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Abstract

     A quark rearrangement and annihÅ}lation model is proposed

to describe the NN annihilation into inesons and the NN

scattering at low energies of TlabÅí 300 MeV. For the NN

annihUation we consider quark rearrangernent process into three

mesons and one Eiq-pair annihuation process into two mesonsp

where the mesons are the SU(6) s- and p-wave ones.

     By the use of the meson and the nucleon wave functions

based on a non-relativistic quark potential model, amplitudes

for the two processes are derived and meson branching ratios

are estimated at rest (Tlab= O MeV) and in flÅ}ght (Tlab> O

MeV). The result is in good agreement with data except for

sorne channels. We find that the quark rearrangement process

dominates in the annihÅ}lation from initz'al NN S states, whi-le

it is comparable with the quark annihUation process in `Lhe

annihilation from other states.

     We also present microscopic NN optical potentials based on
the annihilation a' rnplitudes. The potentials have separable

forms dependent on energies and the states with the range of

O.4 "v O.6 fm. By taking account of the one-boson-excha-nge

contributÅ}on, too, to the NN interaction, several observabZes

of the PP seattering are calculated. We find that they ara..

qualÅ}tatively well described by the potentia!s with

rnodification by a phenomenological repulsion at short

distances.
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g l Introduction

     The study of the NN interaction bears considerable

significance to both particle and nuclear physics. In spite

of many attemptst little has been understood about mechanism of
                            'the RN annihilation. Besides, only very scarcely or poorly

determined experimental data are available at present.

Howeverr in a last few years interest on the annihilation

processes has been aroused both theoretica!ly and

experÅ}mentally.

     On the experimental side, a new facility for antiproton

physics at low energies with intense beams of antiprotons cafne

into operation at LEAR (Low Energy Antiproton Ring) in CERN at
                     1)the beginning ef 1983 . The LEAR is expected to produce

abundant information about low energy antiproton physics and

change drastically the present situation in which precise data

are scarce Å}n comparison with the ones for nucleon-nucleon

scattering.

     Annihilation into mesens embodies the most characteristic

feature of the NN interaction. Couplings with meson states

are so strong that the annihilation cross section amounts to

more than a half of the NN total cross section. The NN

annihilation is very unique, compared with other hadron

reactions, in that it enables us to observe quark dynamics

directly. rt is important in order to study the quark

interactions, since it contaÅ}ns rnuch information about the

mechanism of quark confinement. However, the NN dynamics Å}s

difficult to treat, since the NN systern is very complicated
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with a large number of quarks and antiquarks confined by the

boundaries both sides of whora have different vacuum phases.

The fundamental theory of the strong interactions, QCD, cannot

be used with the present cornputation technique. Thereforer at

the present stage it is necessary to establish sorne

phenornenological models which are able to describe experirnental

data for the NN scattering as much as possible.

     Historically, many investigations have been performed by
various approaches since the work of Ban and chew2).

     3N8)                      9Nl1)                           potentials or boundary          or separableLocal
          12,13)                 have been introduced to represent the effectconditions

of the annihilation phenomenologically. There the real part

of the NN potential is obtained by the G-parity transformation

of the NN OBEP (One Boson Exchange Potential). It is rnore

realistic to study the NN system coupled to effective
annihuation channels with mesons14N17). However,

experimental information about branching ratios of the final

state mesons has not been taken into consideraticn in these

works. They attempted to reproduce only the cross sections in

the NN channel. They could not reliably predict the energy

and state dependences of the annihilation channels and the

spatial form of the annihilation potentials. Nor have they

developed the analysis about the mechanism of the NN

annihUation .

     Xn the present situation, we ought to assume some sort of

phenomenological quark dynamics for the couplings from the

nucleon-antinucleon system to the meson systems. rn 1966r
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Rubinstein and sterni8) proposed a naive idea to describe the

NN annihilation processes. The NN annihilation is assurned to

occur dominantly from quark rearrangement processes. They,

however, could not reproduce the observed branching ratios of
the final rnesens. zn lg67, Harte et al.19) attempted to

irnprove the quark rearrangement model introducing the NN

initial state interactions. Although several attractive

features were observed, the model could not be regarded as a

phenomeno!ogical one for the NN annihi!ation as it was.

     In 1981, we proposed a new version of the quark
scearrangernent mode120) for the iaN annÅ}hilation at rest (Tlab= O

MeV). We introduced meson-dependent couplings and the effect

of the initial state interactions as adjustable parameters.

The feature oi t' he observed branching ratios was well

reproduced. Our model raised rnany questions at the same time.
                                                       'What physical meanings do the couplings newly introduced

represent ? Can the model be extended to the NN annihiZa'L"Å}on
                                              'in flight (Tt lab> O MeV) or below the iiN threshold {Tlab< O

                                        'MeV) ? For thai purpose it is necessary to derive the

relation to the optical potential for the NN system. How

should we tr="ai the experimenta2 fact that there exist two

meson annihilations and p-wave meson productions ?

     In the model the quark dynamics is represented by the

overlap of spin-isospin wa' ve functions of the initial

nucieon-antinucleon and the final mesons and also by the

mu!tiplication of the coupling constants which are adjustable

parameters. To answer the above questions we must clarify the
  '
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space-time structure of the quark reactions. The quark
              21,22)potential model                     provides an useful and practical approach
to treat it. The bag mode123) is not suitable for the

treatment of hadron reactions at present, since the bag

boundariesr which represent the quark confinement, are deformed

in the reaction process. Of course, the quark potential mode!

has similar problems. However, the prospect for the problems

seems good as the system is described only by quarks as the

effect of the boudaries is effectively represented by the

poten`Lials.

. In 1982, we proposed a quark rearrangement modei with
spatiai overiap functions24'25) for the three rneson

annihilation processes. Zn this rnodel the spatial part of

nuc]eon and meson wave functi' ons is taken into account and

the arnplitudes for the NN annthilation into three mesons are

assumed to be gÅ}ven by the ever!ap of the spatial wave

functz'ons instead of the multz' plication of the coup!ing
                                          'constants. This work offers a physical expÅ}anation of the

adjustab!e parameters and has the followÅ}ng favorable

properties. It is easy to get the annihilation amplitudes at

rest and in flight and a]so op, tical potentia!s for the NN

system. Furthermoret p-wave mesons are naturally introduced

into the rnodei. It is possible to deal with two meson

annihilation processes if we make a reasonable assumption on

the quark diagrams for them and the interaction of the qq pair

annihilation.

    The purpose of this paper is to investigate the NN
                '
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annihilations both into three mesons and into two mesons at

rest (Tlab= O MeV) and in flight {Tlab= 50 "v 300 MeV). We

also derive the optical potentials for the NN system from the

annihilation amplitudes and compare the elastic and the

inelastic cross sections and the angular distributions of the

pP elastic and the charge-exchange scatterings. We take

account of p--wave mesons in addition to s-wave mesons. Zt is

assumed that one qq pair annihilation processes dominate the
two meson annihÅ}lation and the Zig pair annihilates from the 3s
                                                             .1
state. The rneson and the nucleon wave functions are derived,

based on the non-relativistic quark model while kinematics of

the final state rnesons is relativistic. Widths of mesons are

represented by mass distribution functions which play an

important role for heavy meson productions. Using the wave
functions of hadrons by rsgur and Kari2i'22), we derive

expressions for the amplitudes of the NN annihilation into

mesons and estimate the meson branching ratios and their ener• gy

dependences. And we also obtain the optical potentÅ}als with

separable forms dependent on energÅ}es and their states. This

property gives remarkably different feature of the NN

scattering from the conventional local and energy-independent

potentials.

     The NN scattering due to the quark rearrangement model
have also been studied by Green et al.26'27). However, since

their potential is not based on the observed meson branching

ratios and they treat the kinematics of mesons in the

intermediate states non-relativistically, the energy and state
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dependence of the optica! potentials is less realistic. Frui
      28)          have given the meson branching ratios at rest energyet al.

by the bag model. In their treatment it is not easy to derive

the optical potentials or extend the model to the case of other
eriergies .

     The contents of this paper are as follows. Zn g 2 the

original quark rearrangement model with effective coupling

constants at rest energy is reviewed. The earlier works are

also reviewed briefly and the problems in their models are

poÅ}nted out. The quark rearrangement and annihUation rnodel

with spatial overlap function is presented in g 3, where the

annihilations processes including p-wave mesons is considered.

We give the amp!itudes for the three and two rneson

annihilations and explicit expressions oÅí the optical
potentials. The case of the 3po qq annihilation Å}nto two

mesoms is also investigated. Section 4 is devoted to show the

resuit o!'  numerica! calculations for branching ratios aet; Tlab=

O "v 300 MeV. We also offer a physical interpretation for the

coup!ing constants introduced in section 2.

     In g 5 we discuss the characteristic feature of the

optical potentials and the NN scattering by our model.

Sevezal observables are compared with experimenta! data.
Finaliy, section 6 contains sumrdary of our result and remarks

for our model.

-6-



g2 A uark rearran ement model with effective cou lin

      constants

     Zn thÅ}s section we revÅ}ew the works earlier than ours and
                        'our origina! version of the quark xearrangement model.

Assuming that the quark rearrangement processes shown in fig.

Ia dominate the antinucleon-nucleon (N-N) annihilation into
                            18)                               attempted to understand mesonmesons, Rubinstein and Stern

branching ratios. They estirnated the probability of an

initial NN state with isospin I and spin S annihilatÅ}ng into a

final three meson (or, B, "y) state by.

   P(IStorBY;EcD,!) = V(orBYrEcM> C{ISra3Y), (2-1)

where C(!S,orBy> is the overlap squared of the SU(6)

spin-isospin wave functions of the initial NN state and the

final three meson (ct,B,y) state, and V(orByrEcD4) Å}s the phase

space volume of the final three neson state wsch center-of-mass

energy Ec.M-. The phase space volume is given in the

center-ore-mass frame by
                  d3pl d3p2 d3p3
   V(orBY'EcM)." I Ei E2 E3 63(5i'll}l2'lli3) 6(Ei+E2+E3-EcM)r

                                                          (2-2)
where l5i and Ei are the momentum and the energy of the rneson i,

respectively. The followings are assumed in this model.

D The three quarks <q) in the nucleon and the three

antiquarks (q} in the antinucleon (N) rearrange themselves into

three quark-antiquark pairs, or three rnesons, without

exchanging spÅ}ns, isospins and strangenesses among the quarks.
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ii) Relative angular mornenta between q and q are zero, so that

the mesons (or,B,y in fig. Ia) in the finai state are restricted

to Tr nr n' , w and pr where co is in the ideal mixing, that is,

it does not involve strange quarks.

iii) All the relative angular momenta between the nuc!eon and

the antinucleon as well as between the mesons are zero.

     Their model could not, however, reproduce experirnentaZ

data even at rest. In particular, the decay branching ratios

of the three meson channels wÅ}th two or three heavy mesons (p

or w} were underestimated. [fhe dÅ}screpancÅ}es between the

predictions and the experÅ}mental data amounted to an order of

magnitude in the channels with high pi6n multiplicities.
     Harte et ai.i9) regarded the annihuation rates in each of

the four initial NN states with spin S and isospin ! as

adjustable parameters and tried to improve the discrepancies.

But the deviations of the predictions from the experirnental

data were stUi large mainly because oi the underestimation of

the three meson channels with two or three heavy rnesons as it
                                        18)                                            (Table I). Hencewas in the model by Rubinstein and Stern

we find it neccessary to enhance the channels by some

mechanisms or to take account of other diagrams.

     These modelst however, have several attractive features.

The annihilation rates into strange rnesons or Åë mesons are

predicted to be zero, which should be compared with the small
                                                     29)experimental values of strange meson production rates                                                         and
the ratio u(ÅëT"T- )lo(tuT"T-) AJ 11100 30). Although the

predicted branching ratios of 5P ÅÄ tuOa+T- , pOT+T- are too
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large, the ratio between the two channels is consistent with
                                          31,32)                                                , the quarkdata. Furthermore, as suggested by Fields

rearrangement process (fig. Ia) can give an explanation for
coherence of the pOrr+T- and the an+T- final states in the FP
                       'annihilation. This fact is considered to mean suppression of

the processes with qq pair annihilations (figs. Ib and lc>.

At rest energy the fraction of the two meson annihilation is

known to be about 10 N 20 06 of the total annihilation and in
particular only O.3o-o jn the T+vr- channel experimentauy33),

which implies that the three or more meson annihilation '

processes are dominant at this energy.

     Let us consider the couplings. for a qq pair to cornbine

into a meson as parameters. They should depend on quark

dynamics. Assuming that they can be descrÅ}bed by effective

constants gor dependent only on ki"ds of mesv.hns or, we have

proposed a model possibie to fit the branching ratÅ}'os of the PP

annihilation at rest. The model is as follows. The

probabilities with which an initial NN systerR with isospin Z

and spin S annihUates into the three mesen (or, B and y) states

<fig. Ia) at rest (Tlab= O MeV) are written by

                    -v   P(IS,ctBy) = b(IS) V(orBYtEcM=2MN) C(ISrorBY) gagBgye (2-3)

Here C(ISrorBy) represents the overlap squared ef the SU(6)

spin--isospin components of the wave functions of the initial NN

state and the final three meson (or, B and y) state ([Vable !I).
<7(or6ytEcM) is the phase space volume of the or, B and y meson

state at the center-of-mass energy of EcM. It is wrÅ}tten

                             -9-



instead of eq. (2-2) as follows:

   vN(ctBy,EcM) = J dmldm2dm3 f.(ml)fB(M2)fy(rn3)

                  d3pl d3p2 d3p3
              Å~ J EI E2 E3 63(p"1+p""'2+pÅÄ3) 6.(El+E2+E3-EcM).

                                                          (2-4)

Here we introduce the rriass distribution by using the function

for(M}e fT(m) and fn(m) are given by

   Åí.(M)=6(M d- M.) (2-5>
and

where mTo= 135.0 MeV, mTÅ}= 139.6 MeV and mit= 548.8 MeV. f p(m)

and fco(m) are determined by fitting the experimental mass
             34,35)                    (figs. 2a and 2b):distributions

              1200-m   fp(M) = (i2oo-,, > Cpl2;Tpl(m-mp"l;irp)"aiÅÄÅ}a2l2,

                    P for 600 <m<1200-MeV

              1200-m         = (12oo.. ) Cp{a3(M-279e2)2+a4(m-27g.2)},

                    P for 279.2 <m< 600 MeV
                                                          (2-7)

with

   mp '= 776 MeV, rp =155 MeV,
   al = O•18t a2 = -O.48,
   A3 = 5.65Å~10-6 Mev-2, a4 = 111.7sxlo-6 Mev'2, (2-s)

and

                            -10-



              1200-m   fco<M} = (12oo-. } C.Igr.1(m-m.+gir.)+als+iasI2,

                    tu for 700 <m<1200 MeV

              1200-rn •         = <i2oo-. ) Cco{a5(m'4i8•s)2+a4(m-4is.s)},

                    to for 418.8 <m< 700 MeV
                                                          (2-9)

with

   rnco = 783.2 MeV, rco = 30 MeV,

   al = O.04, al = Oe1 75r
   aS = o.s2Å~io-6 Mev'2, aa = -s.22Å~io-6 Mevdi2. (2-io)

Here they are normalized as

    1200   I27g.2 dM fp(M> =, i' (2-ii)
and

    1200   f41s.s dM fco(M)=1• (2-12)
                 '
The numerical calculation of the phase space vo!ume is carried

out in Appendix A.

