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Pion-nucleus spin-flip strength at low and resonance energies
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Cross sections have been measured for 65 MeVp1 scattering to the10B ground and first four excited states.
The 1.74 MeV excited state results provide the first measurement of the energy dependence of the isovector
spin-flip strength parameter. Our analysis indicates that the observed empirical enhancement of the isovector
spin-flip strength has little or no dependence on energy at and below resonance. A mass dependence for the
empirical enhancement factor may exist.@S0556-2813~97!03703-5#
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I. INTRODUCTION

A useful approach to providing a clearer description
the pion-nucleus reaction mechanism is to identify and st
transitions of relatively simple structure. With data for su
transitions, models of the reaction mechanism can be s
gently tested. One insightful representation of the pio
nucleus reaction mechanism is that proposed by Carret al.
@1#. In this model, the spin-dependent portion of the effect
pion-nucleus interaction for unnatural parity transitions,
characterized by a single isospin- and energy-depen
strength parametertLS. The parametrization of the pion
nucleus potential in this approach contains couplings to s
orbit, spin-current, central, andD-hole components:

UpA5tLSrJ
s1

dtLS

dE
rJ
l s1

dtC

dE
rJ
l 1tpDrJ

D . ~1!

A judicious choice of states to be studied can simpl
tests of this potential by isolating or eliminating one or mo
of the terms given in Eq.~1!. For instance, with ‘‘stretched’’
transitions, the effects of the spin-orbit and spin-curr
terms can be isolated, since the central component vani
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as the current density is equal to zero for such transitions@1#.
If low energy pions far from resonance are used, the con
butions from theD-hole component for isovector transition
are minimal, and if high spin transitions are used, those sa
D-hole admixtures in isovector states are negligible@2#. The
spin-current term, usually ignored, would be small at lo
energies sincedtLS/dE is expected to be small@1#.

From this discussion, then, it is seen that the spin-
strengthtLS can be isolated by obtaining cross sections
low energy pion excitation of unnatural parity stretch
states. Such measurements provide anempirical determina-
tion of the spin-flip strength for the scattering potential. O
the other hand, the strength parameter of the spin-orbit p
tion of the scattering potential can also bepredictedby ex-
amining thep-wave portion of the spin-orbit operator of th
pion-nucleon interaction, basing those predictions on pi
nucleon phase shifts@3,4#. A test of the performance of the
approach of Ref.@1# would be possible by comparing em
pirical and predicted values.

While the experimental conditions are restrictive, suita
experiments for determining the isovector portion of t
strength parameter can be performed. In this work, we re
the results of 65 MeVp1 scattering to a number of state
but particularly the 1.740 MeV (Jp501;T51) excited state
of 10B. Excitation of this state provides a stretched, unnatu
parity, pureM3, and spin-flip and isospin-flip transition. A
of the low-lying excitations of10B have reliably measured
energies so that the precise locations of those states
known @5#. With acceptable energy resolution, cross sectio
for these states can be measured and, with the data from
1.74 MeV state, an empirical determination oft1

LS ~where the
subscript 1 indicates an isovector transition! can be made.
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1296 55B. G. OFENLOCHet al.
By using the data reported here coupled with inelas
pion scattering data obtained at resonance energies for
transition @6#, as well as data collected for other stretch
transitions in other nuclei as detailed below, an indication
the energy dependence of this isovector strength param
can be obtained. This same analysis is also extended to
scalar stretched transitions by analyzing previously p
lished data on those transitions in the same framework.

II. EXPERIMENTAL METHOD

The experiment was performed using the Low Ene
Pion ~LEP! channel@7# at the Clinton P. Anderson Meso
Physics Facility. The experimental apparatus used within
channel included the SCRUNCHER and the Clamshell sp
trometer. The SCRUNCHER is a superconducting radio
quency cavity coupled to the accelerator radio frequency
nal such that the electric fields within the cavity compre
the pion beam momentum spread; the device is describe
detail elsewhere@8–10#. The principal feature of the Clam
shell spectrometer is a varying width dipole magnet, prov
ing a smoothly varying, easily determined acceptance a
function of scattered pion momentum; characteristics and
operation of the spectrometer is described in detail elsew
@11,12#. By using the unique characteristics of these devic
an enhanced pion flux with minimized energy spread w
obtained, which improved the overall energy resolution
the scattered pions to a level sufficient to separate the s
of interest, as detailed below.

