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Photopion production in 3H and 3He

M. K. Cheoun, ' M. Maruyama, S. Ishikawa, and T. Sasakawat
Tohoku University, Sendai 980, Japan

(Received 8 July 1993)

The photopion production of He(p, 7r+) H has been calculated by the distorted-wave impulse
approximation in order to include the final state interaction (FSI) between m+ and H. The optical
potentials used to describe the FSI are the Stricker, McManus, and Carr potential and the Kim
potential. The inclusion of the FSI improves significantly the theoretical estimations compared
with the results of plane-wave impulse approximation. In case of low momentum transfer the
contribution of E~+ (3/2) amplitude is shown to play an additional role in obtaining an agreement
with the experimental results.

PACS number(s): 25.10.+s, 25.20.Lj, 25.55.—e

I. INTRODUCTION

The elementary photopion production amplitude has
been well understood by the Chew-Goldberger-Low-
Nambu (CGLN) method [1]. However, it has an ambigu-
ity in the transformation of multipole amplitudes when
applied to nuclear photopion production. CGLN's mul-
tipole amplitudes have to be transformed to the ofF-shell
amplitudes of the n-A center of mass (c.m. ) system from
the on-shell amplitudes of the x-Nc. m. system where
CGLN multipole amplitudes have been defined.

On the contrary, the Blomqvist-Laget (BL) amplitudes
[2,4] based on the Feymann diagrams of the Born terms
with pseudovector coupling and the 8-channel propaga-
tion of 4 resonance particle can be extended to off-shell
external lines. The Born terms correspond to the nonres-
onant reaction and mainly contribute to the spin-flip re-
action due to the predominance of the Kroll-Rudermann
terms. The 8-channel propagation of 4 particle corre-
sponds to the resonant reaction and mainly contributes
to the non-spin-flip reaction. Although the off-shell ex-
tension in the BL amplitudes may not be unique due to
their nonrelativistic reduction form, they can be used ef-

ficiently as an elementary amplitude for the photopion
production in nucleus because it is described in terms of
an interacting nucleon momentum in nucleus.

It has been pointed out [19] that the BL I amplitude,
due to the violation of the unitarity [20], is unsatisfactory
in reproducing exactly the Eq+ (3/2) and the Mq+(3/2)
multipole amplitudes occurring &om the 6 propagation.
To satisfy the unitarity, BL I was modified into BL II
amplitude [4] by considering the background resonance,
which is the contribution of the nonresonance reaction
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to the Eq+ (3/2) and the Mz+ (3/2) multipole amplitudes.
BL II amplitude obtained in this way satisfies the %atson
theorem [3] derived from the unitarity and reproduces [4]
the Ez~(3/2) and the Mq+ (3/2) multiple amplitudes.

The Eq+(3/2) multipole amplitude has been usually
neglected in nuclear photopion reaction, apart &om the
recent work of Kamalov et al. [37] on the polarization
observables in sHe(p, n+)sH reaction, because it is small
compared to the Mq+(3/2) multipole amplitude. But in
case of low-angle region of outgoing pion the inclusion
of the Ez+ (3/2) amplitude improves [4] a theoretical es-
timation of the photopion production in nucleon level.
It means that the contribution of Eq+(3/2) amplitude
might also influence the nuclear photopion production in
lower momentum transfer region.

In nuclear photopion production [5], by the selection
rules &om nuclear structure, there exist three types of
reaction. One is the reaction where 6 propagation term
is large compared with the Born terms as in the neutral
photopion production. In this case the 6-h approach
[6] has been very successful. The other is the reaction
where the Born terms are large compared to the 6 prop-
agation contribution. The reactions of B(p, x+) Be
and sLi(p, sr+)sHe are typical of this reaction because
they are the spin-flip transitions of AJ~ = 1+ and
AJ = 3+, respectively. Another type is the reac-
tion of sHe(p, m+)sH. This reaction has the spin-flip
(AJ = 1+) and the non-spin-flip (b,J = 0+) transi-
tions and as a result has the nearly equal contribution
&om both the 4 propagation term and the Born terms
as shown later on.

