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Inelasticp6 differential cross-section measurements at a pion incident energy of 162 MeV were made for
12 (f

7/2
d
5/2

21) 62 states in32S, including four tentative new isoscalar states. Isoscalar and isovector mag-
netic structure coefficients were determined for each state by combining the pion data with previous electron
scattering data. The trend of small isoscalar/isovector strength ratios continues in32S, with the isovector
strength being comparable to theoretical calculations, but the isoscalar strength exhausting only about 17% of
an extreme-single-particle-hole model. However, this isoscalar strength is larger than that observed in other
sd-shell nuclei and exhausts 75% of large-basis shell-model predictions. The substantial fragmentation of the
62 isovector strength observed in32S electron scattering, but not previously observed in other self-conjugate
nuclei, appears to extend to the isoscalar strength and to include substantial isospin mixing. The general
systematics of isoscalar and isovector stretched state transition strengths are reviewed.
@S0556-2813~97!00402-0#

PACS number~s!: 25.80.Ek, 21.60.Cs, 27.30.1t
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I. INTRODUCTION

High-spin stretched transitions, i.e., transitions with t
highest angular momentum attainable in a single-part
transition between adjacent major shells, have been of in
est because of the simplifying assumption that the one-b
transition density is given by a simple unique particle-h
configuration. This makes it possible to compare nucl
structure models to experiment via one spectroscopic am
tude. This amplitude is deduced from (e,e8) experiments in
an almost model-independent way and also serves a
benchmark for comparison with results from other prob
such as (p,p8), (p,p8), and (p,n). Several reviews@1,2#
have summarized the importance of these studies.

Electron-scattering measurements@3# on 32S identified
several 62 states of the type (f

7/2
d5/2

21) and (p,n) charge

exchange measurements@4# identified several 62 isovector
states, but the extracted strengths for the two lowest state
(p,n) were only about half as strong as those observed
(e,e8). Comparisons between the weaker higher lying sta
were consistent given the large errors on the measurem

*Present address: Johns Hopkins Oncology Center, Division
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This is inconsistent with other nuclei like28Si, where the
lowest states in both reactions are in approximate agreem
The 32S nucleus is also different than other self-conjug
nuclei in that the observed strength is spread out over m
states instead of being concentrated in one or two levels a
28Si @4–7#, 24Mg @4,8–10#, and 20Ne @4#. Additional (p,n)
reactions on40Ca and 36Ar have been used to study th
fragmentation of these high-spin stretched states@11#.
Clearly, we should understand the differences between
strengths extracted from the (e,e8) and (p,n) reactions on
32S.
In search of an explanation in terms of isospin mixi

effects, we report on measurements ofp6 scattering on
32S and the determination of the isoscalar and isovec
structure coefficients for the 62 states. Since in pion scatte
ing near theD3,3 resonance the intrinsic isoscalar amplitu
is about a factor of 2 larger than the isovector amplitude a
in electron scattering the intrinsic spin isovector amplitude
about a factor of 5 larger than the isoscalar amplitude
consistent analysis of both sets of data for the same trans
can be used to determine the isoscalar and isovector stre
for pure and mixed isospin spin excitations such as th
high-spin states. This combined electron-pion analysis
be more reliable for determining isoscalar strength than o
methods. This has been demonstrated in previous meas
ments for stretched transitions in12C @12,13#, 14C @14,15#,
of
625 © 1997 The American Physical Society
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626 55B. L. CLAUSEN et al.
14N @16,17#, 16O @18,19#, 24Mg @9,8#, 26Mg @20,21#, 28Si
@22,23#, 54Fe @24,25#, and 60Ni @26,27#.

The isoscalar and isovector structure coefficients
tracted from the32S(p,p8) data will be compared with re-
sults from large-basis shell-model~LBSM! calculations@28#
and also with other nuclei, extending the systematics
M6 stretched transitions with the goal of improving our u
derstanding of the quenching, fragmentation, and isos
mixing of the magnetic strength. Comparisons of pure is
pin structure coefficients determined from a combination
pion and electron cross section measurements will aid in
derstanding the normalization of the pion-nucleon interact
in nuclei and the asymmetries inp2/p1 scattering to un-
bound states with asymmetric nucleon binding energies.

II. DATA ACQUISITION AND REDUCTION

This experiment was performed at the Clinton P. And
son Meson Physics Facility~LAMPF! of the Los Alamos
National Laboratory using 162-MeVp1 andp2. The target
was enriched to 99.1%32S at the Oak Ridge National Labo
ratory with the remainder consisting of 0.2%33S and 0.7%
34S. The target had an areal density of 100 mg/cm2 and was
enclosed between two aluminized Mylar sheets of areal d
sity 0.9 mg/cm2 each. Inelastic pion scattering data we
taken at spectrometer angles of 55°, 75°, 90°, and 105°
p1 and 75° and 90° forp2 using the Energetic Pion Chan
nel and Spectrometer~EPICS! facility, described elsewhere
@29#. These angles were expected to be near the maximum
the angular distribution forM6 excitations. Spectra with
lower statistical accuracy were taken at 30° and 40° to

FIG. 1. Spectra from inelastic scattering of 162 MeVp2 and
p1 on 32S at a laboratory scattering angle of 75°. The labeled sta
are 62 stretched transitions. Each energy bin is 40 keV wide.
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sure that any angular distribution with a maximum at 7
was not a second maximum of a low multipolarity excitatio
At most angles and for bothp1 andp2, data were taken on
targets of CH2 and Mylar to determine the energy calibratio
and cross-section normalization. The resolution was
hanced by the use of, among other things, a thinner vacu
window and a reduced number of chamber planes in
front of the spectrometer@30#. The typical energy resolution
was approximately 170 keV full width at half maximum
~FWHM!.

Representative spectra, corrected for spectrometer ac
tance and pion survival, are shown in Fig. 1. Data analy
used the line-shape fitting programALLFIT @31# with an em-
pirical linear background connecting smooth regions of
spectra and a reference peak shape from an isolated
lying state~see Fig. 2!. The energy calibration at each ang
utilized the prominent states in12C as well as known, low-
lying 32S states. The32S spectra included12C and16O peaks
from the Mylar sheets enclosing the sulfur target. The lo
tion and size of these12C and 16O excited states were dete
mined from a plain mylar target and then fixed before fitti
the 32S peaks.

Excitation energies of the 62 states in the pion scatterin
spectra are listed in Table I and compared with good c
cordance to those found previously with electron and pro
scattering and the (p,n) reaction. All peaks are narrow rela
tive to our resolution.

