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Core-polarization eff'ects in pion elastic scattering from polarized spin- — nuclei
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We have studied the core-polarization effects in pion elastic scattering from polarized C and
N. The pion-nucleus spin-Hip amplitude has been calculated within a framework of distorted-

wave impulse approximation. To calculate the nuclear form factors we have used the wave function
including the first-order core polarization with the intermediate states with excitation energies up
to 12@v. It is shown that the core-polarization effects reduce the absolute values of the asymmetry.

PACS number(s): 25.80.Dj, 21.60.Cs, 24.70.+s, 27.20.+n

I. INTRODUCTION

Recently, experiments of pion scattering from polar-
ized nuclear targets have been carried out for Op-shell

nuclei C, N, Li, and 7Li [1—5]. In the pion scat-
tering from polarized spin-& nuclei, the right-left asym-
metry comes from an interference between pion-nucleus
spin-Hip and spin-nonHip amplitudes and is sensitive to
the spin-Hip amplitude. The experiments of pion elastic
scattering from polarized spin-2 nuclei have been carried
out on C [3] and N [1]. In these experiments, the
observed asymmetry takes small absolute value due to
dominant pion-nucleus spin-nonHip amplitude except for
the angular range where spin-nonHip amplitude has a dip
structure. Theoretical calculations have been carried out
for C within a framework of distorted-wave impulse ap-
proximation (DWIA) using the Cohen-Kurath wave func-
tion [6,7]. The theoretical value of the asymmetry is con-
sistent with the experimental data at forward direction
but disagrees with the data around the angle 0 90'.
The wave function by Tiator [8,9] was also examined and
was shown to give the sign of the asymmetry opposite
to that calculated with the Cohen-Kurath wave function
around the second dip. This shows the sensitivity of the
asymmetry to the choice of nuclear wave function. The

calculation of the elastic scattering ~+- N has been done
also with an optical model based on the momentum-space
coupled-channel formalism [10]. Although the calculated
differential cross section was consistent with the experi-
mental data, large discrepancies were found for the asym-
metry; the measured asymmetry is nearly zero, while the
theoretical results exhibit a sharply diffractive structure.
Generally speaking, theoretical values of the asymmetry
are larger than the data and do not always have the cor-
rect sign.

For spin-& nuclei, two kinds of nuclear form factors
[Yo x cr] and [Y2 x o] contribute to the pion-nucleus
spin-Hip amplitude. Siegel and Gibbs used the Cohen-
Kurath wave function and have shown that the [Y2 x cr]

term dominates the spin-flip amplitude for ~sC [6]. Their

theoretical value of the asymmetry does not agree with
the experiment around the angle of the second dip of the
elastic scattering cross section.

It is well known, however, that the Ml form factors
calculated by the Cohen-Kurath wave function disagree
with the experiment for C and C. The theoretical
value is too large for C and is too small for C around
the second peak of the Ml form factors. Several authors
pointed out the importance of core-polarization effects
on the Ml form factors for these nuclei [11—17] and it
was shown that the above discrepancy can be explained
by taking into account the first-order core polarization
and the exchange-current contributions. For the case of

C, Suzuki et al. [17] showed that the core polarization
largely enhances the isovector [Yo x o] component and
changes the sign of its contribution at q ) 1.4 fm while
it little affects the [Y2 x o] component. The M1 form
factors of the C and C were consistently explained
mainly by the effect of the first-order core polarization
[17]. It was pointed out that the proper treatment of the
open-shell nature of the nucleus is important for the eval-
uation of the core polarization. If we adopt the simplified
particle-hole method, core-polarization effects are consid-
erably underestimated. They also pointed out that the
proper subtraction of the Hartree-Fock one-body term is
important. The relevant matrix elements in the spin-Hip
pion-nucleus amplitude are quite similar to those of the
magnetization contribution in the M1 form factor, and
hence we expect that the core-polarization efFects play
an important role for the pion asymmetry. There have
been several theoretical calculations for the asymmetry of
pion elastic scattering, but the core-polarization efFects
have never been examined. In order to make detailed
comparison with the experimental data, it should be im-
portant to use the nuclear wave function which is consis-
tent with the experimental M1 form factor. The nuclear
wave function with the admixture of 2~ component is
used for the study of various reactions on N [18] and
for the single-charge exchange reaction on C [19,20].
Oset et al. studied the core-polarization efFects in pion
single- and double-charge exchange reactions above the
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delta-resonance region [21].
The purpose of the present work is to investigate the