The incidentp1 kinetic energy was 65 MeV for all dat
reported here. The momentum spread selected for the c
nel was 2%, yielding a pion flux of about 107 s21 for full
production beam current. The SCRUNCHER was located
the LEP cave following the last quadrupole of the LEP ch
nel, and operation with that device reduced the contribut
of the channel momentum spread to the scattered pion
ergy resolution obtained by about a factor of 4–5.

To achieve measurable cross sections for the transitio
interest, measurements at large scattering angles were
quired. Data were obtained at laboratory scattering angle
65°, 80°, and 100°, the latter being the maximum angle p
sible for the Clamshell spectrometer with the SCRUNCH
in place. Spectrometer acceptance measurements show
smooth uniform increase of acceptance with decreasing s
tered pion momentum as measured previously@11,12#. Uti-
lizing the capabilities of the SCRUNCHER and Clamshe
the overall energy resolutions obtained varied from 390 k
at 65° to 490 keV at 100°.

Data were obtained for targets of sintered graphite
isotopically enriched10B and 11B. The sintered10B target
was 107 mg/cm2 in thickness and composed of 92%10B and
8% 11B. The binder used in the sintering process left a sm
residue of nitrogen which provided an inconsequential c
tribution to the background of the final spectra. The pu
11B target was 128 mg/cm2 in thickness and was used fo
removing the contributions of the11B content of the10B
target by subtracting spectra, normalized for thickness
pion flux, obtained for the11B target at the three spectrom
eter angles.

A graphite target 131 mg/cm2 in thickness was used fo
energy calibration, absolute normalization, and determin
c
his
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a scattered pion line shape for the spectrometer. The ela
and first excited states of12C, which dominated the graphit
spectrum, have energies which bracket the missing mas
gion of interest in10B, providing an accurate energy calibra
tion for the scattered pions detected with the spectrome
To obtain an absolute cross section normalization, car
data obtained here were normalized to the previously m
sured@13# elastic cross sections at 65 MeV.

The line shape used to fit the10B spectra for each scat
tering angle was obtained by fitting the elastic peak obser
in the spectra of the carbon target for each scattering a
~using the programNEWFIT @14#!. The graphite target was
ideal for this purpose since12C has nearly the same charg
density, and thickness as the10B target used, and has clear
separated ground state and first excited state peaks. To a
modate the slight differences in thickness between the th
different targets,only the elastic peak width was variedin
the fits to the boron spectra; all other parameters were fi
to the carbon line shape for each angle.

All 10B spectra were fit with peaksfixed to the known
energies@5# for excitations of10B in the energy range 0.0 to
7.0 MeV, though we only report data here for states below
MeV. The spectrum obtained at 80° for10B after the sub-
traction of the11B content is shown in Fig. 1. Also shown i
a typical fit to such a spectrum. No backgrounds were fou
in the carbon spectrum for each angle, so no background
assumed for energies above the ground state. Some b
ground around 4 MeV is observed in the10B spectra and is
most likely a combination of the 5.11 MeV~22;0! and 4.92
MeV ~02;0! excited states of14N. Below the ground state
nitrogen and aluminum ground states can be seen, the l
most likely due to some scattering of the tails of the pi
beam particle distribution from target chamber materials.

FIG. 1. 10B spectrum below 4 MeV in missing mass ener
obtained after subtraction of11B content. The laboratory scatterin
angle is 80°. Excitations of interest in10B are labeled by spin,
parity, and energy. Also shown is the result of the peak fitt
procedure described in the text.
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TABLE I. Center of mass differential cross sections measured in this work for 65 MeVp1 scattering
from levels in 10B, in mb/sr. Uncertainties indicated include statistical and normalization uncertainties

Energy level ds/dVuc.m. (mb/sr!
~MeV! u lab565° u lab580° u lab5100°

0.0 10606120 1470690 25006400
0.718 1962 2962 93616
1.740 461 961 1463
2.154 1462 2562 3866
3.587 561 1261 2965
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other strength is observed in the region below 4 MeV ot
than 10B excitations. The cross sections obtained are give
Table I.

