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Analyzing powers A„were measured for sr+ and x elastic scattering from polarized ' C at
incident pion energies T near the P33 m-nucleon resonance. At T = 130 MeV, the values of A„are
signi6cantly difFerent from zero for x scattering. For x+ at T = 130 MeV and for both vr and x+
at all other energies, the A„aremostly consistent with zero. Elastic difFerential cross sections were
measured using an unpolarized C target. Both the analyzing-power and cross-section data were
compared with predictions using a variety of nuclear structure and reaction models. The analyzing
power was found to be strongly sensitive to the quadrupole spin-Sip part of the transition. The data
of this work complement measurements of the magnetic form factor by electron scattering. The pion
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A„data are not reproduced by calculations using wave functions that fit the magnetic form factor
at low momentum transfers.
PACS number(s): 24.70.+s, 25.80.Dj

I. INTRODUCTION

where o' is the nuclear Pauli spin matrix and n = (k x k )

/ I
k x k

I
with k and k being the momenta of the in-

coming and outgoing pions. The quantities E(8) and

g(8) are, respectively, the spin-independent and spin-
dependent pion-nucleus scattering amplitudes. The for-
mer describes processes without a spin transfer (b,S=O)
to the nucleus, whereas the latter involves a spin transfer
(AS=1). The difFerential cross sections [do (0)/dO],

«(0)/de =I &(~) I'+
I
g(e) I' (2)

are dominated by
I

X(8) I2. A contribution from the
small spin-dependent amplitude is difficult to observe in
do. (0)/dO. However, the analyzing power

»mP (~)g(~)']
I &(~) I'+

I g(~) I' (3)

is an interference term between E(8) and g(8), and thus
can be very sensitive to spin effects.

Because large nuclear polarizations can now be
achieved by the dynamic nuclear polarization (DNP)
technique, it has become feasible to study A„in pion
scattering from nuclear targets [1—3]. In first order, the
AS=1 transition involves only one of the A nucleons in
the target nucleus [1] but the ES=O transition involves

all nucleons coherently. Therefore, the relative AS=1
contribution is roughly proportional to A, and the an-

alyzing powers are predicted to be reasonably large for

light nuclei. The inclusion of second-order terms in the
theoretical calculations [4, 5] produces larger changes in
the predicted A„than in der(0)/dO Thus, m. easurements
of A& should allow sensitive tests of vr-nucleus interaction
models that include medium modi6cations of the &ee vr-

nucleon interaction in nuclei.
For the first A„measurements, light nuclei were cho-

sen. At the Paul Scherrer Institute (PSI) large analyzing

powers were measured for elastic and inelastic sr+ —Li
scattering [6, 7]. Measurements by the same group [6, 8]

on N(m+, sr+) at T = 164 MeV revealed surprisingly
small analyzing powers, in sharp contrast to the large
values predicted by theory.

We chose C as a target nucleus to study spin effects
in pion-nucleus elastic scattering because a polarized C
target had been developed with a sufficiently large po-

Since the advent of pion facilities, a large amount of
elastic scattering data has been accumulated, particu-
larly in the energy region of the P33 m-nucleon resonance,
for studies of the vr-nucleus interaction. These data, how-

ever, are insensitive to the spin-dependent part of the in-
teraction. For example, the scattering amplitude of pion
scattering &om a spin-2 nucleus can be expressed as

t = X(0) + ig(8)n o,

larization ( 28'%%uo). In addition, experimental data exist
for elastic and inelastic scattering of pions [9—11], elec-
trons [12], and protons [13, 14] from C, and extensive
analyses of these data have been made using theoretical
nuclear wave functions [15, 16]. Scattering experiments
with different probes elucidate different aspects of the
nuclear structure and reaction mechanisms. Analyzing
powers for isC(sr+, z.+) have recently been measured [17]
at the Tri-University-Meson Facility at 100 MeV, i.e. ,

lower than the energies of the current experiment.
The pion-nucleus interaction is especially sensitive to

the isoscalar part of the transition density. Thus the
present data complement electron-scattering measure-
ments of the (isovector-dominated) magnetic form fac-
tor. However, by measuring both x+ and vr scattering,
we also obtain information on the isovector terms. Val-
ues of A„for the purely isovector reaction isC(z+, z ) to
the N ground and excited states were measured in an-
other experiment [18] at the Clinton P. Anderson Meson
Physics Facility (LAMPF).

Some of the data discussed in this paper have been
published previously [19]. In the present paper we report
in detail the results of both A„and «/dA measurements
on pion elastic scattering &om polarized and unpolarized

C between T~ = 114 MeV and about 230 MeV. The
experiment was carried out in the low-energy-pion (LEP)
channel at LAMPF. The experimental techniques and
the data reduction are described in Sec. II. Experimental
results are compared with theoretical calculations using
currently available reaction and nuclear structure models
in Sec. III. A summary is given in Sec. IV.

