d 0,

(mb/sr)

0.147+0.005
0.079+0.005
0.091+0.008
0.137+0.009
0.259+0.014
0.203 a0.008
0.276+0.009

0.274 +0.007
0.395+0.007
0.335*0.007
0.274+0.005
0.315+0.009
0.505+0.011
0.607+0.011
0.637+0.021
0.855+0.018
0.690+0.015
0.801+0.021

0.763+0.019
0.829 +0.012
0.883+0.014
0.870+0.030
0.981+0.030
0.607+0.013
0.737+0.012
0.892+0.012
0.707+0.015
0.703+0.013
0.713+0.021

'The q values were calculated for an excitation energy of 2.185 MeV.
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negligible in the thick 20 cm X 10 cm target ( (1%) but
appreciable in the thin 20 cmX10 cm target (=5%).
Since we clearly observed the 6.13- and 6.92-MeV states
of ' 0 in some sr+ Q-value spectra but never observed any
inelastic peaks of ' N (Ref. 16j, we assumed the heavy im-

purity to be ' O. With this assumption, the total amounts
of impurities for the thick and thin 20 cm )&10 cm tar-
gets were 2.3% and 18%, respectively. A comparison of
differential cross sections for the elastic scattering from
Li, extracted from the contaminated and uncontaminated

targets at the same incident pion energy and scattering an-

gle, indicate that the estimated amounts of impurities are
accurate within (1%. Li was not detected in any of the
targets.

Figure 1 shows the Q-value spectrum for Li(m+, m+')

using the 205 mg/cm, 20 cm X 10 cm target for
T =140 MeV and t9~» ——26'. This spectrum is represen-
tative of the spectra used for determination of cross sec-
tions for excitation of the 3.563- and 4.25-MeV levels.
Although the experimental resolution was not the best for
the 205 mg/cm target [240 keV full width at half max-
imum (FWHM)], the 3.563-MeV level is clearly resolved
from the large continuum background and the 4.25-MeV
level. The discontinuity in the Q-value spectrum between
the ground state and 2.185-MeV state is an artifact of the
hardware veto of elastic counts used to limit data rates
during data acquisition by rejecting the majority of events
with a Q value below =1.2 MeV. The elastic and 2.185-
MeV cross sections were determined without the use of
this hardware veto (see the insert in Fig. 1).

Peak areas were extracted from the Q-value spectra us-

ing the computer program LOAF. The backgrounds
under the elastic and 3+ peaks were fitted with a first-
order polynomial, while the backgrounds under the 0+
and 2+ peaks were fitted with a third-order polynomial.
Line shapes for the elastic and 3+ peaks were extracted
from the spectra for each target at each incident pion en-

ergy because the resolution varied with energy from 200
keV (220 keV) FWHM at T = 100 MeV to 260 keV (260
keV) FWHM at T =260 MeV for the thin (thick) tar-

O

O
OJ

O
O

I 2 3 4 5
Excitation Energy (MeV)

FIG. 1. A typical m+ energy-loss spectrum taken at T =140
MeV and O~,b ——26' for which the hardware veto of elastic events
was used. The insert is the m+ energy-loss spectrum without the
use of the hardware veto.

gets. The line shape of the 0+ peak was taken to be the
same as the 3+, while the line shape of the 2+ was con-
structed by folding the line shape used for the 3+ with a
Lorentzian of 680 keV FWHM. The peak positions were
constrained to be 0.0, 2.185 (Ref. 18), 3.563 (Ref. 18), and
4.25 MeV. Both the position and natural width of the 2+
level, 4.25+0.02 MeV and 680+20 keV, were determined
from fits to several spectra where this state was predom-
inant. Previous determinations from other experiments
are 4.27+0.04 MeV and 690+120 keV, ' 4.29+0.02 MeV
and 850+50 keV, and 4.30+0.01 MeV and 480+80
keV. The 5.37- and 5.65-MeV states were not observed
in the spectra, and thus no attempt was made to include
them in the fits.

The consistency of the fits to the various Q-value spec-
tra was checked by extracting areas for 100 keV wide seg-
ments of background centered about 3.563 and 4.25 MeV.
Plots of the background yields for both the 3.563- and
4.25-MeV segments resulted in smooth and continuous
angular distributions at 120 and 180 MeV. Also the back-
ground yields versus incident pion energy are smooth and
continually increasing. We therefore have indication that
our extraction of the peak areas from the large continuum
background is consistent at different incident pion ener-
gies and scattering angles.