eÃects of the first-order core polarization for the asymme-
try in the pion elastic scattering from the polarized C
and N. Our aim is not to make a detailed comparison
with the experimental data, but to evaluate the correc-
tion coming from the core polarization. Our method of
calculation for the core polarization is the same as that of
Suzuki et al. [17]. In Sec. II, we briefly describe the cal-
culation of pion-nucleus scattering amplitude including
the core-polarization eKects. The spin-nonBip amplitude
is calculated with an optical potential of Stricker et al.
[22—24] and the spin-flip amplitude is calculated under
DWIA. In Sec. III, we show the results of our calcula-
tion. The core-polarization efFects are shown to reduce
the absolute values of the asymmetry for both C and

N. We summarize the results in Sec. IV.

where f(0) and g(0) are spin-nonflip and spin-flip am-

plitudes, respectively. k, (kt) is a momentum of incident
(outgoing) pion. Then we can express the differential
cross section as

I d~ I

= lf(0)I'+ lg(0)I'»n'0.id')
The asymmetry Ay(0) can be given as an interference
between f(0) and g(0),

2Im( fg*) sin 0
Ay 0

lfl'+ Igl'sin'0

The spin-nonflip amplitude f (0) can be decomposed into
Coulomb and nuclear parts as

f (0) = fc(0) + f~(0),

II. ASYMMETRY FOR PION ELASTIC
SCATTERING

The scattering amplitude in the pion elastic scattering
from spin- — nucleus can be written as2

W(0) = f(0) +ig(0)cr (k, x kt),

where f~ (0) and f~(0) are the Coulomb and the nuclear
scattering amplitudes. In order to calculate the spin-
nonflip amplitude f (0), we use the pion-nucleus optical
potential by Stricker et al. (MSU potential) [22—24] with
the absorption parameters B0 and CD determined phe-
nomenologically by Gmitro et al. [25]. On the other hand,
the spin-flip amplitude g(0) is calculated under DWIA.
For the pion scattering from spin-& nuclei, the spin-flip
DWIA amplitude is expressed as [26]

dr r —
I

—
d I (u~ ui ) I +ox&( ) ~ +ox&(r) I

(t) ( ) ( " (o) " (~)
r ( dr r) * ( 2 6 )

27r
g(0) = —) (2l + 1)P&'(cos 0)

1 ( d 2) (t') (,) ( 0 (0) 1 (1)+—
I

—
d

+ —
I (u& u& ) I +211( ) 211(r) I) 2 6 )

where u& (u& ) is incident (outgoing) pion wave function
and o. = +1 for sr+. ck(k = 0, 1) are the coefficients of
the isoscalar and the isovector pion-nucleon spin-Hip am-
plitudes and we have used the pion-nucleon phase shifts

by Rowe et al. [27]. Nuclear multipole densities F&&J(r)
are defined as

+' '
( ) = (—)"v'2(»+1)&@'ll) .

x [Y,(., ) g o,")]'r,(")Ile, &,

where 4', is the initial nuclear wave function. If we
adopt the Cohen-Kurath wave function, the calculated
M1 form factor is larger than the data for C while
smaller about an order of magnitude for C around the
second peak. These discrepancies are explained mainly
by taking into account the erst-order core-polarization
effects. As was shown by Suzuki et al. [17], the core-
polarization effects largely enhance the isovector [Yo x o]
component. For C, two terms [Yo x o] and [Y2 x o]
have the opposite signs and thus the core polarization
reduces the Ml form factor. For the case of C, these
two terms have the same signs and the Ml form factor
is largely enhanced in conformity with the experiment.

If we take into account the first-order core polarization,
the nuclear density can be expressed as

+is'~(r) = (—)"V'2(»+ 1) &@*II).(-')'IIC"
&

2

+) &e, ll) o, lie &-'&c' Iv...—Ule,
m 2

+) &c', lv...—Ulc' &-&c' ll) o, lie;

(7)

Since we are concerned with the one-body operator O~,
the intermediate nuclear states I4 &

have 1plh conflg-
uration with respect to the ground state. V, , is a two-
body residual interaction and U is the one-body potential
for the Hartree-Fock bubble contribution.