The 62 cross sections were normalized to previous
knownp1 12C andp1 16O elastic-scattering cross section

s FIG. 2. Fits to the32S(p1,p18) spectrum at 75°, showing the
backgrounds assumed. The spectrum has a resolution of abou
keV. For comparison, the32S(e,e8) spectrum atq52.0 fm21 is
shown@3#. Its resolution is 100 keV. The 62 stretched transitions
are indicated by arrows.
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55 627PION SCATTERING TO 62 STRETCHED STATES IN32S
TABLE I. A comparison of excitation energies for32S 62 stretched states from several different rea
tions. For the (p,p8) states with no uncertainties listed, the peaks were either small or part of a do
making an independent determination of the excitation energy impossible. A Coulomb shift of about 7
MeV would be expected for the32Cl data based on the location of the analog of the32Cl ground state in
32S @38#.

Ex ~MeV! Ex ~MeV! Ex ~MeV! Ex ~MeV!

(p,p8) (e,e8) a (p,p8) b 32S(p,n)32Cl c

9.6560.03
10.8860.04
10.98 10.9860.04 3.860.1

11.1760.05
11.94 11.9460.04 4.760.1
12.6360.03
12.7760.06 12.7460.04 5.660.1
13.26 13.2660.05 13.32 6.360.1
13.5460.05 13.5460.05 6.860.1
14.29 14.2960.05 7.460.1

15.75 8.460.1
16.3160.07 16.4360.07 9.260.1
16.6560.07
17.1260.07 17.1660.08 9.860.1

aReference@3#.
bReference@37#.
cReference@4#.
en
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@32,33#. In an additional check, we found good agreem
with previous12C inelastic-scattering cross sections@34# and
with a u lab575° p11p center-of-mass cross section of 8.
mb/sr @35#. The normalization factor for the spectromet
twas smaller by a factor of 0.8 forp2 than for p1 cross
sections, similar to results found previously@29,26#. The to-
tal systematic error was about 8%, with 6% due to uncerta
ties in the absolute normalization. The pion-scattering cr
e
ors. An
TABLE II. Center-of-massp1 scattering cross sections for states observed in32S. Scattering angles ar
given in the center-of-mass frame. The listed uncertainties include both statistical and systematic err
asterisk indicates where no peak was observed for an excited state at a particular scattering angle.

Ex ~MeV! Jp s1 (mb/sr!

30.3° 40.4° 55.5° 75.6° 90.6° 105.6°

9.65a 62 , 5 * 6.161.2 7.960.8 6.061.0 3.661.3

9.81 72.069.3 60.865.6 * 6.460.7 6.261.0 17.361.6

10.31 , 40 57.065.9 22.262.2 6.460.6 5.460.7 13.561.2

10.74 113617 42.269.2 21.562.5 5.161.0 5.060.6 10.561.2

10.88a 62 , 50 86.3612 3.162.4 9.561.1 2.060.4 3.761.5

10.98 62 31.2611 , 10 , 2 3.660.9 , 2 , 2

11.94 62 * , 30 3.461.4 4.360.6 , 2 *

12.19 91.4611 95.369.2 36.363.4 15.061.2 11.861.3 5.261.0

12.63a 62 , 20 , 30 17.662.8 11.561.5 7.061.2 3.061.2

12.74 62 , 10 , 2 3.962.5 6.161.7 6.061.4 2.561.1

12.98 33.465.7 * , 2 , 2 5.160.9 6.160.9

13.26 62 , 60 , 3 * , 2 * , 2

13.54 62 * , 13 , 6 6.960.7 5.860.9 3.360.8

14.29 62 , 25 , 12 , 8 2.860.5 , 2 *

16.31 62 , 30 , 20 1.861.6 2.260.6 3.860.8 2.160.9

16.65a 62 , 40 , 35 4.462.2 5.560.7 2.960.8 1.860.9

17.12 62 , 35 , 20 3.161.6 5.060.7 3.160.8 2.461.2

aTentative new isoscalar state.



3
nd

n
ts

s.
at-

x-
nd
ith

ted
so
e
s.
nt
o
and

k-
ob-
as

nt

he

54,
g,

O

ve

r
f
an
o

628 55B. L. CLAUSEN et al.
sections are listed in Tables II and III and plotted in Figs.
to 7 along with their errors that include both statistical a
systematic uncertainties.

III. EXPERIMENTAL RESULTS

It is useful to have data from several different reactio
for the self-conjugate32S nucleus in order to compare resul

FIG. 3. Results from theoretical DWIA calculations using H
and WS wave functions are compared to each other and top6 data
for several32S 62 isovector excitations.

TABLE III. Center-of-massp2 scattering cross sections fo
states observed in32S. Scattering angles are given in the center-o
mass frame. The listed uncertainties include both statistical
systematic errors. An asterisk indicates where no peak was
served for an excited state at a particular scattering angle.

Ex ~MeV! Jp s2 (mb/sr!
75.6° 90.6°

9.65a 62 2.961.3 3.161.2
9.81 6.961.5 7.561.4
10.31 5.660.8 5.861.1
10.74 5.160.6 5.060.9
10.88a 62 7.260.7 , 2
10.98 62 2.160.4 2.060.8
11.94 62 3.961.0 1.761.2
12.19 9.161.2 6.261.3
12.63a 62 2.861.1 2.161.4
12.74 62 10.261.4 7.761.9
12.98 1.960.8 2.861.5
13.26 62 , 2 *
13.54 62 1.961.1 4.461.3
14.29 62 3.161.1 2.761.2
16.31 62 2.960.9 3.361.6
16.65a 62 4.861.0 4.061.4
17.12 62 4.161.0 , 2

aTentative new isoscalar state.
s
for the 62 strength that is fragmented into several state
Each state will be discussed and the results from pion sc
tering and other reactions will be compared.

A. Isovector excitations

The 10.98 and 11.94 MeV transitions were strongly e
cited by electron scattering, and the corresponding 3.8 a
4.7 MeV states were two of the stronger ones observed w
the (p,n) reaction; however, these two 62 states were not
prominent in the pion-scattering spectra. They were loca
on the shoulders of strong states at 10.8 and 12.2 MeV,
the fitting procedure had to fix the peak location for th
expected 62 state to obtain the cross sections plotted in Fig
3 and 4. The resulting angular distributions are consiste
with a 62 assignment. The excitation energy of these tw
states approximately corresponds to the states at 11.29
11.84 MeV predicted from LBSM calculations@28,36#.

The 11.17 and 13.26 MeV transitions were the two wea
est states observed by electron scattering and were not
served at all in this pion-scattering experiment. No state w
reported with the (p,n) reaction at 4.0 MeV which would
correspond to the 11.17 MeV state. However, a promine
state was reported from the (p,n) reaction at 6.3 MeV that
could correspond to the 13.26 MeV state, but possibly to t
stronger 13.54 MeV state. A possible 62 state was also re-
ported at 13.32 MeV with (p,p8) @37#.

States of intermediate strength were observed at 13.
14.29, and 17.1 MeV with both electron and pion scatterin

FIG. 4. The32S p6 data from several 62 isovector excitations
compared to theoretical DWIA calculations which used HO wa
functions.

