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Angular distributions for elastic and inelastic scattering of 50 MeV pions from ' C, S, and S
are reported. The elastic scattering data are fitted with an optical model in configuration space.
Distorted wave calculations reproduce the inelastic vr

—data. The extracted neutron and proton ma-

trix elements are consistent with measurements using other probes.

I. INTRODUCTION

A complete understanding of nuclear structure requires
an understanding of both neutron and proton effects in
the nucleus. While there are a number of techniques for
isolating these effects in nuclei, none have the sensitivity
that the low energy pion appears to have. Some low ener-

gy pion measurements of ground state neutron and proton
densities have been recently reported in the literature, '
but in this paper we focus on the ability of the low energy
pion to separate neutron and proton matrix elements for
transitions between the ground state and the low lying ex-
cited states of the nucleus.

Pion inelastic scattering near the (3,3) resonance has
been shown to be useful in determining neutron and pro-
ton transition matrix elements. Here the elementary
pion-nucleon interaction is dominated by the resonance in
the I =1, J= —,', T= —, partial wave and the m. +p to m. p
amplitude ratio is 3. However, at energies below the (3,3)
resonance, the pion-nucleon interaction suggests a larger
sensitivity to neutron and proton effects. At T =50
MeV the ratio of the m. +p to ~ p differential cross sec-
tions varies rapidly with angle, increasing from —1 at
0=90 to greater than 20 at 0~ 120'. Thus, at backward
angles the m interacts only with the neutron and the m+

only with the proton. In contrast to resonance energy
pions, where the sensitivity to neutrons and protons can
be explained in terms of the isospin coupling, this large
difference between the m+p and ~ p differential cross
sections at T =50 MeV is due to constructive and des-
tructive interference between the s and p wave parts of the

pion-nucleon interaction.
We have measured the m. +- elastic and inelastic scatter-

ing cross sections for ' C, S, and S. Before presenting
the inelastic scattering results, we first compare calcula-
tions using pion-nucleus optical potentials, which are
based on a global analysis of n. + elastic scattering and
pionic atom data, to the vr elastic cross sections mea-
sured here. Then, to demonstrate the reliability of the low
energy pion probe, we will show that the low energy pion
scattering yields transition matrix elements for the first
2+ states that are consistent with electron scattering mea-
surements and with electromagnetic lifetime measure-
ments for the X=Z nuclei ' C and S. Finally, we
determine the neutron and proton transition matrix ele-
ments for the first 2+ state in S and compare them to
existing data.

II. EXPERIMENTAL DETAILS

The experiment was performed at the M 13 pion chan-
nel using the quadrupole-quadrupole-dipole (QQD) pion
spectrometer at TRIUMF. A detailed description of the
channel and the spectrometer is presented elsewhere. '

Briefly, the pion channel delivers an achromatic beam of
low energy pions (T &50 MeV) to the scattering target.
The scattered pions are then momentum analyzed in the
QQD spectrometer, which consists of two quadrupoles
and a single dipole magnet, bending in the horizontal
plane. The trajectory of the pion is measured by four
multiwire proportional counters located in the spectrome-
ter. The pion tracks are then fitted in order to determine
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FIG. 1. Spectrum of 50 MeV m. projectiles scattered from
S at 105'. The ground state and 2~+ state are clearly isolated.

III. EXPERIMENTAL RESULTS

Configuration space calculations were done with a dis-
torted wave code DwpI (Ref. 10) modified to handle the
Michigan State University (MSU) pion-nucleus poten-
tial. " Further modifications were made in order to
separately take into account the neutron and proton
ground state and inelastic transition densities. The elastic
and inelastic cross sections were analyzed with the MSU
pion-nucleus optical potential, ' ' which has the form

2' 2

4~ U, , = b(r)+Bpp + V—
L (r)

1+4m A. /3 L (r)

+ —,
'

V [c(r)+Cpp J,

the initial target position and momentum. The combined
channel-spectrometer resolution for these measurements
was typically 0.9—1.2 MeV for T =50 MeV pions. A
spectrum of negative pions scattered from S at 8=105'
is shown in Fig. 1. The ground state and first 2+ (2.13
MeV) state are clearly isolated. The large peak, tentative-
ly identified as the 3 (4.62 MeV} state, may have other
states contributing.