III. RESULTS AND DISCUSSION

As was pointed out in Ref. [17], we should properly
take into account the open-shell nature of the C for the
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core-polarization calculation. If we assume the simplified
particle-hole method, core-polarization effects are consid-
erably underestimated for C. Furthermore, the subtrac-
tion of the Hartree-Fock one-body term was shown to be
important. Our method of calculation of core polariza-
tion is the same as that of Ref. [17]. We adopted the
Cohen-Kurath wave function [7] with (8—16)POT two-
body matrix elements as the unperturbed ground state.
We did not examine the purely phenomenological wave
function by Tiator and Wright for sC [8,9]. They deter-
mined the Op-shell reduced matrix element with the con-
straints coming from the experimental data on Ml form
factor, magnetic moment, and P-decay rate and they
could reproduce the (p, a ) reaction cross section. But
it was shown that, for the (p, vr ) reaction, rescattering
correction plays a non-negligible role, especially for the
case of Opi~2 -+ Opi~2 transition [28]. As the one-body
potential U, we assumed the harmonic-oscillator poten-
tial with size parameter b = 1.543 fm for C, which was
determined to fit the elastic charge form factor of C. For

N, we used the oscillator parameter b = 1.67 fm which
is taken from Ref. [18]. As the two body residual inter-
action V, „we used the two-body interaction which was
successfully applied to calculate the M1 form factors in
the electron scattering for C and C. The central part
is the Gaussian form with the Rosenfeld-type exchange
mixture. The force range is assumed to be r = 1.6 fm
and the potential depth in the triplet-even state is taken
to be V = —60 MeV. The tensor part is taken from the
nucleon-nucleon interaction by Hamada and Johnstone
[29] with a radial cutoiF at 0.7 fm. We used the value
Ru = 15.4 MeV to calculate the energy denominator.
We have taken into account the intermediate states with
excitation energies up to 12~. For the Ml form factor of

C, two terms [Yo x cr] and [Y2 x a] contribute and the
[Y2 x a]i term is dominant around the second peak since
the piy2 —+ p~g2 matrix element is the main component.
Similarly, the [Y2 x 0] component gives dominant con-
tribution for the case of pion-nucleus spin-flip amplitude
for C. The first-order core polarization is known to en-
hance the isovector [Yo x o.]i term largely around q ) 1.4
fm and this effect is crucial for the explanation of the
Ml form factor. Before making detailed comparison of
the pion asymmetry, it should be necessary to take into
account the core-polarization effects and to evaluate the
correction coming from core polarization. The effects of
the higher configurations are also studied by Bydzovsky
et al. for single-charge exchange reactions [20]. They
used the Op shell-model wave function supplemented with
the admixture of the 2' component. The wave function,
however, fails to reproduce the M1 form factor around
the second peak. It would be important to use the nu-
clear wave function which is, at least, consistent with the
M1 form factor.

The pion-nucleus spin-nonflip amplitude f (0) is calcu-
lated with the pion-nucleus optical potential by Stricker
et al. (MSU potential) [22—24] which was constructed to
describe the low-energy pion-nucleus elastic scattering.
Since we are concerned with the energy region T = 130—
160 MeV, we have to extrapolate the absorption parame-
ters Bo and Co to the higher-energy region. We adopted
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FIG. 1. Core-polarization efFects for the elastic scatter-
ing sr+- C at T = 130 MeV. For the cross section, the
long-dashed and the dashed lines correspond to the spin-fIip
contribution with and without the core polarization, respec-
tively. For the asymmetry, the solid and the dashed lines
present the results with and without the core-polarization ef-
fects, respectively. The experimental data are taken from Ref.