     In eq. <2-3> we take the adjustable parametersr b(I,S) and

gor, and the mass distribution functiont for(m)t into our model.

(See eq. (2-1).) The spin-isospin dependent-parameters b(I,S)

denote the eifect of the initial NN state interaction and the

meson dependent parameters gor the couplings for a qq pair to

combine into a meson. The rnass distributions of mesons have

an important role to produce three heavy mesons such as pppt

since the sum of the masses is much larger than the energy of

                             - 11 -•



the NN threshold. The earlier works predicted the very small
branching ratio for the 6-prong (3r+3TdmTO} annihilation in

comparison with our model due to the neglect of the mass
distributionsl9).

     The branching ratio of each obServed rnulti-meson channel

{mrr+mT"nTO} is given by'

   u(!tN ÅÄ mff+rnn-nTO) . 2 2 2 R(orBy ÅÄ mT'rnT-nrrO)

   u(NNÅÄ Total > ! S (a,B,y)
                       Å~ (2S+1) P(IS,orBy), (2-13>

where the summation (a,B,y) means all cornbÅ}natz'ons of ct, B and

y mesons which decay into the observed set, o:" pions. R(orBy +
mn+mT-nTO) is calculated by decay branching ratios of n, p and

cD shown in Table UI. [Pherefore, for exampler in the case oE

   m=2 and n= 1, . <2-1 4>
we should ta.ke (ctrB,y) all avai!able charge sYvates o.F (n,T,iT),

((D iTr 7T )r (P rP, 77 )t etC.

                 '     Experimental data of the FP annihilatÅ}on at reSt (Tlab= O

                                   29,33,36N45)                                                are shown inMeV) into various multi-pion channe!s

Table Ia 'v Ic. :n Table Ia we rernove the contribution from

the two meson annih"ation which is estirnated to occupy about
lo "v 2o o6 of the total annihuatÅ}on33}. Fitting the

predictions to the data with asterisks (*) in Table Ia fixes

the adjustable parameters as

   b(O,1)lb(OtO) = Oe41 Å} Otlr

   b(1,1)lb(O,O) = O.40 Å} O.1,

                           - 12 •-



   b(1 ,O)lb(O,O) = O.34 Å} O.1, (2-1 5)
and

   gn/gT = 7e4 Å} 1,

   gp!gT = 16.6 Å} 1,

   g.lg.=12.6Å}2. (2e--16)
Comparisons of our results with the experimental data and those

of Harte et al. are shown in Table Ia. Satisfactory agreement

between the data and the predictions is obtained in our model.

Table U shows the contribution of each three meson channel to

the tota! annihUation. In these comparisons we find that

owing to the large values of gp/grr and gcolgT in eq. (2--16> the

three meson channeis vith two or tbree heavy mesons a-re

enhanced and the agreernent with data are obtained. As shown

in Table IV the quark rearrangement model also predicts the
b r a nc h i n g ra t i o s o f t h e a n t i' p .' o t o n - n e u t r o n ( ? - t• ,) a n ni• !nii l a t Å}• o n

at rest46) by using the same vaiues of parameters as tine ones

determined in PP annihilation process. Her•e the efz-ect of a

spectator partjcle (proton) is assumed to be unimportant in the

antiproton-deuteron (P-D) annihilation process. We get

agreements betvveen the data and the predictions as well as in

the PP case.

     It is important that the values of gor given in eq. (2-16)

are approximately in order of the masses of the mesons in

addition to the fact of gplgT and gcolgT having large values.

The parameters ga represent the effect of the SU(6) symmetry

breaking. The properties of gor will be clarified in the next
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section. There we will get a picture that the gor reflect the

differences of the overlap of the spatial cornponents of the

meson wave functions and the nucleon wave functions due to the
rnass differences of the mesons24,25).

     We find that b(O,O) is rather larger than other b{IrS).

This enhancement of the 1=O and S=O NN state could be explained

in terms of the initial NN state interactions. The PP

annihilation at rest into rnesons proceeds with several states:

(Å}) from PP scattering states at very low energieS (TlabN O

MeV), <ii) frorn PP atomic bound states (protoniums) and (iii)

frorn PP nuclear bound states <baryoniums). The contribution

of the third process to the annihilation is srnall, since the

photons or the pÅ}ons emitted in the transition process from an

atomÅ}c bound state to a nuclear bound state is in fact known to

have much less intensity than that of the photons by the decays
of TO produced totally in the l5p annihi!ation47).

Theoretically, the ratio of the radiative width by the

transition to nuclear bound states vs. the total width of an
                                            48)atomtc state is predicted te be !ess than 1110 .

     !t is probable that the siate of target protons determines

which of the PP annihi!ation, ") or (ii), is the rnain process.

Howeverr in either case there is a good reason for the

enhancement of the I=O, S=O state. The one-pion--exchange

potential <PPEP)
   V(r) = -g? lifik Il'r2 { 31.&2 + Sl2((u;)2 + IIi.ll + o} ;-Ur

                                                       (2-17)
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is known to produce a strong long--range attraction in the I=O,
s=O state. Therefore the i5p wave function in the scattering

at very low energies or of atomic bound states with the I=O and

the S=O is pulled more into the short-distance region where the
annihilation occurs. As pointed out by Desai49), the

oscillation time between the r=O and the I=1 states by Coulomb

interaction is one or two orders of magnitude shorter than the

time in which the annihilation proceeds. Thus the enhancement

in the Z=O, S=O atomic states is possible. Accordinglyr we

find the enhancement of b(O,O> reasonable.

     Our version of quark rearrangement models give an

explanation of the branching ratz'os of the NN annihUation at

rest as seen in the above discussions. Next iet us consÅ}der

the PP annihilation in flight (Tlab= 50 "v 300 MeV). [Pable V

shows that the Pi D and F wave annihilation of the proton and

the antz` proton as well as the S wave one are necessary to take

in when we consider the scattering problems in the energy range
of Tlab= 100 "v 300- MeV4). This means that in flight case it

is net sufficient to evaluate the meson branching ratios only

by the S wave annihilation amplÅ}tudes. The extention of our

model to higler partiaZ waves is not, however, straightforward

in the present iorm. As the non-vanishing angular rnomentum of

the PP couples to the angular momenta and the spins of the

rnesons Å}n the final state, we further have to introduce spin

and momentum dependent couplings. Secondly p--wave SU(6)

mesons, e, D, fr H, 6, Al, A2 and B should be taken in the

model in addition to the s-wave mesonsr T, nr p and oor since

                             -15-



experiments have pointed out that cotribution from the p-wave
                                                     50,51)mesons to the total annihilation is by no means small .

Furthermore, the two meson annihilation processes rnust be taken

into account in order to reproduce experimental branching
      50r51>            . The two meson annihilation proceeds through theratios

annihilation of at least one qq pair, so that the interaction

of the quark-antiquark anihilation should be considered. It

is not easy to include the quark dynamics in the present

framework. In the next section we propose a model in which we

can explain the properties of the parameters gor and perform the

above extension strai.ghtforwardly.
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g3 A uark rearran ement and annihilation model

     Zn this section we construct an extended quark

rearrangement model by introducing spatial cornponents of wave
                         'functions24'25) and Eiq pair annihilation interaction. The two

processes of the quark reactions, the quark rearrangement into

three mesons (fig. Ia) and the one qq pair annihilation into

two mesons (fig. 3) are taken into account. Here we assume a

perturbative picture that the processes with fewer nurnber of qq

pairs annihilating or creating gÅ}ve more contribution to the

annihilation cross sect z' on.

                                   52,53)     The model is set up as follows .
(i) The annihilation frorn the S, P and D states of the NN is
                                                  4)                                                    hastaken into account. An optical rfiode! calculation

pointed out that contribution rerom the S, P and D waves to the

tota! annihilation cross section amounts to 85g or rnore at T                                                            lab
Åí 300 MeV (See Table V).

<ii) In addÅ}tion to the s-wave mesonsr Tr nr p ap.d ee, the
                  'p-wave mesonst Er D, f, H, 6, Al, A2 and B, are taken in the

fir-al states. The masses, the widths and the decay branching

ratios of the p-wave mesons which we use are shown in Table
  6o)
     . Here it should be pointed out that the decay branchingVI

ratios have large uncertainties for some mesons. The number

of the p-wave mesons is restricted to zero or one in the finai

state. Because they are rather heavier than the s-wave mesons

the contribution from the states with two or more p-wave mesons

is small due to the small phase space volume occupied.

(i") Spin-flips of quarks in the quark rearrangement process
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are assumed not to occur a$ was in the preceding model. We

also assume that the momentum dependence of the quark-quark

interactions is small and the branching ratios of the rneson

channels are given by the ones calcu!ated by neglecting the

momentum dependence.

(iv) For the two rneson annihilation shown in fig. 3 we assume
that the Eiq annihilation occurs from the 3sl ;iiq state. This

assumption means that a qq pair annÅ}hilates into a vector boson

state carrying spÅ}n 1, odd parity and odd G-parity. Therefore

it is accompanied by spin-flip and parity-flip of another quark

or antiquark.

     It is not obvious how the qq annihilation interaction

should be described. The qq annÅ}hÅ}lation may be followed by

the ernission of many gluons. For the description of this
process there exists the pair creation rnodei54), or the 3po

model, to explain certain meson decays and meson-ba-ryon
vertices. There a qq pair annihiÅ}ates or creates with the 3po

statet that isr the qq pair have the same quantum numbers as

the vacuum. However, this is not the only possibility for the

qq annihÅ}iaticn. We wÅ}ll dÅ}scuss the qq annihilation

interaction !ater in detail in the case of the NN annihilation.

     Let us denote the initial NN S, P and D states as S, P and

D, and an s-wave meson and a p-wave rneson as s and p,

respectively. For the initial S states the final meson states

ailowed in our mode! are the ones of three s-wave mesons, two

s-wave mesonsr and one p- and one s--wave mesonsr where we use

the abbreviations of S • sss, S ÅÄ ss and S ÅÄ ps for them
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hereafter.

     For the initial P states the three processes of P ÅÄ ssp, P

ÅÄ ss and P ÅÄ ps are considered. We remark that the process P

ÅÄ sss is forbidden by parity and G-parity conservation in the

case of the quark interactions without spin-flip.

     For the initial D states the process D ÅÄ ps is considered.

The amplitude of D + ss turns out to be considerably srnall as

we estirnate the process in our model. Although the process D

ÅÄ sss has sma!1 amplitudet we take account of the process D ÅÄ

sss, too. The contribution from this process wU! turn out to

be necessayy in several three meson channe!s.

     [Vhe possible origins oE the process D ÅÄ sss are as

foUows. The momentum--dependent qq interactions would cause

the direct D • sss annihilation, in whicl case the latter half

of the assumption <"O m'ast be discarded. In order to

consider the case we must assume the forrn , for examp, les of

one-gZuon-exchange potential. Secondlyt the tensor forces

between the nuc!eon and the antinucleon by exchanging bosons

give rise to mixing of the S and D states with S=1, and J=1.

The tensor forces are very strong due to the coherence of the

exchanging pion and p meson in the NN case contrary to the NN

case. [Pherefore, the NN in the D states can annihUate into

three mesons, sss, by way of the S states within our framework.

We need to solve the scattering problems to estimate this
contribution. Thirdly, as suggested by Green et al.26,27),

the tensor components of the NN-NA, NA and AA potentials

incorporate the annihilation from the NN D states through the
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processes NN(D) -+ NA, NA, AA(S) .F rrtesons (fig. 4). Namely the

initial NN D states make transition to the NA, NA and AA S

states by the pion or p meson exchange and then annihilate into

mesons in the S states. ,This effect works also in the initial

NN S and P states. Since in the D states the annihilation

arnplitudes predicted are smaller than in the S and P states,

the processes would give larger contribution in the D states.

The three s-wave mason annihilation is dorninant in the S

states. Therefore, we consider them only in the D -> sss

process for si.mtplicity, although the NA, NA and AA annihilation

processes should be taken into account Å}n all NN states.

Assuming that the branching ratios from D + sss can be

simulated by the ones from S ÅÄ sss, we treat two cases in the D

states:

Case A: D + sss sÅ}mulated by S ÅÄ sss, and D ÅÄ ps,

Case B: D ÅÄ ps only.

     The amplÅ}tude of the quark rearrangement process from an

initial NN state wtth isospin I, Iz and total angular mornentum

J, Jz to a final state with three mesons, or, B and y (fig. Ia),

is given by

   ?3 ( or By , -p" 1 i52i53 ; II.JJ.Ls , EPNilSlii )

  = I d3qi'..•d3qg d3qi'''d3q6

                                          '   Å~ Y.t By ( II.JJ. , -q" 1 " ' •q 6' r 'p l 'P 2'p"' 3 ) 03 WiiaN ( I!.JJ .LS , -q' 1 ' ' "a". 6 rSN15 ff ) e

                                                        (3-1)

    ÅÄÅÄ -Here PN (Pii} and pi <i=1t2r3) are the momenta of the initial

nUcleon (antinucleon) and the final mesons respectively, and -q'
z.
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                                                         s
    ÅÄp    qi (i=1r'",6) the quark mornenta of the initiai and theand

final states. YffN and YorBy denote the spin-isospÅ}n and the

spatial cornponents of the initial and the final wave functionsr

respectively. The operator 03 is constructed by assuming no
     'momentum transfers and no spin-isospin flips among quarks and

antiquarks:

          6   o3 - A i g.1 63(q l• -Gi) (3 -2 )
with an adjustable parameter X.