Elastic scattering data were taken for CH2, S, and S
targets for laboratory angles from 40 to 130 deg and the
inelastic scattering data were taken from 60 to 130 deg
(see Table I). The 50 MeV pion fluxes on the scattering
targets were 2)&10 m. +/s and 4~10 m /s for a momen-
tum spread of the pion beam in the channel of
bp/p=0. 5%. The pion flux was measured by a pair of
in-beam scintillation counters and a muon decay moni-
tor. The measured muon and electron contamination in
the incident beain was typically 7% and 9%%uo for ir+ and

, respectively, and this was easily removed by time-of-
flight measurements using the cyclotron rf signal.

The absolute solid angle of the spectrometer was deter-
mined by measuring the yield of pions scattered from the
hydrogen in a CH2 target at various angles and normaliz-
ing to the ir+p differential cross section of the phase shift
calculation of Amdt et ai., which is based on fits to the
low energy scattering data of Bertin et al. The solid angle
was 14—16 msr, depending on the size of the beamspot on
the scattering target. The overall normalization error is
+10% for the C data and +15% for the sulfur data,
due to solid angle and target thickness uncertainties.

where

b(r)=bpp e ~b~5p,

L (r)=c(r)+Cpp

c (r}=cpp e—c ~5p,

with e being the pion charge, A the atomic weight, and co

the total pion energy. The kinematic factors have been
omitted for simplicity.

This form of the pion-nucleus potential was chosen,
rather than the usual Kisslinger form, ' since the various
terms in the potential can be related to specific processes.
The imaginary parts of the b p, b i, cp, and c

~
terms

describe attenuation processes (inelastic scattering, quasi-
elastic scattering, etc.), while the ImBp and ImCp terms
describe pionic atom and pion absorption data. There are
nine isoscalar and four isovector terins to determine in the
MSU potential. Due to a lack of data on N&Z nuclei,
the isovector terms bi and c i are fixed at their phase shift
values. The omission of isovector terms for pion absorp-
tion is supported by pionic atom data and by low energy
pion absorption data. ' The imaginary parts of bo and co
were taken from a pion-nucleon phase shift analysis, but
reduced by the Pauli factor Q=0.31. Since these terms
are relatively small, a +50%%uo variation in their value pro-
duces little effect in the scattering cross section. The
imaginary parts of Bp and Cp were determined at zero
pion kinetic energy by pionic atom data. The energy vari-
ation of the s-wave Bp and p-wave Cp absorption terms
was assumed to be the same from 0 to 50 MeV, thus the
ratio ImBp/ImCp is kept constant at the pionic atom
value when ImBp and ImCp are varied to fit the cross
sections. It has been pointed out by the MSU group' and
by Seki and Masutani, ' that the real parts of the terms bp
and Bp (as well as cp and Cp) are not independent of each
other. The MSU group fixed the ReBp and ReCp to
theoretical values and varied the Rebo, Reco, and the ab-
sorption terms to fit a wide body of ir+ elastic scattering
cross sections. An in-depth discussion of the MSU opti-
cal potential can be found in Refs. 12—14.

The parameter set "set-E" for the MSU potential is
able to describe ir+ 30, 40, and 50 MeV cross sections of
closed-shell nuclei from i2C to 2osPb. A single set of pa-
rameters for each energy could reasonably describe the n.+

data for all of these nuclei, and only small energy varia-
tions were needed. This contrasts to intermediate energy
proton scattering, where the optical model parameters
vary more rapidly with A and with energy. ' In adjusting
the pion-nucleus potential to fit the data measured here,
we follow the MSU prescription by only varying the Rebp
and Reco, as well as the absorption terms ImBo and
II.Co, but keeping the absorption ratio fixed at the pionic
atom values. The remaining parameters are fixed at the
set-E values.

A. Elastic scattering

The ir+ ' C elastic differential cross section at 50 MeV
has been measured by several groups. ' Good agree-
ment is obtained with the m+ data of Moinester et al., '

which has the smallest uncertainty. The data of Dytman
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TABLE I. Table of cross sections (center-of-mass) (errors shown are due to statistics).