-
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55 629PION SCATTERING TO 62 STRETCHED STATES IN32S
and the pion data are plotted in Figs. 3 and 4. Pion ang
distributions are consistent with a 62 assignment. The pos
sible corresponding states from the (p,n) reaction at 6.8, 7.4
and 9.8 MeV are some of the weaker states in that reactio
well. The 13.54 MeV state corresponds to a LBSM pred
tion for a state at 13.42 MeV.

The weakest state reported from the (p,n) reaction, lo-
cated at 8.4 MeV, has no corresponding state in either
electron or pion spectra near 15.4 MeV. However, prelim
nary data from a (p,p8) reaction found a possible 62 state at
15.75 MeV@37#.

B. Isospin mixed excitations

The 12.74 MeV state is one of the strongest 62 states
observed by electron scattering, and the corresponding
at 5.6 MeV is the strongest from the (p,n) reaction. This
experimentally located state corresponds to a LBSM s
predicted at 12.74 MeV. This state was strongly excited
p2, but less so byp1, as seen in Fig. 4. It appears to b
isospin mixed with another strong state at 12.63 MeV wh
is strongly excited byp1, but much less so byp2, as seen
in Fig. 5. Figure 6 shows that the 12.63 MeV state is reas
ably consistent with a 62 angular distribution, although a
52 assignment cannot be ruled out. The 12.74 MeV stat
the electron-scattering spectra is unusually wide at the b
@3#, suggesting that the 12.63 MeV state is in fact wea
excited by electron scattering. Two-state isospin mixing i
self-conjugate nucleus has previously been observed for

FIG. 5. The32S p6 data from possible new isoscalar 62 exci-
tations compared to theoretical DWIA calculations which used
wave functions.
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19.5 MeV complex in12C, where similarly the lower state
was protonlike and the upper state was neutronlike@12#. The
mixing in 32S is not as complete as that in12C, since both
states are observed in bothp1 andp2 32S spectra. Using
the definition in Ref. @12#, the mixing coefficient
ubu50.260.1.

A state was observed at 16.43 MeV in electron scatter
and a corresponding state was observed at 9.2 MeV with

FIG. 6. Theoretical DWIA calculations using HO wave func
tions are shown for several multipolarities and compared with
32S p1 data from the possible new isoscalar 62 excitations.

FIG. 7. Theoretical DWIA calculations using HO wave func
tions are shown for several multipolarities to compare with t
32S p1 data for sample lower multipolarity excitations.
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630 55B. L. CLAUSEN et al.
(p,n) reaction. No state was observed at 16.43 MeV in
pion-scattering spectra; however, two other states were
cated at 16.31 and 16.65 MeV and their angular distributi
are shown in Figs. 4 and 5, respectively. This is reminisc
of the three-state isospin mixing found near 16 MeV
14N @16,17# and near 19 MeV in16O @18,19#: one stretched
state found by electron scattering with an additional state
either side found by pion scattering. However, all three sta
of the triplet in 14N and 16O were found with pion scattering
whereas only the lower and upper states were found in32S.
Thus we treat the 16.3160.07 and 16.4360.07 MeV states
as equivalent, considering that their excitation energies
equal within uncertainties. The 16.65 MeV state is th
treated as a possible new 62 isoscalar excitation. Its angula
distribution displayed in Fig. 6 is reasonably consistent w
such an assignment, although a 52 assignment cannot b
ruled out. This is probably another isospin mixed pair
states, with the lower excited slightly more strongly byp2

and the upper more strongly byp1. In the electron-
scattering spectra, the 16.43 MeV peak was correspondi
found to be wider than some of other 62 peaks.

C. Isoscalar excitations

Based on LBSM predictions of additional isosca
strength around 10 MeV@28,36#, seven additional states be
tween 9 and 13 MeV were analyzed in a search for ot
possible 62 transitions. Any new 62 state, not observed b
electron scattering, would be predominantly isoscalar. T
(p,p8) cross sections for these seven possible states
listed in Tables II and III. Five of the states, with excitatio
energies of 9.8160.03, 10.3160.03, 10.7460.04, 12.19
60.03, and 12.9860.03 MeV, have experimental angula
distributions at small angles incompatible with a 62 assign-
ment. As an example, data for the 10.31 and 10.74 M
states are shown in Fig. 7 and compared to a 62 calculation
and several lower multipolarity calculations. The 10.31 M
state may be a combination of a previously observed1

excitation at 10.29 MeV and a 12 excitation at 10.33 MeV.
Similarly, the 10.74 MeV state may be a combination o
12 excitation at 10.70 MeV and a 21 excitation at 10.76
MeV @38#.

A state at 9.65 MeV in the32S spectra is a possible 62

excitation. It cannot be the 11 excitation observed at 9.6
MeV by electron scattering@39# and proton scattering@40# or
the 21 state at 9.65 MeV found in several other reactio
@38,41#. These lower multipolarity states would be strong
excited at small scattering angles, but no state was obse
in our 30° and 40° spectra at this excitation energy. The d
are compared to several theoretical calculations in Fig
showing that a 62 assignment for this state is reasonab
although a 52 assignment might be possible. Correspond
LBSM theoretical predictions are for a 62 isoscalar state a
9.21 MeV.

A 32S state at 10.88 MeV is the remaining possibility f
a 62 assignment, and appears to be the only possibility
fitting the LBSM theoretical prediction of a strong isosca
state at 10.36 MeV and a weaker state at 10.94 MeV.
data for the 10.88 MeV state shown in Fig. 6 have an ang
distribution between 55° and 105° that would make a2

assignment reasonable. If this is a 62 state, it has the mos
e
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isoscalar strength of any in32S. As would be expected, n
state was reported at this excitation energy from elect
scattering, nor at the corresponding energy for the (p,n) re-
action, both of which selectively excite isovector transition
However, the 62 assignment for this state is somewhat qu
tionable, since the 40° pion-scattering spectrum show
strong state located at 10.9060.01 MeV. This may be an
L51 or L52 state previously observed at 10.83 or 10
MeV @38,39,41#, since the 12 theoretical distribution shown
in Fig. 6 fits the data reasonably well.

The states at 12.63 and 16.65 MeV discussed in the
vious section and the 9.65 and 10.88 MeV states discusse
this section will be included in the calculations of total iso
calar 62 strength, while recognizing that some of the 62

assignments are tentative.

IV. ANALYSIS

A. DWIA calculations

The analysis described here follows closely that repor
in Refs. @42# and @26# and more details can be found ther
The distorted-wave impulse-approximation~DWIA ! calcula-
tions used the codesALLWRLD @43# andMSUDWPI @44# with
the spin-orbit force and optical potential parameters sim
to those reported previously, and a charge radius of 3.24
determined from electron scattering@45#. The ground-state
density distribution parameters used for both protons
neutrons in these two codes were taken to have a Wo
Saxon form with radiusc53.08 fm and diffuseness
a50.55 fm. These values were determined as in Ref.@26#. If
instead, older values ofc53.458 fm, z50.6098 fm, and
w520.208 are used@46#, the theoretical pion-scattering ca
culations decrease by about 8%.