It is possible, by studying the nuclear structure
through the electron scattering, to choose artificially the
momentum transfer region where the 6 resonance reac-
tion is dominant. For instance one can select the momen-
tum transfer region of Q2 1.0fm 2 in the reaction of

C(p, m ) Ns, . In this momentum transfer the spin-
Qip reaction is suppressed, as seen in the M1 form factor
of C, and as a consequence the A-h approach works
well for this reaction. But in case of sHe(p, sr+)sH at
the momentum transfer of Q = 0.48—4.9 fm (the re-
gion where there exists experimental results) initiated by
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unpolarized photon beam it is diKcult to choose the re-
action where the 4 propagation term is dominant.

The above situations occurring in the reaction
He(p, sr+) H make it difficult to apply the 6-h approach

in this reaction, even if we can make use of the wave
function including the 4 component. Moreover, in the
4-h approach the nonresonant part has the uncertainty
of transformation from the on-shell to off-shell amplitude
as in the CGLN approach to nuclear photopion reaction.
By these reasons we make a distorted wave impulse ap-
proximation (DWIA) calculation based on the BL am-
plitudes to describe this sHe(p, m+)sH reaction. The b.
medium effect in pion multiple scattering is included im-
plicitly by the phenomenological optical potential. The
DWIA calculation of the sHe(p, sr+) H reaction would
give information about the 6 dynamics in the three-body
nucleus.

Moreover, apart from the pion threshold region, the
plane-wave impulse approximation (PWIA) calculations
of He(p, vr+) H have shown a big disagreement with the
experimental results [7—9] in the energy region above the
4 resonance peak. Many attempts to improve such dis-
agreements have been done by the consideration of the
nucleon Fermi motion [ll], the first-order rescattering
[10], or the phenomenological three-body wave functions
[12]. Any calculations did not succeed in solving the dis-
agreements up to 1990. In this year we showed [31,33]
that the- disagreement was improved by the inclusion of
the FSI between x+ and H. To include the FSI one has
to microscopically consider the complete pion multiple
scattering with the inclusion of 6 formation in nucleus or
macroscopically use the optical potential, which should
reproduce the pion elastic scattering. We calculated the
reaction by the DWIA where the FSI is taken into ac-
count in terms of an optical potential for 7t+- H.

The validity of optical potential approach to deal with
the FSI in this reaction was also con6rmed by S. S. Ka-
malov et a/. in 1991 [34). They used a first-order opti-
cal potential, but discarded a second-order potential and
pion absorptions. Instead of neglecting these parts, they
included single charge exchange (SCE) additionally to
their calculations.

The optical potential approach would cause a double
counting coming from pion recattering with the same nu-

cleon. The emitted pion from a nucleon by gamma re-
action would rescatter with the same nucleon (RSS) or
with other nucleons (RSD) in the first order of multiple
scattering and then collide with another nucleon succes-
sively (all of these amplitudes are included in the op-
tical potential of sr+- H and cannot be inc1uded in the
optical potential of sr+- II because of the higher-order
multiple-scatteing amplitudes). But if one uses an effec-
tive operator for the elementary photopion production,
the RSS contribution is already included in it. One must
remedy a problem of this double counting of the RSS
contribution in DWIA calculation. This RSS contribu-
tion would be important in low-energy region because the
pion wavelength is large compared to the scatterer and
propagates with a wide angle just as a spherical wave in
nucleus. But in higher energy region, RSS probability is
suppressed compared to the RSD probability because the

pion wavelength is shorter and scatters with a preferred
direction [25), and a pion emitted by gamma reaction has
a suppressed forward propagation by the (k x q) terms
peculiar in photopion reaction [25].

Two methods could be suggested in principle. One way
is to separate the RSS contribution from the pion opti-
cal potential. But it is not promising because the pion
optical potential is based on the x-N amplitude, which
needs to know the off-shell vr-N amplitude to separate
the RSS contribution. Its behavior is not known exactly,
i.e. , depends on the models [36].

The second way to separate the RSS contribution is
to do with the p-N amplitude. This is practically possi-
ble, and many authors [30] have done it especially for the
vr -X amplitude related with low energy theorem (LET).
But this also has the off-shell amplitude of vr-N and de-
pends on the dynamics of the pion in off shell. However,
the phenomenological separable vr-N model by Nozawa
et al. [30] shows the following facts.

