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We show that effects of dibaryon resonances can be clearly seen in the data on the
differential cross section of md elastic scattering. Giving the formulation of the Glauber
model with the resonance formation term in 7d direct channel in detail and analyzing all
the data presently available by this model, we find that at least two resonances are needed
in 7d direct channel in order to explain the data. One of them may be *Fy (2. 25GeV)
state of two nucleons which was found at Argonne and the other has mass value around
25GeV. The data are not enough to determine the spin-parity of the latter but 0" seems
somewhat preferable. The branching ratios of the resonances into 7d system are also given.

$ 1. Introduction

©

T'he theoretical discussion on the existence of dibaryon resonance is ample in

. . . : . . 1D
®  There are not a few experimental evidences for its existence.®™"

literature.” ™
The work in this field has been much intensified especially by recent experiments
using the polarized proton beam and target where the strong evidence of diproton

~1® 0 We expect these dibaryon resonan-

states in *Fy and 'D, waves was reported.'”
ces to give a wealth of information about hadron physics, though the nature of the
dibaryon resonances has not vet been clarified. The question whether the re-
sonances should be treated as a system of six quarks or as that of nucleon and
its isobar or as the threshold effect has been discussed but is left unsettled. It
seems necessary to us that properties of the dibarvon resonances should be in-
vestigated not only in the pp elastic scattering but also in other processes. Since
the dibaryon resonance *F, has small elasticity, there remain many decay channels.

Tt is of particular interest to study the channels including deuteron which
contains six quarks. The analysis of the coupling between dibaryon and deuteron
might tell us the resemblance or the difference between them. The simplest of
these processes is the pion deuteron elastic scattering. Other processes are less
advantageous for the study of dibaryon resonances because the analysis depends on
unconfirmed models, such as the Yao model™ for the reaction wd—pp, which
contain the triangle diagram and the results become highly model dependent.

In Rel. 15) we have pointed that the dibaryon resonances can affect the

elastic scattering and in Ref. 16) we have shown that the features of the differen
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tial cross section of the scattering at 441 MeV /¢ can be explained as the effect of
the dibaryon *Fy. The aim of this paper is to give the detailed formula to treat
7d elastic scattering when dibaryon resonances are present in the intermediate state
and to show that there is very strong evidence for the existence of at least two
resonances in this process by analyzing all the experimental data presently availa-
hle.

The deuteron is usually thought of as a system which ‘almost certainly con-
)

sists of a neutron and proton’."™ Taking the scattering of the pion off the neutron
and/or the proton in the system as a background, we will analyze the dibaryon
formation process. Many theoretical calculations have been proposed to describe
the elastic scattering. Among them the easiest is the Glauber prescription’™ ™% and
any other more ambitious calculations®™ cannot give better fits to the present data
than this model. Tt is easy in this model to employ the 7N scattering amplitude
mcluding all the partial waves and to utilize well-established deuteron form factor.
Though the Glauber theory is not expected to hold for low energy and large
angle, it can reproduce the differential cross section data over the wide energy
range and often over the entire solid angle. See, for example, Ref. 20) and Fig.
2 in this paper for md elastic scattering. Without entering into discussion about
this unexpected agreement, we take the Glauber amplitude as the reliable back-
ground for the dibaryon formation process.

We assume the s-channel helicity amplitude of the 7nd elastic scattering is
given by

Fw=L0+ S, (1-1)

where /7, stands for the helicity amplitude calculated on the basis of the Glauber
theory and f} is the dibaryon formation amplitude in 7d direct channel. The
normalization of the amplitudes is chosen so that the unpolarized cross section is

given by

A6 /dRem= 3| F]F (1.2)
3 H“y

The unitarization of the amplitude is not considered in this paper.

In §2 we construct the Glauber amplitude in the spin state and transform it
into the one in the helicity state to obtain f%. We present the dibaryon formation
amplitude /5 using the Breit-Wigner formula in § 3.  On the basis of the formula
(1-1) we analyze the experimental data of the 7d elastic scattering in § 4. Section

5 is devoted to conclusion and discussion.

§ 2. Glauber amplitude

In this section we will derive the schannel helicity amplitude of the =/

elastic scattering, £5,, using the Glauber model.
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Fig. 1. Definition of the coordinate axes in the laboratory frame.