The transition density input forALLWRLD used pion-
scattering parameters fixed at the values that best fit
stretched state electron scattering data. The set with sim
harmonic oscillator~HO! single nucleon wave functions use
b51.8060.04 fm @3#. The set with Woods-Saxon~WS!
wave functions~which are especially important for unboun
states! used r 051.2660.03 fm and diffuseness and spin
orbit parameters ofa50.65 fm andl525, respectively.

The WS wave functions were calculated using the co
DWUCK4 @47#. The binding energy~BE! for the proton and
neutron wave functions used their respective separation
ergies. The binding energy for a given excited state equa
its excitation energy~EE! minus the nucleon separation e
ergy ~SE! for 32S and the energy of the lowest 5/21 state in
the mass 31 nuclei~BE 5 EE - SE -E5/2). The neutron and
proton separation energies for32S are 15.04 and 8.86 MeV
respectively. The lowest 5/21 state, taken as the hole for th
stretched excitation, is located at 2.24 MeV for31S and 2.23
MeV for 31P. Thus, states below 11.09 MeV have both t
neutron and proton bound and the remainder up to 17
MeV have the neutron bound and proton unbound.

The WS wave functions for the32S electron-scattering
theory calculations in Ref.@3# used a nonlocal paramete
~PNLOC! equal to 0.85. In that case,r 051.2060.04 fm was
needed for a best fit to the stretched state electron-scatte
data and the totalZ1

2 ~independent of pion data! was 88%. In
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TABLE IV. Values used to calculate the structure coefficients in32S. The experimental cross sections f
pion scattering at the top of the angular distribution are from a least-squares fit to the data.~The listed values
are an average between HO and WS fits, with the actual values well within the uncertainties given! The
theoretical DWIA pion cross sections, (M1

p)2, at the peak of the angular distribution were calculated us
ALLWRLD and MSUDWPI. The experimental form factors,F2, for electron scattering from Ref.@3# were
determined in a similar fashion and are also listed. The theoretical electron cross section, (M1

e)2, at the peak
of the angular distribution, is 25.731025 for HO wave functions and is listed for the WS wave function
None of the calculations included MEC effects.

HO WS WS
Ex s2 s1 (M1

1)2 (M1
1)2 (M1

1)2 (M1
1)2 F2 (M1

e)2

~MeV! (mb/sr! (mb/sr! (mb/sr! (mb/sr! (mb/sr! (mb/sr! 31025 31025

9.7 4.061.9 9.361.3 62.5 54.7 54.2 61.3
10.9 7.661.5 6.661.7 61.6 53.8 54.3 61.0
11.0 2.560.7 3.160.6 61.5 53.7 54.3 61.0 3.460.2 24.4
11.2 0.860.1 24.3
11.9 4.460.2 4.460.5 60.8 53.0 54.4 60.5 3.260.3 23.8
12.6 3.460.8 14.662.8 60.3 52.6 54.5 59.9
12.7 12.262.9 8.462.0 60.2 52.5 54.5 59.7 3.160.1 23.1
13.3 , 2 , 2 59.8 52.1 54.7 59.0 0.960.1 22.7
13.5 3.163.0 8.361.7 59.6 51.9 54.8 58.6 2.260.3 22.4
14.3 3.961.3 3.060.3 59.0 51.4 54.9 57.3 1.560.1 21.6
16.4 3.561.3 3.161.3 57.5 50.0 54.1 55.6 1.560.1 19.4
16.6 5.861.6 6.260.6 57.3 49.8 53.3 56.8
17.1 4.360.7 5.760.8 56.9 49.4 50.1 64.7 1.560.1 19.3
to
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this paper a PNLOC of zero was used, giving a totalZ1
2

~independent of pion data! of 78%.

B. Structure coefficient calculations

The differential cross section for pion scattering
stretched magnetic transitions can be written schematic
as

s65Nfc.m.
2 ~M1

6!2FM0
6

M1
6 Z01Z1G2, ~1!

whereN ~assumed here to be equal forp1 andp2) is an
empirical normalization of the pion calculated cross secti
to known isovector electron scattering strengths,M t

6 are ma-
trix elements calculated in the DWIA, andZt are spectro-
scopic structure coefficients for a pure isoscalar (t50) or
isovector (t51) single particle-hole 62 transition. For inci-
dent pion energies near theD3,3 resonance,M0

6/M1
6'72

for p6 scattering. The standard center-of-mass correc
was made by reducing the HOb or the WSr 0 derived from
electron scattering by@(A21)/A#1/2, before using it for the
(p,p8) DWIA calculations. The final theoretical cross se
tions were then increased byf c.m.

2 5@A/(A21)#L which
equals 1.17 for32S, L55 transitions. The simplifying char
acteristics of stretched excitations which justify the form
Eq. ~1! have been discussed elsewhere@1#.

A similar equation can be written for electron scatteri
form factors in order to compare pion and electron scatte
data:

F25~M1
e!2FM0

e

M1
e Z01Z1G2, ~2!
lly

s

n

f

g

where nucleon finite size and center-of-mass factors are
tained in the isoscalar and isovector electromagnetic ma
elementsM0

e andM1
e . Distorted-wave Born approximation

effects are included in the standardqeff approximation.
The magnitude of the calculated DWIA pion angular d

tribution was varied to fit the data for each32S 62 state until
a bestx2 fit was obtained as shown in Figs. 3 to 5. Note th
the theoretical HO and WS curves are about the same
p2, whereas, forp1 the WS curve peaks at a smaller ang
than the HO, resulting in a worse WS fit. The resultings6

cross sections at the peak of the form factor as used in
~1! are listed in Table IV. For electron scattering, theF2

used in Eq.~2! were determined by a similar procedure a
are also listed in Table IV.

The (M1
6)2 @5s1DW

6 for Z050 andZ151# cross sections
were calculated byALLWRLD andMSUDWPI using both HO
and WS wave functions, and the (M1

e)2 were calculated with
a simple electron scattering code. Results are given in
ble IV. The uM0

p/M1
pu ratio used in Eq.~1! for 162 MeV

pion scattering was determined fromALLWRLD andMSUDWPI

to be 1.93 for HO wave functions. With WS wave function
this ratio was approximately –1.8 forp1 and 2.0 forp2,
varying only slightly with excitation energy. TheM0

e/M1
e

ratio used in Eq.~2! for electron scattering was –0.187 fo
HO wave functions and varied from –0.11 to –0.17 for W
wave functions, depending upon the excitation energy.