(deg)

dt's
( +)

dQ
(mb/sr)

do(
)

dQ
(mb/sr)

do
( +)

dA
(rnb/sr)

dg(
)

dQ
( b/ )

' C elastic ' C(2+,4.44 MeV)

39.3
49.4
59.5
70.9
72.2
81.0
90.4
92.3

102.3
111.6
112.2
122.1

131.5

7.36+0.30
4.43+0. 18
2.75+0.07
2.65+0.06

4.04+0.08

5.24+ 0. 12
6.27+0. 19
6.47 +0. 18

6.47+0.23
5.55+0.26

20.8 +1.5
8.56+0.61
3.12+0.19

2.27+0. 13
3.73+0.20
5.59+0.25

6.77+0.25

6.64+0.27
6.40+0.28
5.75+0.30

0.117+0.014
0.154+0.012

0.230+0.014

0.398+0.020
0.592+0.045

0.94 +0.07
1.40 +0.07
1.52 +0. 10

0.184+0.028

0.166+0.033
0.265+0.030
0.58 +0.08

0.98 +0.08

1 ~ 33 +0. 10
1.75 +0. 11
2.22 +0. 15

S elastic S(2+,2.23 MeV)

38.9
49.0
59.0
70.3
80.3
90.3
91.6

101.6
105.3
111.0
111.6
121.6
131.1

31.7 X1.8
15.3 +0.9
11.2 +0.5

11.2 +0.6
10.6 %0.6

9.7 +0.5
7.32%0.38

4.9020.30

3.90+0.34
2.94+0. 19

66.1 +5 ~ 7
29.7 +2.7
13.4 +0.9

12.6 +1.0
10.1 +0.5

4.75*0.35
3.10+0.21

1.78+0. 15
0.58+0.09
0.86+0. 11

0.53 +0. 10

0.79 +0.10
1.08 +0.12

1.11 +0.08

1.18 +0. 12
1.27 +0.11

0.64 +0.07
0.90 +0.07

0.99 +0. 12
1.05 +0.09

1.19 +0. 13

1.19 +0. 12
0.91 +0. 11

S elastic "S(2+,2. 13 MeV)
38.9
49.0
59.0
70.3
71.6
80.3
90.3
91.6

101.6
105.3
1. 10.0
111.6
121.6
131.1

31.6 +2.0
15.8 +1.0
10.4 +0.6
8.7 +0.3

9.7 +0.4

8.54+0.51
6.65+0.43

4.31+0.24

3.06+0.23
2.44+0. 19

81.9 a7.4
28.8 +2.2
13.7 +1.2

13.5 +1.5
13.1 +0.7
10.4 +0.6

4.08+0.32
2.36+0.21

1.02 %0. 16
0.31*0.13
1.27+0. 14

0.51+0.07

0.63+0.07
0.82+0.07

0.83+0.07

0.98+0.08
0.96Z0.08

0.45 %0.06
0.96+0.09

1.08+0.07
1.36+0.12

1.16+0.14
1.21+0.14
1.0720. 10

et al. ' and Johnson et al. have large error bars, but are
consistent with the results measured here. No 50 MeV
m data have been published.

The results of fits to the ' C elastic cross sections are
presented in Table II and shown in Fig. 2. For ' C, we
have used a Gaussian point-nucleon density distribution
(c=1.57 fm and a=1.33 fm) determined from electron
scattering. The solid curve in Fig. 2 is a calculation using
the MSU parameter set-E for the optical potential. %'e
observe that it does rather poorly at backward angles for

both ~+ (g =35) and g (X =22). The MSU group
found in their analysis that the best fit to the ~+ elastic
cross sections of closed-shell nuclei from ' C to Pb was
obtained when the ImBo and Im Co absorption terms were
60%%uo of the pionic atom values. If we allow the Rebo and
Reco terms to vary, we can find a reasonable simultane-
ous fit (potential 1 in Table II) to the m. + and m

' C elas-
tic cross section data (dashed curve in Fig. 2). In addi-
tion, if we allow the absorption terms ImBo and ImCO to
vary, but fix the ratio I Bm/I 0Cmat Othe pionic atom
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TABLE II. Optical model parameters. '

Nucleus

12C

Data

fitted

Phase shift values

+
77

+

m+

r+

Potential

number

Rebp

(fm)

—0.042

—0.053+0.004
—0.05420.004
—0.053+0.004
—0.053JO.004
—0.054+0.004
—0.055 20.004

Recp

(fm3)

0.73

0.65+0.03
0.64+0.03
0.67+0.03
0.66%0.03
0.63+0.03
0.64+0.03

Irnap'

ImCp

60%
80%
60%
80%
60%
80%

X2

5.0
2.8
7.1

2.1

1.1

2.5

32S —0.067+0.005
—0.052 %0.005
—0.060' 0.006

0.52+0.03
0.67+0.03
0.50%0.03

60%%uo

60%
60%%uo

4.3
3.1

2.6

34Sc —0.052
—0.060

0.67
0.50

60%
60%

3.0
3.9

'Unspecified parameters are fixed at MSU set-E values.
Units are a percentage of the pionic atom values (Im Bp ———0. 19 frn, Im Cp ——0.93 fm ).