Cross sections for the 1.74 MeV state are small due to
large momentum transfer required and, with the experim
tal energy resolution obtained, this peak somewhat over
the 2.154 MeV state. Nonetheless, the peak is visible in
1 as a knee on the low energy side of the 2.154 MeV st
and cross sections for that peak can be extracted due to
precise knowledge of the locations of the low-lying states
10B. To buttress confidence in the peak area extracted for
10B ~01;1! state, its statistical significance was verified
examining changes in the fitx2 for the region surrounding
the state when the fit was modified. Removal of the 1
MeV peak from the fit caused thex2 to change by a factor o
2 within the region 0.5 and 3.0 MeV. If the 0.718 and 2.1
MeV states were allowed to vary in energy from their acc
rately known positions~to 0.93 and 2.10, respectively!, with-
out inclusion of the 1.74 MeV state, thex2 resulting from
such a grossly distorted fit was inferior to the fit includin
the 1.74 MeV state.

III. THEORETICAL ANALYSIS

A. Overview of analysis method

In this section, we describe how the enhancements of
spin-flip strength as compared to the predictions for th
parameters based on pion-nucleon phase shifts were d
mined empirically by using the cross sections measured
and in previous studies. By following the procedure outlin
in this section, an empirical determination of the isovec
spin-flip transition strength, using the normalization fac
found for the pureM3 1.74 MeV transition, was made for 6
MeV pions. A similar analysis was then conducted at re
nance energies for data published previously on both iso
lar and isovector stretched transitions in10B as well as other
nuclei. These analyses are discussed in turn in the follow
sections.

The common theoretical framework for our analysis w
the MSU potential@17#, and our approach was similar to th
used by Clausenet al. @18,19#. Following that approach, the
differential cross section for a particular pion scattering tr
sition for a specific multipolarity was given by

ds

dV
5NSL3 f c.m.

2 3~M1!
23SM0

M1
Z01Z1D 2,

whereNSL is an empirical normalization factor determine
for a particular multipole, (M t)

2 is the pure isoscalar or is
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ovector cross section calculated using the distorted wave
pulse approximation~DWIA !, and theZt are spectroscopic
factors. f c.m.

2 is a center-of-mass correction factor given by

f c.m.
2 5S A

A21D
L

,

where A is the atomic mass of the nucleus andL is the
angular momentum transfer in the reaction. The spec
scopic factors are directly related to the reduced transi
probabilities. Pion-nucleon phase shift results were used
generate the spin-flip strength parameters of equation 1
the DWIA calculations, so that the deduced normalizat
factors provided an empirical measure of the enhancemen
that strength.

Comparisons of the predicted cross sections using th
normalizations was made to the other states within a gi
nucleus which have mixtures of these multipolarities to d
termine empirical values of the spectroscopic factors so
reduced transition probabilities could be inferred for tho
states. The resulting probabilities were compared with pre
ous work from pion scattering and other probes. The gen
agreement found from these comparisons provided co
dence for this approach, as detailed below.

For the 10B transitions of interest here, the multipole
involved areE2, M3, or admixtures of these multipoles. I
order to calculate cross sections, then, it was necessar
determine the normalization factorNSL for each of these
multipolarities.

For M3 transitions, the spectroscopic factorZ1 was first
determined by finding the value ofZ1 needed to force the
calculations using the MSU potential to reproduce the
duced transition probabilityB(M3) for the 1.74 MeV, pure
M3, isovector transition. As noted below, this transitio
probability has been deduced in other studies, and the pr
ously published value is used as input here to determine
spectroscopic factorZ1. The transition density calculated us
ing this spectroscopic factor was then used to gene
DWIA predictions for the cross sections. The normalizati
factor forM3 transitionsNM3 was then deduced as the fact
needed to obtain agreement between the DWIA predicti
and the cross sections measured here for this 1.74 MeV t
sition; this same factor was used to normalize all predictio
with M3 character.

Next, the procedure was repeated using the 0.718 M
transition in 10B in order to find the normalization facto
NE2 appropriate forE2 transitions. For the 0.718 MeV tran
sition, theE2 multipole dominates the transition. The tra



edure

t

1298 55B. G. OFENLOCHet al.
TABLE II. Values of the MSU potential parameters obtained at 65 and 162 MeV using the proc
described in the text. The parameters at 50 MeV are supplied for comparison. The parametersb1 andc1 were
not determined at 65 MeV asN5Z for the 10B nucleus.