For excited states where the electron and both pion s
tering cross sections were known, theratio methodwas used
for calculating the Z coefficients. In this method, the
Z0 /Z1 ratio is relatively model independent and is dete
mined mainly by the well-knownM0

p/M1
p ratio nearD3,3

resonance energies. Eq.~1! was solved to give the ratio
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Z0
Z1

52
M1

16M1
2AR

M0
16M0

2AR
, ~3!

whereR5s1/s2. Using thisZ0 /Z1 ratio and Eq.~2!, both
Z0 andZ1 were calculated. The normalizationN necessary
for the DWIA calculations was then determined from Eq.~1!
and these factors with their uncertainties are plotted for e
state in Fig. 8. An ideal normalization of unity would signi
that no adjustment of the pion DWIA calculations was ne
essary to arrive at agreement with electron-scattering da

For the excited states where no electron-scattering
were available, theabsolute methodwas used instead. In thi
case, a normalization had to be assumed in order to calcu
the twoZ coefficients from Eq.~1!. This assumed normal
ization is very model dependent and several different me
ods for determining it were compared.

C. The structure coefficients and normalization factors

TheZ structure coefficients calculated in theratio method
are somewhat dependent on electron model calculations.
Z1 values are determined from electron-scattering data
are inversely proportional to any variation inM1 from the
electron scattering theory calculations. TheZ0 values are de-
termined from pion-scattering data, but are relatively ind
pendent of the pion theory calculations, because they
determined relative toZ1 from the well-knownp1/p2 ratio
near resonance. Only the normalizationN is affected by the

FIG. 8. Normalization factors determined for each state from
HO and WS calculations. The horizontal lines are at unity and at
average normalizations of 0.54 for HO and 0.52 for WS. The di
onal lines represent a least squares fit ofN50.16E21.35 for HO
andN50.12E20.91 for WS.
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pion theory calculations. Thus, theZ0 andZ1 coefficients are
affected in a similar fashion by any change in (e,e8) calcu-
lations, but are mostly independent of any change inp,
p8) calculations.

The use of WS instead of HO wave functions in the ele
tron scattering analysis decreases the theoretical cross
tions by 5 to 33 % as seen in Table IV, which would i
crease theZ2 coefficients by similar factors. If isovecto
meson exchange current~MEC! contributions were included
in the electron-scattering calculations@48#, the theoretical
cross sections would be 15 to 17 % larger, thus reducing
value of each of theZ2 coefficients by the same amount.

The Z coefficients calculated in theabsolute methodare
very dependent on pion model calculations, because of
certainties in the normalizationN. A comparison ofZ coef-
ficients using several different normalization factors
shown in Table V for the possible new isoscalar 62 states.
The normalization factors are:~i! a constantN of 1.28 equal
to the average from the othersd-shell nuclei, 24Mg, 26Mg,
and 28Si @9,20,26#; ~ii ! a constantN of unity, meaning that
no adjustment was made to the DWIA pion scattering cal
lations; ~iii ! a constantN50.54 which is the average from
the ratio methodusing HO wave functions;~iv! a variable
N based on the linear least squares fit to the HO normal
tion factors of the states found in electron scattering; and~v!
anN from a nearby 62 stretched state observed in electr
scattering. A weighted mean of theN from ~ii ! through~v! is
also shown. TheZ coefficients from this weighted mean a
used in further calculations and the uncertainties given
Z include the systematic uncertainties in the normalizat
N.

In addition to the variation inN andZ shown in Table V,
the theoretical pion-scattering calculations were varied
give a different (M1

p)2 by using the ground-state change de
sity distribution from Ref.@46#. This change decreased th
theory calculations by 8%, which would result in a corr
sponding increase of 8% in either the normalization or
Z2 values, but not both.

The Z coefficients as calculated above are tabulated
Table VI and theZ2 values are compared to (p,n) results
and to theory in Table VII. The sums of the squares of
Z coefficients are tabulated in Table VIII. These experime
tal structure coefficients can in the first approximation
compared to the extreme-single-particle-hole-model~ES-
PHM! sum rules given in Ref.@14#. The total structure coef-
ficients for 32S should add toSZ0

25SZ1
251. In a more com-

plete analysis the experimental structure coefficients can
compared to LBSM calculations@28#. Both of these theoreti-
cal results are shown in Table VIII, along with th
experiment-to-theory ratios.

V. DISCUSSION

A. Pion DWIA normalization

Previous experiments have found that theM t
6 pion-

scattering matrix elements calculated with the DWIA mod
and used in Eq.~1! usually require an empirical normaliza
tion factorN to reproduce the isovector spectroscopic co
ficientsZ1 calculated from electron scattering@26,9,20#. This
normalization factor can only be calculated for stretch

e
e
-
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55 633PION SCATTERING TO 62 STRETCHED STATES IN32S
TABLE V. A tabulation of various HOZ coefficients for possible new isoscalar32S 62 stretched states
Normalization factors used in this table are~i! an averageN from othersd-shell nuclei,~ii ! anN equal to
unity, ~iii ! an averageN from the 32S isovector states,~iv! a variableN50.16E21.35, and~v! anN from a
nearby 62 state. A weighted mean from~ii !–~v! is shown and the resultingZ coefficients are used in furthe
calculations. See text for more details.

Ex ~MeV! N Z0 Z1 source forN

9.65 1.2860.07 -0.1460.02 0.0660.03 24Mg, 26Mg, 28Si average
1.0060.15 -0.1660.02 0.0760.04 unity
0.5460.11 -0.2260.03 0.1060.05 32S average
0.1560.45 -0.4160.43 0.1860.84 linear variation

no nearby 62 state

N̄50.6860.16 -0.1960.03 0.0960.05 mean

10.88 1.2860.07 0.1560.01 0.0160.02 24Mg, 26Mg, 28Si average
1.0060.15 0.1660.02 0.0160.03 unity
0.5460.11 0.2260.03 0.0160.05 32S average
0.3460.47 0.2860.14 0.0160.26 linear variation
0.3260.08 0.2960.04 0.0160.07 10.98 MeV state

N̄50.4860.13 0.2460.03 0.0160.06 mean

12.63 1.2860.07 -0.1660.01 0.1160.03 24Mg, 26Mg, 28Si average
1.0060.15 -0.1860.02 0.1360.03 unity
0.5460.11 -0.2460.03 0.1760.05 32S average
0.6260.50 -0.2360.07 0.1660.14 linear variation
1.2460.33 -0.1660.02 0.1160.04 12.74 MeV stat

N̄50.7360.15 -0.2160.02 0.1560.05 mean

16.65 1.2860.07 -0.1460.01 0.0160.02 24Mg, 26Mg, 28Si average
1.0060.15 -0.1660.01 0.0160.03 unity
0.5460.11 -0.2160.02 0.0260.04 32S average
1.2460.59 -0.1460.03 0.0160.05 linear variation
0.8760.38 -0.1760.03 0.0160.06 16.4 MeV state

N̄50.7260.16 -0.1860.02 0.0160.04 mean
e

to

ct
th
an
ith
er
a
th

en

se
v
he

i-
if-
in

ions
the
vec-
is-
on-
ion
n-
tor
Fig.
ring
oxi-
. 1
s at

rong
at
the

-
n

states where data are available for all three of electron,p1,
andp2 scattering reactions. This severely limits the numb
of states available for comparison.

