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Core polarization effects in (p, n. ) reactions on ' ' C
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Based on a two-nucleon model, we have studied the core polarization effects in near-threshold pion-
production reactions ' ' C(p, m. ) ""Og, . The core polarization reduces the absolute value of the
pion-production cross section over all angular directions, while the analyzing power distributions are
quite insensitive to it.

PACS number(s): 25.40.Qa, 21.60.Cs, 24.70.+ s, 27.20.+n

I. INTRODUCTION

Much experimental effort has been devoted to the
study of the proton-induced pion-production reaction
(p, m. ) on complex nuclei. In the near-threshold (p, tr )

reaction, highly selective excitations of the stretched
two-particle —one-hole (2p-lh) high-spin states were ob-
served in a number of nuclei [1—7]. For these stretched-
state transitions, a strikingly similar pattern of the
analyzing power distributions has been found experimen-
tally. Recently, we have carried out the theoretical cal-
culation based on a two-body pion-production model and
have shown that the observed selective excitation of the
2p-1h high-spin states as well as their systematic pattern
of the analyzing power can be understood as evidence of
the enhancement of the two-body process p+n~~
+pp('So) [8—10]. In the near-threshold (p, m. ) reaction,
the final two-proton channels with small relative angular
momentum are preferentially excited because of the large
momentum transfer involved in the (p, ~ ) reaction, and
also the large angular momentum transfer to the nucleus
is well accommodated by the stretched 2p-1h
configuration. Although the two-body pion-production
model succeeded in describing the stretched-state transi-
tions, the reaction mechanism for non-stretched-state
transitions is not thoroughly understood.

Previously, a clear isotope dependence of the cross
section and the analyzing power was observed experi-
mentally in the ground-state transitions
' ' ' C(p, m. )' ' ' Os, [11,12]. For the (p, m. ) reac-
tions on ' ' C, the cross section and the analyzing power
exhibit similar angular distributions, while they are quite
different from those of ' C. In particular, a sign
difference between the analyzing powers of the reactions
' C(p, n ) 0, and ' ' C(p, t)r' '50, is remarkable.
Although these experimental results seem to support the
dominance of the two-body pion-production processes
p +n ~~ +pp, semiclassical consideration leads to
completely opposite signs of the analyzing powers [13].
In order to clarify this point, we have carried out
the theoretical calculations for the reac-
tions ' ' C(p, m. )' ' 0, based on a two-body
pion-production model [14]. Our two-body calculation
predicted the correct sign of the analyzing powers at for-
ward direction, which is mainly due to the pion distortion
effects. But the overall agreement with the experimental

data was not so good as in the case of the stretched-state
transitions, especially at backward direction where
momentum transfer q is quite large. Unlike the case of
stretched-state transitions, we expect the large momen-
tum and the angular momentum mismatch in the
ground-state transitions on carbon. If we assume that the
reaction takes place around the nuclear surface due to
strong absorption of the pion, the semiclassical value of
the transferred angular momentum amounts to about 6A
which cannot be well matched to the small angular mo-
menta of the initial and the final nuclear states. In fact,
the strength of the ground-state transition is about an or-
der of magnitude smaller than that of the transitions
leading to high-spin states [12]. In the non-stretched-
state transitions, therefore, we expect that the higher-
order effects play an important role. Among several can-
didates of the higher-order corrections, we have studied
the core polarization effects on the reactions
' ' C(p, n. )' ' 0, . By core polarization, we mean the
effects of the higher configurations outside the Op shell-
model space which were neglected in our previous work
[14]. The core polarization effects for Op-shell nuclei
have been studied for various nuclear reactions; the M1
form factors in ' ' C [15,16], the beta decay in A =12
system [17], the polarized muon capture reaction
' C(p, v&)' B [18], and the pion photoproduction reac-
tions [19,20]. It has been shown that the effects of the
core polarization are appreciable for these reactions espe-
cially at high-q region. For the (p, ~+) reaction on ' C,
Miller [21) calculated the contribution from the
configurations outside the Op shell in the fina1 nuclear
states. He showed that these effects are not negligible. A
possible importance of the core polarization effects in the
(p, m. ) reaction was also suggested [22,23], but no theoret-
ical calculation has been done so far for the (p, tr ) reac-
tions. Considering the large momentum transfer in-
volved in the (p, n. ) reactions, it is necessary and
worthwhile to evaluate the correction coming from core
polarization.