Experimental yields were measured for 0~»)25 by

monitoring the EPICS channel beam flux with an ioniza-
tion chamber located downstream from the scattering tar-
get. For 0~»&25' the ionization chamber was not used
since it partially blocked the spectrometer entrance. For
these angles, relative normalization was accomplished
through an ionization chamber located within the pion
production target cell and a charge integrating toroidal
coil located upstream of the pion production target. Mon-
itoring of the ratio of the ionization chamber current to
the currents from these two monitors of the proton beam
showed (2% fluctuations for H~,b) 25', establishing them
as reliable beam flux monitors. Absolute cross sections
were calculated by normalizing to m. + scattering on hydro-
gen (CH2 targets of dimensions 22.9 cm X 15.2 cm and 20
cm X 10 cm corresponding to the two different sizes of Li
targets) using Coulomb-corrected phase-shift predictions
from the computer code cRQSS (Ref. 21) with the phase
shifts of Rowe, Salomon, and Landau. 22

The data were corrected for computer live time,
multiwire proportional drift chamber efficiency, pion sur-
vival fraction through the spectrometer, and the variation
of the spectrometer's solid angle with pion momentum.
The quoted error bars are statistical only. Total systemat-
ic errors are estimated to be =+7% due to uncertainties
of +3% in chamber efficiency, +3% in pion survival
fraction, +2% in the spectrometer s solid angle variation
with momentum in the spectrometer, +3% in channel
beam monitoring, and + 3%%uo in normalization to sr+
scattering on hydrogen. Furthermore, the data for the
3.563- and 4.25-MeV states contain additional systematic
errors of +15% and +10%, respectively, due to the un-

certainty in the fitting of the large continuum background
and the uncertainty in the position and width of the 2+
state. These systematic errors were inferred by varying
the order of the polynomial fit to the background, and by
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varying the position and width of the 2+ state from 4.23
to 4.27 MeV arid 660 to 700 keV.

I I I I I I

III. DATA ANALYSIS

p(r)=Z/(8~'~ ) (]1 /a')exp( —r'/4a )

—[0 (6b —r )/4b i

X exp( —r l4b )], -(2)

with a=0.928 fm, b=1.26 frn, and g=0.48 frn. This
phenornenological distribution was also used for the neu-
tron matter density distribution.

The present 120- and 180-MeV m. + elastic data, the
Swiss Institute for Nuclear Research (SIN) 164-MeV ~
elastic data, and elastic calculations are presented in Fig.
2. Since the elastic optical potential is used for the gen-
eration of the distorted waves for inelastic calculations,
the good agreement indicates adequate handling of the
distortions.

B. Inelastic scattering analysis

The inelastic calculations presented in this paper are
Born approximation, DWIA calculations in which the
pion-nucleus transition amplitude is a configuration-
space, folded product of a distortion function and form
factor. The distortion function, a product of initial and
final pion distorted waves, is computed from the elastic
optical-model potential employed in the elastic calcula-
tions. Calculation of the form factor, whose specific form
depends upon the inelastic transition and is the folded
product of the pion-nucleon interaction and the nuclear

A. Elastic scattering analysis

The first-order, zero-range, impulse-approximation
elastic calculations were performed with a variation of
the coordinate-space computer program PIRK, which
solves a Klein-Gordon equation, using only linear terms
in the optical-model potential. For all Li elastic calcula-
tions, we used the Kisslinger form ' of the optical-model
potential given by

V(r) = Akg—op(r)+Ab~ V'p(r) V',

where p(r) is the nucleon density normalized to unity, k„
is the laboratory momentum of the incident pion, and A
is the mass of the target. The complex bo and b] coeffi-
cients are constructed from the pion-nucleon phase shifts
of Rowe, Salomon, and Landau evaluated at an energy
of 30.0 MeV below the incident pion beam energy. This
procedure has been demonstrated by Cottingarne and
Holtkamp to give better agreement to pion-elastic-
scattering data for nuclei ranging from Be to Pb. This
phenornenological shift in the collision energy is a method
for adjusting the pion-nucleus kinematics so as optimally
to factorize the optical-model potential (see Ref. 12 for a
discussion of the above procedure). The proton matter
density distribution was characterized by a three-
parameter phenornenological distribution taken from elas-
tic electron scattering with the finite size of the proton
charge removed. This distribution has the form