     The amplitude for the annihilation into the final state

with two mesons, a and B (fig. 3>, is gÅ}ven by

   [[i2 ( ct B ,5i i;l2 ; U.JJ.LS ,SNSIsi' )

  = I d3qld3q2d3q4d3qg d3qi'''d3q6

      t +'+'+'ÅÄ' ++ + ÅÄ   Å~ YorB(ZI.JJz,qlq2q4qsrplp2) 02 YsiN(XX.JJzLS,qlee'q6,iPNiPii)r

                                                        (3-3)

where the operator 02, describing the qq annihilaticn
                 'interaction, is defined in the case of fig. 3 by
            '
   o2 - x' 63<"q,1-'q4) 63("qs'-•qs)

       Å~ { 6 3 (Gi +"q 3 +"q 6 -"ql ) 6 3 ( q S -"q 2 ) i 3 3 6 ' {ei Å~ ( "ql "qi ) )

          + 6 3 ("q2 +G 3 +"q 6 -"q 2' ) 6 3 <"q l -?ii ) i 3 3 6' (3 2 Å~ {q S '"q 2 ) )} e

                                               ,
                                                        (3-4)
Here X' is another parameter which describes the strength of

                             ÅÄthe two rneson annihilation and u36 is the Pauli rnatrix

associated with the pair annihUation of the third quark and
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the sixth quark. The form of 02 is determined by the
assumption (iii) of the Eiq annihilation from the 3sl state and

                      'the neglect of other mornentum dependence. For the estimation
          'in the case of the 3po annihilation we use as 02

   o2 . Nx 63(a4-a4) 63(&g-"qs) 336•('q3-Ei6)

     Å~ {63(&s-&2) 63(&i+q3+a6-&() +63(&(-Gi) 63(a,+G3+El6-a2)},

                                                          (3-5)

where we have also investigated the case replacing
63{qi+&3+q6-&{.) by 63<al, -&y 63<a3+q6), but the quaiitative

feature has been unchanged.

     The spin-isospin component is derived within the framework

of the SU(6) spin-Å}sospin symmetry. Let us describe an
ct-meson state by the relative angu!ar moraentum 2or, uor between a

                                              ct ctquark and an antiquark ip the meson, the spin s r szr the total
spÅ}n jor, mor, and the isospin ior, ict z. We define

   Åëj ormor2ctsctior i: (G.) = uor is: (2 or 'p' or sas: i j ct ma > y2 ct ll or < q- ) Åíct (q)

                                    XX ct ct.a,or e (3-6)
                                       ssxz                                           ZZ

           AHere y íorvct(q) is a spherical harmonics, and xsorsctiaict and fct(q)

                                               zz
re the SU(6) spin-isospin and the radial components of the or
eson wave function• Wor3y(!!zJJzr"ql"'"q6r"pl"p2-p '3 ) and
          ÅÄÅÄ"ÅÄ "ÅÄor B ( UzJJz r ql q2q4qs tpl p2 ) are given by

              ÅÄ ÅÄÅÄ"+  YorBy(IZzJJztqlee'q6,PlP2P3)

  oc '63<•qi+"'+"q6--5i-•p2-"p3) {3,} a"i".i'BiB.pctBior.B)
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  Å~ ( ictBi:Bi"Y il! l rl. ) < j ctmctjBmB b"Bmor B ) (j"Bmct Bj `YmY l j ct 3Yrnct BY )

  Å~ (Li Dv!i L2b'!2 l Li 2Mi 2 ) (j"BYrrt"BYLi 2Mi 2 l JJ. )

                 '  Å~ Yii Mi ( 'li' ( ill i -"P2 ) > YLi Mi ( 'li' ( "qi +"q 4--q"2 -'q's } )

         1    Å~ -il[ l "p, -.i};, I 2 6 ( ili' I Pi -ilii2 I -g l qi +-q"4-G,-"q, l )

        '  Å~ Yi 2M2 ( ili' ( 2Illi 3 --p"' i -"p 2 ) ) yL2D,c!i i} ( "q3 +"q 6 ) g ( "q i +'q" 2 +'q" 4+"qs } )

          i    Å~ 2; l 2s, .'. , -',, l 2 6 ( ili- i 2S3 Si -i52 l -il;' l 2 ( "q 3 +G6 ) -Gi -'q, -"q , -qr, D

                        ÅÄÅÄ                                     ÅÄ+          +ÅÄÅ~ Åëj or.ct2a.or ior i: ( ql -q4 )Åëj B.BÅíB.BiBiB. ( q2-q5 )Åëjy,,y2 "y.yiyi22 (q3-q6 )

                                       <3-7>
in which

  {S?3} :{ict. -i-B. L')1 iaB ict.B .ct ,,B .y

            '       jor3 .orB jct3Y mor3Y LI MI L2 M2 L12 M12}'

(3-8)

and

             ÅÄÅÄ       ÅÄ+          +ÅÄYctB(IlzJJ.,qlq2q4qs,PlP2)

                    .or ,a,B,ct
 63("ql+'q2+•q4+"qs-"pl'•p2) {g2} (i izi i

Å~ ( ict Bior .B iY illl l !1. ) (j"rnct jBmB l j ct Brnct B )

Å~ y:M ( li' ( "pi •-iP2 ) ) yLM ( l}' ("qi +"q4 -'iiii2 -"qs ) )

                   23
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             1       Å~ ils, i,l2 6(glSi -"p2I -glqi +"q,-"q,-"q,l)

                           '
                    ÅÄ"                                         ÅÄÅÄ    Å~ ÅëjormorÅíor.oriori:(ql-q4) ÅëjB.B2B.BiBiB.(q2-qs) (3-9)

           •ct •B •Y •ctB •ctB ct B sctB orB   {st 2} = {iz Zz Zz z :z m zn ) rn                                          LM}e (3dl O)

For the initia! state

                ++                        ++   WigiiTN < IIzLTJz!JS ,q1 " .                     q6 , PNPsi )

   ct 63<"ql+..e+q6-t.N-iPN.) 2 (ss.u]{lJJ.)
                         Sz,M

    Å~ yi.(li<S.-l5iii)) yLM<lli'("qi+'q'2+"q'-3--q"'4-"qs-thq"6)>

       Å~ tis.I-.)-..-i2 6(lili5Nbi5Ni-l;i'q'i+'q'2+'q3--q4-qs--?li6b

                 +ÅÄ                     ÅÄ -+                             -+    Å~Xss II fN(qlq2q3) fN{q4qsq6)r (3-11)
         zz                  '
where xss n is thd Su(6) spin-isospin wave function and
         zz
   +ÅÄÅÄfN(qlq2q3) iS the spatial com,tponent of the internal quark wave

function of the nucleon. In the above expression we take the

spatial wave function between the nucleon and the antinucleon
to be a plane wave with momentum li(E5N--:5-k). Later it will be

Fourier-transforrned to get the expression available to

arbitrary wave functions of NN.
     We use the spatial component wave funCtiOnSr fN("q"q2•q3)

                                       21)       ÅÄÅÄÅÄand fxi(q4qsq6)t given by Isgur and Karl                                          for the nucleon and
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the antinucieon. Their model is

a harmonic oscillator confinernent

one-gluon-exchange potential:
   H = li/1 (ml+2:i) + ii] vZ] + zi]

where

   .ij . .ll.i'L..iEtL .211,-. {lfl-;2l2+Ir2-f

and

   H"lp = 3iil,mSj {{Y'gi'gj63<E2Fij) +.l.

                                 1]

based on

potential

Hij
 hyp

the

 and

3l2'lIF3"-Ei;1I2}r

Harniltonian

 a

               e' e!n eq. (3-12) HkYp is treated as perturbation. F.ere m
          AZ
pir Si and T are the massr the position, the momentum,

spin and the color matrix of the .quark i, respectivelye

   ++ÅÄ   r., = r, - r..    1] 1 ]
The zeroth-order wave function of a nucZ,eon is
         3        8D   ÅëN = 31)l2 exp{-2Dk(32+3t2)},

       T
where

        1  ÅÄ ++   P = 7-5 (rl-r2).

        1  lilC = va. (-r"i+"r2-'2113)t

and

   DN = li'( 3mqK )1 14.
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with

(3-12)

(3-13)

 ÅÄ+ +ÅÄ 3s,'r., s...r. ..
(-t. -gi•gj)}e
      Å}]
                   (3-14)

                 i, ri,

                  the

                  and

                   (3.-1S)

(3-16)

(3-17)

(3-18)



Adopting the values for parameters;

   m = 330 MeV,    q
               -3   K=1•38 fM r -

they have got the proton charge radius

   !<ri>=2B =Oe62 fm, (3-2o)
             N

and the mass difference between a nucZeon and a A(1232) arising
from the spin-spin interaction in Hfi?fp:

           32or D3 ---
              sN   MA-MN =-3/7t. =260 MeV• (3-2o
                q
We use as the nucleon wave function the Fourier transform of

eq. (3-16)

   fN ( Elil Eli2Eli3 ) = DR3 exp { - { Ilil --q"2 ) 21 ( 1 6- Dll.i ) - < -q"' 1 ÅÄ?li2-2zli3 ) 21 < 4sDll.i ) } .

                                                         (3•-22)

     Xn the same method we construct the wave function for the

mesons with the Hamiltonian
   Hrn = i i/ i (mi":llli ) ' t;'il-' ill:2L liK ( EFi mil2 ) 2

       + 3il : 2 { g:'! gl . g 2 6 3 (f1 2 ) + . l 2 ( 3 gl el l i ii 2 ' r1 2 -gl . g 2 )} ,

                                                         (3-23)

where the iast term is also treated as perturbation. The

unperturbed meson wave function is given by
             312        (2D )   Vs = :14 exp{ -Dg('rl -"r2)2}, (3-24)
          T
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in which

   Ds = 'l}'(4Krnq)114 = o.s7 frn-1
                                                       (3-25)

for the s-wave mesons except pion.                                   This wave function gives

the mass difference between a vector rneson and a pseudoscalar

meson by perturbation as
                  12s ct D3
                       ss   M<S=1)-M(S=O) = g,/i; .2v,i, = 430 MeV (3-26)
                       q
and the roet-mean-square radius as

   !,.g>.fg .o.so f.,. (3..27)
            or

Taking into account that the mass difference in eq. (3-26} is

considerably smaller than the observed values in the isovector

case:

   Mp-MT=640 MeVr (3-28)
we skiou]d- consider the property cf pion as a Goldstone boson.
(Experimentally the pion radius Å}s in the range55) of

   /<r#>=O.5 "v O.8 fm.. . (3-29))
We rnodify the pion wave function as
            312        (2D )  thT"be. exp{-D#(ll;i-Et2)2}r (3-3o)

with

   D.=(1.0 'V 2.3)Å~Ds. (3-31)
As shown in section 4 (Table VIr), by fitting experimental data
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we wil! obtain the best fit with the values

   rp i /<r$> = O.62 fm (the case of Isugar and Karl},

                        '
Once rp and DT are determined, the result does not depend

                    Therefore we will use the above values ofsensitively on m               q'
parameters in the following discussions.

    We summarize the rneson wave functions in momentum space:

   y o o < q } f . ( q ) = D .- 3 ! 2 y o o ( q. ) e xp{ - q 2 ! <i 6 D Z ) } ( 3 - 3 3 )

               -1with Ds= O.87 fm                  for the s-wave mesons excer.t pionr

   yoo{Ct)f.(q) = DF312 yoo{q) exp{-q21"6D#} } (3-34)

               -- 1                  for the pÅ}on andwith D = 1.32 fm      T

   yi.(q)fp(q) = DP312 yi.(q) vvii2Dg qeexp{-q2/(i6D$)} (3-3s)

               -1 22)Wifh D " 1e13 frn                      ior the p-wave mesons.  'p
     SubstitutÅ}ng -the wave functions, eqs. (3-7) and (3-9),

into the expressions in eqs. (3-1) and (3-3), we get the
amplitudes TK(FK,{i5i},il.JJ.LStSNSii) (K=2,3) in which

F3={or,B,Y} and F2={arB}. The center-of-mass momentum of the

total system is removed by

   TK(FK,{Si} ,rz.JJ.Ls ,SNSiff)

    '      = 63 ( il.li 'p"' .• "il;N-IS isi ) fiiK ( FK , { illi} r ir.JJ.Ls r lli ( i5N -fsi ) ) • ( 3-36 )
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        is Fourier-transforrned asThen [V      K

  'TN'K( FK , {Si} , II.JJ.LS ,"X )

                ,ÅÄtÅÄ      =i d3.P' e-iP X EFK(FKr{'p.•}rXI.JJ.LSrlP')• (3-37)

     By using the amplitudes "TU                              we can compose optical                             K
potentials in the NN channel. Approximating the meson wave
                                                             'functions by plane waves in the intermediate statesr we get the

optical potentials in the center-of-mass frames

   Vopt ( EcM r 3( t -X" ' , or BY t !IzJJzLS )

   = I d mi d m 2 d rn 3 f. ( mi ) ÅíB ( m 2 ) fy ( rn 3 )I d l \i d i i 2 d l i 3 6 3 ( "pi +'p 2 +'p' 3 )

       Å~ fll5 : ( " 3 y r "pi "p 2"p 3 , ! i . J J . L s ,'x' ) i ,

                                  EcM-El -E2-E3+ie

                        Å~ Eill 3 < ct By , pl p2p3 , IX.JJ .LS , 'X ' )                                +ÅÄÅÄ                                                       (3--38)

for the three raeson intermediate states and

   Vopt(EcM,"X,-X" ,a3,rZzJJzLs)

    = i drni dm2 f. (m" fB (m2 ) J dl?i dili2 63( 'p'i +'p'2)

        Å~ '!Nl]' t2 ( ct B ,-p"' 1 "p 2 t l l . J J . L S r"x ) 1 ,

                                EcM-El-E2+ie

                       Å~ 'T"L' 2 ( or B , -p" 1 "p2 , rl.JJ.LS , -X'" ' )                                                       (3-39>

for the two meson interrnediate states. The potentials are

obtained to be nonlocal, and.energy- and state-dependent. The
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explicit expressions are as fo!lows.

                  '         '
(i) SÅÄ sss (L=O, K=3}

   Vopt(EcM,•X,"X',orBy,!IzCTJzL=o s)

                                         '
     = Y)ito(X) Vo(X,Xo) lSrJz><St`Jzl Yoo(X') Vo<X'tXo}

       Å~ x2N3 c(uzJJzL=o s=J,ctBy) (DorDBDy)-3 DigEii2

       Å~ Go (Dor ,DB ,Dy ,DN >2 i dmi dm2dm3fa (mi )k (m2 )fy (M3}

       . ,f dl?1 dli2 dli3 63("pl+"p2+"p3) EcM-El-l2-E3+ie

          Å~ exp{-(l5i-S2)2!"6Dk)-3("pi+"p2)21(i6Dk-)}

    = Yoo(X> Vo(X,Xe) l'"'rJ.><SiJzl Yoo                                     (x') vo<X',X.)