In the present paper, we have calculated the first-order
core polarization effects in the ground-state transitions
' ' C(p, t)r' ' 0, . We used the effective interaction
by Bertsch et al. (M3Y interaction) [24]. We also exam-
ined the interaction which was used in the analysis of M1
form factors in the electron scattering on ' C [15]. Core
polarization diagrams are evaluated perturbatively by
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taking into account the intermediate states up to 6%co ex-
citations.

In Sec. II, we briefly describe the pion-production
model adopted in our calculation. In Sec. III, numerical
results are given and are discussed.

II. CORK POLARIZATION

T(I'I,'k;pA, )= &4f lO(k)l@;p, &

+&nfl(v —U) o(k)le, q„& .
f 0

(2)

Let us consider the proton-induced pion-production re-
action on complex nuclei

p+( &,Z )~( A +1,Z+2)+m.

We restrict ourselves to the case of spinless target nucleus
(I=O). The transition amplitude including the first-
order core polarization effects can be expressed as the
matrix elements of the two-body pion-production opera-
tor O(k):

Here, g&i is the wave function of the incident proton with
momentum p and spin projection A., and k the momen-
tum of the emitted pion. 4, and 4f are the wave func-
tions of the target and the residual nuclei. The spin and
its z component of the final nucleus are denoted as I' and
I,', respectively. All of the above state vectors are an-
tisymmetrized. The operator Q projects on the states
outside the Op shell-model space. The first term in Eq. (2)
can be written as [8]

with

(4)

where Ct (j„jb,j, ) are the shell-model amplitudes lead-f
ing to the 2p-lh state [(jbj, ) fj, '] with respect to the
target nucleus. For the two-body pion-production pro-
cess, we considered the m- and p-meson exchange dia-
grams as shown in Fig. 1. For the m-exchange diagrams,
the s- and p-wave rescattering contributions are taken
into account, both of which are important in the near-
threshold region. The s-wave term is calculated by
adopting the effective Hamiltonian by Koltun and Reitan
[25] with off-shell extrapolation of the coupling strengths
by Maxwell et al. [26]. The static b, -isobar model is used
to calculate the p-wave term. The detailed expression of
the operator O(k) and the input parameters are found in
Ref. [8].

The second and the third terms in Eq. (2) correspond
to the first-order core polarization. The corrections to
the diagram 1(a) in Fig. 1 are shown in Fig. 2. The dia-

(»)

(»)

FIG. 1. Two-body pion-production processes with m and p
exchange.

FIG. 2. First-order core polarization diagrams. Here, we

only show the core polarization correction to the diagram 1(a)
in Fig. 1. In practical calculations, corrections to the diagram
1(b) in Fig. 1 are also included. The diagrams 2(a) and 2(c)
represent the first-order core polarization with 1p-1h and 2p-2h
intermediate states, respectively. The single-particle orbits j
and j' are those outside the Op shell-model space. The diagrams
2(b) represent the one-body terms.
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grams 2(a) come from the lp-lh intermediate states and
the diagram 2(c) from the 2p-2h intermediate states. We
have subtracted the one-body terms 2(b) assuming the
harmonic oscillator one-body potential U with oscillator
parameter b =1.64 fm. In the case of the nucleus with a
single nucleon outside the closed core, these one-body
terms and the Hartree-Fock bubble terms cancel with
each other. In practical calculations, the intermediate
states are constructed as [fj4„, ] (lp-lh states) and

[(fjP') 4„2] (2p-2h states), where 4„, and

2 are the Op shell-model wave function with 3 —1

and A —2 nucleons, respectively. Hereafter, j and j'
represent the single-particle orbits outside the Op shell-
model space.