II. EXPERIMENT

A. Polarized target

The C nuclei mere polarized using the DNP method

[2, 3]. It requires cooling the target to about 0.5 K,
applying a strong magnetic field (of the order of a few

T) that is homogeneous throughout the volume of the
target, and irradiating the target by microwaves which
transfer the high electron polarization to the H and

C nuclei. The target material was 99% i C-enriched
1-butanol ( C4HiuO) mixed with 5'%%uo H20 in volume.
Polarization centers for DNP were created by doping the
butanol with a paramagnetic complex EHBA-Cr(V) to
the level of 5.2x 10i9 spin/cms. A detailed description of
the preparation of the target is given in Ref. [2].

The butanol was in the form of 1-mm diameter &ozen
beads contained in a cylindrical Te6on cell of 1-cm thick-
ness and 2.54-cm diameter. The packing factor was about
70'%%uo. The axis of the cylinder was oriented at a fixed an-

gle of 40 to the axis of the LEP channel in the scattering
plane (Fig. 1). The Tefion cell was placed inside a cop-

per microwave cavity and immersed in liquid He at 0.5 K
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supplied by an evaporation re&igerator. The total areal
density of all materials in the target and target cell was
about 0.76 g/cm2.

A conventional C magnet provided a 2.5-T magnetic
Geld transverse to the scattering plane at the target. The
C magnet had a gap width of 10.2 cm and an efFective
Geld boundary at a radius of 22.7 cm. The 6eld homo-
geneity over the target volume was better than 4x10
The small polarizations of the 8 and C nuclei in the
butanol, due to the presence of the high magnetic Geld
and the low temperature, were enhanced signi6cantly by
irradiating the sample with microwaves of a frequency of
about 70 0Hz. The orientation of the target polarization
was reversed approximately every 2 h by a small change
(0.43 GHz) in the microwave &equency. The polariza-
tions of both the C and 8 nuclei were measured by a
nuclear magnetic resonance (NMR) system using a small
coil of thin copper wire that was placed inside the target
cell.

The NMR measurements were calibrated by measuring
periodically the small thermal-equilibrium (TE) signals
Rom the target near 1 K. When the target was being ir-
radiated by the microwaves, the polarizations of C and

H nuclei reached average values of 0.28 and 0.82, respec-
tively, within about 45 min. The ratio of the measured H
and C polarizations agreed within the error bars with
that expected from the equal-spin-temperature hypothe-
sis [20]. Relative uncertainties of the polarizations were
estimated to be 1.8%%uo for ~H and 2.9%%uo for ~ C. These val-

ues include the statistical errors &om the NMR spectra
in the TE measurements and systematic errors from the
temperature calibrations, the biases in the base line of
the NMR spectra, and nonlinearities in the electronics.

above beam related quantities and additional detector re-
lated quantities were recorded every 20 sec to monitor the
experimental conditions during data acquisition.

In the process of data analysis, a series of tests was
performed to constrain the selection of good events. One
of these tests was placed on the scalers which monitored
the SIC, IC, and the toroidal coils. Changes in the ratios
of the monitor scalers provide information on beam in-
stability and variations in the target composition, e.g. , a
change in the amount of liquid He in the cavity. Events
&om time periods during which the sealer ratios were
not within the test limits were excluded &orn further data
analysis. A typical width of the test limits was as narrow
as +1% of the average sealer ratio. Approximately 10%%uo

of the data were excluded by these tests on the monitor
sealer s.

The high magnetic Geld in the region of the target
bends the trajectories of the incoming and outgoing pi-
ons significantly (Fig. 1). A steering magnet, 1.37 m up-
stream &om the target position, was used to deflect the
beam to the left of the standard zero-degree line such
that the centroid of the pion beam passed through the
center of the polarized target when the target magnet
was turned on. The beam spot on target was about 2.5
cm wide and 1.5 cm high. The position of the centroid
of the beam relative to the center of the target cell was
checked by creating an image of the target cell on a Po-
laroid Glm illuminated with the pion beam. This picture
displayed shadows of the cylindrical walls of the copper
cavity.

C. Large acceptance spectrometer (LAS)

B. Pion beam

Pion beam currents were typically 1.5x10"/sec for m+

and 0.4x10 /sec for vr . An ionization chamber (IC) in
the pion beam upstream of the target (Fig. 1) was used
to measure the relative pion beam current. Downstream
&om the target, a split ionization chamber (SIC) was
placed to intercept the transmitted pions. The current
kom each of the right and left cells of the SIC was inte-
grated and scaled. In addition, the primary 800-MeV
proton-beam current, monitored by two toroidal coils
near the pion-production target, was recorded. All of the

The scattered particles were detected by the LAS [21,
22]. This spectrometer consists of two quadrupole mag-
nets followed by a 45 bending magnet. The positions
and angles of the particle trajectories were determined
before and after the bender by a total of four sets of mul-

tiwire drift chambers, each containing position-sensitive
wire planes that determine the horizontal and vertical
positions of the passing particles.

The information &om the wire chambers was used to
calculate the scattering angle, the z and y coordinates of
the reaction vertex ( in a projection on the plane perpen-
dicular to the optical axis of the spectrometer and inter-

IC
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secting the center of the target), the momentum of the
detected particle and thus the "missing mass" of the reac-
tion. Two plastic scintillators placed behind the last wire
chamber were used for particle identification by time-of-
flight and energy loss.