MSU potential Parameter setE x2 minimized x2 minimized Previously
parameters 50 MeV parameters at parameters at determined a

@17# 65 MeV 162 MeV 162 MeV@15,16,18#

b0 fm 20.061, 0.006i 20.055, 0.0002i 20.083, 0.029i 20.083, 0.029i
b1 fm 20.130,20.002i 20.130,20.002i 20.125, 0.003i 20.125, 0.003i
c0 fm

3 0.700, 0.028i 0.530, 0.358i 0.265, 0.500i 0.450, 0.670i
c1 fm

3 0.460, 0.013i 0.460, 0.013i 0.385, 1.550i 0.240, 0.330i
B0 fm

4 20.020, 0.110i 20.085, 0.072i 20.200, 0.080i 20.150, 0.280i
C0 fm

6 0.0, 0.0i 0.0, 0.0i 0.0, 0.0i 0.0, 0.0i
C2 fm

6 0.360, 0.540i 0.183, 0.717i 0.400, 6.500i 1.290, 2.95i
l 1.400 1.615 1.000 1.000
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sition is isoscalar, and, thus, the spectroscopic factor de
mined wasZ0. The reduced transition probabilityB(E2) for
this transition has also been determined in other studie
discussed below, so the calculations were forced to re
duce thisB(E2). Then, as before, the normalization fact
NE2 was determined by ascertaining the factor needed
obtain agreement between the cross sections measured
and the DWIA predictions for the transition.~In this case,
however, subsequently adding someM3 contribution im-
proved the predictions for the largest scattering angle as
duced elsewhere~for instance, Ref.@6#!.

To deduce any energy or mass dependence for any
hancement deduced for the strength parameters, we exte
our analysis to data taken for10B at resonance and t
stretched transitions in other nuclei. The spectroscopic
tors Zt for transitions in nuclei other than10B were taken
from published studies, either using the published values
the Zt or from forcing agreement with published reduc
transition probabilities to deduce the spectroscopic fact
~In the MSU formalism, proton, electron, and pion scatter
are related through a common spin transition density w
examining stretched transitions, so data from probes o
than the pion may be used.! These spectroscopic factors we
then used to deduce the normalizations required to make
predicted DWIA cross sections agree with the experime
data for those nuclei, and, in turn, generated empirical e
mates for the enhancements of the spin-flip strengths
those nuclei.

Calculated cross sections were generated using the c
puter codesALLWRLD @15# and MSUDWPI @16#. Both codes
used the MSU potential@17# to generate the calculated cro
sections. TheALLWRLD code was used to generate the tra
sition densities for input to the DWIA pion scattering co
MSUDWPI, which in turn was used to generate the different
cross sections. At each energy, the MSU potential parame
were determined by fitting the predictions of this potential
previously published carbon elastic differential cross s
tions at each energy. Carbon was used because of its sim
charge and, as noted below, data exists at 65 MeV an
resonance. Matter densities for nuclei were generally ta
from published elastic scattering densities, though in f
cases some modifications were made as noted below.
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B. Analysis of 65 MeV data

We now discuss how the measurements reported h
were used to estimate the isovector spin-flip strength at
MeV. Though we will use the procedure discussed in
previous section, we emphasize thatthe MSU potential pa-
rameters, matter densities, and fundamental E2 and
spectroscopic factors were determined by data independ
of the pion data measured in this work.

Parameters for the MSU potential at 65 MeV have n
been previously determined, so the parameters were obta
by performing ax2 minimization of the cross section predic
tions made with the MSU potential to the measured angu
distribution of Blecheret al. @13# for elastically scattered
p1 on 12C. In performing thex2 minimization, the MSU
potential parameters were generally constrained to have
ues between previously determined values at 50 MeV@17#
and 162 MeV@15,16#. The value ofl, however, was not
constrained as analyses have shown that it could have va
larger than the value found previously at 50 MeV@20#.

The previously determined values for the potential para
eters resulted from global fits of pion-nucleus scattering d
with a database for targets from carbon to lead. It is thus
surprising that refinement of the parameters would result
much better description of the existing carbon data th
would those resulting from the global fit. The MSU potent
parameters obtained in this fitting process to the carbon e
tic data are given in Table II, and the good agreement
tween the predictions of the potential and the Blecheret al.
data is shown in Fig. 2. Also included in the table, for com
parison, are the previously published parameters@17# ob-
tained at 50 MeV. The values obtained are generally see
either be close to the previously determined 50 MeV para
eters or between the 50 MeV values and those determ
previously for 162 MeV. This comparison provides supp
that the parameters determined are reasonable.