In the case of charged photopion reaction at pion
threshold the RSS contributions are small (about maxi-
mally 10% of the main contribution) compared with the
usual Born terms and, moreover, they cancel each other.
In the neutral case each RSS contribution becomes im-
portant because there is no seagull term, which is the
main term in the charged reaction. It means that in the
charged photopion reaction at low energy region RSS
contributions are small enough to be neglected. Com-
bined with the fact, as explained above, that in the higher
energy region RSS contributions are small compared with
the RSD contributions, and the double counting of RSS
contributions would not cause any serious problems even
if one uses the vr- H optical potential in the DWIA cal-
culation of the He(p, vr+) H reaction.

Moreover, the previous calculation He(p, vr+) H sup-
ports this fact. For example, the Goulard calculation [16]
of He(p, sr+) H around pion threshold showed that the
rescattering e8'ect including RSS and RSD is small (see
Table 4). But the results of Vergados [35] in H(p, vr ) He
at pion threshold and Nozawa's in X(p, xo)N reaction
showed that these RSS and RSD contributions are im-

portant in neutral photopion reaction. It means that
the double counting from RSS should be deducted in the
neutral photonuclear reaction or the SCE mechanism in-
cluding the (p, x ) reaction. However, in this article the
SCE mechanism is considered implicitly through the ab-
sorption parts in the optical potential.

In this paper not only the effect from the FSI is taken
into account, but the contributions from the Ei+ (3/2)
amplitude is also included. The Ei+ (3/2) amplitude has
been neglected in all previous calculations of nuclear pho-
topion reaction. The further improved theoretical esti-
mation is obtained in the low-momentum transfer region
by means of the inclusion of Ei+(3/2) amplitude.

We exploit two kinds of optical potentials to investigate
the dependece of optical potentials: One is the potential
proposed by Stricker, McManus, and Carr (SMC) [13],
which is known to be useful to describe the pion interac-
tion with p-shell nuclei. The other is Kim's potential [21]
that improves the SMC potential for pion elastic scatter-
ing of vr- He in the region of T = 180—240 MeI/'.
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In Sec. II the detailed formalism necessary for this
reaction is shown with a brief introduction of the optical
potentials used here. In Sec. III the results of PWIA
and DWIA calculations are shown with discussions about
the effects from the FSI and the Ez+(3/2) amplitude.
Finally, a conclusion is presented in Sec. VI.
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A. Elementary photopion production amplitude
where

t 1+~, ) ~1 —r, l
~ +Pn

) & )
The BL I operator [2] used here as the elementary am-

plitude of N(p, mP +)N' is expressed as

HnL = (L+ Ln, ) +io (K + K~).

with

pp = 1+&„, p„= w„, tc„= 1.78, ]c„=—1.91,
1+w3

QN =
2

&c —&+1 0

(r~ for x, 7 for vr+, and vp for s'p),

(4)

Here cr is a spin operator for nucleon. The nonresonance
reaction part L + iver K is the contribution Rom the
pseudovector Born terms (s and u channel of nucleon
pole, the pion pole, and the o' e terms). The detail form
of L and K is given by

with

To V3)
+2 7

g 8 1—=145, —=a=
4m

' 4x 137

2m 2E (p —E~) 2Es(p& —Es)

By the predominance of the cr e term and the pion pole
term in Eq. (3) this nonresonance reaction part is mainly
spin-Hip reaction. On the other hand, the resonance re-
action part &om the 6 particle propagation is mainly a
non-spin-Hip reaction because K~ is smaller than L~ as
follows:

L~ ————2 C C~GgG3 m~ —m
q (p; xe) —q (kxe) r,

3 p2 —m2 + il ~m~ m

1 C C~GgG3 mQ m
K~ ———— (—1+A)k q+ q p; e+ (q e) k(l+ Asin8) — p;

3 p~ m~ + xP+m+ m m

(6)

Here k is the initial photon momentum, and q is the
outgoing pion momentum. The momenta of the initial
and the 6nal nucleon in nuclei are denoted, respectively,
as p; and pf and

Eo = (p.'+ ')'~' K p.'

2+ 2)1/2 y 0

and

E. = (q'+ m2)'~2.

e is the polarization vector of incident photon and m is
the nucleon mass and m~ is the mass of the A particle.

The contribution from the Ez~ (3.2) multipole ampli-
tude is included as the A and A sin 8 in Eq. (6) with the
de6nition of A = 3G~mn/m and the scattering angle 8.