The spectrometer was set up and optimized using cali-
bration targets with the target magnet switched oK The
momentum dependence of the spectrometer acceptance
was obtained by measuring yields from a reaction of
known cross section at different settings of the spectrom-
eter magnets. We used pion inelastic scattering [23] to
the ~2C(2+,4.44 MeV) state at T = 226 MeV and 8~ b =
27.5', where the angular distribution has a maximum.

Ray-trace calculations were used to determine the nec-
essary modifications to the LAS setup for data taking
when the target magnet is switched on. These modifi-
cations included a horizontal shift (offset) of the whole
spectrometer perpendicular to its median plane (Fig. 1).
The distance that the spectrometer had to be shifted de-
pended on the momentum of the scattered pions, and
thus needed to be adjusted for each angle and energy
change.

During the experiment, when the re&igerator system
was fully operational, it was discovered that the center

400 I I I I
)

I I I I
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1 I I I
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I I ' I
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I I I I
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I I I I

]
I 1 1
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of the target cell was actually 1 cm downstream from
the center of the target magnet. As a consequence, the

f B dl of the field of the target magnet (B ) integrated
from outside the field to the target position, is different
for incoming and outgoing pions. For pions scattered
from hydrogen a —2 correction to the scattering angle
was calculated to result from the 1-cm shift. For pions
scattered from C the correction was small ( 0.5') com-
pared to the angular resolution, because of the smaller
momentum difference between incident and scattered pi-
ons and, thus, was neglected.

The 8' angular acceptance of LAS can be subdivided
into smaller angular bins. However, the total angle of
deflection in the target magnet varies with the unknown z
coordinate of the reaction vertex in the polarized target.
Therefore the angular resolution of the spectrometer is
worsened to 2.8 &om its normal value of 1.3'.

Typical missing mass spectra obtained at T
130 MeV and 0~ b ——60' are presented in Fig. 2. The
energy resolution with the polarized target was limited
to about 3 MeV(FWHM) by target thickness and inho-
mogeneity (bead structure). Spectra of better resolution,
typically 1.4 MeV(FWHM), were obtained with an (un-
polarized) ~sC slab target of 200 mg/cm2 thickness. Fig-
ure 3 shows such a spectrum taken at T = 130 MeV and
0~ b

——60'. These spectra served to estimate contribu-
tions &om excited states in the region of the elastic peak
in the polarized target spectra and to obtain differential
cross sections (see Sec. IIF).
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A replica of the cryogenic target, without the beads
and He coolant, was used to measure background yields.
The normalized missing-mass spectrum of the replica tar-
get [the thin line in Fig. 2(a)] provides a background
spectrum of all contaminants near the C peak except
for the events &om the 0 in the 1—butanol beads. The
events &om the He coolant are kinematically separated
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FIG. 2. Typical foreground and background —subtracted
missing —mass spectra for pion scattering from C4HqoO; (a)
thick line: full spectrum; thin line: background spectrum
from copper cavity; (b) thick line: spectrum with copper
background subtracted; thin line: oxygen background spec-
trum; (c) thick line: spectrum with copper and oxygen back-
ground subtracted.

0
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Missing Mass (Mevj
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FIG. 3. Missing —mass spectrum for sr+ scattering on the
C graphite slab target at 0~ b ——60 and T = 130 MeV.
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&om the elastic i3C peak.
The 0 background [the thin line in Fig. 2(b)] was ex-

tracted &om the difFerence of the replica spectrum and
another spectrum using the replica target 6lled with dis-
tilled water. The ratio of the number of 0 scattering
centers in the water target to that in the cryogenic tar-
get was determined by measuring the ratio of cross sec-
tions for pions scattered from H in the water target and
in the unpolarized cryogenic target. This was done at
45' where the a- H scattering yields are well separated
kinematically from yields of other nuclei. For different
channel settings, the size and the position of the beam
spot on the target changes slightly. Thus the value of
the extracted ratio of oxygen scattering centers in the
cryogenic and water targets varied from 0.06 to 0.09. A
missing-mass spectrum with both the background and
oxygen contaminants subtracted is shown in Fig. 2(c).

MeV). When replayed with H kinematics, this peak is
much more narrow as seen in the B and 8 spectra ac-
quired at 54' with n+ at T = 130 MeV (Fig. 5). Note
that the yield in the 'V spectrum in the region of the elas-
tic He peak is 0 as expected. Because the background
near the H peak is structureless, a constant background
was assumed and subtracted when generating the 8 spec-
tra. For vr- H the A„were obtained at 130 MeV and 223
MeV with x+, and at 226 MeV with vr (Table I).

These measured values of A~ for x- H scattering can
be compared with the values of A„calculated using the
fitted phase shifts [24]. Within the error bars of both
our measurement and the phase shift analysis, our vr- H
analyzing powers are in agreement with the phase shift
results (Table I). This result verifies the target polariza-
tions obtained from the NMR measurements.