Turning attention to10B, a quadrupole contribution to th
elastic scattering cross sections for10B had been observed
previously to be of some importance in measurements m
at resonance energies@6#. However, at 65 MeV, the sam
formalism used in Ref.@6# indicates that this contribution is
smaller than our experimental uncertainties. Thus, this c
tribution was ignored for the 65 MeV analysis. The harmon
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Gaussian matter density distribution and harmonic oscilla
wave function parameters for10B were obtained from pub
lished values@21#.

The isoscalar and isovector spectroscopic factorsZ0 and
Z1 used in our analysis as initial values for subsequent
were inferred from published experimental@5,22,23# and
theoretical@23# values of the reduced transition probabiliti
for the first four excited states of10B. Electron scattering
data for the 1.74 MeV pureM3 transition in 10B @22,26#
provided an experimental value of the reduced transit
probabilityB(M3). Existing proton scattering data provide
an empirical determination of the reduced transition pr
ability B(E2) for theE2 portion of the 0.718 MeV transition
@23#. By performing the analysis in this manner, the quad
pole enhancements of theE2 portions@6,24# of the transi-
tions under consideration would be empirically incorpora
in the calculations.~If one were to consider the effects o
core polarization, as in a previous study using resonance
ergy pions@25#, no enhancements would be necessary. T
approach, however, was not used in this analysis as it
desired to present the results according to standard p
tices.!

The reduced transition probability used to obtain the sp
troscopic factor for the pureM3 transition to the 1.740 MeV
~01;1! excited state was 8.262.0e2 fm6, a corrected value
@26# obtained from the original experiment@22#. This value
is consistent with the reduced transition probability
9.560.12e2 fm6 determined experimentally using resonan
energy pions@6#. The well-known reduced transition prob
ability determined from the radiative width of th
(11;0)→(31;0) transition was used to obtain theZ0 spec-
troscopic amplitude for theE2 portion of the 0.718 MeV
excitation@5#.

The predicted value of the reduced transition probabi
for the pureM3 transition at 1.74 MeV was computed usin
ALLWRLD . Since theB(M3) value is scaled by theZ1 spec-
troscopic factor (Z050), the factor was chosen such that t
computedB(M3) value would be the same as the emp
cally determined value. This value ofZ1 also scales the tran
sition densities computed byALLWRLD , which are used as

FIG. 2. Comparisons of the predictions of the MSU poten
using the parameters given in Table II and the differential cr
sections for elastically scattered 65 MeVp1 measured by Bleche
et al. @13#.
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input toMSUDWPI. The cross sections computed byMSUDWPI

were then fit to the data using ax2 minimization procedure.
These predicted cross section fits were then scaled by
normalization factorNM3. The normalization factorNM3 ob-
tained in this manner was used for allM3 portions of tran-
sitions studied. Subsequent normalizations of theM3 por-
tions of the other transitions gave inferred values for
spectroscopic coefficients for those transitions and, thus,
reduced transition probabilities.

The normalization of theE2 portion of the 0.718 MeV
transition was found in a similar manner. Using aZ0 value so
that theB(E2) value computed byALLWRLD was identical to
the empirically determined value, the predicted cross s
tions were fit to the data. The resulting fit assumed that
predicted cross sections were composed ofE2 andM3 por-
tions. A normalization for each portion was then determin
TheE2 normalization value was noted and used in determ
ing the predicted cross sections of the 2.154 and 3.587 M
transitions. The isoscalar spectroscopic factorZ0 for the
M3 portion of the transition was then adjusted so that
product with the normalization factorNM3 gave the normal-
ization found for theM3 portion of the 0.718 MeV transition
during thex2 minimization fit to the data for that state. Th

l
s

FIG. 3. Comparisons of differential cross sections obtained h
for the elastic and first four excited states of10B to predictions
made using the procedure discussed in the text. Error bars ind
statistical uncertainties in the measured cross sections. The da
~dot-dashed! curves representE2 (M3) contributions to the
summed cross section predictions; the sums are indicated by
solid lines.
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TABLE III. ReducedE2 transition probabilities determined in this work for transitions in10B. TheE2
value for the 0.718 MeV state has been set to the accepted value@5#. The third column indicates the accepte
values for these transitions@5#. The final column provides the experimental values at resonance energie
comparison from Ref.@6#.