Normalization factors vary considerably from nucleus
nucleus: 1.0 for28Si, 1.2 to 1.4~depending on incident pion
energy and the use of HO or WS wave functions! for
24,26Mg, 2 for 54Fe, and 5 for60Ni. A value larger than unity
signifies that the pion cross sections are larger than expe
from the electron-scattering data. In contrast to these,
average normalizationN for 32S stretched states is less th
unity—0.54 when using HO wave functions and 0.52 w
WS. The pion-scattering cross sections were in gen
smaller than expected from the electron-scattering data,
the necessary normalization was smaller than for any of
other nuclei studied previously.

Normalization factors also vary significantly betwe
states within a given nucleus: 1 to 2 for26Mg, 1 to 4 for
54Fe, and 4 to 8 for60Ni @26,20#. The variation could per-
haps be explained by the fact that these nuclei are not
conjugate and these states have mixed isoscalar and iso
tor components. In looking for a trend in the variation, t
correlation between normalization and excitation energy~in
MeV! was calculated as 0.0760.08 for 26Mg, 0.2160.23 for
54Fe, and –0.1560.24 for 60Ni. A slight positive trend may
r

ed
e

al
nd
e

lf-
ec-

be possible, but it is not significantly different from zero.
The seven states in32S significantly increase the possibil

ties for studying the variation in normalization between d
ferent states in a given nucleus. This is the first nucleus
which several supposedly pure isovector stretched transit
have been observed in a single nucleus, and where
stretched states should not have mixed isoscalar and iso
tor components. Theoretically, the relative sizes of the
ovector 32S peaks should be the same in pion and electr
scattering spectra, independent of uncertainties in p
DWIA theory. This was definitely not the case experime
tally, where the normalization factor for the several isovec
states varied from 0.4 to 1.4, as seen in the upper part of
8. The three strongest states observed in electron scatte
were located at 11.0, 11.9, and 12.7 MeV and were appr
mately equal in size. In contrast, the pion spectra in Fig
show a strong state at 12.7 MeV, with much weaker state
11.0 and 11.9 MeV~see also Table IV!. Although the two
weaker states could not be separated from nearby st
states of lower multipolarity, there are obviously no states
excitation energies of 11.0 and 11.9 MeV as strong as
state at 12.7 MeV. For these states, the (p,p8) data are in
better agreement with the (p,n) data and the LBSM predic
tions than with the (e,e8) data. The resulting normalizatio
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634 55B. L. CLAUSEN et al.
TABLE VI. A tabulation ofZ coefficients for32S 62 stretched states extracted from a combined anal
of electron- and pion-scattering data. Both HO and WS wave functions were used and no MEC effec
been included. TheZ1 coefficients have arbitrarily been chosen to be the positive solution. Theratio method
was used to calculateZ coefficients except for those marked with an asterisk, in which case theabsolute
methodwas used. TheN used in the calculations is shown. The smallZ coefficients compatible with zero ar
not included in the Table VII tabulation.

Ex HO WS
~MeV! N Z0 Z1 N Z0 Z1

* 9.7 0.6860.16 -0.1960.03 0.0960.05 0.6460.16 -0.2060.03 0.0960.05
* 10.9 0.4860.13 0.2460.03 0.0160.06 0.4960.14 -0.2460.03 0.0060.06
11.0 0.3260.08 -0.0260.02 0.3660.01 0.3060.09 -0.0160.02 0.3760.01
11.2 0.0060.00 0.1760.01 0.0060.00 0.1760.01
11.9 0.5260.06 -0.0160.01 0.3560.01 0.5260.05 0.0060.01 0.3660.02
* 12.6 0.7360.15 -0.2160.02 0.1560.05 0.6760.15 -0.2260.02 0.1660.05
12.7 1.2460.33 0.0160.01 0.3560.01 1.1560.33 0.0260.02 0.3760.01
13.3 , 0.8 0.0060.02 0.1960.01 , 0.8 0.0060.02 0.2060.01
13.5 1.0060.55 -0.0460.05 0.2960.02 0.9160.51 -0.0460.05 0.3060.02
14.3 0.8860.19 0.0160.01 0.2460.01 0.7860.15 0.0160.01 0.2660.01
16.4 0.8760.38 0.0060.02 0.2460.01 0.7060.33 0.0060.02 0.2760.01
* 16.6 0.7260.16 0.1860.02 0.0160.04 0.6660.15 -0.2060.02 0.0260.04
17.1 1.3160.19 -0.0160.01 0.2460.01 1.0760.23 0.0060.01 0.2760.02

SZt
2 5 0.1760.02 0.7360.03 0.1960.02 0.8260.03
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of the DWIA calculations as shown in Fig. 8 require
N51.2 for the 12.7 MeV state, butN50.3 and 0.5 for the
two weak states. This figure shows a general trend of
creasing normalization with excitation energy giving a po
tive correlation of 0.1660.03. The correlation would be a
most perfect if the states at 12.74 and 16.4 MeV that w
-
-

e

identified as part of isospin pairs were ignored. If t
strengths of the pion-scattering transitions are instead c
pared to those extracted from the (p,n) data, the trend of
increasing normalization with excitation energy is less p
nounced, but still present. However, if we ignore the 11
and 11.9 MeV states that are comparatively weak in
d
r com-
TABLE VII. Structure coefficients are listed for the32S 62 transitions derived from our combine
electron-pion analysis, where HO wave functions were used and no MEC effects were included. Fo
parison, spectroscopic strengths from the32S(p,n)32Cl reaction@4# and theoretical predictions from LBSM
calculations@28,36# are listed.

(e,e8) 1 (p,p8) 32S(p,n) 32S theory
Ex ~MeV! Z0

2 Z1
2 Ex ~MeV! S2 Ex ~MeV! Z0

2 Z1
2

8.54 0.011
9.7 0.037 0.008 9.21 0.028

10.36 0.152
10.9 0.056 10.94 0.039
11.0 0.132 3.8 0.068 11.29 0.042
11.2 0.030
11.9 0.124 4.7 0.077 11.84 0.007
12.6 0.043 0.022
12.7 0.122 5.6 0.119 12.74 0.302
13.3 0.036 6.3 0.102
13.5 0.082 6.8 0.034 13.42 0.033
14.3 0.058 7.4 0.047

8.4 0.013
16.4 0.060 9.2 0.038
16.6 0.034
17.1 0.058 9.8 0.051

SZt
2 5 0.172 0.732 0.549 0.230 0.374
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55 635PION SCATTERING TO 62 STRETCHED STATES IN32S
TABLE VIII. Listed here are the sums of the experimentalZ2 coefficients derived from a combine
electron-pion analysis for the 62 states in32S, compared to results from a similar analysis on other s
conjugatesd-shell nuclei@28#. Harmonic oscillator wave functions were used with no MEC effects includ
The theoreticalZ coefficients are from the ESPHM sum rules of Ref.@14# and from the LBSM calculations
of Ref. @28#. The 1D are the sum over discrete theoretical isovector states and the 1* is the sum of predicted
isovector strength over the 6–8 MeV region of excitation energy where the experimental strength ha
observed. The ratio between experiment and theory is defined asSt