2.1, Glauber amplitude in the spin state
Here we use essentially the same amplitude as derived by Michael and Wil-

> But in order to get the helicity amplitude, we have to recalculate it in

kin.™
more detail.

First we give the Glauber amplitude in the laboratory frame. The orientation
of the axes is chosen as shown in Fig. 1. The momentum transfer g lies along
the = axis, ie., the quantization axis. In the Glauber theory the md scattering
amplitude is expressed as the sum of the single scattering term T§). and the double

scattering term 1'%, ; they are given by

o (@) = jd:‘r 2 0y* (r) {F (@) + Fon(q)} Ou () (2-1)
and
T (q) = iZ/ jéﬁq' T, q7), (2-2)
4TR
where
T (g, q") = deT 4T Dyt (r) [an (% — q’>an<% + q/:)
= l, ) i B ;)
“F“’(‘z 4 )F<2 ! q,>
— _‘_1____ NV ’,(_L_,, /k 9, ¢
F(]EX<‘2 q >FCEX<\ 9 - q >]@M,(r) (2-3)
with
Fopy= [FM,* F,.[,J /\/ 2. (2-4)

The nN elastic scattering amplitudes, £, and F,,, take the form
Fox(q) =a:x(q) +0- (qXQ)bx(q), (2-9)

in the laboratory frame, where () is the mean of the incident and outgoing mo-
menta of the pion and a.y and b,y are written in terms ol the invariant amplitudes

A,y and B,y as
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My LN 08,0 L, o
() ="""{1-- . e Al (e 2-6a
¥ (0 47 ( 4711,\v“> ( s 08, ) o(8) (2-6a)
and
) s / 5 71/'2 ’1 a‘Q‘ I/L’ i .
bov(ty=" (1~ "1 S Tp (), 2.61
Pl b’x(~ 4 * s 591:{,,) s (6) (2-6b)
where
4t/ . )
Al () = A (e~ Fmett/Ama g ) (2.7)

1—z2/4m,*

s. ¢ and £, represent the square of the c.m. energy, the momentum transfer squared
and ¢.m. solid angle of the 7N system, respectively and my is the nucleon mass.

The deuteron wave function with the spin projection A/ is
: wu(r) ., e L ;
Dy (r) = . Y (T) C ln’z[ :7’13 .Ivlf;zll,iz,;
-

; T i t
2,M ey mg(}>(/',‘[ Moy My oy M

w (1) <

o8
s

NP IR . .

N (’m‘ nLy oy ”l:/<7]7l<1[;;': 2 (35)

my

neutron Pauli spinors with spin projection 72, and n, The S and ) radial wave

where Gy 24 are the Clebsch-Gordan coefficients and v?  and - m. dle proton and
g Mo M L g I
functions, w () and w(r), are chosen to be real and are normalized as

Jh(zti»—% wHhdr=1, (2-9)

The explicit forms of T, and 1'%, are given in the Appendix.

In order to construct the 7N invariant amplitudes, A.. and B.,, we have
used the results of phase shift analysis of both SACLAY and CMU-LBL, but we
found that the results of our calculation using both analyses differ only slightly.
We shall only report the results using the former analysis because it covers wider
energy region than the latter.

It is not unambiguous to determine the energies at which the #N scattering
takes place, because the target nucleons inside the deuteron are different from the

free ones. IHere we take the energies following Ref. 20)

J L+ m, -t /4) (my' —t/4) |V —1/4}, (2-10)
DLy
where
0= dm g ko + £ 201 oy, + 2 (A — 1) (2-11

Here Ly, and Ay, are the energy and the momentum of the pion in the laboratory
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[rame and # stands for the momentum transfer squared in 7d scattering. The pion
mass and the deuteron mass are denoted by m. and m,, respectively.

For the deuteron form factor we use Reid’s hard core wave [unction.” As a
check we have also examined Humberstone’s'® and Moravesik’s fit to the Garten-
haus wave function® We find that the result is not so sensitive to the choice
of the wave functions.