'No parameters were varied for n.+ S. The neutron ground state density parameters were varied for
~- 3"s.

value, we find a minimum near 80%%uo of the pionic atom
values with the same Rebo and Reco parameters (see po-
tential 2 in Table II). The values of these parameters
determined when the n-+ and m. ' C elastic cross sections
are separately fitted are unchanged from the simultaneous
fit (see potentials 3—6 in Table II).

For S, a two-parameter Fermi density was used to
describe the neutron and proton ground state distribu-
tions. The parameters were taken from an analysis of
elastic electron scattering form factors. ' For the proton
distributions, c„wasadjusted to reproduce the rms radius
of the point-proton distribution (c~=3.13 fm and t~
=2AI fm). The neutron density of 32S was assumed to be
identical to the proton density. We find that the m+ elas-
tic scattering data of S is fairly we11 described by the
MSU set-E potential (J' =9), while the fit to the vr elas-
tic scattering data is poor (7 =82) (solid line in Fig. 3).
This trend has also been noted in other low energy m.

elastic scattering data -' and is perhaps expected, since the
MSU potential is based on a large set of n.+ elastic
scattering data between 20 and 50 MeV, but very little n
elastic data.

To fit the m. + and n. S elastic data, we varied Rebo
and Reco and the absorption terms (ImBo and ImCD) in
the optical potential. The best fit to the S data is ob-
tained when the absorption terms are 80% of the pionic
atom values; however, the fit is only slightly better than
that for 60%. Thus, the results we present have the ab-
sorption terms fixed at 60%%uo of the pionic atom values
(same as MSU set-E). In Table II, we present the results
of varying the Rebo and Reco terms to fit the m. +— data,
first simultaneously (see potential 7} and then separately
(see potentials 8 and 9). In contrast to the ' C results
where the potentials determined from separate fits to the
m+ and ~ data were identical, the potentials determined
from separate fits to the m. + S and m S data are dif-
ferent. The potential that describes the n+ ' S data (po-

tential 8) has a significantly stronger p-wave (Reco)
strength than the potential that describes the ~ S data
(potential 9). However, the potential that simultaneously
fits both the m+ and m. S data (potential 7} is very simi-
lar to the potential that fits the vr S data (potential 9),
but not the m+ S data. This may reflect the fact that
the m. cross section spans two orders of magnitude, while
the m+ only one, thus suggests that the ~ elastic cross
sections may be more sensitive to the optical potential pa-
rameters than the m+.

For the analysis of the S elastic cross sections we used
a two-parameter Fermi distribution for the point proton
density. The parameters determined from elastic electron
scattering are cp=3.20 fm and tp=2. 39 fm. ' Since vari-
ations of the neutron density c„and t„parameters do not
change the m+ elastic cross section, and similarly, small
variations of cp and tp do not change the m. elastic cross
section, we varied the neutron density c„and t„to fit the
m data. No parameters were varied in the m+ S calcu-
lations and we find the m+ 2S potential (potential 8) gives
a good fit to the n.+ S elastic data. Fits to the n. S
elastic data using the rr S potential (potential 9) give
neutron density parameters c„=3.28+0. 10 fm and
t„=2.38+0.10 fm. The results are presented in Table II
and shown in Fig. 4. A complete discussion of the sensi-
tivity of low energy pions to ground state neutron and
proton density distributions in magnesium and sulfur iso-
tapes is given in Ref. 23 and it will not be pursued here.

B. Inelastic scattering results

1. Collective model calculations

In order to calculate the inelastic cross sections, we
have chosen to parametrize the transition density from the
ground state to the first 2+ states with the Tassie model
density. This model for the transition density has been
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FIG. 3. Angular distribution for elastic scattering of 50 MeV
n.—on S. The solid curves are the result of optical model cal-
culations using the parameters of MSU set-E and the dashed
curves are the best fit (potentials 8 and 9 in Table II) to the data.