1930 CHEOUN, MARUYAMA, ISHIKAWA, AND SASAKAWA

Here

2p~ XD~ Ap

G~ ——e'
(3m~ + m) (m~ + m)

B. Photopion production in He(q, m+}sH reaction

Using the impulse approximation, we can derive the
following formalism for the reaction of sHe(p, 7r+)sH:

with the phenomenological phase factor P@ and n = 0.8
given by the BL II amplitude [4]. The E width I'~,
coupling functions Gq and G3, which correspond to, re-
spectively, DNA and sr%A couplings, are as follows:

(m —ml &4~&"'
Gg ——gg I

(10)
Mo, Mo, e

Mf, ——
1

Tfj ~

p 2 p Q Q y
f

q

(c m ) ~ I
(c.m. ) (c.m. )E(c.m. ) E(c.m. )

1 ~q
'

~
p qo

(2~)2 ~k&' gr(c.m. ) &

x-' )

1+ (&Iqnl)'

( m ) 1+ (R~q~)2

1+ (&Iq~l)'
1+ (&lql)'

where gq ——0.282, I'(6) = 109 MeV, A = 0.0552 MeV
C C~ is the isospin coeKcient of the system and is given
by

I'g, = (@spC ~Hn z, ~@an,C )

= (2~) dks drdp4'3+(r, p)C' (q, s p)

x HB r, (ks) 4 + (k, —p) 43n, (r, p),

The superscript (c.m. ) in Eq. (10) denotes the c.m.
system of p- H or p- He where H and He are assumed
to be equivalent except for the isospin. The kinematical
variables without (c.m. ) means the p Nc.m. -system in
nucleus. Tf, is defined in the following way:

C C~= —r+q —— v+ for pn m per

= ——7 y = 7 for ppMp'Tt+
)

2= —~p for pN m %~ .3' (8)

m~ = 1225 MeV, I'(6) = 110 MeV, gq ——0.34,
2.18 &+M, ECB = 0007 MeV, G3 —— (9)

(1.07 + 0.0138~q~)

100/qf

The numerical parameter 4g is shown in Ref. [4].

Our formalism used here has the explicit isospin depen-
dence by the isospin tensor operators ~yy p. They are
very convenient for the calculation of the rescattering
mechanism. The BL II model [4] has the same form as
the previous BL I model, but uses the following pararne-
ter set in place of the previous parameter set:

where the integration variable k3 is the momentum of an

interacting nucleon. Both 4~+ (k, s p) and 4 (—q, s p)
were expanded by multipole amplitudes. The spatial part
4 (~q~ s p) of pion wave function is the distorted wave

givenby the numerical solution of the Klein-Gordon equa-
tion with an optical potential. The pion nonlocalities are
riot included explicitly. But the pion momentum in the
intermediate states depends on the active nucleon's mo-
mentum whose nonlocal Fermi motion is taken fully into
account. In this sense we have considered implicitly the
nonlocalities of the pion, more or less. Our DULIA cal-
culation corresponds to the results between the nonlocal
dWIA and local (in both nucleon and pion) DWIA calcu-
lation of Tiator and Wright's calculation [39]. Of course,
the best calculation should be done in the momentum
space. But our Sendai group's three-body wave func-
tions are constructed in configuration spaces in order to
exactly take the Coulomb efFect into account. In the case
of PWIA C (~q~-p) is simply given by spherical Bessel
function j~(~'q~ s p).

The wave function of the three-body nucleus used here
is as follows:
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where we use the Jacobi coordinates (r is the coordinate
vector between 1 and 2 particle, and p corresponds to
the distance vector from the center of mass of the inter-
acting pair to the spectator particle 3). (L, 8, J) repre-
sents angular momenta for the pair of particle 1 and 2,
while (l, s = 2, j) corresponds to the spectator particle 3
which interacts with the incident photon. T stands for
the isospin of the three-body nucleus. T, = —

2 for He,
and T, =

2 for He.
The He wave function 4's(r, p) used here is the 34-

channel angular-momentum configuration space solution
of the Faddeev equation [14]. However, we perform all
calculations with the wave function truncated at the Mth
channel expect for the threshold region, where the whole
wave function was used. The five channels are