2.9, Glauber amplitude in the helicity state

Now we transform the Glauber amplitudes in the laboratory frame given in
§ 2.1 to the s-channel helicity amplitudes, /5 (0, ¢), where the direction of the in-
cident deuteron is chosen as z-axis and 0 and ¢ are the polar and azimuthal angles
of the recoiled deuteron in the c.m. system. The indices v and s represent the

helicity of the incident and the recoiled deuteron, respectively. A simple calculation

gives
6.0, 4) CHILIAL SN (T + T A
MM
KL MRV O/ DL 2, (2-12)
where
CpILIM =3 e 0, (§) gD;M,( g ,—7,0) (2-13a)
and

MRy =D (=L, 0, =), (2-13b)

l\D

P

The definition of the angle 7 is shown in [ig.

§ 3. Dibaryon resonance formation amplitude

In this section given are the s-channel helicity amplitudes of the dibarven
resonance formation.

The helicity amplitudes have the following partial wave decomposition:

1

fh=—" 33 (2L +1D) (2L + DIV CHICEY
2p J LT’ '
> »D{u (¢ 6 ‘(/)) LI’ > (31>

where p is the momentum in the center-of-mass {rame and J and L are the total
spin and the orbital angular momentum of the 7d system. By parity conservation
the partial waves 7T{;. are divided into two classes, which respectively contain the
amplitudes of the form 7/,, ;.. (natural parity) and 773, (unnatural parity).

We parametrize the partial wave amplitudes as follows:

J L pi2ge 2 : ‘
Trp=2mpBluBl o/ (mg’ —s—impl i), (3:2)
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where u1; is the mass of the dibaryon resonance and B, is the branching ratio

into L wave 7nd

system,

{]—‘n<p//)*>2h“1
tot =

O

We take account of the threshold factor as

for p=p*,

where p* is the value of p at the resonance energy and we put

L for
-
J for

(3-3)
for p>p*,
L=L",
(3-4)
L1 .

Summing the Glauber amplitude (2-12) and the dibaryon formation amplitude
(3:1), we get the total helicity amplitude (1-1).

4.1. Glauber m

§ 4. Comparison with experimental data

odel

First the predictions from the Glauber model without dibaryon resonances are

compared with the experimental angular distributions in the center-of-mass frame. The

do/d (mb/sr)
3
T
-~
e el
-

.
a 245 MeVe ¢S =214 GeV)

b 290 MeVic (218 GeV)

SR —

Fig. 2. The angular

90T 0
ANGLE (c.m.)

distributions of 7d elastic

scattering at (a) 245MeV/c and (b) 290
MeV/e. The dashed lines show the results
of the Glauber model. The introduction of
the dibaryon resonances given in Table I

little affects the
are not shown.

results and then the cases
The data are taken from

Refs. 26) and 27).

results are shown in Figs. 2~-5 by dotted
lines at the incident momenta between
245 and 895 MeV /c. The experimental
data are taken from Refs. 26)~30).
In the lower energy region, i.e., 245 and
290 MeV /e, the Glauber model repro-
duces the data quite well all over the
angles. (See Figs. 2(a) and (b).) How-
ever, as incident energy increases, the
significant deviation between the theory
and experiment appears in the backward
At 343 and 370 MeV/c, the

calculated curves agree with the data in

region.

the forward direction but lie lower in the
backward direction. In the case of 441
and 539 MeV/c, both the dip structure
seen around 100° and backward enhance-
ment cannot be reproduced by this model.
At the incident momentum 637 MeV /c,
the theoretical curve is lower than the
data not only in the backward region but
also in the forward region. Moreover
it gives no sign of any dip structure as

is shown in Fig. 5(a). As the energy

ge0z Isnbny 9| uo 3senb A G¥98€61/€S1/1/29/a10HE/did/Wwod dno-olwapede//:sdiy Woly papeojumod



Elastic Pion-Deuteron Scattering and Dibaryon Resonances 159
a 343 MeVi (2.2 GeV) \
10k 10 3 a 441 MeVi (2.30 GeV)
b 370 MeV/ (2.24 GeV) N \
E2 1Lk b 539MeVe (2.37 GeV)
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Fig. 3. The angular distributions of wd elastic Fig. 4. Same as in Fig. 3 but at (a) 441 MeV /¢
scattering at (a) 343 MeV/c and (b) 370 and (b) 539 MeV/c. Data are taken from
McV/e. The dashed lines show the results Ref. 29).

of the Glauber model, while the results with
both resonances given in Table I are shown
by the solid lines. Data are taken from Refs.
29) and 28).

becomes higher, however, it can again reproduce the data rather well except for the
angular region around 70°.