As an example, we show the nuclear matrix elements
for the transition from the configuration

1 1 2 2 z

to

~ 1 1 ~ 2 2 z

through the intermediate state

corresponding to the third term in Eq. (2). Here, j, and

j2 represent the Op&&2 and Op3/2 orbits, respectively. For
simplicity, we have suppressed the isospin indices. The
relevant matrix elements can be calculated easily accord-
ing to the standard shell-model technique as

j&
—

m~

X g (j,J m, M~II'I,') &(|fjI3 f') ~ 'IO(&)le, (5)

and

)'I'Iyl I[[( "'
) '( "')'] (JJ ) ]'&

) 'V al(a2+1)[jl' (Jl )jlJl'~]jI'Jl'][j2'(J2)j2J2'~ Ij2' J2']+[II'l[J2'][J.][J ]

X ~ j)
J,' J.
J J, &(j j ) 'lI I(JJ )

J" I'
2

The transition amplitude T(I'I,'k;pA, ) can be written as
the sum of the two-body matrix elements of the 1p-1h
type

&(1tjgj, ) 'lO(l )lyj, g,&&,

&(fj,gj, ) 'lo(l )lgjP, ~&

and the 2p-2h type

&(q, ey, , ) 'lO(1 )lq, y„& .

Although the higher orbits j and j' are involved in these
matrix elements, it should be noted that the angular mo-
menta of the final two protons and the neutron hole are
restricted to couple to the spin I' of the final nucleus.
Thus the angular momentum mismatch still remains even
if we consider the core polarization.

III. RESULTS AND DISCUSSION

According to the formulas described in Sec. II, the
first-order core polarization effects on the reactions

' ' C(p, n )' ' Os, are calculated. We adopted the Op
shell-model wave function by Hauge and Maripuu [27] in
which the two-body interaction is constructed perturba-
tively from the Sussex matrix elements [28]. We have
used the effective interaction by Bertsch et al. [24] (M3Y
interaction) which is constructed to fit to the Sussex in-
teraction. To see the dependence on the choice of
effective interaction, we also examined the phenomeno-
logical one which was successfully applied to calculate
the Ml form factor in electron scattering for ' C [15].
This interaction consists of the central and tensor parts.
The central potential is the Gaussian type with the
Rosenfeld-type exchange mixture. The force range is as-
sumed to be r, =1.6 fm and the potential depth in the
triplet-even state is taken to be V, = —60 MeV. The ten-
sor force is taken from the nucleon-nucleon interaction
by Hamada and Johnston [29] with a radial cutoff at 0.7
fm. We used the value Aco=15.4 MeV to calculate the
energy denominator. The distorted waves of the pion are
generated from the pion-nucleus optical potential by the
Michigan group [30—32] (MSU potential) and we used
the proton-nucleus optical potential determined by In-
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FIG. 3. Core polarization effects with intermediate states
with 2%co (solid line), 4fico (long dashed line), and 6%co (dashed
line) excitations.

gemarsson et al. [33]. Since we are concerned with the
two-body pion-production processes, a large number of
two-body matrix elements contribute for the calculation
of the core polarization. In the case of ' C, the number
of the relevant two-body matrix elements is about 350 if
we take the intermediate states up to 6Aco excitations, and
it is hard to include all of these matrix elements. We
have, therefore, neglected the two-body matrix elements
with the amplitude less than 5.0X10 . To ensure the
validity of this approximation, we have calculated the
contributions from the neglected matrix elements within
4fie intermediate states. These two-body matrix ele-
ments scarcely affect the cross section and the analyzing
power and can be safely neglected. In order to see the