C. The optical potentials of pion in three-body
nucleus

(V2 + k2 —2(3U pt)4(z) = 0, (13)

The FSI between pion and three-body nucleus is in-
cluded in terms of an optical potential. It means that the
pion wave should be distorted by this optical potential.
The distorted pion wave function in nucleus is calculated
[29] by the Klein-Gordon equation:

LJ(lj) = 0(sl/2)i ~1(sl/2)~ Dl(sl/2)) ~1(ds/2)~

and Di(ds/2). These five channels can explain the prop-
erties of sHe within 95% and correspond, respectively, to
a = 2, 1, 7, 8, and 3 channels in the wave function of
Ref [34.]. For the two-body interaction of nucleons the
Reid soft core (RSC) is used in the Faddeev equation.

where k [=kL, /(1 + eo/A)] is the pion momentum in
the pion-nucleus center of mass (s'-A c.m. ), and ~
u/(1+ e/A) with the pion total energy ru in the n'-A c.m.
system. Also eo ——urL, /M, e = ur/M where M =(nuclear
mass)/A = 931 MeV and the subscript L for ~ and k in-

dicates the laboratory system. The pion optical potential
has the form [20] of

AU ~q
———4m' b(r)+ p2Bop (r) + V c(r) + V p (r)

+4m V L(r)c(r)V + V p (r)V + 29V, (r),
P2

(14)

where

b(r) = »[&«(") —' bi p(")]

c(r) = (1/pi) [cop(") e ci~p(")]

~ ( ) = ( ) — ( ) (") = (")+ p (")

V, =~ e ",dr,p„'"(r ) ,

where e = kl stands for the pion charge of m+ or ir
The proton and the neutron point densities p„(r) and
p„(r) are assumed to be of the form

pp(r) = Npe '" /s"~,

L( ) = [1+ (4 /3) [(A —1)/A] ( )] '.
The kinematic factors are with the normalizations

pi ——(1+e)/(1+ e/A) and p2 ——(1+e/2)/(1+ e/A).

Here Bo and Co describe the absorption of pion in the
multiple scattering. The complex quantities bo, bq, co,
cq are obtained kom the pion-nucleus scattering ampli-
tudes. And the p-wave term, is modified by the Ericson-
Ericson factor, which has the eBect of weakening the @-
wave attraction. This factor arises &om the inclusion of
short-range correlations between nucleons in nuclei.

The Coulomb potential is

p (r)dr=N,

where r„and r are the radius of the proton and neutron.
Vfe use r„= 1.65 fra and r„= 1.65 fm. More detailed
information can be found in Refs. [13] and [21].

Since the SMC [13] and the Kim [21] potential were
6tted by T b & 250 MeV, to apply to the region consid-
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FIG. 1. The results of pion elastic scattering in three-body nucleus. The solid line is the results from the Kim potential.
The dotted line is from the SMC potential Experimen. ts are from Refs. [22,24]. The result of (Ir+, H) at T' = 180 MeV is

not shown because it is identical to the result of Ref. [21].
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elastic scattering and the pion total-cross-section exper-
iments. All parameters used here are tabulated in Table
I. The results of elastic diHerential, total absorption, to-
tal elastic, and total cross section [29] are shown in Figs.
1 and 2. For the differential cross section the Kim poten-
tial is better compared with the SMC potential, and for
total cross section the SMC potential is more suitable to
reproduce the 6 resonance shape. The absorption part
represents the importance of inelastic channels includ-
ing SCE and double-charge-exchange mechanism in this
reaction.

In the T„'~ region higher than around 200 MeV one
would need the spin-Hip part in the optical potential to
reproduce the pion elastic scattering in the high angle
region with more precision. But the spin-Hip part mainly
aff'ects the high-angle region of the outgoing pion [21,27].
Since we are interested in a relatively small momentum
transfer region, i.e., the small-angle region of pion, we do
not include the spin-Hip part in these optical potentials.
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FIG. $. (Continued).
In the charged pion threshold region the o e term is

a main contribution, due to the low-energy theorem. In

TABLE I. The pion optical potential parameters. The numbers in the bracket correspond to the
imaginary part of optical potential. The columns in T' = 30, 40, and 50 MeV and lower part of
T' = 180, 220 MeV are the parameters of the SMC potential. The upper part in the columns of
T' = 180) 220 MeV and the column in T' = 140 MeV are the parameters of the Kim potential.
The column in T' = 295 MeV is our fitting parameter for the experiment of Ref. [23].
Tlab

bp(m ')
b, (m.-')
Bp(m ')
cp(m )
ci(m )
Cp(m )