0 20 40 60 80 100i20140
8 (deg)

FIG. 2. Differential cross sections for ~+ and m. elastic
scattering for Li for T =120, 164, and 180 MeV. The calcula-
tions include a —30 MeV shift in the energy at which the opti-
cal model parameters are calculated. The 164-MeV data are
from Ref. 27.

transition density, uses the frozen-target approximation
assuming on-shell kinematics and a collision energy ob-
tained from the elastic calculations. For inelastic calcula-
tions using Cohen-Kurath wave functions, " we use a
modification of the generalized inelastic scattering poten-
tial code ALLwRLD (Ref. 28) to calculate the form factor.
The harmonic oscillator parameters and renormalization
constants include the standard center-of-mass correction
needed when using shell-model wave functions. The dis-
tortion function and differential cross sections are then
generated from the code UTDwPI. For all other inelastic
calculations we use only the code UTDwPI and no center-
of-mass correction is included in the harmonic oscillator
parameters and renormalization constants. However,
these inelastic calculations use center-of-mass corrected
form factors with the correction being applied in momen-
turn space.

3+, T =0, 2.185-MeV state

Electron-scattering data indicate that the natural-parity
transition to the 2.185-MeV level of Li is almost com-
pletely longitudinal, with measurements in the region of
q =0.7—1.8 fm ' yielding a transverse form factor which
is less than 2% of the longitudinal form factor. ' Since
th- spin-orbit transition density is approximately zero, the
form factor involves only the central component of the
pion-nucleon interaction and the isoscalar matter transi-
tion density. ' Inelastic calculations for this natural-
parity transition have been performed using two different
transition densities derived from pure LS-coupling and
Cohen-Kurath intermediate-coupling p-shell wave func-
tions. Each calculation employed equal transition densi-
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FIG. 3. F~(q) for the 3, T=0, 2.185-MeV state of 'Li.
The calculations used microscopic transition densities derived

from pure LS-coupling (solid curve) and Cohen-Kurath
intermediate-coupling (dashed curve) p-shell wave functions
with o.=0.534 fm ' and a renormalization constant of 2.03 and
+=0.558 fm ' and a renormalization constant of 1.93, respec-
tively. The data are from Refs. 14 (solid circles) and 34 (open

circles).

ties for the protons and neutrons. The harmonic oscilla-
tor parameter, a, and renormalization constant for the
transition density derived from the pure LS-coupling p-
shell wave functions are 0.534 fm ' and 2.03. These
values were required to fit the inelastic-electron-scattering
data considered in Ref. 32 and give good agreement be-
tween theory and experiment for the Li(p, p') Li'(2. 185
MeV) differential cross sections at Ez-25 and 45 MeV.
The transition density derived from the intermediate-
coupling p-shell wave functions uses a=0.558 fm ' and
a renormalization constant of 1.93, again determined from
(e,e') data. ' Electron-scattering longitudinal form factors
from Refs. 14 and 34 are shown in Fig. 3. The solid
(dashed) curves correspond to the transition densities
computed from the pure LS- (intermediate-) coupling p-
shell wave functions. Both theoretical form factors are
similar, with the intermediate-coupling form factor in
better agreement with the electron-scattering data. The
sr+ 2.185-MeV data and calculations for T =120 and
180 MeV are presented in Fig. 4. Figure 5 shows the data
and calculations for T =100—260 MeV with the dif-
ferential cross sections corresponding to a constant
momentum transfer q=109 MeV/c. From the data and
calculations, the first maxima of the angular distributions
for the 2.185-MeV state are expected to be at q=164
MeV/c. The intermediate-coupling calculation is in good
agreement with both the 120- and the 180-MeV experi-
mental angular distributions. Furthermore, this calcula-
tion reproduces well the constant-q experimental differen-
tial cross sections, considering that the theoretical values
plotted in Fig. 5 are taken from the steep forward slope of
the various angular distributions where errors would pro-
duce the greatest variations. The pure LS-coupling calcu-
lation yields similar shapes for the 120- and 180-MeV an-
gular distributions and the constant-q differential cross
sections as does the intermediate-coupling calculation but
overestimates the magnitudes. Such disagreement sug-
gests that the renormalization constant is too large.