B(E2↑) (e2 fm4)
Excited state (Jp;T) This work Accepted value p1 at 162 MeV

0.718 MeV~11;0! 1.808 1.8160.03 0.9260.15
1.740 MeV~01;1! - - -
2.154 MeV~11;0! 0.6360.02 0.7060.08 0.4660.12
3.587 MeV~21;0! 1.1360.03 0.8760.25 0.6760.12
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Z0 thus yielded a determination of the reduced transit
probabilityB(M3) for theM3 portion of this transition.

The first three nonstretched transitions of10B were as-
sumed to be mainly composed ofE2 andM3 portions. The
normalizationsNE2 and NM3 obtained as described abov
were used in determining theZ0 spectroscopic amplitude
for the E2 andM3 portions of the 2.154 and 3.587 Me
states by performing ax2 minimization of the predicted
cross sections to the data assuming the transitions were
posed ofE2 andM3 portions. Values for the reduced tra
sition probabilitiesB(E2) andB(M3) of these transitions
were thereby obtained.

Normalizations for theE2 andM3 contributions of the
cross section predictions were determined to be 0.5360.06
and 1.8360.22, respectively, with the normalization unce
tainties generated from average values of the individual
certainties. The results of the calculations based on th
normalizations are illustrated in Fig. 3. The shapes and m
nitudes of the measured angular distributions are descr
quite well with these calculations.

The empiricalE2 reduced transition probabilitiesB(E2)
inferred from these calculated angular distributions are gi
in Table III. The inferredB(E2) values for the 2.154 and
3.587 MeV states agree with the accepted values@5#, though
the value obtained here for the 3.587 MeV state is just wit
the uncertainty in the accepted value@5#. Reduced transition
probabilities obtained using resonance energy pions@6# are
also given in Table III. TheB(E2) values previously in-
ferred at resonance are both lower than the values de
mined in this work and in poorer agreement with the a
cepted values.

The empirical M3 reduced transition probabilitie
B(M3) determined here for states in10B are given in Table
n

m-

-
se
g-
ed

n

n

r-
-

IV. These empirical results can be compared to predicti
by Lewis et al. @23#. In some cases, the empiricalB(M3)
values deduced here indicate a preference for the predict
for one of the potentials used in Ref.@23#. For instance, the
empiricalB(M3) for the 0.718 MeV state is comparable
the value obtained from the Cohen-Kurath~8-16! potential,
while theB(M3) for the 3.587 MeV~21;0! state agrees with
the Barker set I and III values. TheB(M3) value obtained
for the 2.154~11;0! state does not agree with the results
any of the sets of values but would seem to prefer the lo
values from the Barker set I and III potential, whereas
previously determined experimental value at resonance@6#
was indistinguishable for the results using the Cohen-Kur
or Barker potentials. Generally speaking, no clear prefere
for one potential is exhibited by the data obtained he
though the lower states agree better with the Cohen-Ku
~8-16! potential while the higher states are more in agr
ment with Barker set 3.

Overall, the agreement with previous work and the agr
ment illustrated in Fig. 3 provides confidence that the a
proach outlined in the previous section is valid. With the
reduced transition probabilities in hand, the empirical isov
tor spin-flip strength parameter at 65 MeV was obtained
the same manner as in a previous study@1#. The strength
parameterSi is related to thet

LS parameter in Eq.~1! by the
relation

t i
LS5

2p\2

vc
Si ,

wherevc is the reduced energy in the pion-nucleus cente
mass frame and the subscripti refers to either the isoscala
( i50) or isovector (i51) portion. For the data obtaine
h

TABLE IV. ReducedM3 transition probabilities determined in this work for transitions in10B. The
B(M3) value for the 1.740 MeV state is set to the value obtained from electron scattering@22,26#. The third
column provides the experimental values for the same states in10B from Zeidmanet al. @6# at 162 MeV for
comparison. The last columns give theoretical values from Lewiset al. @23# based on the Cohen-Kurat
~8-16! potential, Barker set 1, and Barker set 3 predictions, denoted as CK,B-1, andB-3, respectively.