25S(Zt
2)exp/S(Zt

2)th .

t ESPHM t LBSM
S(Zt

2)exp S(Zt
2)th St

2 S(Zt
2)th St

2

20Ne
0 1/3 0 0.16
1 0.03 1/3 0.10 1D 0.18 0.19

1* 0.18 0.19
24Mg

0 0.05 2/3 0.07 0 0.20 0.25
1 0.19 2/3 0.29 1D 0.32 0.59

1* 0.37 0.51
28Si

0 0.13 1 0.13 0 0.20 0.65
1 0.29 1 0.29 1D 0.37 0.78

1* 0.70 0.41
32S

0 0.17 1 0.17 0 0.23 0.75
1 0.73 1 0.73 1D 0.38 1.92

1* 0.77 0.95
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(p,n) reaction as they are in this (p,p8) reaction, the nor-
malization would be approximately constant at unity.

One explanation for the variation inN is a varying frag-
mentation of strength due to isospin mixing. Another pos
bility is that N increases with excitation energy due to t
unbound nature of the nucleons. This effect is included in
theoretical calculations by the use of unbound WS wa
functions. The resulting WS normalization factors are sho
in the lower part of Fig. 8 and the correlation betweenN and
excitation energy is calculated as 0.1260.03. This correla-
tion is closer to zero than with HO wave functions, showi
that the use of unbound WS wave functions is an impro
ment in the theory.

B. Quenching

It has been generally observed that the total spectrosc
strength for known stretched transitions is significantly le
than the maximum allowed by the ESPHM@1,2,48#, with the
isoscalar component affected a factor of 2 or 3 more stron
than the isovector@1,24,26#. Attempts have been made t
reproduce this experimental quenching, e.g., by usin
larger basis model@49# and by using a deformed model@50#.
The even greater quenching of isoscalar strength with res
to isovector has been attributed to differences in the struc
of the two types of transition densities@51,52#. The inclusion
of MEC effects increases the disagreement between th
and experiment@48#, although the use of unbound WS wav
functions instead of the usual HO wave functions offsets
increase in some cases@42#. Proper inclusion of these con
tinuum effects is an important open problem@28# and the use
of cross-section ratios to determine spectroscopic amplitu
i-
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for unbound states must be done with care@53#. Theoretical
predictions for the structure and isospin mixing, and the
fore the pion cross sections, of the unbound stretched st
in 12C are significantly affected when recoil-corrected co
tinuum shell-model calculations are done@54#.

For the previously studied24Mg and 28Si self-conjugate
sd-shell nuclei, 29% of the isovectorM6 ESPHM strength is
exhausted by the electron-scattering data~see Table VIII!.
More realistic RPA calculations including ground state c
relations predict a summed strength about half that of E
PHM calculations@55#, but still the experimental strength
for these two nuclei are only about half the RPA predictio
@8,23#. More recently, the use of LBSM calculations ha
found that the experimental isovector strengths exhaust 5
and 78% of theory for24Mg and 28Si respectively@28#, and
79% for the26Mg nucleus@20,56#.

The total isovector strength for 62 stretched states in
32S, as determined from electron-scattering data@3#, is found
to exhaust 71% of the ESPHM isovector strength. This la
fraction in 32S is related to the fact that thed5/2 orbit has a
greater ground state occupancy in this nucleus than in
lower masssd-shell nuclei@57#. With LBSM calculations,
the data exhaust 95% of the sum of the predicted isove
strength over the 6–8 MeV region where states have b
experimentally observed@58,28#. These observations abou
the isovector states are from electron scattering and are
affected by the pion data.

The total isoscalar strength for32S is only 17% of that
predicted by the ESPHM sum rule when using the me
normalization shown in Table V. This changes to 8% wh
the average normalization ofN51.28 from the other self-
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636 55B. L. CLAUSEN et al.
conjugatesd-shell nuclei is used for all states, to 11% wh
a normalization of unity is used, to 20% when the avera
32S normalization ofN50.54 is used, and to 31% when
linearly varying normalization~with large uncertainties! for
each state is used. If the ground-state charge distribu
from Ref. @46# is used this changes to 19%, and if WS wa
functions are used it becomes 19%. We conclude that
isoscalar strength exhausts approximately 1766% of the ES-
PHM sum rule, if the four tentative new isoscalar states
in fact 62 states. This fraction of isoscalar strength observ
in 32S is greater than the 7 to 13 % for the othersd-shell
nuclei, although not as great as that for the12C and 16O
p-shell nuclei@26#.

The use of LBSM calculations better reproduces
quenching of the isoscalar strength in32S, with the experi-
mental data~including the questionable cases! exhausting 75
626% of the calculations. This is a significant improveme
over the 65% for28Si, 25% for 24Mg, and 23% for 26Mg
@20#.

C. Fragmentation

Previously, only asymmetricT0Þ0 nuclei were found to
exhibit much fragmentation of the stretched transitions, v
14C and 26Mg for isoscalar transitions@15,20# and 58Ni and
60Ni for isovector transitions as well@59,27#. Coherent mix-
tures of isoscalar and isovector strengths are allowed
tween the states in these nuclei due to their neutron ex
and the stretched strength is fragmented among a numb
states. The non-self-conjugate30Si nucleus is a similar case
but the incomplete electron-scattering data for 62 stretched
states have only partially been analyzed@60#.

In self-conjugate nuclei, any 62 stretched excitation is
expected to be either purely isoscalar or purely isovec
The RPA calculations predict only one strongM6 isovector
excitation in self-conjugatesd-shell nuclei from 20Ne to
40Ca @55#. Similarly, LBSM calculations predict one stron
isovector state and one strong isoscalar state for each
conjugatesd-shell nucleus from20Ne to 32S, although sev-
eral are expected for36Ar @28#. Experimental work on
24Mg and 28Si has found one such strong isovector 62 state
by electron scattering on each nucleus@8,5#, and one isosca
lar 62 state each by pion scattering@9,22#. In the p-shell
nuclei, one strong isovector state each has been observe
electron scattering in the12C and 16O self-conjugate nucle
@13,19#. These can be compared to calculations done
M4 excitations inp-shell nuclei@61#.

It should be noted in passing that a second weak isove
62 state has recently been reported from28Si(e,e8) @62# and
several additional weak 62 candidates have been identifie
using polarized proton scattering@63#. Also, in the final state
nuclei corresponding to 20Ne(p,n), 24Mg(p,n), and
28Si(p,n) the 62 strength was fragmented between seve
states@4#.