0.1

2. 2+, T =0, 4.25-MeVstate

The electron-scattering form factors for both natural-
parity transitions to the 2.185- and 4.25-MeV levels have
the same dependences on the momentum transfer.
Therefore, the transition to the 4.25-MeV state is princi-
pally longitudinal, and we treat this transition as com-

N

C
eLi(7r+ 7r+)eLi

~

3+ (2.185 MeV)

0.1 I I l I I

90 180 150 180 210 240 PN
T„(MeV)

FIG. 5. Differential cross sections for m. + inelastic scattering
to the 3+, T=0, 2.185-'MeV state of Li at a constant q=109
MeV/c. The calculations used microscopic transition densities
derived from pure LS-coupling (solid curve) and Cohen-Kurath
intermediate-coupling (dashed curve) p-shell wave functions
with a=0.534 fm ' and a renormalization constant of 2.03 and
a=0.558 fm ' and a renormalization constant of 1.93, respec-
tively.

0.01
0 30 60 90 120

e (d
FIG. 4. Angular distributions for m. + inelastic scattering to

the 3+, T =0, 2. 185-MeV state of Li for T = 120 and 180
MeV. The calculations used microscopic transition densities de-
rived from pure LS-coupling (solid curve) and Cohen-Kurath
intermediate-coupling (dashed curve) p-shell wave functions
with a=0.534 fm ' and a renormalization constant of 2.03 and
a=0.558 fm ' and a renormalization constant of 1.93, respec-

tivelyy.
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pletely analogous to the excitation of the 2.185-MeV level.
However, even though the 4.25-MeV state is observed in
(e,e') spectra, a detailed form factor has not been mea-
sured because of this state's large natural width, the over-
lapping 5.37-MeV state, and the large continuum back-
ground. We therefore cannot deduce a transition density
from electron-scattering data as was the case for the
2.185-MeV transition. Thus, we simply used a transition
density derived from Cohen-Kurath intermediate-
coupling p-shell wave functions with +=0.52 fm ' and a
renormalization constant of 0.82 determined from fitting
only our (sr+, n.+') data at T =120 and 180 MeV. This
transition density yields a radiative width, I &,0, of 3.02
eV in agreement with the experimental value of 5.4+2. 8
eV. ' The 4.25-MeV experimental and theoretical 120-
and 180-MeV angular distributions and the constant-q
differential cross sections are shown in Figs. 6 and 7,
respectively. The agreement is not as good as for the
2.185-MeV state but is very reasonable considering the
difficulties in extracting the cross sections and possible
uncertainties in the transition density.

Cl
QQ
b'0

01 ) l I I I

90 120 150 180 210 240 270
T (Mev)

FIG. 7. Differential cross sections for m+ inelastic scattering
to the 2+, T =0, 4.25-MeV state of Li at q=109 NIeV/c. The
calculation used a microscopic transition density derived from
Cohen-Kurath intermediate-coupling p-shell wave functions
with +=0.52 fm ' and a renormalization constant of 0.82.

3. 0+, T =I, 3.563-MeV state

As is the case for the natural-parity transitions to the
2.185- and 4.25-MeV levels of Li, the Born approxima-
tion, DWIA description of the pion-induced unnatural-
parity transition to the 3.563-MeV state is straightfor-
ward, involving only a single component of the pion-
nucleon interaction and a single nuclear transition density.
Using a single scattering model, the spin-dependent piece
of the interaction is represented by the zero-range spin-
orbit operator, and the transition density is the transverse
spin transition density. We employed three different
transverse spin transition densities determined from fits to
various (e,e') measurements but compared to the most re-

10 I I I

'Li(m'pr PLi'
2+ (425 MeV)

0.1

0.1

0.01

0.001
0 30 60 90 120

e (deg)

FIG. 6. Angular distributions for ~+ inelastic scattering to
the 2+, T =0, 4.25-MeV state of Li for T =120 and 180 MeV.
The calculation used a microscopic transition density derived
from Cohen-Kurath intermediate-coupling p-shell wave func-
tions with a =0.52 fm ' and a renormalization constant of
0.82.

cent sets of (e,e') data (Refs. 14 and 37). The proton and
neutron transition densities were taken to be equal. The
reasons for using three transition densities are the follow-
ing: (1) The p-shell harmonic oscillator basis is known to
result in a poor description of the 3.563-MeV electron-
scattering transverse form factor over the entire second
lobe, q) 1.4 frn '. We therefore employ one transition
density which reproduces both the first and second lobes
of the form factor. (2) Since there is no analog to the
3.563-MeV state as is the situation for the 12.71-/15.11-
MeV antianalog-analog pair of ' C, any anomalies in the
3.563-MeV excitation function depend upon comparison
of theory with data and not data for analogs as for the
15.11-MeV level. Thus, accurate spin transition densities
are imperative.