E. Analyzing power measurements

In terms of measurable quantities, the analyzing power
of pion scattering from polarized C is

(4)

75-
55-
35-

o 15
AnPI r .i—5: "

LJ(
%n h.ll[~l l.A'lL~kl ".ai Jl i I

f
lU I I g gglt/f . i IJ'

I I i I

Here Pt and P~ are the transverse polarizations of
the isC target with spin orientation parallel (spin-up)
and antiparallel (spin-down) to the norm to the reaction
plane. Yt and Yg are the corresponding scattering yields.
The background B in the region of the elastic peak orig-
inated from the walls of the target (copper microwave
cavity and Teflon cell) and from the oxygen in the target
material. 'V and 8 are the difFerence and the sum of the
spin-up and spin-down yields, respectively.

At 130 MeV, x+ and m spectra were measured with
the polarized target and the target replica in 10 intervals
between 40 and 130 . At 223 MeV with sr+ and at
226 MeV with m, spectra were obtained in 10' intervals
between 30 and 80 . These data mere analyzed using
two 4 -wide bins.

A survey was made across the resonance at T = 114,
130, 145, 165, 180, and 226 MeV for a scattering at
two scattering angles, in order to search for predicted
large A„atmomentum transfers (q ) near the second
minim»m of do (8)/dA. Here the momentum transfer was
kept approximately constant by decreasing the scattering
angle as the incident energy was increased. These data
were analyzed using three 2.8 -wide bins.

Typical runs consisted of four parts, each about 2 h
long. Runs would start with, e.g. , spin-up, continue for
tmo periods of spin-down, and end with one period with
spin-up. This procedure should reveal false asymmetries,
e.g. , due to beam Huctuations on the target, but none
were found.

Spectra of 17 and 8 were generated. Figure 4 shows
these spectra, analyzed in C kinematics, for vr scat-
tering, at T~ = 130 MeV and 81 b ——60 . The difference
is large in the region of the elastic peak of C. A small
difference can be seen in the region of the tail of the broad
peak from elastic scattering on iH (missing mass = 25

135-

g 85-
0

35-

c & He

10 15 20 30

Missing Mass (MeV)

1350-

850-

ax-
i

'l IA .n L.~
—150

ri

3830-

830

—170
—10

Missing Mass (MeV)

10

FIG. 5. 17 (top) and 8 (bottom) spectra with H kinemat-
ics in the region of the sr+- H peak at Hi b ——54 and T
130 MeV.

FIG. 4. 17 (top) and 8 (bottom) spectra for C(s,n).
at Hi b ——60' and T = 130 MeV.
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Beam T
(MeV)

130
223
226

8,
(deg)
54.3
51.6
50.3

A„+AAy
This experiment

+0.331+0.005
+0.235+0.005
—0.275+0.016

A„+AAy
Phase shift

+0.332+0.006
+0.230+0.002
—0.300+0.010

TABLE I. Analyzing powers for vr-'H elastic scattering
from this experiment and predicted values from phase shifts

[24].

The asymmetries and the statistical uncertainties in A.
„

for the C data were extracted by first creating spectra
of A„and its uncertainty, AA„,from normalized spin-up,
spin-down, and background missing-mass spectra. The
values of A'„and AA'„ for each missing-mass channel i of
width 10 keV were calculated by

A;=- —.= (5)8' YgPg + YgPt —B(Pg + Pg)
and

~Pg + Pg~ Q(Yg —B)2(AYt) 2 + (Yt —B)2(DY~) 2 + (Yt —Y~)2(~B)&

[YtP~+ Y~P~ —B(&~+P~)]' (6)

Here [with superscripts i omitted] AYt ——~Y~ and

b, Ig = ~Yg are the statistical errors of Yt and Yg. The
quantities B and AB are the background yields and the
background uncertainties given by the statistical errors
in the replica target and water target runs.

The A„were then obtained as the statistically weighted
average of A'„:

&max

&—&min

&max

A„'

(b,A')

&—&min
(0 A* )'

and the uncertainty of A„was calculated with

&max 1

(AA* )
&—&min

(8)

Here i represents the channel number within the speci-
fied lower (i;„)and upper limits (i ). One advantage
of this method is that the region of averaging can be var-
ied in order to check for the effect of contributions to the
elastic yield &om the tails of the 3.09 MeV state and the
3.68/3. 85 MeV doublet of C.

The 8 spectra were used to determine the region over
which the average A„was to be calculated for the elastic
peak. The upper limits (i „)were chosen conservatively
in order to include only very few events &om the excited
states. The spectra from the slab target runs (see Fig. 3
and Sec. IIF) were used to provide information on the
yield from the nearby triplet of states (3.09/3.68/3. 85
MeV). Consistent results within error bars were attained
when A„was calculated either &om the channels within
the half-width of the elastic peak or slightly larger re-
gions.

A systematic uncertainty of A~ results &om the nor-
malization of the water-6lled target for background sub-
traction. The ratio of 0 scattering centers in the water
target to that in the polarized target was measured at
only one angle (45'). Data at large angles were acquired

several days after the small-angle data. Therefore, the
beam spot on the target may have changed, producing
a different ratio than at the small angle. To investigate
the effect of possible variations in the ratio, its value was
artificially varied by up to 20%. This variation causes a
change in A„much less than the statistical uncertainty
AAy.