               2 SÅÄsss                 I (EcMr!I.JLS,or3Y), <3-40)            xx

wl ere C{]Izu'JzL=O S=J',ctey) is the overlap of the SU<6)

spin-isospin wave functions, which is the same as C(rS,orBy)

gÅ}ven in eq. {2-1) (See Table II and IXaNd.}. [Dhe operator

iS,Sz><SrSzl denotes the projection on the spÅ}n state. The

forrn factor ef the separable potential has a Gaussian forrn

corresponding to Gaussian forms of the hadron internai wave

functions:

   Vo(XrXe)=.il3 exp{'(x!xo)2}, <3-4i)
               o
where
                   '
   xg - iID.2+2/(3DG)-A3 " ID.2+i IDIi)2
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        -B3{i IDg+1 IDIi -A3( v D.2 .i IDk }2} 2,                                                       (3-42)

   A3 = il(ilDg'ilDB2+21Dk)r (3-43>
   B3 = i1{11"g'11"B2'21Dk-A3(i/D.2+iIDiii)2}e                                                       (3-44)

Zn eq. (3-40) N3 ia a numerical constant independent of

paraineters in the three meson channelsr and Go(DarDB,DyrDN) iS

given by '
                          312   Go{DctrDBrDyrDN)=(A3B3) e (3-45)
By using the values of the parameters in eqs. <3-19) and

<3-33)N(3-35), the range of the potenti'al is

   Xo = O.66 fm (O.75 fm) for n--O,

      = O.58 fra (O.64 fm) for n=1,

      = O.51 fm (O.53 frn) for n=2,

      =O.44 fm (O.43 fm) for n=3, (3-46>
where n is the number of pions in the fina! state and the

values in the parentheses are the ranges in the case of rp= O.7

fm.

(") PÅÄ ssp (L=1, K=3, y(a p-wave rneson))

   Vopt(EcM,lkr-X"',orBY,UzJJzL=1 S}

     = 2 . (ILzSJz-LzIJJz) (1L2SJz-[['2IJJz)

      LL •        zz
                      '         *      Å~ YIL (X) Vl(X,Xo) IS,Jz-Lz><SrJz-LEI YIz,'(X') Vl(X'rXo)
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       Å~ X2N3 caiz,JJ.r,=i s,ctBy> (DorDBDy)-3 DNi2

      Å~ Gi(Dor,DB,Dy,DN)2 J dmidm2dm3for(mi)fB(m2)fy(M3)

       . f dl\i dl:2 dli3 63("pi+"p2'"p3) EcM-Ei-l2-E3"ie

          Å~ exp{-(51-"p2)21(16Dii)-3(•pl+"p2)21(16DSi)}

     = iL. (1LzSJz-LzlJJz) (1L2SJ.-L2lJJ.)

        zz
         *       Å~ YIL <X) Vl(XtXo) IStJz-Lz><SfJz-L8 YIL'(X') Vl(X'rXo)

           Å~ x2 rP-'SSP<EcM,uz,rLs,orBy), (3-47)

where C(IIzJJzL=1 SrctBy> is given in Table xa"vh.                                                 The forin

factor becomes in the case of the NN P wave

                           '              2X   VI(X,Xo) = 3 (ny) exp{-(x/x.)2},                                                       (3-48)
                  X             TX               oo
where Xo is given in eq. (3-42). Gl(Dct,D6,DytDN) is given by
                 '
   Gl (Dor rDB rDyrDN) = 2B31(viT3 Dy X.> {1 IDor2 +1 /Dli -A3 " ID.2 +1 IDjl >2} .

                                                       (3--49)

The range is

   X = O.61 fm (O.67 fm) for n=O,    o
      = O.53 fm (O.56 fm) fer n=1,

      =O.46 frn (O.46 fm) for n=2, <3-50)
where n is the number of pions. As the radius of the p-wave

meson is smaller than that of the s-wave rneson (eqs. (3--33) and

                            - 32 -



(3-35})r the values of Xo in eq. (3-50) are smaller than those

in eq. (3-46).

(iii) S -)• ss (L=O, K=2)

         '   vopt(EcM,31,k',ctB,irzJJzL=o s)

     = Yoo(X) Vo(X,Xo) ISrJz><SrJ.l Yoo(X') Vo(X'rXo)

      Å~ x'2N2 <D.DB)-3 DigEii2

                 '      Å~ f dmidrn2fa(rnpfB(m2) I: dl,.ll:l' Ec,M,-El-E2+xe

      Å~ Z Ni<tq.+ss) {F Q:.1>(sÅÄss) d plexp(-ap?)

        i
                   -F' Q S• 2)(sÅÄ ss > d' pl e xp{ -a' p?)} 2

     = Ylio(X) Vo<XrXo) IS,Jz><SrJzl Yoo(X') Vo(X',Xo)

                                            '             . x2 IS')'SS<-F:c},",!Iz.TI,s,ctB), (3-51)

                (1 )                               (2)                                  <S•ss) are coefficientswhere Ni(S.-ss), Qi (S.•ss) and Qi

determined by the momentum dependent interactionr 02 (eqe

(3-4>)r and the wave functions oi the initial and the final

states, and given in Table X!a"vd. Here F is given by

              3/2                 , (3-52)   F = (A2B2E2>

where

   A, - Dk,                                                       (3-53)

   B2 = i/(i ID.2 "i !Diii ) r                                                       (3-54)
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   E2 = 1 /{1 IDB2 +21Dk-(A2+B2)1( 2Dk)2} ,                                                       (3-55)

and

   a - 11(1 6D.2 )+1 1(1 6DB2 )+1 1( 4Dk)-B2( V D.2 +1 !Dk)21i 6

       -E2{1IDB2 "1 IDiii"B2(i /D.2 +1 IDIii )1<2DG )} 211 6r (3-56)

                                             '   d = B2(1IDg+1IDk)12

       "(B2 '- "2)E 2{ 1 ID B2 'i IDr2g"B2 (1 ID.2 +1 IDIi)1(2Dll )} 1(4i) ili),                                                       <3-57)

and primes (F', a', b'  and d') mean that D.d is replaced by D3

and vice versa in the definition of F, a, b and d. rn eq.

(3-51) Xo is given in the two rneson annihilatÅ}on by

   Xg = 2(b+b'), '                                                       (3-58)

                      'where

   b . 11{16Dii)-{A2+B2)/(4Dpt2,.>2-E•2{1/DG-(A2+B2)1(2Di.ii)2}2/4-(3-sg)

The range is

   Xo = O.44 frn (O.50 fm) for n=O,

      = O.39 fm (O.42 fm) for n=1,

      =O.33 frn (O.33 frn) for n=2, (3--60)
                                                           'where n is the number of pions in the final state and the

;:lues in the parentheses are the ranges in the case of rp= o.7
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(iv) S + ps (L=O, K=2, or(a p-wave meson))

                                '   Vopt ( EcM , lk , "X ' ,aB , uz, rJzL=o s )

    = Yoo(X) Vo(XrXo) IS,J.><S,J.l Yoo<X') Vo(X'!Xo)

      Å~ x.2N2 (D.DB)•-3 DNI2 1 (12D.2)

      Å~ f dmidrn2fa(rni}fB(rn2) fli dlllillt Ecb4-El-E2+ie

                                  '
      Å~ Z Ni(sÅÄps) {F QE.1>(s+ps) (12B2+6E2gf+dhp?) exD.(-ap?)

        z
                  +F'QE.2)(s->-ps) {i2.ndi2g-d'wp5 exi)(-a'p?)}2

    = Yoo(X) Vo(XrXo) IS,J.><S,Jzl Yoo                                   {x') Vo{X'tXo)

             Å~ x2 IS'PS(EcM,IzzJl[,s,ctB), {3-61)

where Ni(s+o. Lq))r QE•i)(s+ps) and QE,2)(s.ps> are gÅ}ven Å}n [vab!e

XI!aNd and
                '
  g = (A2-B2)1(2Dk},                                                    (3-62)

  f = -B2/Dk,                                                    (3--63)

  h = B2 (1 /D.2 +i /Diil >-i

      +B2E2{iIDB2 +i IDIi +B2 " ID.2 +i IDk )/(2Dk )} !{2Dk)                                                    (3-64)

and

  w = ES{iID.2+iIDk+B2(iIDB2+iIDk>/(2Dk)}e                                                    (3-65)

Tn deriving eq. (3-61), we have neglected certain small
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cornponents (Appendix B). The range is

  Å~ = O.41 fm (O.44 fm) for n=O,   O=O.35 fm (O.35 fm} for n=1, (3-66>

where n is the number of pions..

(v) P ->• ss (L=1, K=2)

  Vo}pt<EcMr"Xr'"X',orB,IIzJJz!t=1 S)

    = 2 . (IL.SJz-LzlJJz) (IL2SJz-LVJJz)
      LzLz

      Å~ Yllz, (X> Vl(XrXo) lSrJz'--'uz><StJz-L? YlL.(X') Vl(X'rX-lo)

      Å~ X'2N2 (DaDB}"3 DNI2

      Å~ J dmidm2fct(mi)fB{m2) f[ll dZlil EcM-.i-E2+ie

      Å~ i, N i < P" s s ) { F Q E• 1 ) < p. s s ) ( i}c d p ? + e ) ! bl ! 2

                                          Å~ exp(-ap?)
                                                   I
                     + F' Q E• 2 ) ( p+ s s ) <i.l:c' d' p ? + e' } l b' i 1 2

                                          Å~ exp(-a'p?)}2

    = 2 . (ILzSJz-LzlJJz> (IL2SJz-L2iJJz)
      LzLz

         *      Å~ YIL (X} Vl(XtXo> iS,J.-Lz><SrJ.-L21 YIL'<X') Vl(X'rXo)

               x x2 !PÅÄSS(EcM,IIzJLs,ctB), (3-67)
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                (1 )                              (2)where Ni{PÅÄss)f QÅ} (P+ss) and Qi                                 (PÅÄss) are given in Table

XIrlaNh and

   c = B2 " /Dg +i IDk )/(sDk)

      -E,(i IDB2+V Dk+B,(i!Dg +i !Dk)(( 2Dii))

                  Å~ (1IDk"m<A2+B2>1(2Dili)2)14,                                                     (3-68)

   e = (A2nyB2){-1!{2Dk)+E2(1IDk-(A2+B2)/(2Dk)2)1{2Dk)}.                                                     {3-69)

!n the derÅ}vation ef eq. (3-67> we use the approximation

where numerically

   c N -o.o3 fm2,

           -1      <2fm   PN tx, r
           -1   Pl E5 fm .                                                     (3-71)

The range is

   Xo = O.44 im (O.50 fm) for n=O,

     =O.39 fm (O.42 frn) for n=1, (3-72)
where n is the number of pions.

(vi) P ÅÄ ps (L=1, K=2, or{a p-wave rneson})

       '
  Vopt(EcM,"X,31',ctB,ZIzJJzL=1 S)

    = iL. (1]ZtzSJ.-];.IJJ.) "L2sJ.-LElJJ.)

       zz
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      Å~ YIL (X) Vl(X,Xo) ISrJz-Lz><S,Jz-LEI YIL                                            .(X') Vl(X',XO)

      Å~ x.2N2 (DctDB)-3 DNI2.1 (12D.2)

      Å~ I dmidm2for(mi)fB(rn2) J[l dil:it EcM-El-E2+ie

      Å~ \ Ni,(p+ps) {F QE,i)(pÅÄps) d j piexp(-ap?)

        z
                  -F'QE,2)(p+ps) d'z piexp(-a'ig)?)}2

    = 2 . (1!.Su'.-L.IJJ.) {1LESJ.'L21J`J.)
      LL       zz
      Å~ YIL <X) Vl(X,Xo) IS,Jz-Lz><SrJz-LÅí1 YIL'<X') Vl(X'rXo)

               Å~ x2 !P""'PS<EcD,1,IIzJz,s,orB), (3-73)

where Ni(p+ps), QE.i)(pÅÄps) and QE.2)(pÅÄps) are given in [pabie

XIVaNh and

  j = B21Dk-B2E2(1IDN7-(A2+B2)1(2Dk)2)IDIi, (3-74)

and

   z= 2E2(1IDiili-(AS+BS)/(2Dk)2)e <3-75)

!n eq. (3-73) we neglect simall components as well as in eq.

(3-61). The range is

  Xo O.41 f!n {O.44 fm) for n=O,

       O.35 fm (O.35 fm) Åíor n=1, (3-•76)

where n is the number of pions.
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(vii) D ÅÄ ps (L=2, K=2, ct(a p-wave rneson))

  Vopt(EcM,`X",-X"',orB,II.JlrzL=2 s)

       2 . (2LzSJz'LzlJJz) (2L2SJz-L2IJJz)
      LL       ZZ
        *      Å~ Y2!, (X) V2(XsXo) ISrJzdiLz><S,Jz-Lzl Y2L'(X') V2(X'rXo)

      Å~ A' 2N2 (D. DB )-3 Dillil2 ! (1 2D.2 )

      Å~ i dmi dm2for <m" fB (m2) Jli d:lil/ EcM-El -E2+ze

      Å~ g \ Ni(D-•ps) {F QE,1)(DÅÄps) ((eh+dj)cp?+3ej)lb

         i'                               Å~ exp(-ap?}

                  -F'QE.2)(DÅÄps) ((-e'w+d'z)c'p?+3e'z)!b'

                               Å~ exp(-a'p?)}2

                                      '               '    =: Z . (2L.SJ.-Zs.IJJ.} (2'{SJ.-L2lJtJ.)
      LL       zz
        *      Å~ Y2L (X) V2(X,Xo) ISrJiLz><SrJz'L21 Y2L'(X') V2(X'rXo)

              Å~ x2 !ptPS(EcM,rrzJLs,ctB), (3-77)

                           (2)              (1 )where Ni(DÅÄps)r Qi (D.'ps) and Qi                             (D-+ps) are given in Table

XVaNh and the form factor is

  v2<Å~,x.) = 23 (3Sm)2 exp{-(xlx.)2}. (3-7s)
            nX                X             oo
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The range is

   Xo = O.41 fm (O.44 fm) for n=O,

      = O.35 fm (O.35 fm) for n=1,

where n is the number of pions.