The first analysis for the spin-flip transition to the
3.563-MeV state used a spin transition density derived
from Cohen-Kurath intermediate-coupling p-shell wave
functions. The harmonic oscillator parameter was chosen
to be 0.518 frn ' from the work of Petrovich et al. ,

'
who fitted low q electron-scattering data using pure LS-
coupling p-shell wave functions. We used a renormaliza-
tion constant of 0.97. Petrovich et aI. conclude that both
sets of theoretical wave functions provide an adequate
description of the experimental static moments and transi-
tion probabilities of Li with the exception of the quadru-
pole moment. However, we chose the intermediate-
coupling p-shell wave functions because they give a slight-
ly better fit to the most recent sets of (e,e') data (Refs. 14
and 37) for the inelastic M1 form factor. Figure 8 shows
the calculated transverse form factor (solid curve) and
(e,e') data for the transition to the 3.563-MeV state.

The second calculation employed a spin transition den-
sity obtained from the empirical shell-model wave func-
tions of Donnelly and Walecka. ' These wave functions
are almost identical to the pure LS-coupling p-shell wave
functions. Using p-shell harmonic oscillator radial wave
functions for the valence nucleons, Donnelly and Walecka
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determined the one-body density matrix elements from
normalization conditions and from fits to the ground state
magnetic dipole and electric quadrupole moments and the
M 1 form factors for electron elastic and inelastic scatter-
ing for q &1.01 fm '. ' A harmonic oscillator parame-
ter" +=0.493 fm ' and a renormalization constant of
0.96 were used in our calculations. The resultant inelasticI 1 form factor (dashed curve) is compared to the (e,e')
data in Fig. 8.

The third analysis used a phenomenological spin transi-
tion density based on the work of Bergstrom et al. ' This
transition density was derived in the same manner as the
transition density of Donnelly and Walecka except that
we fitted the (e,e') data of Refs. 14 and 37, which extend
to q =2.96 fm ', and assumed a polynomial form for the
p-shell radial transition density. The wave functions for
the Li ground state and 3.563-MeV state were taken to be
described by the SASK-A amplitudes of Bergstrom
et al. ' The radial transition density has a phenomeno-
logical form

—r 2/bR2(r)=e "~s (a2r +azr +a6r ), (3)

with b=2.02 fm, a2 ——6.625&10 fm, a4 ———5.036
)&10 fm, and a6 ——1.967&&10 fm, yielding a re-
duced X of 1.32 from a fit to the inelastic M 1 form fac-
tor, which is presented in Fig. 8 (dash-dot curve).

The m. + data and DULIA calculations at T =120 and
180 MeV for the spin-flip transition to the 3.563-MeV
state are shown in Fig. 9. At 120 MeV the three spin
transition densities give equivalent shapes for the angular
distributions in the range of our data, 15.7'(8, (48.9'.
All calculations predict the correct location for the first
maximum of 8, =28'. However, the Cohen-Kurath
intermediate-coupling (solid curve), Donnelly and Walec-

0 0.5 1 1.5 2 2.5 3 3.5
q (fm ')

FIG. 8. FT(q) for the 0+, T=1, 3.563-MeV state of Li.
The calculations used a microscopic transition density derived
from Cohen-Kurath intermediate-coupling p-shell wave func-
tions (solid curve) with a=0.518 fm ' and a renormalization
constant of 0.97, a microscopic transition density derived from
the empirical shell-model wave functions of Donnelly and
Walecka (dashed curve) with a=0.493 fm ' and a renormaliza-
tion constant of 0.96, and a phenomenological transition density
based on the work of Bergstrom et al. (dash-dot curve). The
data are from Refs. 14 (solid circles) and 37 (open circles).