FIG. 2. Angular distribution for elastic scattering of 50 MeV
n.—+ on ' C. The solid curves are the result of optical model cal-
culations using the parameters of MSU set-E and the dashed
curves are the best fit to the data when the absorption parame-
ters are 60% of the pionic atom values.

used in both intermediate energy proton scattering (for ex-
arnple, see Ref. 25) and in pion scattering (for example,
see Ref. 26). But more important, 8(EA, ) values are ex-
tracted from the electron scattering data with the Tassie
model. 27

The Tassie model density has the form

d
p,„(r) =Pic(Q„)r pc

Gf7'

for a 0+~2+ transition. The deformation parameter P
determines the strength of the transition, and the density

p, is typically a two-parameter Fermi density. Since the

interaction is uncertain, inelastic hadron scattering cannot
accurately measure the strength and radial dependence of
the transition density simultaneously. This is especially
true of pions at forward angles in the region of the s-p
wave interference minimum. However, at backward an-
gles in the 2+ diffraction maximum, one can determine
the strength of the transition. The radial dependence of
the transition density can be determined from electron
scattering form factors with parameters (c, t, and P) by
fitting the relation

I'(q)= 8(E2,0+~2+) f p„(rj)2(qr)r dr,

.where F is the longitudinal electromagnetic form factor
and p,„(r)is the radial part of the Tassie model density.
For the 2+ (4.44 MeV) state in ' C, the data of Sick and
McCarthy were used, while for S and S, the longitu-
dinal electron scattering form factors of the first 2+ states
from Ref. 29 were used.
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FIG. 4. Angular distribution for elastic scattering of 50 MeV
m. —on S. The curves are the result of optical model calcula-
tions using the parameters of the best-fit potential (potentials 8
and 9 in Table II) of S. The proton density parameters were
taken from electron scattering measurements, while the neutron
ground state density parameters were varied to fit the data.

In the N =Z nuclei, ' C and S, the neutron and pro-
ton transition densities are assumed to be identical. Thus,
the neutron deformation parameter p„and proton defor-
mation parameter p~ are equal, and the transition density
can be parametrized by a single deformation parameter
p . For the ' C and S 2+ cross sections, we varied the
deformation paratneter to fit the n.+ cross sections to get
p + and we varied the deformation parameter to fit the

rr cross sections to get p . A good check of the con-

sistency of the pion-nucleus potential is obtained as
P + ——P from charge sytnmetry.

Neutron M„and Mz reduced transition matrix ele-

TABLE III. Summary of inelastic scattering results for ' C and ' S.

Data

Nucleus fitted

12C

Potential

number

Rebp

(fm)

—0.053
—0.053

Rccp

(fm )

0.67
0.67

ImBp'

Im Cp

60%%uo

60%%uo

0.55+0.05
0.51 +0.05

1.7
0.2 1.08+0.08

12( —0.053
—0.053

0.66
0.66

80%
80%

0.59+0.05
0.55+0.05

2.6
0.3 1.07+0.08

32S —0.067
—0.067

0.52
0.52

60%
60%%uo

0.355+0.039
0.316+0.035

0.6
1.4 1.12%0.07

32S —0.052
—0.060

0.67
0.50

60%
60%

0.325+0.036
0.343+0.038

1.2
1.5

0.95%0.06

'Units are percentage of pionic atom values.
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FIG. 6. Angular distributions for inelastic scattering of 50
MeV m. —to the 2.23 MeV 2+ state in S. The curves are the re-

sult of DWPI calculations. The deformation parameters de-

duced are P + ——0.325 and P =0.343.

ments can be calculated from

M„=Nef r Y2c(A, )p,"„(r)dr

and

Mz ——Ze r Yzo 0, p„rdr,
where p,",(r ) and p~(r ) are the respective neutron and
proton transition densities. For S, we have assumed that
the neutron transition density has the same radial shape as
the proton transition density and they differ only in the
deformation parameter. Thus the matrix element ratio
M~/M„ is equal to Z13~/NP„

Since the Tassie model fit to the electron scattering
form factor gives a deformation parameter, as well as the
radial parameters of the transition density, we can com-
pare this to the measured pion deformation parameter.
We can also compare the pion results to lifetime measure-
ments, since in the long-wavelength limit