30 MeV
—0.027(0.002)
—0.08(0.0)
-o.o5(o.o5)

0.24(0.005)
0.22(0.003)

—o.o5(o.o5)

40 MeV
—0.027(0.003)
—0.08(0.0)

—0.05(09.05)
0.24(0.010)
0.22 (0.005)

-o.o5(o.o5)

50 MeV
—0.027(0.004)
—0.08(0.0)
-o.o5(o.o5)

0.24(0.020)
0.22(0.01)

-o.o5(o.o5)

Tlab

bp(m ')

bi(m ')

140 MeV

—0.045 (0.068)

—0.091(0.0)

cp(m s)

c, (m )

|"p(m ')

—0.173(0.160)

—0.159(0.103)

—0.030(0.142)

Bp(m ) —0.111(0.128)

180 Mev

-o.os6(o.o94)

~ ~

—0.084(0.002)

~ ~
—0.093(0.0)

—0.084(0.006)

(
—0.177(0.171)

0(o.182)

(
—0.021(0.250)
0.056(0.245) )

—0.026(0.197)
0.056(0.245)

(
—0.039(0.204)

0(0.903)

220 MeV

—0.062(0.100)
—0.091(0.029)

—o.o97(o.o)
—0.081(0.008)

—0.210(0.177)
—0(0.182)

(
-O.14S(O.264)
—0.161(0.364)

(
—0.063(0.214)
—0.077(0.182)

—0.038(0.217)
0(0.455)

295 MeV

—0.106(0.054)

—0.10(0.0)

—0.022(0.18)

—0.205(0.104)

—0.002(0.142)

—0.046(0.135)
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Table II our values of spin-fiip form factor at pion thresh-
old. are shown to be consistent with other theoretical cal-
culations using the same RSC potential, and reproduce
the experimental result within 92—94%. The remained
difference can be improved by the more realistic wave

functions.
In this calculation the Fermi motion is completely in-

cluded by the integration of k3. The comparison of
this complete integration [31] to the approximation of

(ks) = —
s Q in the m-sHe laboratory system, which cor-

responds to the optimal factorization [28], showed that
this is a good approximation in this reaction. In the mo-

mentum space this approximation has also been shown
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~ I I
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I I I
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I I I

(a)
Kim's potential

Experiments [15]
B. Goulard et aL [16]

Los Alamos Group [17]

J.L. Ballot et al. [12]

Tiator [18]
Our results

0.52 + 0.02
0.474(Coulomb+RSC)

0.481(RSC)
0.525(RSC+finite size)

0.546(GPDT)
0.547(SSCA)
0.542(SSCB)
0.541(SSCC)
0.495(RSC)

0.483(RSC by 5 channel)
0.480(RSC by 34 channel)

TABLE II. The results of spin-Hip form factor at pion
threshold. The de6nition of spin-Hip form factor and exper-
iment are given by Ref. [15]. RSC is the Reid soft core po-
tential. GPTT, SSCA, SSCB, and SSCD are the phenomeno-
logical nucleon-nucleon potential (see Ref. [12] for details).
Finite size means that they corrected the nucleus charge ra-
dius, overestimated by the wave function, to the experimental
charge radius.
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FIG. 2. The results of total cross section of pion scattering
in the three-body nucleus. The solid line is for total absorp-
tion cross section. The long-dashed line is for the total cross
section. The short-dashed line is for the total elastic cross
section. Experiment is a total elastic cross section from Ref.
[24].

to work by Tiator et al. [11,18].
Figure 3 shows our results of the PWIA calculation.