0.1
30 60 90 120

8 (deg)

FIG. 9. Angular distributions for m+ inelastic scattering to
the 0+, T=1, 3.563-MeV state of Li for T =120 and 180
MeV. The calculations used a microscopic transition density de-
rived from Cohen-Kurath intermediate-coupling p-shell wave
functions (solid curve) with a=0.518 fm ' and a renormaliza-
tion constant of 0.97, a microscopic transition density derived
from the empirical shell-model wave functions of Donnelly and
Walecka (dashed curve) with +=0.493 fm ' and a renormaliza-
tion constant of 0.96, and a phenomenological transition density
based on the work of Bergstrom et al. (dash-dot curve).

ka (dashed curve), and phenomenological (dash-dot curve)
calculations overestimate the magnitude of the first max-
imum by 18%, 29%, and 38%%uo, respectively. The three
&pin transition densities yield similar results for the shape
of the 180-MeV angular distribution through the first
minimum but differ through the second maximum and
minimum. Each calculation underestimates the magni-
tude of the first maximum by at least 26%.

The m+ 3.563-MeV excitation function data and DULIA
analyses are presented in Fig. 10. The momentum
transfer for the excitation function was determined to be
q=109 MeV/c from the first maximum of the 120-MeV
angular distribution. All other data points for the various
energies are within +4% of this q. None of the spin
transition densities predict the measured shape and mag-
nitude of the 3.563-MeV excitation function. The
Cohen-Kurath intermediate-coupling, Donnelly and
Walecka, and phenomenological calculations disagree
with the data by at least =20% at both the low and high
incident pion energies.

IV. DISCUSSION AND RESULTS

The disagreement between theory and data for the 120-
and 180-MeV angular distributions and excitation func-
tion for the unnatural-parity transition to the 3.563-MeV
state is difficult to understand, as is the disagreement ob-
served for the unnatural-parity transition to the 15.11-
MeV state of ' C. For comparison, the 12.71- and 15.11-
MeV excitation functions along with DWIA calculations
as described in Ref. 10 are shown in Fig. 11. As noted in
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FIG. 10. Excitation function at a constant q=109 MeV/c
for n.+ inelastic scattering to the 0+, T =1, 3.563-MeV state of
Li. The calculations used a microscopic transition density de-

rived from Cohen-Kurath intermediate-coupling p-shell wave
functions (solid curve) with o;=0.518 fm ' and a renormaliza-
tion constant of 0.97, a microscopic transition density derived
from the empirical shell-model wave functions of Donnelly and
%'alecka (dashed curve) with a=0.493 fm ' and a renormaliza-
tion constant of 0.96, and a phenomenological transition density
based on the work of Bergstrom et al. (dash-dot curve).

C(7r',~M
1' (12.71, 15.11 MeV)

yp l I I I

90 120 150 180 210 840
T (MeV)

FIG. 11. Excitation functions (averaged m+ and m. cross sec-
tions to remove isospin mixing) at a constant q =124 MeV/c for
pion inelastic scattering to the 1+, T=0, 12.71-MeV (circles)
and 1+, T=1, 15.11-MeV (squaresj states of '~C. The calcula-
tions used microscopic transition densities derived from Cohen-
Kurath p-shell wave functions. The solid curve is for the
12.71-MeV state. The dashed curve is for the 15.11-MeV state
and has been multiplied by four (see Ref. 10).

the Introduction, a simple D%IA description of pion-
nucleus inelastic scattering, which uses a single corn-
ponent of the pion-nucleon interaction and a single transi-
tion density, has been successful in describing unnatural-
parity transitions in many nuclei. Using the zero-range
spin-orbit operator and a spin transition density derived
from Cohen-Kurath p-shell wave functions, Morris
et aI. ' adequately reproduced the experimental 12.71-
MeV excitation function. Furthermore, Cot tingame
et al. ' adequately describe the 12.71-MeV angular distri-
butions for T =100—260 MeV. Even though there is an
energy-dependent enhancement near T = 180 MeV in the
15.11-MeV excitation function, ' the low-energy
(T =100 and 116 MeV) angular distributions for this
state are reproduced by simple DWIA calculations. ' Us-
ing the same zero-range spin-orbit operat:or and three dif-
ferent spin transition densities, we cannot adequately
describe either the 120- and 180-MeV angular distribu-
tions or the excitation function of the transition to the
3.563-MeV state. However, we are able to reproduce the
angular distributions and constant-q differential cross sec-
tions at energies from T =100 to 260 MeV for the
natural-parity transitions to the 2.185- and 4.2S-MeV lev-
els of Li using only the central component of the pion-
nucleon interaction and transition densities derived from
Cohen-Kurath p-shell wave functions. The configura-
tion-space, zero-range form of the spin-dependent com-
ponent of the pion-nucleon interaction of Carr et al. is
most likely not in error. Furthermore, the transition den-
sities we used for the transition to the 3.563-MeV level
yield inelastic M 1 form factors which agree with the (e,e')
data for q & 1.4 fm ' (see Fig. 8), which is a range of q
that adequately covers the q=0. 55 fm ' at which the ex-