The analyzing powers of this work are presented
in Figs. 7—12 in Sec. III with theoretical predictions.
Nonzero analyzing powers were observed for m scatter-
ing at T = 130 MeV at angles near the first ( 60')
and second minimum ( 100') of da/dO (Fig. 7). For
sr+ scattering, the A& values are consistent with 0 at all
angles. A larger A„is expected and observed for vr scat-
tering than for sr+ scattering because C has an excess
neutron to which 7t couple more strongly than sr+ in
the region of the Pss resonance [25]. The A„for 7t+ at
T = 223 MeV and for vr at T = 226 MeV are shown
in Fig. 8. At these energies above the resonance, A& were
found to be consistent with 0 for both sr+ and m in the
angular range of 40' —80'.

The analyzing powers for vr scatterings at the momen-
tum transfer near the second minimum of do'/dO were
found to be very small at all energies (Fig. 9). Espe-
cially at T„=165 MeV our data are consistent with 0,
a result similar to that observed in the experiment [6, 8]
on isN(m+, m. +) at 164 MeV. The six data points at T
= 130 MeV in Fig. 9 were obtained &om two runs that
were analyzed with three angular bins each. The same
data analyzed in two angular bins are presented in the
angular distribution (Fig. 7) as four data points between
100 and 115'.

The error bars of the asymmetry data shown in the
figures are the statistical errors multiplied by 1.12 to ac-
count for the effect of the uncertainty in the missing-mass
range over which the weighted average A„was obtained.
The 3% systematic uncertainty in the polarization mea-
surement is neglected.

F. DifFerential cross-section measurements

Differential cross sections for pion elastic scattering
from unpolarized C were obtained using a graphite slab
enriched in i C to 99%. For most runs with this target,
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the target magnet was turned on in order to provide ref-
erence spectra (Fig. 3) of better energy resolution for
comparison with the cryogenic target spectra.

Absolute differential cross sections were calculated by
normalizing the yields from the C slab target to yields
&om a CH2 target. The cross sections for C were taken
from the literature [23, 26, 27] or, at energies where no
data exist, calculated using an optical-model program
[28]. (Existing i2C data at many energies were fitted
well by these calculations. )

At 130 MeV, spectra were also taken with m+ with
the target magnet turned off at some angles for compari-
son with the do (8)/dO obtained when the target magnet
was turned on. For several spectra, taken with the tar-
get magnet turned off, we have also obtained an absolute
normalization using the yields from scattering by the hy-
drogen in the CH2 target and the calculated cross section
from a phase shift fit to existing data [24]. There is good
agreement between the data obtained with the magnetic
6eld turned on and turned off.

At 130 MeV, the isC(x+, m+) yields at e, = 42'
were also measured (with the target magnet turned on),
using the unpolarized cryogenic target. Both the x- C
and vr- H peaks were seen in the missing-mass spectrum.
Again the vr- H yields and the known cross sections for
m-p scattering [24] were used to obtain the absolute cross
sections of isC(sr+, m +). However, the absolute cross sec-
tion deduced from the n+ run (the square in the top right
panel of Fig. 7) is about 25%%up lower than that &om the
slab target runs which were normalized to the ~2C cross
sections. This discrepancy was not observed for vr and
is not understood.

The differential cross sections are presented in Sec. III
with the experimental asymmetries and theoretical cal-
culations in Figs. 7, 8, and 10—12. Generally, the sys-
tematic uncertainties in the normalization and thus in
the absolute cross sections are 10—20%% at forward angles
(less than 65') and as large as 50%%up at larger angles. The
error bars in Fig. 7, for instance, are the statistical uncer-
tainties only and do not include these systematic uncer-
tainties. Our data at 165 MeV (not shown) are in good
agreement with the detailed angular distribution of Ref.
[11]at 162 MeV. Whereas the large systematic uncertain-
ties in some of the cross-section data are not satisfactory,
we point out that the analyzing powers, which were the
primary goal of this experiment, are not affected by the
normalization uncertainties.

III. THEORETICAL ANALYSIS OF THE DATA

A. General remarks

Measurements of the analyzing power in pion scatter-
ing and single charge exchange (SCX) reactions provide
information on nuclear spin transitions and the pion-
nucleus reaction dynamics. Theoretical analyses [4—8,
17—19,29, 30, 33, 34] using diKerent nuclear structure and

pion-nucleus reaction models have thus far not been suc-
cessful in reproducing the data for Li, C, and N.
Only the very recent data [31] on He at 100 MeV have
been reproduced by theory. However, it was found [32]
that the analyzing power for He at the incident energy of
100 MeV is insensitive to the nuclear structure input and
the approximations used in the calculations whereas at
energies above about 150 MeV, higher-order terms in the
reaction model and the small components in the nuclear
wave function are predicted to be important.

The failure of theory to reproduce the data for C
and N may be due to a lack of understanding of either
the pion-nucleus dynamics or the nuclear spin transition
density, or both. Below we demonstrate the strong sensi-
tivity of the analyzing power to the details of the nuclear
spin transition density. We also present a variety of theo-
retical calculations using different models for the elastic-
scattering process. An independent analysis of our data
by Siegel and Gibbs [33] has recently been published.