The outstanding disagreements are observed in the energy region 2.2<<,/s <<2.6
GeV where the recently reported dibaryon resonances exist. In Fig. 6, the calculated
curve of the differential cross section at 180° is shown with the experimental data®

as a {unction of the laboratory momentum of the incident 7.

4.2, Effect of dibarvon resonances

We introduce the dibaryon resonances according to the formulation given in
§ 3. Each dibaryon resonance amplitude has five (or six) parameters; the mass
mg, the total width 7, the spin J, the parity and the decay branching ratio
(ratios) B, into the nd system. After some trials we take two resonances whose
parameters are given in Table I. The results are shown in Figs. 3~6 by solid
lines.

First we discuss the effect of the *F, resonance which was found in polarized
pp scattering.'”  We have fixed the spin and parity and roughly estimated the

values of mass and total width of this resonance following the results in Ref. 13).
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a 637 MeVie (245 GeV)
b 895 MeVie (2.63 GeV) )
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Fig. 5. Same as in Fig 3 but at (a) 637 MeV/¢ Fig. 6. The cnergy dependence of the ditferential
and (b) 895MeV/c. In Fig. (@) the result cross-section at 180°. The meaning of the
with the J=3" resonance is given by lines is the same as in Fig. 5 (a). Data are
the dot-dashed line. Data are taken from taken from Ref. 9).

Refs. 29), 9% and 30).

Table 1. Resonance parameters

J* mz(GeV) Iy (GeV) By By,
37 2.25 0.18 0.08 0. 01
0 2.50 0.08 0.16 —

In the lower energy region, i.e., at 245 and 290 MeV /¢, this resonance has little
influence on the cross section as we have expected and the agreement with the
data 1s still good. At 343 and 370 MeV /¢ there can be seen some improvements.
(Strictly speaking, it is doubtful whether the agreement with the data at 370 MeV /¢
is really improved. There is, however, a controversy on the data®™ and we should
be careful in extracting conclusions from the data at 370 MeV/c.) The effect of
the dibaryon resonance *Fy is most pronounced at 441 and 539 MeV/c.  The sharp
dip structure around 1007 and backward enhancement can be reproduced, though
1t shows a little discrepancy around 60~-80". Note that the experimental data at
148 MeV /c® is higher at this region. In the still higher energy region, it im-

proves slightly hut the backward enhancement is not sufficient at 637 MeV /¢,
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If we take the branching ratio into I) wave 7d system larger than that into
G wave, the dip structure at 441 MeV /¢ cannot be reproduced. From the data
on energy dependence of the differential cross section at 0.,=180°, shown in Fig.
6, we can safely say 100<<7',<C250 MeV, though we need the data for lower
energy in order to estimate the value more precisely. The prominent effect of
this resonance is to produce a sharp dip structure only above the resonance energy.
The sharp dip structure is observed at 441 MeV /¢ but not at 370 MeV /c. Then
we can conclude that the mass of the resonance *F, lies between 2.24 and 2.30
GeV.

With only the resonance *Fy included (the dot-dashed curve in Fig. 6), the
shoulder structure around 700 MeV/c in the data on the energy dependence of the
differential cross section at g, =180° cannot be reproduced. Another resonance
seems to be required around 2.5 GeV. The analysis of pp scattering also shows
the existence of the resonance in this mass region which may be 'G, or S,."V¥
We have examined all possible cases with J<(5. We have determined total width
and branching ratio to fit the data in Fig. 6 and compared the results with the
differential cross section at 539 and 637 MeV/c. When there are two possible
waves in 7d system (natural parity with J>0), we have studied only three
cases for each J; one of the branching ratios, B,,, or B,_,, does vanish or they
are equal in magnitude. Though the available experimental data in the backward
region around this energy is not enough to determine the spin and parity of this
resonance decisively, we find the cases of 0" and 1 are somewhat favorable. In
Figs. 3~6 we present the results in the case of 0° by the solid lines. This
resonance little affects the data below 539 MeV /c.