B(E2;0+ 2+)=
~ Mp ~

= Ze P(r„)
4m

I

Cross sections for the 2+ (4.44 MeV) state in ' C have
been previously measured with 50 MeV sr+ projectiles. '

We find reasonable agreement between their data and the
results obtained here. In Table III and Fig. 5, we show
the results of calculations for the 2+ (4.44 MeV) state in
' C, where P + and P deformation parameters were
varied separately. The error on the deformation parame-
ters includes the overall normalization error, while the ra-
tio of the deformation parameters only includes the rela-
tive normalization error. The value of the deformation
parameter is determined primarily by the backward angle

data, away from the s-p interference minimum. There-
fore only data points with 0) 90' were included. In-
clusion of the data points with 0&90 results in poor fits
to the data. From electron scattering, P=0.62+0.06, and
from lifetime measurements, P=0.59+0.30, so it ap-
pears that the deformation parameters (j3=P + ——j3 ) ob-

tained from the pion data are in good agreement with
electron scattering and lifetime measurements.

The results of the fits of the first 2+ (2.23 MeV) state in
' S are presented in Table III and shown in Fig. 6. The
cross sections were fitted by varying the deformation pa-
rameters I3 + for the sr+ data and P for the m data

separately. Our first observation is that the deformation
parameters are essentially the same whether the absorp-
tion terms in the potentials are 60% or 80% of the pionic
atom values, and hence, only the former are shown. How-
ever, if we use one potential that describes both the sr+

and vr S elastic data simultaneously (see potential 7 in
Table II), the deformation parameters will differ from
those where we use two potentials that separately describe
the m+ and rr S data (potentials 8 and 9 in Table II).
In this section, we suggest that a consistency check of the
pion-nucleus potential would be j3 + ——13 . When the dif-

ferent 7r+ and npoten. tials are used, the result is con-
sistent with unity, P +/P =0.95+0.06. But when the

same potential for ~+ and m. is used, the result is

P +//3 —=1.12+0.07. The absolute error on the defor-

mation parameters includes the +15/o normalization er-
ror on the ' S cross sections, while the ratio P +//3 only

includes the relative errors. The absolute value of the de-
formation parameters are consistent with the deformation
parameters determined from lifetime measurements
j3=0.286+0.016, ' and electron scattering P=0.28+0.05.

For S, we have simultaneously fitted the m. + and vr

cross sections of the first 2+ (2.13 MeV) state by varying
the proton 13~ and the neutron f3„deformation parameters.
When the different sr+ and m. potentials are used (poten-
tials 8 and 9 in Table III, which gives 13 /13 —1 in ' S),
we find P~=0.283+0.032, P„=0.287+0.032, and
13~/P„=0.99+0.07 with 7 =3.7 (see Fig. 7). Whereas,
when the identical rr+ and 7r potentials are used (poten-
tial 7 in Table III, which gives I33 +/I3 —1.12 for -'S),

find p, =0.304+0.033, j3„=0.270+p. p3p,
P~/P„=1.13+0.09 with 7 =2.8. The errors on 13 and P„
include the normalization error, while the ratio P~/P„
only includes the relative error. Also, the ratio P~/j3„ is
found to be insensitive to +30% variations in the isovec-
tor optical potential parameters Reb~ and Ret."&. The ab-
solute value of the proton deformation parameter is con-
sistent with the deformation parameters determined from
electron scattering 13~=0.23+0.03 and from lifetime mea-
surements j3&——0.24+0.01.

We can relate the ratio of the deformation parameters
to the matrix elements by recalling that M~/M„=ZP~/NP„, which for the 2+ state of 3 S gives
M„/M„=0.88+0.06 (P~/P„=O.99+0.07). The transi-
tion matrix elements M~ and M„for E2 transitions are
simply related to the isoscalar and isovector matrix ele-
ments Mo and M& by M„~„——MD+M~ T, and thus, in an
isospin triplet, M„(T,) =M~( —T, ). For A =34, there are
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FIG. 7. Angular distributions for inelastic scattering of 50
MeV m —to the 2.13 MeV 2+ state in ' S. The solid curves are

the result of collective model DWPI calculations. The neutron

and proton deformation parameters were varied separately to fit

the data, giving P~=0.283 and P„=0.287. The dashed curves

use microscopic transition densities and the calculation has been

normalized upward by approximately 20% to fit the data.