Energy of state ExperimentalB(M3↑) TheoreticalB(M3↑)
(Jp;T) This work p1 at 162 MeVb CK B-1 B-3
~MeV! (e2 fm6) (e2 fm6) (e2 fm6) (e2 fm6) (e2 fm6)

0.718~11;0! 0.1560.01 0.4260.16 0.13 0.33 0.31
1.740~01;1! 8.2 9.560.12 7.47 7.76 7.17
2.154~11;0! 0.1760.02 0.4360.12 0.50 0.37 0.34
3.587~21;0! 0.0460.01 - 0.01 0.03 0.04
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here at 65 MeV, the isovector spin-flip strength parame
was found to be 0.1060.02 fm6. The uncertainty in the em
pirical value obtained for this quantity results from the u
certainties in the experimentally determined reduced tra
tion probability and differential cross sections.

For comparing this empirically deduced strength para
eter to phase shifts, the spin-orbit parameters for the ca
lation of the reduced radial transition potential were det
mined using the pion-nucleon phase shifts of Arndt a
Roper@3#. The mean square target independent strength
rameter uS1u2 derived from pion-nucleon phase shifts w
found to be 0.056 fm6, whereas the empirical value obtaine
in this work, as noted above, is 0.1060.02 fm6. Thus, the
empirical value for the isovector spin-flip strength parame
is enhanced over the phase shift value by a factor of
60.4 at 65 MeV.

C. Analysis of resonance energy data

Published data obtained at resonance for stretched tra
tions in 10B, 16O, 14C, 28Si, 26Mg, 54Fe, and 60Ni
@6,18,19,27–30# can also be analyzed in this framewor
~Data for 14C and16O were measured at 164 MeV. All othe
data were measured at, and all calculations were perfor
for, 162 MeV.! MSU potential parameters were obtained f
162 MeV in the same manner as at 65 MeV by performin
x2 minimization of the potential predictions to publishe
12C elastic scattering data@31#; those parameters are given
Table II. Comparison of the MSU potential parameters o
tained here for 162 MeV incident pions to previously det
mined values using a different set of data show that
imaginary portion of theC2 absorption parameter is rough
twice those values while thes- andp-wave scattering param
etersb0 and c0 are very nearly the same@15,16,18#. The
differences which can be noted in Table II between the b
fit obtained here for12C and the global fit to data for14C,
28Si, 54Fe, and60Ni nuclei obtained in Ref.@18# are typical
of the variations in the parameters needed to fit data fo
particular nucleus~in this case12C! in a fashion superior to
that provided by the parameters of a global fit.

As the isovectors- andp-wave MSU potential parameter
do not enter into the calculations forN5Z nuclei @for
N5Z, dr(r ) is assumed to be 0#, those parameters could no
be determined with elastic scattering data for12C. Hence,
13C elastic scattering data were used to determineb1 and
c1 @32#. An optimal fit to the13C data was found using th
value for b1 given in Ref. @18# and using c1
5(0.385,1.55i ) fm3. Though thisc1 value is larger than the
previous value used,c15(0.19,0.35i ) fm3, very similar pre-
dictions are obtained with the larger value, as well as
proved fits to the data obtained for14C and54Fe. The result-
ing fits are comparable in quality to the results at 65 M
shown in Fig. 2.

Further optimizations of the fits for10B, 16O, and 28Si
solely involved varying the radius and second parame
(a) of the harmonic Gaussian matter density distributions
order to obtain an optimalx2 fit to the published elastic
scattering data@6,33,34#. The radius and second paramete
(r ,w) obtained for 10B, 16O, and 28Si were ~1.77 fm, 0.45
fm!, ~1.78 fm, 1.04 fm!, and~2.09 fm, 2.24 fm!, respectively.
The nickel, magnesium, and iron densities were tw
r
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parameter Fermi distributions with parameters given in p
vious analyses@18,19,30#. The spectroscopic amplitudes an
shell model levels used in the analysis of16O and 28Si were
those given in a previous analysis@1#. The parameters for the
other nuclei were taken from Refs.@18,19,21,30#. In a simi-
lar manner to that described for 65 MeV, the isoscalar a
isovector strength parameters at 162 MeV were obtain
and those are illustrated in Figs. 4~a! and 4~b!.