<3--79)

Using these potentials, we can estimate the partial

annihUation cross sections from the NN state with isospin I
                    3S+1and angu!ar momentum                        LJ to the final state FK of ct, B and y

mesons, or or and B mesons. We obtain the cross sections as

           2S+1                            2S+1   03(F3rlt LJrEcr,I) = b<It LJ,EcM)

                        Å~ zm !L"ct BY ( Ec.M. , IIz LJLS t ct B -Y )                                                       (3-80)

for three meson annihilations and

          2S+1                            2S+1   U2(F2r!,              LJtEcM> = b(Zr                                LJtEcM)

                              L+uB                                  < EcM. t II zJLS r ct B )                                                       (3-81}                        Å~ !m z

for two meson annihi!ations. The effect of the initial NN
interaction, b(r,2S+ILJ,EcM), is given by the form facter

VL(X,Xo) and the relative wave function of the nucleon and the

antinucleon. It is separated from the part dependent on

intermediate mesons due to the separable form of the optical
                                     2S+1potentials. In order to estirnate b(rr LJrEcM) eXaCtlyr We

must solve the scattering problerns by using the optical

potentials. Howeverr since the contribution of those many
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annihilation cross sections of the NN partial waves would

amount alinost to their optical l•imits, and there are

ambiguities about the annihilation cross sections due to the

ambiguities of the short range part of the OBEP, we rnay

determine them approximately as follows. The annihUation
dross section of the Lth partial wave is gÅ}ven by

                          2s+3                                               2S+1   U(i[',EcM) =igJ{i303(F3ri, LJ,EcM)+i2U2(F2,i, LJ-rEcM)}

                                                       (3-82)

and in the potential model also given by

              7   O(iLrEc,M) = sk2 ig,r <2Jr'i) {i-In(!r2S'iL,;,Ec.7M[)i2}                                                       <3-83)
               CM
                      2S+1with inelasticity ln{!,                          LJrEcM)l. An optz'cal model

calculation with a phenomenological annihilation potential by
ueda4) has estimated the values 8kZiMh G(]'L,Ec."4) shown in Table

V. Fitting u(LtEcM) in eq. (3-82) to the values in [Dable V we
                     2S+1get the va!ues of b<!, LJ,EcM) wÅ}tn t.in.•e assumg)'L'ion o-=•

                 2 .q. +1   b<LtEcM) = b{Z, LJ,:' cfy1) (3-84)
          '
where the dependgnce on isospin and tota] anguZar rnomentum is

neglected. Then the probability of an observed particle
channel {rnT+mvr-nTO} is given by

   6(lgNÅÄ{mn+mrr-nTO},.EcM) = 2 2 2 R(FKÅÄ{rnTr'mT-nvrO})
                          WLSK FK
                                    2S+1                           Å~ OK(FK,Ir                                        LJrEc]),!), (3-85>

where R(FK+{m"+' mT-nffO}) is the decay branching ratios with

which FK decays into mT+mT'nTO <See eq. (2-13>).
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g4 Numerical results on NN annihilation and com arison with

     data

     rn this section we show the results of numerical
                        'calculations for the branching ratios of various meson channels

and comparison with experimental data and give a physical

interpretation ior the parameters gct detined in section 2.

    Let us determine the values of the parameters. Our model

contains five parameters: the strength of the three meson

annihilation inte"r-action X in eq. (3-2), that of the two meson

annihUation interactiort X' Å}n eq. (3-4), the proton charge

radius rp in eq. (3-20), the range of the pion wave functÅ}on DT

in eq. (3-31) and the range of the p-wave meson wave iunction

Dp in eq. (3-35). In order to determine the overall strength

of the potential it is necessary te construct the optical

potentials and to so!ve the NN scattering problera. Zn this

section the sum of the partial annthilafion cross sections wit'i.

the same angular momenta L Å}s approximated by the one by the
                 '                                       '                                   '                        4).optical model calculation                          when the relative branching ratios

of various meson channels are estirnated. Therefore, only the

ratio X'IX is adjustable in this section. Their absolute

value and the deviations frorn the exact calculation will be

discussed in the next section where the partial cross sections

in the NN scattering will be calculated by using the optical

potentiais due to our mode!.

     Zn the first place we consider the NN annihilation at rest

(EcM= 2MNr T!ab" O MeV) and determine the values of the

parameters. At this energy it is assumed as has been done in
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section 2 that the NN annihilation occurs dominantly frorn the

NN S (L=O) states. [Vable Vrr shows the result of

      SÅÄsss            (EcM=2MNtrlzJ L=O S,ctBy)   rm I

                                     2S+1               2S+1    = - 03(F3,!, L=OJ, EcM=2MN)/b(I,                                         L=OJ,EcD,1=2MN), (4-1)

normalized with the PP ÅÄ pOTOTO channel for several values of

rp and DT/Ds, (The present version is referred as rnodel u •

hereafter.). There we also give a cornparison with the ones of

the pxeceding version given in section 2 which is referred as

model ! her-c-after. The result of model II is in good

agreetAent with that of model 1 except for several channe!s with

thTee heavy mesons. To see this inore clearly let us
ca]culate the effectz've'  values goreff in model !] Eor gor in model

                   S+sssI by cornparing -Im ! <EcM=2MN,IIzJ L=O S,aBy) with
P<ZStctB, "r)lb(I,S) in eq. (2-3):

       -SÅÄsss             (Ec,M,=2MN,!IzJ' L=O s,ct8y)   -zm Å}

          efi eff eff       = <g"g. ) {gBgB ) <gYgy ) `Ptl-S'i;{iLf{(r?i,Bs)) g . <4'2>

              eff[Vhe result of gct is gÅ}ven in Table VIrr in the case of rp=

O.62 frn and DT/Ds = 2.3. Here the predicted values for the
                                '                                                         efffour channels nrm, prm, anT and ppT are used to determine gT ,
                                            eff eff eff ; eff                  . Using those values of ggn ,gp anct gtu or and comparing
with the resuit in model I, we estimate the deviations v for

other channeis by

        S+sss             (EcM"2MN,!IzJ L=O S,orBy)   -Xm I

             eff eff eff       - v3 (gct.. ) (ggB ) (gY,y ) :P:-Ligtfi;g-s-L-(i?,IB,Y)) . (4-3)
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The,result is

                        'in most channels except in a few ones in which three mesons are
                               'all heavy (Table VUI). This means that the characteristic
                'feature of the coupling constants gor introduced in modeZ Z

originates from the properties of the spatial cornponents of the

wave functions. We get the following physical interpretation.
                                       'The larger the sura of the inasses of the final state mesons isr

the sma!ler phase space the final state occupies. Then

the moinenta of• the quarks in the rResons are smaller. Th.z's

corresponds to that the smaller rnornentum components of the

quark wave functions of the inittal nuc,leon and antinucleon

mainly contribute to the annihUation amplitudes. Noting that
the quark wave functions, having the Gaussian forms shown ih

eq. (3-22>, are decr- easing wÅ}th momentufn, we find t.h.at the

channels wit] rrta-ny heavy ntesons are enhanced an•.t;, thi.,.s gor for

heavy mesons become large.

     Table VXI indicates that a set oi paratueters rp= O.62 frn

and DTIDs= 2.3r where rp= O.62 frn is the value of Isgur-Karl
Model21), is preferable and the result is not so much dependent

on the values of parameters. Furtherrnore, we also check that

once rp and DT/Ds are determined the result does not depend
                        'sensitively on other parameters such as rn q and K in eq. <3--19).

     rn the next pZace we determine the ratio X'A. The

experimental data for the branching ratios of two meson

annihilations at rest tel!s us that the two meson annihilations
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occupy about 10 "v 20 e-. of the total one (Table I).
                   2S+1Calcuiating u3(F3,I, L=OJ,EcM=2MN) in eq. (3-80) for S ÅÄ sss
           2S• +1and U2(F2t!r L=OJrEcM=2MN) in eq. (3-81) for S -eb ss, ps in

the NN L=O states and using the above experimental inforrnation,

we can determine the ratio X'IX such that

                                  2S+1          rgJ obser5ed F2 02(F2rir                                      L=OJrEcM=2MN)

   IgJ{52o2(F2,I,2S'1L=OJtEcM=2MN)+i3o3(F3,!,2S"1L=oJ,EcM=2MN)}

-Aere we have to pay attrenticn to EO p-wave meson. [Dhe ee

mescn has the large width {200 "v 600 MeV) and the large
branching ratÅ}o <A, 60 06) for the decay eO -> Tr+T-. Thereforer

for example, the tuOeO channel is difficuit to be separated frorn
tuOTr+Tr- r since it is observed as the channel coOT+iT-

experimentally. Taking account of this we readjust the
                                            'pa-ra"meters and obtain another set as
                 '

    p

and

   D7/Ds=3eO (ru=Oe33 fM). (4--8)
    Now we get all the values of parameters in niodel H but

the absolute value of X. In order to compare the predictions
with data for observed multipion channels {mT+mT-n70} it is

necessary to estimate b(Ir2S+IL=OJ,EcM=2MN) giv'en in eq.
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(3-81).' For this purpose we have to know what states a

nucleon and an antÅ}nucleon are in before annihilation, that is,
 '

the process that an antinucieon is captured by a nucleon. It

should be estimated by using the annihi!ation amplitudes (T3 in

eq. (3-1} and T2 in eq. (3-3)) and Cou!omb and nuclear forces

between the nucleon and the antinucleon. Howeverr the

processr which would depend on the state of targets, is not

exactly known at present. Here, we regard
    2S+1b(It L=OJrEcrv!=2MN) as parameters as has been done in secticn
   '2. Fitting the predtctions with dat•a given in 7able ! we

obtain the values

   b(o,3sl,EcM=2MN)lb<o,1so,EcM=2MN) = O•8o,

   b(1r3SlrEcM=2MN)lb(Ot1SoiEc.sc1=2MN) = e'•86r

   b(1,1SorEcDc=2MN)lb(OrlSorEcM=2MN) = O.68• {4-9)

[rhe result ior u(5iN.{mT,ÅÄmT-nTQ},t)c."f=2MN) in eq. (3-84> and•

        2S+102(F2rl, L=OJrEcM=2MN) z'n eci• (3-81) are shown in Table xvl

and Table XVU, respectively. The fit to data is satisict-ctory

both in three meson annihilations and in two meson
annihilations except for the predÅ}ctions of the 3ff+3T- mTO (mlO}
and T+vr- channels smaller than data {[Vable XVI). 1]he wrong

fit in the former channe!s cornes from underestimations of the

three meson annihilations into three heavy mesons such as NN +

PPP, coppt cocon, u}(Dp and ck}cooo in [['able !I. Howeve.r.., since in

these three heavy rneson channels the sum of the masses of the

three mesons is above the NN threshold EcM= 2MNr the widths oi
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p and tu mesons are essential to nonvanishing contributions of

the channels. Thus the partial cross sections become

sensitive to the shapes of the mass distribution functions

for(m) of p and tu shown in figs. 2a and 2b, in particular, the

ones in the smail mass region below their peaks. Therefore

there are ambiguitÅ}es in the predictions for the three heavy

meson channels.

     In Table XV!I the predictions for the two meson

annihilation channels are found in agreement with data. This
justifies that the qq interpuction, describing the annihilation
                                                   'from the 3sl Ziq state and being defined by 02 in eq. (3-4>, is

approprÅ}ate for the qq annÅ}hUatÅ}en and the two meson

annihilation processes are mainly described by one qq--

annihUation diagrams (fig. Ib). We have also investÅ}gated
another case for 02 describing the annihilation from the 3po liq

state which is given by eq. (3-5>. With thÅ}s interactTÅ},on a

two rneson annihilation occurs from an initia] P (L=1> sta-t- e.

The result is shown in Table XVrr. We find that the

predictions for the annihilations into two heavy mesons (pp,

posi pco) are too large in comparison with other channels and it

is unfavorable for reproducing overall data. It is neccessary

to take account oi some other diagrams for the two meson

annihilation in order to describe the qq annihilation only from
the 3po qq state. !t is, however, possible that -qq pair

annihUations and creations from several qq states coexist.

We, keeping this in mind, restrict the qq annihilation
interaction to the annihilation frorn the 3sl Efq state and make
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sure whether or not it is possibie to reproduce data for the

two meson annihilations.

     Once the ratio X'IX and other parameters rpr DT and Dp are

fixed, we can estimate the amplitudes for the initial P and D

states as well as the S states at any energies. As mentioned
                            2S+1at the end of section 3, b(I,                                LJ,EcM) at Tlab= 100 N 300 Mev

are de'L-' ermined by requiring that the L-dependence of the

annihilation cross section is equal to thGse of an optical
                4)                                          2S+1model calculation with the assumption b(!, LJ,ELnM) =

b(LrEcra) given in eq. <3--84). Now we can predict the partia!
cross sect te ns of various decay channels o 3< T' :. ,!r2S+I LJrE• c.M> in

                   2S+1eq. (3-80), 02(F2tlr                       LJrEcM) in eq. {3-81) and
u({rnT'mTT-nrrO},EcM) in eci. (3-85>.
                                 tt
     As mentioned in sectÅ}on 3, we consider two cases in the D

states:

Case A: D " sss simulated by S + sss and D + ps,

Case B: D • ps only.

The br• anching ratios from D ÅÄ sss are assumed to be similar to

the ones from S ÅÄ sss. In case A the norrna!ization of, the

ampiitude of D • sss is determined by fitting ove.rall the

partial cross sections of PP ÅÄ sss at Tlab= 100 'v 300 MeV.

     [Vhe partia! cross sections of {nfi+nT'mTO} channe!s in the

                   = 50 N 300 MeV are shown in figs. 5a Nenergy range ef T                Zab
shEl,56r57) and the fractions, piT and fOTO in u(rr+rr-rrO)r the

ones, pOT+a' , fOT+T- , pOpO, pOfO and ASrr+- in u(2rr+2T-) and the

oneSr cx)OT+IT'" r POPÅ}rr;t pÅ}Tr;T+TF- , tuOpO, coOfO and AST+T- in

U(2T+2T-TO), are given in figs. 6a rv 6c29r36,51r57"V59),
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respectively, as functions of incident mornentum. We find that

the result is in agreement with data except for several partial

cross sections. The fits to the various branching ratios give

us the picture that the quark rearrangement and annihilation

model is valid for describing the NN annihilation process.

     The observed branching ratios and contribution frorn each

partial wave (L ÅÄ' orBy, L • or3) at Tlab= 100 and 300 MeV are

given in Tables XV!H and XIX, respectively. We note here

that the quark rearrangerctent processes appear to dominate <80 'v

90 e6) at rest {Tlab= O MeV), which means the dominance of three

meson annihilation in the NML S states, while at Tlab= 100 nu 3eO

MeV the contributÅ}on Åírom them <4506) Å}s comparable wÅ}th those

of the qq annihilation processes (54 AJ 42 06), where

particularly the processes NN • ps have large contribution (45

N 39 e6>.

    org.y IL"orB\(EcMrllzJLS,orBy) in eqs. (3-40) and (3-47), and

 g3 IL'orB(E• cMtllzgLS,c,3) in e.gs. <3-51>, (3-61), (3-6;>, (3-73)

and (3-77) at [rlab= 100 and 300 MeV are given in Tables rx rv xv

and shown in figs. 7 N 13, respectively. Observing the
imaginary parts of E IIJ"orBY{EcM,!IzJIJS,ctBy) and 2
                  ct3y                                                 or B
 L+or 3r (EcM,I!zJLSrorB) in figs. 7 N 13 we find that the processes

PP ÅÄ sssr ssp, ps represent flat or increasing energy

dependences and the processes PP + ss decreasing energy

dependences in this energy range. This is because in the

former case the thresholds of rnany channels of then are near or

just above the NN threshold. Below the NN threshold the two
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s-wave meson channels or the three meson channels with light

mesons occupy large portion of the decay branching ratios.