We also examined the resonance 'D, (2.17 GeV) reported in Refs. 11) and
13). This resonance is expected to affect the data in the region from 245 to 343
MeV /e, In this energy region, however, the Glauber model can reproduce the
experimental data successfully over the whole angle.

Therefore the branching
ratio of D), into 7d channel should be small: it may be at most 59%.

§5. Concluding remarks
Above the 4(1232) resonance region, 7N amplitudes include many partial
waves. In this energy region, it is difficult to explain the observed deep and
large dip of the 7d differential cross section around 100° on the basis of multiple
scattering formalism. We have presented the formalism which includes direct-
channel resonance states with I=1, B=2. The theoretical calculation based on
this formalism can reproduce the prominent feature of the experimental data, though
the results around 600 MeV /¢ are far from satisfactory. The structure in the
differential cross section at 180° was thought as the effect of the 7N resonances,*
while our calculated curve without dibaryon resonances (the dashed line in Fig. 6)

is far lower than the data. Though the Glauber calculation may be unsound at
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1807, it may still give some reasonable results, because Faddeev type calculations,
for example, show the results similar to those of the Glauber model even in the
backward region.

We found that the dibaryon resonances have a large influence on 7d scattering.
Hence theories of md scattering should take the existence of the dibaryon states
into consideration. The differential cross sections are sensitive to parameters of the
resonances; in this respect nd elastic scattering experiments are very advantageous
for the examination of the dibarvon resonaices.

In order to study characters of the resonances in much greater detail, both
theoretical and experimental developments are required. More reliable model for
the background provides more reliable results about the resonances. We have
employed the Glauber model to calculate the background amplitudes, f%, while it
is worth while calculating them on the basis of, for example, Faddeev type model.
Needless to say, precise measurements to large angles are extremely valuable.

In this paper we have assumed the couplings between 7d system and dibaryon
resonance to be real, for simplicity. Generally speaking, they have imaginary parts
due to unitarity. We will investigate effect of unitarity correction to the amplitudes
in a forthcoming paper. (If one wants to analyze experimental data in a model
independent way, the branching ratios may be treated as free complex param-
eters.)

Experiments using polarized deuteron targets are expected to provide us much
more information about the dibaryon states. For example, the measurement of the
angular dependence in the backward region would enable us to determine the

spin-parity of the resonance unambiguously. We present in Fig. 7 the calculations

do/dd {mb/sr)
=
T

0.01

07730 60 8 0 150 0 30 60 90 120 50
ANGLE {c.m.) ANGLE (¢.m.)

Fig. 7. The angular distribution of 7d elastic scattering at 441 MeV/c in case the initial
deuteron has definite spin polarization. Figures (a) and (b) show the results of the
Glauber model and those with the dibaryon resonances given in Table I, respectively.
The quantization axis is taken to be perpendicular to the scattering plane in the
laboratory frame.
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of the differential cross section for various initial spin orientations with and without

the dibaryon resonances.
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Appendix
e Glauber Amplitudes—-—

In this appendix we give the explicit form of the Glauber amplitudes in the
laboratory frame.

(1) Single scattering term

T = (aytan) (@ +0," = 280 +0,7/2), (A-1la)
TW= (aeptam) (" + 0" +2v 26,7 — 347, (A-1b)
TR =Aq rp+0:0) IV 2} (— 0P+ /2~ 8. V2 —$,2/2), (A-lc)
T®,=0 (A-1d)

and others are given through the relations

_ 1
T(w})v =T 911, —Mr = T.('W}EM . (A * 2)
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Here gﬂ is defined as

boy=ksinZ b.y. (A-3)
where % is the beam momentum in the laboratory frame and the amplitudes a.v(q)

and b,5(q) are given by Eq. (2-5) or (2-6). The form factors are defined as
follows:

V=i (g/2)y, (i=a.b. e d) (A-4)
where
b= | dr e ao (A-5a)
J0
By () = j‘ dr J{pr)iw (R 7, (A-5D)
{
b (P = rr/r Fo (P (7w (1) (A -be)
and
By = [ ar oot 2. (A-5d)