convergence of the calculation, we show the separate con-
tribution up to 6A'm intermediate states for the reaction
' C(p, m. )' Os, in Fig. 3. Here, we used the M3Y
effective interaction. As is seen, the intermediate states
with 2fico and 4%co components give important contribu-
tions, while the 6A'co component is at least about an order
of magnitude smaller. We, therefore, take into account
the intermediate states up to 6%co excitations. Figure 4
shows the core polarization effects on the near-threshold
reactions ' ' C(p, m. )' ' Os, calculated by using the
M3Y effective interaction. As is seen, the contributions
from the core polarization are about an order of magni-
tude smaller than those from the Op shell around the for-
ward direction. For the ' C, the cross section calculated
by the Op shell model decreases rapidly, and then the core
polarization correction becomes comparable at backward
direction. We can see that the core polarization reduces
the absolute values of the reaction cross section over all
angles but the angular distributions are not largely
affected. The analyzing powers are also quite insensitive
to the core polarization. These are the same for both the
' C and the ' C. For the analyzing power distributions,
the Op-shell calculation predicts the sign change from
positive (' C) to negative (' C) values at forward direc-
tion. This isotope dependence of the analyzing power
comes from the pion distortion effects [14j. The core po-
larization scarcely affects these results. The two-body rna-
trix elements coming from core polarization involve the
single-particle orbits with large angular momenta j or
large principal quantum numbers n. The contributions
from these two-body matrix elements are, therefore, fair-
ly large due to the momentum matching. But the ampli-
tudes Ct (j„jb,j, ) corresponding to these matrix cle-f
ments are quite small and, as a result, the core polariza-
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FIG. 4. Effects of core polarization on the reactions (a) ' C(p, m )"Og, at T~=205 MeV and (b) ' C(p, ~ ) Og at Tp:183
MeV. The long dashed lines correspond to the results with Op shell-model wave function. The dashed lines are the results of the
first-order core polarization only, and the solid lines are the sum of these contributions. Here, we used the M3Y effective interaction.
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FIG. 5. Effects of core polarization on the reactions (a) ' C(p, ~ )' O~, at T~ =205 MeV and (b) ' C(p, m )"O~, at T~ =183
MeV. The long dashed lines correspond to the results with Op shell-model wave function. The solid lines represent the results includ-
ing the first-order core polarization with M3Y effective interaction and the dashed lines are those with the effective interaction used
in Ref. [15] (see the text). The experimental data are taken from Ref. [11].

tion gives only moderate effects for the cross sections.
Even if we consider the core polarization, the relevant
2p-1h matrix elements are restricted to couple to the spin
I' of the final nucleus. Thus, the angular momentum
mismatch still remains in the two-body distorted wave
Born approximation amplitude. In order to see the
dependence on the choice of the effective interaction, we
examined the above-mentioned effective interaction used
in Ref. [15]. The results are shown and are compared
with the experimental data in Fig. 5. Because the two-
body matrix elements calculated from the efFective in-
teraction in Ref. [15) are slightly larger than those calcu-
lated from M3Y interaction, the reduction of the cross
section is somewhat larger. The analyzing power distri-
butions are still quite insensitive to the core polarization.

We can see that the core polarization effects are non-
negligible and the reaction cross sections are reduced
over all angular directions. On the other hand, the
analyzing power distributions are quite insensitive to the
core polarization. Consequently, the discrepancies be-
tween theoretical values and the experimental data
remain even if we take into account the core polarization
effects.

IV. CONCLUSIONS

%'e have calculated the first-order core polarization
effects on the near-threshold pion-production reactions
' '4C(p, m- )' ' 0, . It is shown that the core polariza-
tion reduces the absolute values of the reaction cross sec-
tion over all angular directions for both the ' C and the

' C. On the other hand, the analyzing power distribu-
tions are quite insensitive to the core polarization of the
relevant nuclei. Thus the discrepancies between theory
and experiments still remain for the ground-state transi-
tions ' ' C(p, m. )' ' 0, . Several refinements of the
calculation should be necessary. The two-body operators
O(k) used here might be oversimplified; we have neglect-
ed the distortion effects of the exchanged pions and we
also treated the intermediate 5 isobar in a static approxi-
mation. There are several higher-order effects to be stud-
ied. The multistep processes which excite the high-spin
intermediate states might play an important role. Since
the reaction strengths leading to high-spin states are
about an order of magnitude larger than that of the
ground-state transition, it is probable that the two-step
process with the intermediate high-spin states gives a
non-negligible contribution. It is necessary to estimate
these higher-order corrections before drawing definite
conclusions.

The observed clear isotope dependence of the reaction
cross section and the analyzing power was considered
to be experimental evidence of the dominant two-
body processes p +n ~m. +pp in the reactions
' ' C(p, m )' ' Os, . But it is not easy to understand
them microscopically. More theoretical work should be
necessary for a better understanding of the reaction
mechanism.

%'e would like to thank T. Sato for allowing us to use
the computer code for calculating the two-body matrix
elements of the effective interaction.
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