     When we cornpare the predicted fractions with data we

should keep it in mind that it is not easy to divide the final
state {m"+mT-TO} into each Åíraction both theoretically and

experimentally. On the experimental side, the final state

interactions arnong produced mesons make the peaks of mesons in

the invariant mass distribution unclear. Xn addition the

separation oi the peaks ir• om background becomes arabiguous due to

iarge widths of mesons such as p, Hr ei Br Al and A2 (Table

VI). On the theoretical side, it is not clear for the same

reason what channels should be included in calcuXating a
r' raction. For examplet as pointed out Å}n the above discussion

the two meson channels eOpO and EeatO ought to be observed as

the fraction pO"+"' or pOfO in 2T+2T- and the one coOT+T- or

coOfO in 2T+2T- TvO respecti'vely. [Vhis Å}s because the width of ee
rneson is so !arge (2oc N 6oo Mev60>) and the mass of eo meson

is so close to that oi fO meson that it is not easy to

discrirninate two mesons T+T- or p-wave meson fO frorn eO. As

shown in Tab!es XVUI and XIX we incZude these contributicns
which amount to 'V 30 g in u(pOT+T- ), o<pOfO), a(cxjiOT+T- ) and

g(toefe). Similarly, the channel Alp contributes to the pTTT

channeZ since Al meson decays into 3rr (Table Vr). The

predictions of fractions should be carefully compared with

data.

     Let us investigate each channel in more detail. rn case
B the predieted values for o(coOT+rr- ), u<pOpÅ}T;) and o(pÅ}T+-T+T- )
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are N 1!2 of data and decrease with mornentum rapidly, because

contributions to these channels come only from S ÅÄ sss and the

occupation rate of the S state annihUation in the totai

annihilation decreases with momentum as seen in table V (22.9o6

at Tlab= 100 MeV and 12.7e-o at Tlab= 300 MeV). This indicates
that the predicted values for u(coOT+T' ), o(pOpÅ}T+- ) and

o(pÅ}T+'T+rr' ) with oniy the process S ÅÄ sss are not enough. [rhe
                                     'flat or increasing energy dependences of these fractions give

an evidence for the existence of the contributicns from the

initial D states. The existence is supported by the reasons

mentz'oned in the beginning of secticn 3: possz'b!e momentum

dependent qg interactÅ}ons, mixing of the NN S and D states by

ten$or forces bet'ofeen N and Nt and the NA, NAt AA
  tt ttt        tt            tt tt                  tt                         t-                            tt                                  tttt                                     tt                                               ttt                                                      'annihilations. Xn case A we take in the process D -+ sss.                                        `
 '

The normalization of the D + ssst whose branching ratios are

simulated by tbose of S " sss, is a new parameter. rt is

dei':ermined so as to reproduce the partial cross sections of• PD-

" SSS at Tlab= 100 N 300 MeV. Then we obtain

   o(D ÅÄ sss)1{o(DÅÄ sss)+o<D • ps)} = O.6. (4-10)

Since the portion of the annihilation from the NN D states in

the total annihilati'on increases wif-h momentum, the predicted

values for u(cDOT+T' }, o(pOpÅ}7T;) and o(pÅ}T;;a'+T- ) are enhanced

with energy and their energy dependences are improved as seen

in fig. 6c.

     The contributions from P ÅÄ ssp are well tested in the
partial cross sections, o(fOT+T' ) and u(ASrr+u-) (#5c and #6f in
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Table XVIrl and figs. 6b and 6c, respectively). They show

flat energy dependences due to the annihilation from the

initial P states. Our model is also consistent with the fact
                  +-that o(fpT) and o(AET+TO) are very small experimentally.

     The contributions from P ÅÄ ss are justified by the fit in

o(coOpO) (#6d in Table XVHI and fig. 6c). Zts slight!y

decreasing energy dependence is consistent with the

annihilation from the initial P states.

     The contributions from D + ps are also justified by the

good fits and the energy dependences in o(pOfO) and o(eeOfO>

{#5d and #6e in Table XVIII and figs. 6b and 6c, resnvective!y).

Their increasing energy dependences indicaie that main

contributions of them come from the initia! D states. {The
                                                     'portion of the D state annihilation in the total one increases

with energy frorn 22 O-o at Tlab= 100 MeV to 3•9 k at 300 MeV.)

Furthermore the fractions of both channe]s in case B a.'e

predÅ}cterug too large. This fact supports that case A is

adequate for the description of the D state annih"at:'on

processes.

    We overestimate the channels with one p-wave meson and one
                   +- +-pion such as fOTO, AY+ and BdT+. [rhe large predictions Åíor

these channels are due to good overlap of the spatial and the

spin-isospin wave functions and the iarge avaiiable phase

volumes. In fig. 6a the fraction of the fOrrO channel amounts

to 30 'v 40 2 in comparison"with data 'v 5 g. However, as seen

in fig. 5b this difference is mainly due to the underestimation
of o(T+T-TO). We should note in [rable XVZII that for the
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branching ratio of fOTO in the total annihilation the predicted

value O.5 g is close to the experimental value O.2 'v O.5 O-o.
Espigat et al.59) estimate that the fraction of BÅ}T; in

o(2T+2T-nO) is very small ("v O 06), whUe as shown in Table XVrl

the predicted branching ratio Å}s 5 N 6 8 of the total

annihilation at Tlab= 100 MeV. :f B meson decays rnainZy into
ant the fraction in u(2T+2n'nO) amounts to N 20 O-., and thus B

rneson must be observed contrary to the experiment.

     FÅ}nally we mention the process S + ss. The predictions
or' u(7+T- ), u<pT) and a<pOpO) a-re too srnall (#2, 3a and 5b i'n

Table XVIII and ftgs. 5a and 5br respectively). However, the

fractions are onZ,y a few percent or- ihe total annihilation.

By use of dualÅ}ty argument for TN scatterÅ}ng, the processes of

NN • nv, pT and pp vÅ}a the exchange of N or A (fig. 14) are

known to be important. Therefore we may interpret the

disagreem• ent as being due to the ;eg!ect of the processes such

as twe gq rvairs annihÅ}late and two mesons are created (Åíig.lc).

     Below the NN 'threshold the branching ratios show different

feature. As seen in figs. 7 A" 13 tihe imaginary potentials of

PP ÅÄ ss become considerabiy large and the ones oi PP + 3 mesons

become smail in cornparison with the ones above the NN

threshold. rn other words, the quark annihilation processes

give larger contribution. Furtherrnore, fig. 19 shows that the

channels with rnore pions occupy larger parts of the potentials

below the NN threshold. Therefore, decay channels of a NN

nuclear bound state with large binding energyr if it exists,

will have large contribution from three meson channels with
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many pions and two s-wave meson channels.
                              2S+1     We should comment on b(It                                 LJrEcM)e It is assumed that
    2S+1        LJ,EcM) do not depend on S, I and J for fixed L. Inb(I,

fact, they depend on them and the predictions for branching
ratios would slightly alter. For example, if the !=O 3P2

                                        +-channel is suppressed, the fraction of AE'n+ will become srnall
                                         2S+1<Table XIVa>. In order to estimate b(I, ,                                             LJ,EcM) exactly,

we must solve the scattering problems by using the optÅ}ca!

potentials due to the annihiiation. This prob!em wili b•e

discussed in the next s6ction.

     The result mentioned above points out that the feature of

the NN annihilatÅ}on into mesons can be explained by the quar]

rearrangement and annihÅ}!ation modeir although a rc,inor

modification with N 10g of the total annihilation is necessary

to consider by taking in other contributions in addition to the

ones from the processes assumed in our raodel. Possible

origins aace the foliowings.

<i) Nnal state interactions arnong mesons would alter the

production rates of mesons. For example, if a specific two

meson interaction has one or more resonances in an availab!e

energy range and in a certain state, the partial cross section

of the two meson channel producing in the state wUl be

eBhanced.

(ii) We have considered two meson annihilations by the qq-pair
annihilation only from the 3sl ?iq state. Although the

predictions in the case of only the 3po qq annihilation are not

in agree!nent with data (Table XVII), we cannot exclude the
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possibility of coexistence of the qq annihUations frorn several

qq states. The reiative weights of two heavy rneson channels
are larger in 3po case than in 3sl case as seen in Table xvu.

Thus inclusion of the 3po. case is expected to cure the

overestimations of fenOr BÅ}T+-  and A2Å}T; channels to a certain

extent.

(i") !n additien to <") we should investigate the possibility

of contributions from other diagrams such as fig. Ic.
A!though some attempts have been made31'32'61'62), we could not

reach a convlncÅ}ng conclusion about this at the present stage.

Since the data for partial cross sections and angular
distributions of i;P + T+T-t K+K- at available low energies have

                      63)                          and some experirnents related to thisrecently been presented

problem are expected at the LEAR faciiity, the anaiyses of

their amplÅ}tudes wU! be developed Å}n the near future.

(iv) Xn case A we add only the process DÅÄ sss in aU D

states. As shown in section 3 we have considered that this is

due to the momentum dependent pa..t of the qq interactions,

tensor forces in the OBEP and the NA, NA, AA annihilation.

Therefore, we should take account oi the effect by these

origins in the processes S ÅÄ sssr ss, ps, P -F sspr ss, ps and D

• sss, ss, pst in particulart by the NA, NA, M annihilation

<fig. 4). Moreover, each contribution should have its own
dependence for the initiai iaN state 2i+i'2S+iLJ. For example,

the process NN(L=2> ÅÄ NA, NA{L=O) .b mesons occurs in isotriplet

(I=1) and total angular mornentum J=2 or J=1. At the present

model we assume that all the NN states with the sarne angular
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rnomentum L have the same partia! cross sections.

     To conclude this section we remark that the quark

rearrangement and anihilation model for NN annihilation

describes the feature of the branching ratios for the

annihilation channels at Tlab= O 'v 300 MeV except for several

channels. The coupling constants gct in model I is explained

by virtue of introduction of the spatial part of the quark wave

functions in hadrons. Then it is possible and itecessary to

introduce other processes and other interactions among quarks

as a small modificat-{on Å}n our model. Our result indicates

that the quark rearrangement processes dominate in the NN S

states in the energy range of Tlab= O "v 300 MeV, whi!e they are

comparable with the quark annihilation processes in the NNL P

and D states. Therefore, the totai annihÅ}lation cross section

       = 100 N 300 .MieV contains both contributions with sirnilarat T    !ab
arnount. !n the annihi]ation at rest the quark rearrangement

processes dominate.
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gs Numerical results on NN scatterin and com arison with

     data

    This section concerns the description of the NN scattering
                        'based on the quark rearrangement and annihilation model, where

the force between a nucleon and an antinucleon is described by

the one-boson-exchange potential (OBEP) and a microscopic NN

potential representing annihilation effect. Observables of

the PP scattering are calculated and compared with data, and

the characteristic features of the scatten'ng by the optical
                                        64)potentz'al given by our ncdei are discussed .

     The NN Å}nteraction is represented by bgth oi the OBEP

(fig. 15>, where mesons are exchanged in the t-channel, and the

intermediate meson configurations (fig. 16). Zt is we!! known

that the OBEP for the NDLg syste.m is obtained from the one fcr
                                      2r3)                                          . Let us wr i• tethe NN system by G-parity transforrrtation

                                    'the OBEP for the NN svste!n as

   VoBEp(l`>gN) = 2 VoBEp(NNror )t (5-1)
              or=mesons

where or are mesons exchanged. With the G-parity of or meson

being represented by eors where ect= 1 for mesons with even

G-parity {n, p, e..) and eor= -1 for mesons with odd G-parity

(Tr al, "')r the OBEP for the NN system becornes

   VoBEp(iiifN) '= 2 ect VoBEp(NNrct)e (5-2)
              or =mesons

The ingredient of co rneson, which is responsible for the short

range strong repulsion in the NN OBEPr turns to strong

attraction in the NN OBEP (fig. 17). Here we employ the model
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u of ueda, Riewe and Green65) as the NN oBEp. The potentials

are cut off in the short range part with the form factor for

the meson-nucleon vertex:

             A2 .   F(k2) = 2                                                        (5--3)               2e           k+A ,
TheY obtain the va!ue of the cut off parameter as

   A = 2532.4 MeV for piont

     =1184.3 MeV for other mesons. (5-4)
               '
The detaUs are found in ref. 4.

     nihe quarit< rearr- angement and annihilation processes lead

opt.i.cal potentials with intial NN S, P and D states. These

partta! waves are sufficient for describing the NN annihi]ation

in the energy range of TlabE 300 MeV, since as shown in an
                        4)optical model calculation , contrÅ}bution from the Sr P and D

waves to the tota! annÅ}hilation cross secticn amounts to 98 06

at Tiab= 100 MeV and 87 % at Tlab= 300 MeV (Table V).

     The optÅ}cal potentia!s from the quark rearrangement and

annihilation processes (fig. 18) are given in separable and

energy-dependent forrns such as

   Vopt ( Ec.M , "X r ik ' , UzJJzLS )

    = K=22,3 iK izL2 (LLzSJz'-LzlJJz)(LLESJz-r",2lJJz)

                        '
              .F                               L•F       Å~ yliL (x) vLK(x,xo) x2 ! K(EcM,nzJ'Ls,FK)
            Z
                                 .F                           Å~ YLL'(X') VLK(X'rXo}r (5-5}
                                z
where FK= or,B,y for K=3 and FK= or,B for K=2. (See eqs. (3-40),
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(3-47), (3-51), (3•-61), (3--67), (3-73) and (3--77).) The form

factors of the potentials are obtained in Gaus•sian forrns:

   vlllK<x,x.) = i/xg (x/x..)L exp<-<xlxo)2), <s-6)

corresponding to the forms of the quark wave functions. Zn

eq. (5-6) Xo depends not only on the number of mesons K, but

           owing to the difference among the sizes of the quarkalso on F         K
wave functions of pion, other s-wave mesons and p--wave mesons.

Therefore there are a large number of Xo. In solving the NN

scattering, for each potential of the Lth partÅ}al wctAve due to

three or two meson annihilation, Xo is approximately set equal

to the one of the channels whÅ}ch give main contribution to the
                                           L+F                                              K                                               ( Ec,ly! , IIzJLS t FI )potential (See Table XX.). We calculate Z

in the energy range of EcM= 1700 N 2000 MeV which are shown in

Table XX and figs. 7 "v 13.