Our current understanding of the spin-dependent part
of the nuclear transition structure has been tested by
comparison of the magnetic form factor ~F~i

~

ex-
tracted &om electron scattering with theoretically pre-
dicted ~F~i~2. isC(e, e) data exist [12] over a large range
of momentum transfers (Fig. 6). The solid line in this
figure is the theoretical ~F~i~2 calculated by us with the
code ALLwoRLD [36]. We used the transition densities
calculated by Lee and Kurath (LK) [16] in the model
of Cohen and Kurath (CK) [15] (hereafter referred to as
CK-LK transition densities). The squares of the isoscalar
(isospin transfer b,T=O) and isovector (b,T=1) parts of
the magnetic form factor amplitudes are shown as dot-
ted and dashed lines, respectively. The AT=1 part domi-
nates at large momentum transfers, q & 1.5 fm . At q
0.6 fm, the AT=0 and AT=1 parts are comparable in
magnitude. The square of the b T=l spin part (without
the convection current terms) (chain-dotted line) is a fac-
tor of (p~ —p„)/(p„+p„) = 28.5 larger than that of
the ET=0 spin part (chain-dashed line). Here pz (p )
is the proton (neutron) magnetic moment. The coher-
ent addition of the spin and current terms results in the
above-mentioned different q-dependences of the AT=0
and AT=1 parts of ~F~ql and a good fit to the experi-
mental ~F~i~' up to q = 1.3 fin '.

The analyzing power in pion scattering has an isospin
sensitivity very different from that of ~F~i~ . In the re-

gion of the I'3 3 resonance, the ratio r of the AT=0 and
AT=1 pion-nucleus scattering amplitudes is, indepen-
dent of q, r = +2 for vr and r = —2 for sr+ if protons
and neutrons contribute equally to the transition axed if
6rst-order processes dominate. Terms analogous to the
current terms in electron scattering are thought to be
small in pion scattering.

Because of this very de'erent isospin dependence of the
spin transitions in electron and pion elastic scattering,
the pion A„values provide information complementary
to the magnetic form factor for comparison with nuclear
model predictions, especially for the AT=0, AS=1 part
of the transition density. We note that pion-induced SCX
reactions [18] proceed exclusively by the isovector parts
of X(e) and g(8).
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FIG. 6. Magnetic form factor squared, jFMi[ . Data of
Ref. [12] for C(e, e). Solid line: prediction with pro-
gram ALLWORLD [36] using CK-LK [15, 16] densities. Dotted
(dashed) line: ET=0 (AT=1) parts; chain —dashed: AT=0,
spin part only; chain-dotted: AT=1, spin part only.

B. Distorted wave impulse approximation analysis

We calculated A„using a model which employs a first-
order optical potential [34]. We used the optical-model
program PIPIT [35) (which does not include spin transfer)
in conjunction with the inelastic-scattering code ARPIN

[16]. The spin-independent and spin-dependent parts
of the elastic transition amplitude were obtained &om
ARPIN. The do'/dO and A„were calculated in the dis-
torted wave impulse approximation (DWIA) with the dis-
torted waves &om PIPIT. The pion-nucleon t-matrix was
calculated at an energy below the actual pion-nucleon
center-of-mass energy. This energy shift appears to cor-
rect for some second-order effects. We found that at T
130 MeV an energy shift of 12 MeV for sr+ and of 8 MeV
for vr gave better fits to the elastic scattering cross sec-
tions than the 20 MeV shift used [11] at 162 MeV. The
difference of 4 MeV between the values for x+ and vr ap-
proximately accounts for the x-nucleus Coulomb energy
differences at the nuclear surface. A Gaussian off-shell
model [35] was employed with a momentum range pa-
rameter [34, 35] of 3x10 s MeV 2 at all energies.

The nuclear transition density amplitudes are usually
classified [16]according to the total and the orbital angu-
lar momentum transfers J and I, and the spin transfer
S. Specifically, for elastic scattering on a spin-1/2 nu-
cleus such as C, there are three possible combinations
(Table II) of J(IS): 0(OQ), 1(01), and 1(21), since the
I = 1 terms can be neglected in a first-order calculation.
In terms of the nuclear transition amplitudes, the pion-
nucleus amplitude j(8) is proportional to the 0(00) part
and g(0) is proportional to a combination of the 1(01)
and l(21) parts.

The elastic scattering cross sections and analyzing
powers were calculated by combining the J = 0 scatter-
ing amplitude Rom a first-order optical potential using
PIPIT [35] with the J = 1 scattering amplitudes from a
DWIA calculation using ARPIN [16]. Shell-model transi-
tion densities (Table II) of CK, LK [15,16], and of Tiator

C. Comparison with experimental data

At T = 130 MeV, the predictions to the elastic differ-
ential cross sections are presented in Fig. 7 (top). The
choice of either the CK-LK or TW densities has only a
very small effect on der/dO, which is dominated by the
0(00) amplitudes (identical for CK-LK and TW). The
analyzing powers (bottom of Fig. 7) are very different
for CK-LK (solid lines) and TW (dashed lines).