The empirical strength parameters at resonance de
mined in this analysis for the10B, 16O, and 28Si nuclei are
larger in magnitude than those determined previously us
MSU potential parameters@15,18#. The enhancement ap
pears to be the same for the three nuclei, however
weighted average of the empiricaluS0u2 anduS1u2 values ob-
tained at 162 MeV for the specified nuclei gives values
(0.37660.010) fm6 for the isoscalar strength an
(0.18960.005) fm6 for the isovector strength.

As at 65 MeV, these empirical values of the strength p
rameters differ from the values using the phase shifts
Arndt and Roper@3#. The weighted average value for th
enhancement of the isovector strength at 162 MeV w

FIG. 4. Empirical measurements of and phase-shift predicti
for the isoscalar~a! and isovector~b! spin-flip strength parameter
for the resonance energy data discussed in the text. The phase
predictions of Arndt and Roper@3# and Rowe, Salomon, and Lan
dau @4# are indicated by the solid and dashed lines, respectiv
Long-short-dashed lines in~a! and~b! represent the weighted ave
age of the empirical measurement. The weighted average of
uS1u2 data does not include the nickel or iron data.
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found to be 2.4560.06, while that for the isoscalar streng
was found to be 1.3360.03. The resulting predictions ar
illustrated as the solid lines in Figs. 4~a!, 4~b!, and 5.

The large value inferred for the enhancement of
isovector strength at resonance is due mostly to the la
normalization needed to make the predicted cross sect
for 60Ni agree with the data. If one were to examine t
lighter nuclei, without including the54Fe and 60Ni data in
the computation of the isovector strength, the enhancem
factor needed would be 1.5560.09 and the weighted averag
value would be 0.1260.01. The error associated with th
strength parameter is again related to the uncertainties o
measured cross sections and statistical variations. Cu
representing these two enhancements without inclusion
the 54Fe and60Ni data are shown as the long-short dash
curves in Figs. 4~a!, 4~b!, and 5.

Hence,at both 65 MeV and at resonance energies,
empirically measured spin-flip strength is enhanced over
value expected from phase shifts.

FIG. 5. Comparisons of the target independent strength par
eter using the phase shifts of Arndt and Roper~solid lines! and
Rowe, Salomon, and Landau~dashed lines! @3,4#. The long-short-
dashed lines are given by the weighted average of the empiric
determined values for the resonance energy data. The nickel
point shown is for an isovector transition, though it overlaps is
calar data for other data. The weighted average for theT51 data
does not include the54Fe and60Ni data.
nd
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e
ns

nt

he
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D. Energy dependence of isovector spin-flip strength

Combining the results of the analyses at resonance an
65 MeV provides the first determination of the energy d
pendence of isovector strength parameter, as is illustrate
Fig. 5, where some of the error bars are omitted for clar
The isovector strength enhancement at 65 MeV is consis
with the weighted average enhancement observed at r
nance when the54Fe and 60Ni data are excluded from the
average. Though more data would be useful, the data sh
in Fig. 5 suggest that the energy dependence of the isove
strength enhancement is small or nonexistent.

Results for the isovector strength using different pha
shifts are illustrated by a comparison, shown in Figs. 4~a!,
4~b!, and 5, of the predictions using the phase shift analy
of Arndt and Roper@3# and those of Rowe, Salomon, an
Landau @4#. No significant difference based on the choi
between these two phase shift analyses is observed fo
isovector spin-flip strength. A similar analysis shows so
dependence on the choice of phase shifts for the isosc
predictions, as is also shown in Figs. 4~a!, 4~b!, and 5.

This reaction mechanism formalism assumes that
strength parameters do not include any variation with tar
mass. Examination of the data in Figs. 4~a! and 4~b! suggests
that the strength parameters may in fact have some w
dependence on target mass since, when the nickel data
not included, the trend of the strength parameters sugge
dependence onA. This enhancement, since it, at least in
tially, grows withA, may be attributable to a mass dens
effect, since an increasing portion of the nucleus is at cen
density as the mass increases.

IV. CONCLUSIONS

In conclusion, these measurements of low energy p
scattering have permitted the determination of the ene
dependence of the isovector portion of the strength par
eter for the pion-nucleus interaction. A consistent enhan
ment of the empirical isovector strength parameter by a f
tor of about 1.7 over that obtained from phase shifts
observed at both energies studied, suggesting that the en
dependence is small or nonexistent. At resonance, the
pirical isoscalar strength is enhanced by a factor of about
A slight mass dependence in both of these enhancement
tors is also suggested.
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