(2)  Double scattering term

Restricting the two-vector ¢’. which appears in Eq. (2-2). in the r-z plane

in the laboratory frame shown in Fig. 1. ie..

q = (g sinw. 0.¢ cos ), (—r<a=m) (A-6)
we get
; = Uinax . —
Tiw= 2 ( i f dq' T (a4, 4", (A-7)
ak Jo 0

where the kinematical boundary is given by
1 ‘ . N . -
Yrnax = E[ gleos ct| = {4+ tins] /m D) |8 — ¢F sin ad ], (A-8)

Retaining the -even part in «, we have
Tu=0.2[A— Bg" sin* ]
P [A+B(Bg"—12¢"* — 4¢"* sin® «) /40]
— b P/ 2 [AP, (cos &) + B(3¢* +4q"*) sin® «/8]
+a ™ [AP, (cos ) /24 B{3¢* (7 sin® ct — 2) /112 + ¢"% (6 + 7 sin® ) /28} ]
+ 6.2 (3V47/35) B[ (¢*/4— ¢’ sin® @) {VI0Y,, (. 0) —2Y,, (a, 0) }

—4q? sin® @Y (a, 0) — 24/ 53¢ sin 2aY,, (. O) ], (A-9a)

220z 1snbny 9| uo 3senb Aq G#98€61/€G1/1/29/a101e/did/wod dnoojwsepese//:sdiy woly papeojumoq



Elastic Pion-Deuteron Scattering and Dibarvon Resonances 165

Tn==0" [ A+ B{¢/4+¢*(1—2cos’ ) }]
+, P [ A+ B{g" —2¢* (1 4 cos® «) } /10]

[ — AP, (cos «) + Bg* (21 sin® v — 8) +4¢"* (1 +7 cos® «) } /56]
L (6547/35) B[ (¢%/4—¢"* cos® @) 12Y 4 (ct, 0) — V10Y, (ce. 0) )
4+ dg? sin® oYy, (. 0) +2¢/ 5 g’ sin 2¢ Y, (@, 0) ], (A-9b)
o=V [ —Gaq-+ H2q" cos «]
P [Gag/2— Hq' cos «]
+ 3P~ Gg(1—=3sin® ) /v 2 +HY 2¢ cos «]
F ¥ [ —Gg (1 —3sin* «) /24 Hq' cos «] (A -Yc)
and
T =02 B(q*/4—q"* cos® @)
+ 6,2 B(g*/4—q"" cos® ) /10
4.2 (1) 2) [—.A3sin? o+ B{—¢'P,(cos @) /24 q"*(3—cos* c) } ]
Lh® (1/28) [A 21 sin® oo+ B{g* (15 sin® cw—4) /4 +¢"* (7 cos® cc—3) } |
+.% (33 47/35) B[ (¢*/4— ¢'* cos* @) {Y (ct, 0) — V10Y,, (e, 0)
+VT0Y,, (cr, 0)F —2v10¢" sin® Y, (e, 0)
+ 5 g sin 20 { Y, (@, 0) —v T Y (e, 0y} 1, (A-9d)

where the form factors are given by

0P =p(¢"), (G=a, by, d) (A-10)
and
b= (g = | dr g @) (A-1D)
The amplitudes A, B, G and Il are defined as follows:
A=1(a, a), (A-12a)
B=1(b,b), (A-12b)
G={Il(a.0) + I(h. )} /2 2 . (A-12¢)
- by Thoa)t /2y 2, (A-12d)

where
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with

and

K. Kanai. A. Minaka. . Nakamura and H. Sumivoshi

]((l, 5) E{3aﬁp(+)gﬁn(~) +3‘Zr:n(+>;r.p<¥')

7517:1)(%7)5,713 (7) gy, (+)gn71 (* ) },/4 <Ax 13)
(=) =da.y(q/2+¢") (A-14da)
bow(£)=b,v(q/2+q"). (A-14b)

In Egs. (A-9) we have neglected the terms which come from the 7, component

in Eq. (2-5) and in this case we get the relation (A-2) for the double scattering

terms.
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