The effect of spectator particle d3~2 states could not
be neglected, as shown by the difference of long-dashed
(three channel) and solid lines (five channel). The impor-
tance of ds~q states, especially regarding the 3Si(ds/z)
component, was stressed on the polarized photon asym-
metry in Ref. [37]. The b contribution (short-dashed
line) shows that both contributions from the resonance
and the nonresonance part work without any prevail-
ing behavior of one part in this reaction. Moreover, the
strong interference between the resonance and the non-
resonance part causes the shift of peak from the 6 res-
onance position toward the experimental peak. (See the
difference of peak position of the solid line and short-
dashed line. ) The pion rescattering usually has been said
to be responsible for the shift of the resonance position
[ll]. But the first-order term in the forward elastic scat-
tering approximation, the simplest of rescattering pro-
cesses, did not show [31] the shift effect in the region of
momentum transfer & 6.0 fm 2. We have to take into
account the full rescattering series for the microscopic
calculation. It is an almost hopeless task, due to the
complexity of the process. In the case of neutral pion pro-
duction in three-body nucleus, the rescattering of charge
exchange should be considered because the charged am-
plitude is larger than the neutral amplitude.

The most important thing we have to notice in the
results of PWIA is that above the 4 resonance theoretical
results largely overestimate the experimental results. It
is possible to guess that this overestimation is due to the
neglect of the FSI.

B. DWIA results

The DWIA results for the reaction He(p, sr+) H in
the momentum transfer region 0.48—4.9 fm using the
optical potentials are shown in Fig. 4. Our DWIA calcu-
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lation showed [31] that the difFerences in the results from
these two optical potential sets are within a few percent.
It means that the distortion of the outgoing pion wave
is not affected by the details of optical potentials, pro-
vided that the potentials can reproduce the experiment of
pion elastic scattering in the low-angle region to some ex-
tent. But in the momentum transfer region higher than
that considered here, one needs a more re6ned optical
potential which could reproduce the experiments in the
high-angle region.

The FSI influences strongly the PWIA calculation. It
removes the overestimation of PWIA above the 6 en-

ergy region and reproduces remarkably the experiment
of Q2 = 3.0, 3.9, and 4.9 fm 2. but in the low mo-
mentum transfer region(Q2 = 0.48 and 1.0fm ) a dis-

agreement between theoretical and experimental results
still remains. In Sec. III C we show it can be improved
further by the consideration of the Eq+ (3/2) amplitude.

The effect of the FSI is shown, respectively, for the
cases of only 6 and only N in Fig. 5 by comparing
the DWIA results with the PWIA results. Here "only
6" means the switching off of the Born terms and "only
N" the switching off of the 4 propagation contribution
in elementary amplitude. In the case of only 6, any
remarkable effect apart &om a small change in 6 width
does not appear as expected because we are not using the
6-h approach. If one would use the 6-h approach, the
FSI effect, i.e., the effect Rom pion multiple scatteing,
would appear in only A. In the DWIA calculation the
pion multiple scattering including the 6 medium effect
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FIG. 3. The results of PWIA. The solid line is the calculation using five-channel wave function. The long-dashed line
is for three-channel wave function. The short-dashed line is the contribution of 4 particle with five-channel wave function.
Experiments are from Refs. [7—9].
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in nucleus is taken into account implicitly in an optical
potential, as shown in Fig. 2 and affects mainly a case of
only N.

In the case of the only N, the shape of resonance peak
appears in place of nearly straight line in PWIA. The res-
onance shape might be due to the 4 contribution in pion
multiple scattering. In other words the cross section is
reduced by the FSI in both the low- and high-energy re-
gion because of the following reasons. In the low-energy
region the 8-wave contribution &om cr e term decreases
by the pion s-wave absorption and the low-energy theo-
rem [25] of pion in the nucleus and, as a consequence, the
pion pole term (mainly p wave) is an only main term and
responsible for the resonance shape. Going to higher en-

ergy region the absorption mechanism of pion l & 1 wave
and attenuation of the pion by the optical potential de-
creases the differential cross section.

C. The E~~(3/2) muitipoie amplitude and the
unitarity contribution

Since the E&+ (3/2) multipole amplitude that cor-
responds to two ONE gauge couplings [38] is small
compared with the Mq+(3/2) multipole amplitude, the
Eq+(3/2) amplitude has usually been neglected. How-
ever, in the forward scattering angle region (0'—50') the
outgoing pion has a non-negligible contribution to the el-
ementary charged photopion production [4]. The elemen-
tary reaction in this region corresponds to the reaction
sHe(p, m+) sH in the low-momentum transfer region (0.48
fm z—1.0 fm 2). It means that the contribution from
the Eq+ (3/2) cannot be neglected in the low momentum
transfer region, and its effect might be further enhanced
by the ds~2 state component [37]. Really, the inclusion
of the Ez+(3/2) yields remarkable improvements to the
experimental results at Q2 = 0.48 and 1.0 fm 2 than
the only DWIA results as in Fig. 4, while in the case
of q2 = 3.0, 3.9, and 4.9 fm 2 it did not give [31] any
drastic change.