The 32S nucleus is unique in being the first self-conjuga
nucleus where the isovector strength is not concentrated
single 62 state@3#. Increased fragmentation in passing fro
28Si to 32S has similarly been found for theM1 strength
@64#. The fragmentation ofM6 strength in32S is in contrast
with the systematics for isovectorM4 transitions in thep
shell, where the 42 strength is concentrated in one state
e
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16O. Apparently, the four 2s1/2 spectator nucleons in32S
~beyond28Si! play a different role than the fourp1/2 specta-
tor nucleons in16O ~beyond12C!. The fragmentation of 62

strength in32S may be due to having the stretched transitio
built on severald5/2 hole states other than the ground sta
Using nucleon pick-up reactions, several strongd5/2 hole
states were found for32S, but only one strongd5/2 hole state
was found for 24Mg and 28Si @65#, and only one strong
p3/2 hole state was found for16O @66#. The LBSM calcula-
tions show fragmentation among several states of appr
mately equal strength in36Ar, but apparently this expectatio
is first realized in the lower mass32S nucleus.

This experiment extends the data on32S 62 fragmenta-
tion to isoscalar states. From LBSM calculations, the isos
lar strength was expected to be concentrated in one s
however, both isoscalar and isovector strength was expe
near 11 MeV of excitation, suggesting that the stren
would actually be isospin mixed@58#. Experimentally, the
isoscalar strength is fragmented between several tenta
new isoscalar states in this energy region. They are c
in excitation energy to previously observed isovector sta
and in at least one case at 12.6/12.7 MeV are isospin m
with them. In addition, there is probably isospin mixin
in the 16.4 MeV region. The upper part of Fig. 9 summariz

FIG. 9. The HOZ2 coefficients from Table VII for32S 62

stretched states are plotted as solid circles. The error bars show
experimental uncertainties, but do not include the variety of th
retical uncertainties. For comparison, theS2 coefficients from the
(p,n) reaction@4# are plotted as open rectangles. The histogra
display the predicted strength for these stretched states as obt
with thenmax58 basis@28,36#.
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55 637PION SCATTERING TO 62 STRETCHED STATES IN32S
the experimental and predicted32S 62 isoscalar strength
in the energy range between 9 and 18 MeV@28,36#, and
the lower part of Fig. 9 shows the distributions of isovec
strength.

D. Asymmetries

Pion-scattering to pure isoscalar or isovector states
found in self-conjugate nuclei, would normally expect to fi
equal cross sections forp1 andp2, except for the fact tha
neutrons and protons generally have different binding en
gies. The ability of the pion to probe neutrons and proto
separately should demonstrate the asymmetry ofp1 and
p2 results when exciting stretched transitions where the p
ton is bound and the neutron is unbound. In addition to
usual HO wave functions, more realistic WS wave functio
with unbound states treated as resonances are useful in
lyzing these cases@42#.

Experimentally, pion-scattering to stretched states t
were expected to be purely isovector or purely isoscalar
often founds2/s1 ratios unequal to unity. For the stretche
states in12C, enhancement ofp2 overp1 scattering due to
nucleon binding asymmetries has been predicted@67#, but is
not sufficient to explain the data@12#. The cross-section
asymmetry in16O apparently cannot be explained by bindi
energy asymmetries either, even though the excitation e
gies of its stretched states are close to where the proton
comes unbound@18#. For these two nuclei, the unequalp2

andp1 cross sections for most of the stretched transitio
have instead been explained by isospin mixing. For
T51 state in28Si, thes2/s1 ratio is smaller than unity and
difficult to understand, but thep2 data are sparse@68#.
The larger than unitys2/s1 ratio for the 13.9 MeVT53
stretched state in60Ni can be attributed to having th
proton unbound for this state and the neutron bound.
bound WS wave functions were partly able to reproduce
effect @26#.

In 32S the proton separation energy of 9 MeV is mu
less than the neutron separation energy of 15 MeV. T
difference is greater than that in previously studied s
conjugate nuclei, making it a good case to study bind
energy asymmetry. Overall, the totals2 cross section of 55
66 mb/sr is significantly less than the totals1 cross section
of 7365 mb/sr. More specifically, Table IV shows fou
individual states that have unequal cross sections forp2

andp1 that are at or beyond their experimental uncerta
ties, with s2,s1 in each case. Isospin mixing explain
the asymmetry of the 12.6/12.7 MeV pair, but there a
three additional states at 9.7, 13.5, and 17.1 MeV. This g
eral trend of as2/s1 ratio smaller than unity correspond
to the (M1

1)2/(M1
1)2 ratio smaller than unity obtained from

the use of unbound WS wave functions shown in the sa
table.

VI. CONCLUSIONS

This pion-scattering work has complemented (e,e8) and
(p,n) studies to provide the isovector and isoscalar streng
to fragmented 62 stretched states in32S, including several
r

as
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-
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possible new 62 isoscalar states first observed in these pio
scattering data.

The normalization of the pion theory calculations need
to reproduce the isovector spectroscopic coefficients fr
electron scattering was less than unity and significan
smaller than for previoussd-shell nuclei, with a trend
of increasing normalization with larger excitation energ
The trend is less pronounced, but still present, wh
the strengths of the pion-scattering transitions are compa
to those extracted from the (p,n) data. Model dependenc
of the normalization factor results in large uncertaint
when calculating the structure coefficients for the isosca
states.

The summed strengths for32S isovector transitions~de-
termined primarily from electron scattering! are stronger
than in othersd-shell nuclei and are approximately equal
theoretical calculations, if all our assignments are valid. T
strength of isoscalar transitions shows the same patter
noted in other nuclei of being quenched below theoreti
values; however, the isoscalar strength is larger than the f
tion found for any othersd-shell nucleus and comes close
that predicted by LBSM calculations, if the possible ne
isoscalar states are included and if a normalization of l
than unity is used. This pion-scattering experiment on32S is
an important complement to electron scattering in study
the trend of small isoscalar/isovector strength ratios. An
proved 32S(p,p8) experiment with better energy resolutio
needs yet to be done on this nucleus to confirm the 62 as-
signments.

The fragmentation of the isovector strength in32S as ob-
served in electron scattering was found to extend to the is
calar strength as well. This nucleus is unique in being
first self-conjugate nucleus where neither the isovector
the isoscalar stretched strength is concentrated in a si
state.

The use of unbound Woods-Saxon wave functions,
stead of those from an harmonic oscillator potential, resu
in slightly better agreement between data and theory
several features.~i! The WS wave functions were partl
able to reproduce the trend of increasing normalizat
with larger excitation energy.~ii ! The inclusion of asymmet-
ric nucleon binding energies by the use of WS wa
functions resulted in better agreement with the general
ture of s2,s1 cross section.~iii ! The use of WS wave
functions gave a moderately increased magnetic stren
There is some question about the proper inclusion of
bound effects, so we have emphasized the use of HO w
functions throughout this paper as a better standard for c
parison with previous work; however, the results repor
here suggest that more study on the use of unbound w
functions would be beneficial in explaining the experimen
data.
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