In general, the DULIA calculations with CK-LK den-
sities give a poor description of the 7r analyzing power
data. Whereas the experiment gives positive A„between
0, = 40' and 95', the theoretical A~ with the CK-LK
density change sign in the region &om negative at small
angles to positive at 53' and then back to negative at 82
with A„(theory) reaching about —1.0 at 98' (solid lines
in Fig. 7). In this large-angle region experimental and
theoretical A„with the CK-LK density are out of phase.

We note that at angles smaller than 7Q' (momen-
tum transfer q = 1.3 fm i) the Cohen —Kurath model
[15] provides us with reliable ground state (g.s.) spin
transition densities. The disagreement between the pion
data and theory is the largest at 80' & 8, & 96
(1.5 fm i ( q ( 1.7 fm ), where the A„depend
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d~/dA and A„of'
C(vr, m) at 13O MeV. &he

DWIA calculation with CK-LK [15, 16) (TW [37]) densities
are shown as solid (dashed) line.

and Wright (TW) [37] and variations of these densities
were employed.

The CK-LK densities [16] were constructed using the
effective interaction for the 1p shell obtained by fitting
energy levels of nuclei from A = 6 to A = 16 [15].
The TW density was obtained [38] using the experimen-
tal magnetic moments of A = 13 nuclei, the P decay
constant of N, and the magnetic form factor of C as
input. Since the quadrupole spin-Hip [J(LS) = l(21)]
transition is not uniquely determined by the above inputs
[38], its transition amplitude was obtained by minimizing
the contribution of the Ml transition to the sC(p, vr )
cross sections [39].
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FIG. S. do/dO snd A„of C(s, s ) st 226 MeV snd of' C(s'+, s'+) at 223 MeV. The curves were obtained from cal-
culations by Mach [5] using the CK-LK density [15,16] (solid
line) snd the TW density [37] (dsshed line), from the full d,-
hole model [4] prediction (dotted line), I'rom the calculation in
the closure approximation to the 4-hole model (chain-dotted
line), snd from this work using the CK-LK density (chsin-
dashed line).

with these densities (Fig. 7, dashed lines) fail to flt the
m analyzing power data by predicting either negative
(near 50') or near zero A„(at90') whereas the data are
either positive at intermediate angles or consistent with
zero at small and large angles. What may be interpreted
as a Gt to the m+ data near 90 with the TW densities is
probably fortuitous since the data at small angles do not
show the predicted negative analyzing power.

We note that the CK-LK and TW transition density
amplitudes are very similar for 1(01) but totally different
for 1(21) (Table II). What is primarily a 1(21) neutron
particle-hole (p-h) amplitude in CK-LK is almost a pure
proton p-h amplitude in TW. We have therefore stud-
ied how A„is affected by renormalizing the quadrupole
spin-flip [1(21)]amplitude by a factor a. The solid line
in Fig. 10 shows again the calculated A„with the 1(21)
value of CK-LK. Arbitrarily changing the sign of the
l(21) amplitude essentially Hips the sign of the analyzing
power (dashed line). Using two times the CK-LK value

nearly doubles Av (chain-dashed line). Making the 1(21)
piece zero gives a very small A„(dotted line), which arises
only &om the interference of the 0(00) and 1(01) ampli-
tudes. Thus A„is exceedingly sensitive to the quadrupole
spin-Hip term. However, it appears that no value of the
1(21) amplitude would flt the data with the 0(00) and

1(01) parts left unchanged.
It was shown by Hicks et al. [12] that the fit to ~FMi [~

at high q can be much improved by including a 16/0 ad-
mixture of higher-shell (2hu) components in the nuclear
wave functions. In order to explore the effects on A„
of including higher shell admixtures, we have also done
calculations with the phenomenological wave functions
of Ref. [40] which contain both 1p and 2p shell contri-
butions. We find (Fig. 11) that for both m and m+

g -o.s

0.3
T„=145 MeV T„=226 MeV

TABLE II. Neutron (n) snd proton (p) parts of transition
density amplitudes.

0.0

I I I I I && I & I I I

1.75 1.85 1.95 g
g)

1.85 1.95 2.05
q(fm '

FIG. 9. A„of C(s', n ) at energies across the P33 res-
onance at momentum transfers (q ) near the second minimum
of the differential cross sections. The curves at 114 MeV and
165 MeV are the predictions of Thies using the 4-hole model

[4] (dotted lines) snd the closure approximation to this model
(chsin-dotted). The solid lines are calculations of Mach [5]
with CK-LK [15, 16] densities.

strongly on both the reaction xnechanism and the nuclear
structure model. In addition, standard nuclear structure
models have thus far failed to reproduce the measured
magnetic farm factor [12] at q ) 1.3 fm i. The sr+ an-
alyzing power data are consistent with zero at all angles
but the CK-LK density predicts large negative A~ near
90 .

The TW density had been designed to 6t the anoma-
lous C(p, 7r ) cross sections [39]. DWIA calculations

CK-LK
Ref. [16]

TW
Ref. [37]

J(LS)
(n)
(p)
(n)
(p)

0(00)
2.041
1.633
2.041
1.633

1(01)
-0.235
—0.003
-0.208
—0.015

1(21)
0.929
0.039

—0.096
—0.516

the 2p admixtures reduce the analyzing power near the
6rst diffraction minimum but increase it near the second
one with no improvement in the 6t to the data. Rela-
tively larger effects from the 2p admixtures were found
in DWIA calculations for SCX [41].