     We sumsmarize the i;nportant features of the optz-cal

<i) We consider the following eight terrns:

     (1} SÅÄ ,sss, (2) S• ss, (3) SÅÄ psi

     (4) PÅÄ ssp, <5) PÅÄ ss, (6) PÅÄ ps,

     (7) DÅÄ ps, (8) D ->- sss,

where St P and D indicate the orbital angular momenta in the

initiaZ NN statesr and s and p the s- and p-wave mesons

respectively. Here we take account of the D-wave annihilation

into three s-wave mesons, (8) DÅÄ sss. We have shown in

section 4 that the predicted values for the branching ratios of

PP ÅÄ ssst especially, PP + turm, ppT, are insufficient without
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inclusion of D ÅÄ sss. As in section 4 we simulate the

contribution of D ÅÄ sss by the one of (1) S + sss. This
simulation is made by multiplying an adjustable parameter XB in

using 2 !S"'SSS(EcMr!!zJL=O S,F3)e '
       F3
(ii} The parameter Xor representing the annihilation radiusr is

O.45 N O.6 fm for the three meson annihilation and O.4 'V O.45

fm for the two rneson annihilation (Table XXa). The iatter is

svaalie.r- than the former since in the two meson annihilation

processes a quark and an antiquark must occupy the same

positÅ}on se.at:a!ly on the qq pair anni:aUaticn. Tle radius X                                                            o
depends also on the radius of the quark wave functicn. We use
                          i
rp= O.62 fm as the nucleon root-mean-square radius according to
             21)                . If we use rp= O.7 fm, the Xo increasesrsgur and Karl

with N 10 g.
                                 L+F                                   K                                     (EcM,UzJLSrFK) has a(iii) The irnaginary part of each r

pe2-k at the ener- gy of the sum of the rnasses of mesoris FK plus

300 Av 500 MeV (ii'g. 19). There the overlap oz- the spatial
                 'part of the wave functions is balanced wel! with the phase

space volume of the finaZ state mesons. As a result of the

difference of the threshold energy of the final states included

in each processr the potentials for NN " ss decrease with

energy (figs. 9 and 11) and others show flat or increasing

energy dependences (figs. 7, 8, 10, 12 and 13). The strength

of the potentials for S ÅÄ sss, particularly, with I=O and S=O

is drastically weakened below the NN threshold (EcM= 1876 MeV)

since the rnain contribution to them comes from three meson

annihilations with the sum of the meson masses N 1700 MeV. As
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the process S + sss provides main contrÅ}bution to the initial S

state annihilation, this feature creates possibility of

narrow-width NN bound states in the S states.
                           L-eFF(iv) The real part of each I K(EcM,I!zJLS,FK) originates from

the principal part of the Green function of the intermediate

meson states. !t is negative at sufficiently low energies and

changes its sign at a higher energy (fig. 19a). The energy of

the real part having zero is almost equa! to the one at which

the imaginary part has a peak. Ha.-nce the real part js

negative in the energy range ci T•' lapt 30C MeV Å}n the channe]

w.ith heavy rrtesons. As a resuk' oi this the real part oi the
potential from iiN ÅÄ sss, ssp is negati• vet the one fr• om N'N -> ss

pcsttive and the one frcm NN • ps posit.ive or negative.

(v) The annihUation potent-iai has the separable foum as shown
                                         ,
in eg. (5-5). Hence ifne annihiiation effect depends not only

on the imaginary parts, but also sensitively on nodes of the

relative wave function•i o:- NN.

     First we adjdst the pa-ra'-meter X in eq. (3-2), describing

strength of potentials, to ftc• the PP total annihilatÅ}on cross

              =100 MeV. At the first stage, we neglect thesection at T           lab
process (8) D • sss. Only 65 g of the experimental value is

reproduced at most as shown in fig. 20a.

     The NN OBEP has uncer'tainties in the short range part
                             'where quark structure of nucleons and mesons is important.

In this region the G-parity transformation is not applicable to

get the NN OBEP from the NN OBEP and quark dynamics should be

considered instead of the rneson exchange. The NN potential

                           - 61 -



given by the G-parity transformation is strongly attractive in

the short range part due to the tu meson exchange. Here as a

simple case we modify phenomenologically the short range part

of the NN OBEP by adding repulsive central components as

follows.

   vloPggb(XiN) F voBEp(NN) + vc<!) exp<-(xlx.)2), (s-7)

where Xc is fixed as Xc= O.4 fm and Vc(I) wÅ}th isospin !=O and

r=1 are two adjustable parameters. In the optimum case 85 g

oi the experiraental val,ue is reprodi.i.ced as sbown in fig. 20bt

where X is tixed as the value given above. The central

components of the NN OBEP with and without the modification are

shown in fig. 17.

     So far the D wave NN annthilation is assumed to occur only

through the two meson annihilation process, (7> D ÅÄ ps. The

inclusÅ}on of (8) D • sss improves the situatic-n anr.g. in the
optimurn case for Xg we reproduce 97 e6 of the exnperi`mental valu-c

(fig. 21c). Here as seen in Table XXa, contribution frorn D ÅÄ

sss determined by the present optica! model calculation is

somewhat large in comparison with the value 60 g in eq. (4-10)

determined by fitting the observed branching ratÅ}os.
     The totai66"V69), the elastic63) and the charge-exchange70)

cross sections of the PP scatterÅ}ng below 300 MeV are displayed
in fig. 21. The angular distributions of the l5p elastic63)

                      70)and the charge-exchange                          scatterings at Tlab= 120 MeV are

shown in figs. 22 and 23 respectively, and the backward angle
elastic cross section7i) is shown in fig. 24 as function of
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incident morne.ntum. We find that the present potential

reproduces the observables qualitatively well.

Quantitatively, however, the backward parts of the angular

distributions do not fit well to data for both the elastic and

the charge-exchange scatterings.
                                         '  '     The following irnprovement should be taken in to remedy the

fits.

(i) The treatment of the D wave annihilation should be

elaborated. .The annihUation potential for the transitions
between the it:'N 3sl and the 3Dl st' ates and between the 3Dl

states is ignored in the pre:ent• calculaticn. The inc!usÅ}on

of this would increase the parttial annihilation cross section

from the initial D states. We should z'rnprove the simulation

oi the contrii".ution from the process D + sss by the three rneson

anrtihUatiop f=• orn the S states, S .- sss, taking momentum

transfer among quarks into consideration. !n adqition to this

AN, AN and AA a.n•"nthilations make sorne cosicierable contribution
to the 5iN D wave annih"ation26' ). The additive D wave

contributions would impreve fits in the angular distributÅ}on of

the PP elastic scattering at backward angles.

(ii) [rhe modification of the short range part of the NN OBEP

shouid be elaborated. At present we do not know how the

reasonable choice of the modification should be. We can,

howeverr refnark that to add the component of the spin-dependent
type 31.32 rl.r2 exp(-(x/xc)2> to eq. {s-7) improves much the

fits to the different;'al cross section of the charge-exchange

scattering.
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    Both the. real part of the optical potential (figs. 7 'v 13)

and the OBEP (fig. 17) are strongly attractive at short

distancest X Åí O.8 frn. The attractive forces create a node at

X = O.5 rv 1 fm in NN relative wave functions in many low

angular momentum states. This feature causes some

cancellation in the Å}ntegral of the separable potential in

Schr6dinger equation. Let us deiine a local equÅ}valent

potential of the separable optical potential by

             .   Vlocal(Ecl.tX,!!zJJzLS)

   = l d3x' vo pt ( TiT," c),i rk, 'X ' t !i.JJ.LS > Wii. ,J J--.L,s < Ik" ) ! '9 !i. J• J.Ls ( ik ) '

                                                        <5-8)
      '                                      'where Vopt(EcM,-X't ,"X' ,UzJJzLS) is defÅ}ned by eq. (5-5). The

equivalent local potential and the wave function are shown in

fig. 2S. The stronger the imaginary part is rnade, the

st.."onger th"e rea:, part• of th"e optica! potent-Sa] b- ocomes an.d

thas the wct"ve function has a node. Then by the cancellaticn

in the integral the annihilatz'on effect of the optical

potential is weakened. This is a reason why only 65 % of the

PP annihilation cross section is reproduced without the

introduction of the repulsive central component in eq. (5-7).

     The repulsive central component needed is very large

(fig. 17). The suitable values for Vc(I) are

   Vc(I=O) = 14.6 GeV,

   v(r=1)=11.0 Gev. (5-9)    c

With the repulsive central component, the node is pushed away
                                              '
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to a large distance, and the cancellation becomes less

effective. To see this effect the magnitudes, R, of the s

                                  = 120 MeV are calcuiated inTnatrix of the partial waves at T                               lab
Table XXI, where u is defined by

                              '   q= (2J+1)" -R2) (s-l o)                                  '

which is proportional to the partial annihilation cross
                                               11section. For example, the increase of o in the                                                 Pl state by

the repulsive component is just due to this effect. In other
                         13casest for example in the                           P2 stater the magnÅ}tude of W(x)

around X = O.6 fm becornes very smal! owing to the strong

repuZsion at X Åí O.5 im (fig. 25). This, with the node effect

mentioned above, increases the imaginary part of
Vloca!(EcMrk,k'r!!zJJzLS) in eq• (5-8) around X = O.6 fnL. cvh.e

feature at this distances is most er-r-ective to the annihUati'on

cross section.

     The repulsive cornpenents do not simply cancel the sbort•

range attraction df the OBEP, but rather produce newly the

short range repulsive forces. Both !=O and I=1 central

components of the modi.Fied OBEP change from attraction to

repulsion at X = O.67 fm (See fig. 17.). Both are strongly

repulsive with 1 GeV at X = O.5 fm and most attractive with

-300 MeV and -200 MeV at X = O.85 fm respectiveiy. This

implies that a new origin for the repulsion at short distances

X E O.4 fmr which would be found in the realm of quark physics,

must exist both in the I=O and I=1 NN systems.

     Finally, we estimate the justification of the
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                      2S+1approximation. for b(Ir                          LJtEcM) in sections 3 and 4. There
                         2S+1we have assumed that b(I,                             LJ,EcM) = b<L,EcM) and the

L-dependence of the annihilation cross section is equal to the

one by an optical model calculation (See eq. (3-84)).

Comparison of them with the values caleulated from Table XXI is

given in Table XXII. We find that the approximation is valid

within N 30 g except in several partial waves.

     !n sectÅ}on 4 the re!ative weight between the three rneson

annihilation and the two meson annÅ}hilaticn with the same

quantum numbers, rt Jr L and S has been assume('] to be eq.ual to
         LÅÄF            Kth' at oi !             (Ec,M,!IzJLSrFK). However as the annihilatic.n

rangesr Xo, of them are dii,ferent and the wave functions in
                                      2S+1several partial waves have nodes, b(lr                                          LJ,EcM) is also

dependent on the number of the final mesons and thus the

pred-icied branching ratÅ}os would alter. Zn order te estimate

this we .must solve coupled channel equations wtth the NN

channei, t]nree meson ones and two meson ones.
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ptt6S add
     A microscopic description for the low energy NN

annihilation has been proposed by a quark rearrangement and

annihilation model. We have investigated the branching ratios

of the final state mesons at Tlab= O 'V 300 MeV, constructed the

NN optical potentials by the model and solved the NN scattering

problem.

     In our model the low energy NN annihilation is

charact• erized by the t'w'o p, rccesses: the qu,ayk rearrangement

process Å}nto three mesons and the one qq-pair annihUai ic.n

process into two mesons. The amplitudes of the proce'b'ses are

given by the overlap of the sptn-isospin and th'e R-patial parts

of the wave functicns and the assumption that a qq pai-r
                     3annihilates Erom the sl state. We take in the p-wave mesons

as well as the s-wave mesons in the final states. Our model

contains four para.m"eters: the rat-So od t- he strenqt- :n.•s for the

three meson and the two meson annihUationst t!n.e proton c:riar• ge
                 '           'radius, the pÅ}on radius and the p-wave mesen radius. The

rnodel describes weU the branching ratios for the annihilation

channels both at rest (Tlab= O MeV) and in flight {Tlab= 50 "V

                                                        '300 MeV) except for several channels.

     The fractions of the three meson states and the two rineson

states in o(2n+2T- ) and o(2T+27T,-"O) have favorable abundances

and energy dependences. The energy dependences give us a clue

to clarify from what initial PP state each three meson or two

meson annihilation occurs. For example, the rapidly

increasing energy dependence of the fOpO channel indicates that

                             '
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the main contribution to it comes from the initial D states.

     Our model predicts that the quark rearrangement process

dominates at rest, while it is comparable with the quark

annihilation process at Tlab= 100 rv 300 MeV. This is the case

for the total annihi!ation cross section. For the

annihilation from the initial S states the quark rearrangement

process dominates all in the energy range or-  Tlab= O 'v 300 MeVe
     we have also investÅ}gated the case of the 3po qq-pair

annÅ}hilation. Akhough the interaci ton i's found unfavorable

ior repr•oducÅ}ng da'L-'a if on!y this works, we cannot remove the

possibi-lity of cc-exi•stence of- qq-paix annihUations from

several qq states.

     The exvv'er• imental abundances oi the three s-wave meson

channels, anT and ppT, and their increasing energy dependences

require considerable contribution from the process D ÅÄ sss

which is predicted to have very srnall contribution by our

orÅ}gina!• aritplitudes. From experimental data we have estimated

that this contributicn should amount to about 60 60 of the D

state annihilation. The possible origins oi this process have

been discussed.

     Our predictions for• o<TT}, o<pT) and u(pp> are too small.

However the absolute va!ues of these cross sections are srnall.

We have interpreted this disagreernent being due to the neglect

of two qq-pair annihUation processes etc.

     The optical potentials due to the quark rearrangement and

annihi!ation amplitudes become separable, and energy- and

state-dependent. The for.m factors have Gaussian forms with
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the range of Xo= O.4 N O.7 fmr which originate from the ones of

hadron internal wave functions. The energy dependence of the

eptical potential depends on the interrnediate meson states.

     The irnaginary part of the optical potential for NN ÅÄ ss

shows decreasing energy dependence near the NN thresholdr since

the meson states included have their threshold at far lower

energy than the NN threshold. On the other hand, the one for

NN + sss shows rapidly increasing energy dependence, since many

meson states open their threshold near the NN threshold. This

feature creates the possibilÅ}ty of narrow-w-U.t•h bound states in

some channels.

     The feature of the rea! part of the opttcal potential is

also determined by the positions of the thresholds of the

intermediate meson states included. The real part has been

obtained to be strongiy attractÅ}ve as a whole.

     By using the NN optical potential and the NN OB'EP we have

calculated several cross sectionse We have reproduiced the

qualitative feature of the observables below Tiab= 300 MeV•

We find that to reproduce the annihilation cross section strong

repuision is needed at short distances. Without it the PP

annihilation cross section is short by 20 "v 30 %.. This is

owing to the cancellatÅ}on in the integral of separable

potential in schr6dinger equation due to nodes of the Fp

relative wave functions. The existence of the additional

process D ÅÄ sss has been supported in the estimation of the

annihilation cross section.

     The angular distributions of the PP elastic and the
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charge-exchange scatterings at backward angles are dependent on

arnbiguities in our modelr for exampler the treatrnent of the

short range part of the NN OBEP and additional D wave

annihilation potentials due to the AN, AN and AA annihilation.