lifetime measurements for the first 2+ T =1 states in 34S,

Cl, and Ar. ' If we fit the three M~ values to the rela-
tion Mp Mo+~]T, and calculate M„,we find that
M&/M„=0.72+0. 10. Although our results indicate a
larger ratio than the lifetime measurements, we have not
corrected the mirror nuclei M„/M„value for the
Coulomb interaction. Presently there is some uncertainty
in the value of this correction. For example, Alexander
et at. multiplied their M„/M„value, determined by
measuring the lifetimes of the E2 transitions in the
A =26 isospin triplet, by a factor of 1.1. For the
Coulomb correction to A =34 nuclei, a similar correction
would make the mirror nuclei value agree with the pion
value.

A recent paper investigating sd-shell nuclei with 650
and 800 MeV protons has done an analysis of S very
similar to that done here. They used a Tassie model
density (with ground state parameters) and assumed that
M~/M„=0.72. The results of a distorted-wave impulse
approximation (DWIA) calculation was approximately
20k too high. However, our experiment has indicated
that M„is -20% smaller than that used in their analysis.
This might reduce the result of the DWIA calculation so
that it would in fact agree with their data.

2. Microscopic model calculations

In addition to the collective model analysis, we have
generated microscopic transition densities for the first 2+

states in S and S using shell model wave functions of
Brown et al. In this model, the ' 0 core is assumed to
be inert and the valence nucleons are allowed to occupy
the 1d,&2, 2s, &2, and 1d3/2 orbitals. Instead of assuming
a specific form for the residual interaction, the one- and
two-body matrix elements are used as parameters to be
varied in fits to a large body of energy level data. The
wave functions are obtained by diagonalizing the resulting
Hamiltonian matrix.

In the collective model analysis, we assumed that the
neutron and proton transition densities had the same radi-
al dependence and only differed by a deformation parame-
ter. In S, this is expected from charge symmetry
(N =Z), however, in S there are two extra neutrons and
differences could occur. Therefore, we use the shell
model to determine if the predicted radial dependence of
the neutron transition density in S is different from the
proton density.

For the first 2+ state in S, the shell model predicts
that JVp ——&„,and that the radial dependence of the neu-
tron and proton transition densities is the same. With
these shell model densities, the calculated m. + and vr

cross sections (using potentials 8 and 9 in Table II) re-

quired an upward normalization of approximately 20% in
the shell model calculation to fit the data. This result is
consistent with that obtained in Sec. III B 1, and is expect-
ed, since the electron scattering form factors are in fact
we11 described by this unnormalized shell model density.

For the first 2+ state in "S, the shell model calculation
predicts M~/M„=0.92 with slightly different neutron
and proton transition densities. Using these shell model
densities, the calculated ~+ and m. cross sections also re-
quired an upward normalization of approximately 20% to
fit the data (see Fig. 7). Thus, the shell model prediction
of M~/M„=0.92 does fit the data and is consistent with
our collective model analysis where Mz/M„=0.88+0.06.
It appears that our assumption, that the neutron and pro-
ton transition densities have the same radial shape, is
valid for this state in S. However, one must be careful,
since the shell model calculation for other states such as
the second 2+ (3.30 MeV) state in S predicts very dif-
ferent neutron and proton transition densities.

IV. SUMMARY

Elastic and inelastic scattering of a+and m pro.jectiles
by

' C, S, and S have been studied at 50 MeV. The an-
gular distributions for the elastic scattering have been
compared with optical model calculations using the MSU
pion-nucleus potential. ' ' This form of the pion-
nucleus potential, with parameter set-E, gives a reasonable
description of the m+ and m. ' C, as well as the m+ S
and S elastic cross sections. Improved fits to the data
are obtained when the s-wave and p-wave strength terms
and the absorption terms are slightly adjusted.

In contrast, the m. S and S cross sections are poorly
fitted with the MSU set-E potential, and to fit the m.

cross sections the p-wave strength had to be reduced by
approximately 30%. It has been shown that a potential
which describes both the m+ and n S cross sections
can be obtained, but it failed to describe the m-+ ' C and
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other 50 MeV m. + cross sections. Furthermore, we have
pointed out that agreement with the inelastic scattering
data is slightly better when the different w+ and n. po-
tentials are used in the sulfur analysis. Elastic scattering
of 65 MeV vr fro-m Ca by Dam et al. have also found
that different m. + and m potentials were needed, al-
though Sternheim claims that a single potential can
describe both the ~+ and ~ data.