Before conclusions can be drawn &om the analyzing
powers about the validity of nuclear wave functions, the
pion-nucleus reaction model needs to be understood bet-
ter. With the CK-LK densities, Mach [5] provided a pre-
diction (solid lines in Fig. 9 and Fig. 12), based an a
first-order optical potential as above, but including a phe-
nomenological p2 term which was adjusted to flt do'/dO
at various energies. Here p is the nuclear density. Mach's
predictions yield values of A~ similar to those of our cal-
culations but fxt better at 8, 55 . The 6ts to the A&
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data for both sr+ and m near 100 are still not satisfac-
tory.

Additional calculations (dashed lines in Fig. 12) were
performed by Mach with the same reaction model, but
with densities provided by Tiator [37, 38]. The DWIA
curves from these calculations disagree with the data at
larger angles for vr . For m+ a small peak predicted at
95 is consistent with the data, although the error bars
do not rule out zero A&.

The small A„observed in the energy-dependence data
and some predictions are shown in Fig. 9. At 165 MeV
the data disagree with the curve obtained with CK-LK
[16, 15] densities by Mach (solid lines) and a very simi-
lar one obtained by us (not shown). 6-hole model pre-
dictions of Thies [4] are also available at some of these
energies and shown as dotted lines (full calculation) and
chain-dotted lines (closure approximation). The wave
functions used in these two 6-hole calculations are again
different from those of CK-LK and TW. But the large
difference in the predicted A„(Fig.9) from two different
approaches to the reaction mechanism shows that the A„
are sensitive to the reaction model. At 165 MeV, the data
show a preference for the full calculation. 6-hole model
calculations are not yet available at the other energies.

At 226 MeV, the analyzing powers predicted by the
4-hole model are very different from those of Mach and
of this work (Fig. 8), especially at angles greater than
80'. However, our data at 226 MeV for vr and 223 MeV
for x+ cannot distinguish between different interaction
models. Because of the exceedingly small cross section
at angles greater than 80, the A„measurements at these
energies could be done only at angles smaller than 80'.
Unfortunately, at T = 130 MeV, where a wide angu-
lar distribution of dir/dO and A„was measured in this
experiment, 6-hole model calculations are not yet avail-
able. Such calculations are needed at all the energies of
this experiment.
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FIG. 11. dir/dQ and A„of C(7i, m) at 130 MeV. Solid
line: DWIA calculation with TW [37] densities. Dashed (dot-
ted) line: with 16'%%uo (6') 2p-shell admixture.

IV. SUMMARY

Analyzing powers and differential cross sections were
measured for sr+ and x elastic scatterings on C. A
polarized cryogenic target using C-enriched 1-butanol
beads was employed. The differential cross sections were
measured using a C-enriched graphite target. Angular
distributions of both A„and do /dA were obtained below
the P33 resonance at 130 MeV for m+ and vr, and above
the resonance at 223 MeV for sr+ and at 226 MeV for vr

In addition, A„and do'/dA were measured in a range of
momentum transfers, 1.75 & q & 2.05 fm, at several
energies (114, 145, 165, and 180 MeV). At T = 130 MeV,
the values of A„aredifferent from zero for 7r scattering.
For sr+ at T = 130 MeV and for both vr and m+ at all
other energies, the A„aremostly consistent with zero,

Being sensitive to the isoscalar part of the nuclear tran-
sition, the pion data complement measurements of the
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FIG. 12. dir/dfl and A„of' C(m, n) at T = 130 MeV.
The curves were obtained from calculations by Mach [5] using
CK [15, 16] (solid line) and TW [37] (dashed line) densities.
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(isovector-dominated) magnetic form factor from elec-
tron scattering. Calculations using difFerent reaction
models demonstrate a strong sensitivity of A& to the re-
action mechanism above the P33 resonance. Inclusion of
a phenomenological p2 term provides larger changes in
the predicted A„than in do jdO.

Theoretical analyses were done using difrerent nuclear
structure models. The data were not reproduced by
the presently available nuclear wave functions. It was
found that the analyzing power is strongly sensitive to
the J(LS) = 1(21) (the quadrupole spin-fhp) part of the
transition. However, the A„could not be reproduced
by varying the spin-dependent nuclear transition ampli-
tudes. It was also found that inclusion of higher shell
admixtures, which give a better fit to the ~FMq] data,
does not improve the 6t to A„athigh momentum trans-
fer.

The analyzing power data of this and other similar
work [6, 7] are not yet understood theoretically. They

contain new information on the nuclear spin transition
density and the pion-nucleus reaction mechanism. Fur-
ther effort is needed to describe the high-q behavior
of the nuclear transition density, and speci6cally, its
isoscalar spin-dependent part. Once that task is accom-
plished, our data may provide tests of pion-nucleus inter-
action theories which include higher-order terms such as
the 4-nucleus spin-orbit force.
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