The BL I model is incomplete with respect to the uni-
tarity [4,19]. The phenomenological inclusion of interfer-
ence of the background resonance term and the 6 propa-
gation term reproduced the Eq+ (3/2) and the Mq+ (3/2)
multipole amplitude exactly in the BL II model. But in
the charged photopion production the effect of the uni-
tarization does not give the discernible effect. The uni-
tarization inHuences mainly the neutral pion production
[19] and ~4N(p, vr+) 4C reaction, since the unitarization
inHuences mainly the resonance reaction.
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FIG. 5. The e8'ect of FSI. The dotted line is for only N in
PWIA. The short-dashed line is for only N in DWIA. The
solid line is for only A in DWIA. The long-dashed line is for
only A in PWIA.

IV. CONCLUSION

It is necessary to treat the full rescattering processes
microscopically in order to explicitly describe the FSI.
But it is not only too troublesome due to the complexity
of processes, but also the convergence of the rescattering
series is not guaranteed. Moreover, in the 6 resonance
region the validity of the perturbation expansion may be
doubtful [26] because of the large coupling constant of A.

Therefore we calculated the reaction using two kinds
of optical potentials for the FSI. If we use these optical
potentials, the results for the elastic pion scattering are
inferior to the results by other theoretical optical poten-
tials [27] in the large-angle region. But for the reaction
of sHe(p, sr+)sH we are convinced from our results that
these optical potentials are eligible for use in. this reac-
tion. The momentum transfer region, we calculated in
this reaction does not need such a large angle for the
outgoing pion.

Our results using the DWIA give signi6cant improve-
ments to the theoretical results compared with the
PWIA. The FSI of the pion is one of the important in-
gredients necessary to understand the photopion reac-
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tion even in the three-body nucleus. It should include
all possible elastic and inelastic multiple scatterings of
pion. The single charge-exchange mechanism might be
the most important process [34,37] in inelastic scattering
mechanisms. But we have taken into account not only
SCE but also other inelastic channels implicitly through
the imaginary parts in the optical potential. It leads to
the relatively simple calculation, but turns out to be a
viable approach in this reaction. Also, our results show
that we should not be &ee from the consideration of the
Eq+ (3/2) amplitude contributions as well as the FSI to
describe the sHe(p, m+)sH reaction in low momentum
transfer.

The 6-h approach has been known to be very suc-
cessful for the description of the photopion reaction of p-
shell nuclei where the resonant reaction is dominant. But
in the reaction where the nonresonant reaction becomes
dominant, it has the uncertainty of the multipole am-
plitude's transformation &om on-mass shell to oH'-mass

shell, as in the CGLN method. The strong interference
of the nonresonance and resonance part makes the ap-
plication of the 6-h concept unsatisfactory [6] in this
reaction.

The hybrid model [32] that the nonresonance reaction
in 6-h approach is replaced by the PV Born terms may

be an efficient method for this reaction. But the BL
II model and the 4-h model have a similar structure
in the description of the E~+(3/2) and Mz+(3/2) mul-

tipole amplitudes, in the respect that both approaches
consider the contribution of the background resonance to
the Eq+(3/2) and the Mq+(3/2) multipole amplitudes,
and the 6 propagator in the BL II model is replaced
by the nonrelativistic propagator, except various phe-
nomenological terms. It suggests the possibility of in-

corporating systematical calculation of the 6-h concept
into the BL II model.

Finally, it should be noted that the polarized photon
beam might be suitable for the separation of the nonres-
onance and the resonance reaction. The polarized target
with polarized photon beam also may be an interesting
method of the suppression of the cr e term. The sup-
pression would be very useful in studying the secondary
important interaction term [30]. It may be a useful key
to further understanding of the electromagnetic structure
of the three-body nucleus.

The numerical calculation for this work was financially
supported in part by the Research Center for Nuclear
Physics, Osaka University.
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