Intuitively we would have expected that the m. + and m

optical potentials would be identical. A closer examina-
tion reveals that small differences between the m. + and m

potentials may not be so unexpected due to the incomplete
treatment of the Coulomb interaction. For example, the
Coulomb-nuclear interference term Vc V„+V„VCand the
nuclear term V„arearbitrarily dropped in the elastic cal-
culation, although for 65 MeV n.+ Ca scattering Dam
et al. has pointed out that the effect of these terms is
small. Also, the effect of the Coulomb interaction is not
calculated exactly (i.e., nonrelativistically instead of rela-
tivistically). Seki et al. have suggested that the
minimum in the ~+ Pb elastic cross section at 50 MeV
is much deeper in a nonrelativistic treatment than in a rel-
ativistic one. ' Even in recent charge symmetry ~+-d ex-
periments at resonance energy, a ~+— asymmetry appears
that can only be explained when a complete calculation of
Coulomb effects is done. Furthermore, Ericson and
Tauscher' have suggested that differences between the
m. + and m elastic scattering data in an X =Z nucleus
may be due to some energy dependence of the optical po-
tential, since the Coulomb potential causes the vr interac-
tion to occur at higher pion kinetic energies than the m+

interaction.
The inelastic cross sections were analyzed using transi-

tion densities obtained from electron scattering. Thus,
direct comparisons of the pion results could be made to
lifetime measurements, electron scattering, and proton
scattering. For the N =Z nuclei, ' C and S, the defor-
rnation parameters needed to describe the m. + data should
be equal to the deformation parameter needed to describe
the ~ data from charge symmetry. For ' C, the ratio of
the deformation parameters was consistent with unity,
and the absolute value of the deformation parameter
(transition matrix element) is consistent with lifetime
measurements and electron scattering. For S, the ratio
is 1.12+0.07 when identical n.+ and m potentials are
used and 0.95+0.06 when different m. + and n. potentials
are used. The absolute normalization is consistent with
lifetime measurements and electron scattering.

For the inelastic cross sections of S, the proton and
neutron deformation parameters were varied to simultane-
ously fit both the m. + and ~ cross sections. In the collec-
tive model analysis for the 2+ state, we assumed that the
neutron and proton transition densities have the same ra-
dial shape, but differ in the deformation parameter. We
have confirmed this with a shell model calculation. The
measured proton deformation parameter was found to be
consistent in magnitude with lifetime measurements and
electron scattering. The matrix element ratio M~/M„
=0.88+0.06 was found to be consistent with the M~/M„
value obtained from mirror nuclei ' and also with inter-
mediate energy proton scattering.

10
0

1
&

[

34S ~+

p=O 42
P

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~ y ~~ t ~ g+
~ + ~ y

~ ~
~ ~ ~y

10—

Cg

10—

10
1 i I I I t I I I

40' 60 80 100' 120 140

If low energy m. + are sensitive only to protons and m

are sensitive only to neutrons, as indicated by the m. +p and
m. p differential cross sections at 50 MeV, then a varia-
tion of Pz (P„)should show a large change in the n+ (n. )

inelastic cross section. in Fig. 8, we plot the 2+ S cross
section with p~ increased and decreased 50%%uo from the op-
timurn value. For m. + we see the cross section is very sen-
sitive to p~. However, changing p~ for n. hardly affects
the ncross section. . Similar results are obtained for vari-
ations of P„,thus suggesting that the 50 MeV pion is pos-
sibly the most sensitive probe for extracting the neutron
and proton transition matrix elements.

In summary, we have shown that the 50 MeV pion can
give results that are surprisingly consistent with other
probes. Furthermore, the demonstrated consistency and
the apparent sensitivity to neutron and proton transition
matrix elements make the low energy pion an attractive
probe for studying nuclear structure.

Support for this work was provided by the Natural Sci-
ences and Engineering Research Council of Canada.
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FIG. 8. Angular distributions for inelastic scattering of 50
MeV m. —to the 2.13 MeV 2+ state in ' S. The solid curves are
the best fit to the cross sections as shown in Fig. 7. The dotted
curves have P~ increased 50% and the dashed curves have P~ de-
creased 50% over the best-fit value.
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