the values determined phenomenologically by Gmitro et
al. [25]. Their approach is difFerent from that of Stricker
et al. The first-order optical potential is supplemented
by the phenomenological p terms which simulate the
pion absorption and the higher-order effects. The co-
eKcients Bo and t 0 are determined from a fit to the
experimental elastic scattering cross section. They have
obtained the energy-dependent parameters and these pa-
rameters are close to the value of the MSU potential at
the low-energy region. The pion-nucleus spin-flip am-
plitude g(0) can be easily calculated according to Eq.
(5) by using the pion distorted waves generated by the
MSU potential. Since the form of pion-nucleus optical
potential used by Gmitro et al. is different from that of
Stricker et al. , the use of Gmitro's absorption parame-
ters is not a fully consistent procedure and also the use
of the impulse values for the potential parameters might
not be justified. Hence, we have varied the isoscalar s-
and p-wave potential parameters bo and co, and searched
for the best-fit values for the elastic scattering cross sec-
tion. The parameters thus determined for 130 MeV are
bo ———0.065+ 0.107i fm and co ——0.587+ 0.479i fm for
a+ and bo ———0.110+0.068i fm and co ——0.484+ 0.398i
fm for 71, respectively. For the p-wave parameter co,
the best-fit values are reduced about 60—70% from the
impulse values co(best fit)/co(impulse) 0.6—0.7 for both
the sr+. Figure 1 shows the results for vr- C elastic scat-
tering with the potential parameters calculated by pion-
nucleon phase shifts. The contribution from the spin-flip
amplitude is quite small and consequently the asymme-
try is fairly small except for the angular range where
spin-nonflip contribution has a dip structure. The core-
polarization effect is not very large but works to reduce
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the absolute value of the asymmetry. Figure 2 shows the
results with the best-fit potential parameters. Around
the second dip of the cross section, it gives shallower dip
structure and the asymmetry is moderately affected. In
both of these calculations, the core-polarization effects
reduce the absolute value of the asymmetry. Siegel and
Gibbs [6] examined the difFerent treatment of the spin-
fIip interactions: spin-dependent optical potential ver-
sus DWIA. They showed that the results are almost the
same for both of these treatments because of the rather
weak spin-dependent interaction. Then our DWIA treat-
ment would be sufficient for the calculation of the spin-
dependent interaction. Next, in order to see the q de-
pendence of the core-polarization effects, we show the
asymmetry for the elastic scattering for various incident
energies in Fig. 3. We used the best-fit potential param-
eters for 130 MeV. For the other energies, the number
of the experimental data are quite few and it is impossi-
ble to search for the potential parameters, and then we
used the impulse values. Obviously, the core-polarization
effects become appreciable at the high-q region.

Figure 4 shows the results of the N at 164 MeV.
We used the best-fit potential parameters: bp = 0.039+
0.452i fm and cp —— 0.387 + 0.322i fm for sr+ and
bp ——0.060 + 0.345i fm and cp = 0.446 + 0.439i fm
for m . In this case, the imaginary part of the p-wave
parameter cp is considerably reduced from the impulse
values. If we use the impulse values, the results are
highly diffractive and the resulting asymmetry also ex-
hibits sharp positive-negative patterns. Best-fit potential
gives shallower structure for the cross section and then
the absolute value of the asymmetry becomes smaller.

Our results show that the core polarization is more ap-
preciable for vr — C and sr+- N. The spin-Hip amplitude
itself is an order of magnitude larger for these cases than
for sr+- C and vr — N and this is simply because the
dominant configuration is piy2-neutron for C and pzy2-
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FIG. 3. Core-polarization effects for the asymmetry in the
case of m — C elastic scattering for various incident energies.
The solid and the dashed lines are the results with and with-
out the core-polarization effects. The experimental data are
taken from Ref. [3].

proton hole for N. Though our primary interest is to
evaluate the correction coming from the core-polarization
effects and not to make a detailed comparison with the
experimental data, we obtained overall agreement with
the experimental data.
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FIG. 2. The same as in Fig. 1. We used the best-fit poten-
tial parameters bp and cp to calculate the elastic scattering
cross section and distorted waves. The experimental data are
taken from Ref. [3].

FIG. 4. Core-polarization effects for the elastic scattering
N at T = 164 MeV. The lines have the same meaning

as those in Fig. 1. The experimental data are taken from
Refs. [1,30].
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IV. SUMMARY

We have studied the first-order core-polarization ef-
fects in the pion elastic scattering from the polarized
spin-2 nuclei C and N. The pion-nucleus spin-flip
amplitude has been calculated under DWIA and is ex-
pressed in terms of the nuclear form factors [Yo x rr] and
[Y2 x cr] . These nuclear form factors are calculated by
using the nuclear wave function including the first-order
core polarization with intermediate states with excitation
energies up to 12k@. The core-polarization effects are not
very large but work to reduce the absolute values of the
pion-nucleus spin-flip amplitude at almost all the angles
and hence reduce the absolute value of the asymmetry

somewhat. At the delta-resonance region, the valence
neutron couples more strongly to m than sr+. Accord-
ingly the effects of the core polarization are larger for
vr — C and sr+- N than for sr+- C and vr — N.
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