citation function was measured. However, this does not
eliminate uncertainties in the spin transition densities
since the electron-scattering inelastic M 1 form factor de-
pends upon both the orbital and spin transition densities.
Petrovich et al. -' noted that the monopole spin transition
densities derived from both the pure I.S- and Cohen-
Kurath intermediate-coupling p-shell wave functions pro-
duced Gamow-Teller matrix elements 17.9% and 8.4%
larger than the experimental values. Also, Petrovich
et al. "did not obtain agreement between theory and their
Li(p, p') Li*(3.563 MeV) data at Ep-25 MeV, with the

theory failing to reproduce either the shape or magnitude
of the angular distribution. This disagreement, however,
was not attributed to Uncertainties in the spin transition
density, but Petrovich et al. suggested that other reaction
processes in addition to the direct, one-step reaction pro-
cess were contributing to the transition. Furthermore,
Camrnarata and Dorlnelly, in their study of the reaction
Li(y, sr+) He near threshold, conclude that the ratio of

the orbital and spin transition densities derived from the
Donnelly and Walecka wave functions' is probably
correct. Thus, as is the case for the 15.11-MeV state of
' C (Ref. 10), the disagreement between our simple DWIA
analyses and the 3.563-MeV angu1ar distributions and ex-
citation function is difficult to explain as due to uncer-
tainties in the spin transition density or the spin-
dependent piece of the pion-nucleus inelastic interaction.

Since simple DULIA calculations using a well-tested
spin-dependent component of the pion-nucleus inelastic
interaction and spin transition densities obtained from fits
to (e,e') data fail to reproduce both the shapes and rnagni-
tudes of the 3.563- and 15.11-MeV excitation functions,
we suggest that the same mechanism may be responsible
for the observed energy-dependent anomalous shapes in
both Li and ' C. A possible mechanism is the direct ex-
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citation of 5-h components of the excited state wave func-
tions, as proposed in Ref. 10. Within this 5-h model in-
terpretation, we can estimate the amount of 6-h admix-
ture in the 3.563-MeV wave function. Using the peak of
the 3.563-MeV excitation function ( T„=190 MeV), the
DWIA calculation which used the phenomenological spin
transition density, and the procedure of Refs. 10 and 39,
we estimate a mixing matrix element of 3&~&37 MeV.
This range of values of ~ is similar to that estimated for
the 15.11-MeV state of ' C (7.4 (Ic (27. 3 MeV). How-
ever, if the direct excitation of b-h components is appli-
cable to both transitions, comparison of the two excitation
functions and DWIA calculations (see Figs. 10 and 11) in-

dicate that the resonant 5-h scattering amplitude may in-
terfere differently with the p-h scattering amplitude for
the two transitions.

Li. Our predictions fail to reproduce both the 120- and
180-MeV angular distributions and the excitation function
for the unnatural-parity transition to the 3.563-MeV state.
The measured excitation function exhibits an anomalous
energy-dependent shape similar to that observed for the
1+, 15.11-MeV state of ' C. Similar mechanisms may be
responsible for the anomalous excitation functions for
these isovector transitions. If this mechanism is the direct
excitation of 5-h components in the final state wave func-
tions, the peak of the 3.563-MeV excitation function is
reproduced with an estimated mixing matrix element of
3 &~&37 MeV, a range of values consistent with the es-
timated mixing matrix element of 7.4(~&27.3 MeV
(Ref. 39) for the 15.11-MeV excitation function.
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