     The quark rearrangement and annihilation model is suitable

for describing the gross feature of the low energy NN

scattering, although to refine the model it is necessary that

further investigation is performed in several channels and mqre

detaUed exper• imenta! data are requi-red.

     The fol]owing questicns come up as the next step. How

can we develop the quark rearrangement and the quark

annihUation model to describe the NN annihUation rnore

quantitativeiy ? !s it right that we assume that spins and
            'isosptns of quarks do not flip in the rearrangement processes
and a Eiq pair annihilates in the Ziq 3sl state ? The fe!lowing

approaches are expected to answer the questions.

<i) To study specifÅ}c meson clnanne!s elaborately. Some

observabZes wou!d be sensitively dependent on quark dynamics.
For exampler coinparison or- the process i5P ÅÄ K+K- with the one

i5p ÅÄ T+rr- is expected to reveal mechanism of the two rneson

annihilation. Since a pair creation with a strange quark and
a strange antiquark is npveded for the K+K- production, energy

dependence of the cross section and angu!ar distribution for PP
ÅÄ K+K' should be different from the ones for f;P ÅÄ T+T-. In

fact, it has been reported in an experiment by bubble chamber
that the difference was observed72>.

{") To rRake the model consistent with the description of other
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hadron reactions. Decays of hadrons due to strong
interactionr for exampler pO ÅÄ T+T- , and interactions arnong

baryons and mesons should be accompanied by quark rearrangement

and qq pair creations or annihilations.
                                             '
(iii) To relate the present model to the fundarnantal theory of

strong interactionr QCD. Hadron interactions cause

deformation of the boundary between physical vacuum and
                     'perturbative one, which makes the situation diffÅ}cult. It is

necessary to introduce the theory able to treat the situatton
                             73)such as the seliton bag model .

-- 71 -



!As!snglv,gggglggg]Eskld ts

     The author wishes to acknowledge to Professor S. Takagi

and Dr. T. Ueda for many valuable discussionsr helpful advices

and careful reading through the manuscript. EspeciaUy, he is

deeply indebted to Dr. T. Ueda for the collaboration to a

series of works. He also wishes to express his gratitude to

Professor T. Sawadat Dr. O. Miyamura and the members of

Department o.F- Arvp!ied Mathematics, Faculty of Engineering

Sciencer Osaka Untversity, for their kind supports and

continuou.q" encouraqements.                 .
     's"he numerical calcu]ations for this work have been carried

out on the Computer System at the Computation Center of Osaka

University. They have been financial!y supported in part by

Institu"Le ior Nuclear Study, [Pokyo University.

-72-



A endix A Phase s ace volume of the final state with

              three mesons

                        '
     The phase space integral
   I dl\1 dli2 dli3 63(pl+s2+p3

are carried and written as the

   s.2E& J II,IMi-M3 dy fi:r, i.

Here Mi = milEc.M, <i=1,2!3), and

soiuti'ons oi tl'•sLe ec.uationr

   4 (1 + .M. i - 2 Y ) z 2 - 4 ( z -1 ) ( 2 y -1 -M ?

   -4(1+lq?+Mi-Mi)y +(1+(Ml+M2)2

Appendi> B Ap roximat:'en' oi

) 6(E

form:

dZ e

 z
  max

  2-M.+M
  L

  2   )(-M "3

 the

1+E2

 and

2 }z3

1+{rc

ze orrn

+E3"EcM)

 Z. are  MZR

+4(1+i"v"!2 1>y2

1 -M2 ) 2 --Mi )

 factor oi

        <A-1)

        (A-2)

given by. the

 = O. (A-3)

 the

              optical

    From eq. (3-39) we

for S -+ ps as

   [12B2 +6E2gf +dhp? +

instead of

   [12B2 +6E2gf +dhp?]

in eq.(3--61), where

 otentia!s

 obtain the

{gis(eh+dj)p\

vo(x,xo)
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form

 .i3}gL,

factor ef
      '

,,,-}9)]

 the potavntial

Vo{XrXo) (B-1)

         (B-2)



   6 - B2 (i ID.2 +i /Dk )/(sDjli )

      -itE2{1IDB2+1IDft+B2(1ID.2+1IDk>1(2Di3)}{VDk-(A2+B2)1(2D

                        '

   e = (B2-A2)[i1(2Dk)-E2{iIDji-(A2+B2)1(2Dli)2}/(2Dli)]

and

   j = B2!Diii-B2E2{1IDiii-(A2"B2)1(2Djli)2}IDki e

Using the values in eqs. <3-20) and <3-25):

               -1      = O.81 fm '   D   N

and

              '              -- 1   D = O.87 fm    ct

we estimate the ratio oi the last terrn to the Åíirst and the

second terms in eq. (B-1):

   1 2B216E2gi {gE;('e:rt+dj >p?+gtg Lbi} " -i;i?ÅÄ)

      = (-o.olp? +o.s3){1-(o.sl f.)2}. (B-s)

The last term changes its si-gn at X = O.54 fru. Hence this

term should be considered, particuiarly, when the wave function

has sorne nodes near thz's distance.

lli )2} ,

(B--3)

(B-4)

(B-5)

<B-6)
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Table Ia Meson branching ratios in the PP annihilation at

rest (T          = O MeV) .in units of 06. Contribution       iab
from two meson annihilation is rernoved. Asterisks

(Se) indÅ}cate the fitted data, where brackets rnean

that the sum of the data is fitted.

Channels          33)Experiment Our model Harte et al.

* mTO(m>1)
      :
  U+T-U
  rr+T-2TO
  fi+7I`-3TO
  T+T-m'rT O (m>4 )

* 2T':+2rr-(porr+rr-)
  2 71- +2 T, - rr O

* nOT+IT-
* CDOT+7T-
Sr p07T+T-Ti'O
* PÅ}T+TT'+T-
*[  2T+2T-2IT O
  2T+2T-mTe<m>3)
  3a+3i-
  3rr+3T..TO
    tuO2T+21ff-
    nO2T+2TT-
  3a+3n'-mrrO(rn>2)

 3.

 3.
 7.
23.
 2.

 5.
18.

15.
 4.

 1.
 1.

 o.

2

6,2.0
3Å}3
2Å}3
8Å}O
4Å}e
oÅ}o
O.28Å}
3.4 Å}
7e3 Å}
6.4 Å}
5Å}1
2Å}1
9Å}O
6Å}O
1.2 Å}
O.14Å}
3Å}O

'

.

.

.

.

.

.

.

.

e

.

le
o
o
7

3
9
e.
o.
1.
1.
o
o

2
3
o.
o.
1

o

07
4
7
8

3
05

 3.

 o.
 3.
20.
 6e
 5.
19e

13.
 6.

 1.
 Ie

 o.

4

9
3
2
o

4
2
o.
3.
7.
6e
9
5

1

2
o.
o.
3

28
4
7
4

5
7

i3

] 22

  25
  26

)

.9

e4

.3

.6

.5
 1.4
24eO
 1e4
 4.3
 3.1

 O.1



Table' Zb Experimental data at rest {Tlab= o Mev).

Channel ref . 33 (36) ref. 29 refs. 37N45

2uo
   nOTo
3rre
   n 02To

mnO(m>3)
T + ff -•-

     oT+rr-Tr

        o   T+rr-rr

   perro
   pÅ}7r+

rr+T-2vr O

    oo   tu 7T

IT+T-3TrO
      on+T-mT
2T+27T-
   pOpO
2T+2a-rr O
   tueT+-rT-
   tu opo
   peT+T-T

   norr+rre

   nepo
2u+2y-2TO
    oo   w co
2T+2v-mnO
3n+3T-
3rr+3'n'-TO

(m>4)

       o
pÅ}T+g+vr-

(m>3)

   co02T+2T-
  n02T+2T-
3T+3T-mTO(m>2)

N O.04

3

o
(7

3

1

2

9

 23
  2
  5

(18

1- 6

4

 1
(1

(o

.2

.33
e8

.7

.4

.7

.3

.3

.8

.8
(o
.7

3
o
7
6
o

o
.6

.2

.9
e6

1

o
.3

Å} O.5

Å} O.04
Å} O.9>

Å}' Oe2
Å} O.4

Å} 3.0

 Å} 3.0
 Å} O.7

 Å} O.3
.4 Å} O.
 Å} O.9)
.4 Å} O.
.6 Å} O.
.3 Å} 1.
.4 Å} 1.
.28Å} O.

.052Å}O.
 Å} 1.0

 Å} 1.0

 Å} O.2
 Å} O.3>
.2 Å} O.
.14Å} O.
 Å} O.1)

3)

4
3
7
8
07

04

3
05

3

o
6

.2

.375Å}O.03
e9 Å} Oe35

15.6

16
3

6

19

.

.

.

.

4
1

9 Å} O.6

6 Å} O.7

15e5

 4.8
 2.1 Å} O.
 1.85Å} O.

25
15

O.3 Å} O.1

]

o
o
o
o
o

o
4
6
2
1

2

5

o
o

3
o

o
o
o

1

1

o

.

.

.

.

.

.

.

.

.

.

.

.

.

.

e

e

.

.

.

e

e

.

         45)o4sÅ} o.olo         42)O08Å} O.O02         43)76Å} O.23        42)34Å} Oel       43)35Å} O.1

        38)389Å}O.074        38)O Å} O.23       39)9 Å} O.4       38)1 Å} O.1       39)1 Å} O.4
       38)1 Å} Oel
       39)8 Å} O.3

        38)15 Å} O.05        42)8 Å} O.3

9
7

Å}

Å}

30Å}
32Å}
15Å}•

1Å}

1Å}
12Å}

o
o

o
o
o

o

o
o

o

e

e

e

.

e

g

e

5
3

37)
37)

o3egl
  -lj04  40>02

 44)5

 42)3
  42)05



Table rc Two mesonannihilation at rest 33,37N40g42r44' 45)
e

Channel Experiment

•rrOTO

T+ ff-
nOTo
POTO
PÅ}T+
uto"o
nOnO
nOpo
 oon co
pOpO
p+p-
pocoo

 ootu ee

O.048Å}O.O1O
O.33Å} O.04
Oe02Å} OeO05
1:# l• 8:Z) 2e

o.17Å} o.o6, o.

0.22Å} O.17

O.4 Å} O.3

O.7 Å} O.3
1.4 Å} O.6

lg 5e8
9 Å} Oe45



Table T! C(IS,ctBy) and phase space volume.

or B y iG ,s c(zS,ct3Y)
 (Å~1296) - Å~(phase space) Å~ b(IrS)

Å~ gctg3g

nOTexo
TOIT+n-
nOTOuo
nOT+n-
pOnOrro
pOT+T-
PÅ}T-+TO
n On OnO
p On OTo
pÅ}nOT;
pOpOnO
pOpÅ}7+

     op+p-rr

co oTono
CDOTI`+T-
asonoTvo
ee O P 070
toO pÅ}T+

eeOto070
nOnOnO
pOnOnO
pOpOnO
     op+p -n

pOpOpO
pep+p-
co O n On O
tue pOnO
uto popo
osOp+p.
tuocoOnO
tuocoo po
cootuoalo

1 ,O
1' + rO
8:I8

1:,,1

1 ,1
1 '- ,O

8 Il

8 I9

6 I?

6 I9

9;;l

o+,o
1  rl
o+ ,o
1+,O
O rO
e"+I6

8:I8

llil

o ,o
O ,1
1 ,O
O ,1
O ,1
1+,O
o+,o
1  ,1
O rl

 81
 54
 27
 54
 27
150
 12
 27
  6
 12
 81
21 6
 36
108
450
 75
150
  6
 18
21 6

 36
225
 81
 75
225
108
450
135
378
324
 27
 18
189
378
324
 81
189
135

1.00
Oe66
O.19
O.38
O.11
O.63
O.05
O.08
O.Ol
O.02
O.03
O.08
O.Ol
O.04
O.18
O.29
O.57
O.Ql
O.Ol
O.07
O.Ol
O.05
O.04
o.oa
O.O03
O.O02
O.Ol
O.OO04
O.OOI
O.OOI
O.OOI
O.OOOI
O.OO03
o.oo1
O.OOI
O.OO03
o.oool
O.OOO04

 a.oo
 Oe66
 1e41
 2.83
 1e90
1Oe38
 O.84
 4.51
 O.93
 1.84
 8.93
23.31
 3.9G
11.90
49.63
 3.67
 7e23
 O.61
 1e19
13.85
 2.30
 8.46
16e49
 5.27
 6.73
 3.26
13.6. 6

 1.80
 5.03
 4.57
 O.69
 O.15
 1.04
 2.08
 1.74
 O.35
 O.26
 O.08



Table !n Decay branching ratios of nr P and tu.

Decay modes branching ratio(g)

noÅÄ

p

co o

ÅÄ

ÅÄ {

YY
3vro
TT On+T-
T+Tr-Y
TOYY

2T

nOT+IT-
T+rr-
TO'Y

 38
 29
 23
  4
  3

1OO

 89
  1
  8

.o

.9

.6

.9

.1

e9
.4
.8



Table ZV Meson

units

branching

of g.

ratios in PN annihiiation at rest in

Channel Experiment 46) Prediction

1 prong
  Ti' L-} 2 Tr Q

  T-3nO
  n-m7O(m>4)
3 prong
  T+2n-
  T+2n-TO
  T+2T-mTO(m>2)
5 prong'
  2n+3"-
  2n'+3rr-TO
  2T+3T--mTO(m>2)
7 prong

17.65Å}

59.2 Å}
   2.3
  17
  39.7
22.8 Å}
   4.2
  12
   6.6
 O.35Å}•

O.8

2
Å}

Å}

Å}

1

Å}

Å}

Å}

o.

Oe3
2
2

O.2
1

1

03

14e3
   o
   9
   2
53eO
   1
  12
  39
28e8
  10
  13
   5

o

.4

.7

.7

el
.8
el

.o
eO
.8

neT+2T-
ee oT+2 rr -

P TI' T
pOpOT-

< O.3
  6N 10
N 8.7
N 5e15

o
 9.1
11e5
 9.9



Table V The orbital angular momenturn dependence of the

annihilation cross sections by the optical rnodel
           4)             . The cross sections below arecalculation

normalized as
   8:CM u...ih'.(L) = siJ (2J+1) (1-ln(r,2S"1LJ)l2)e

L optical
    (n

 limit
= o)

Tlab= 100 MeV Tlab= 300 MeV

o
1

2
3

 8
24
4g
56

 7.4 (22.98)
17.3 (53.6g)
 7.1 (22.0g)
 O.5 ( 1.5g)

 7.7 (12e706>
21.4 (35.32)
23.8 (39.306>
 7.7 (12.7e6)



Table VI Masses

which

, widths and
      60)
we use .

branching ratios of p-wave mesons

meson mass(MeV) width(MeV) spln parity isospin

H
e
D
f
B
6

Al
A2

1190
1300
1283
1273
1233
 983
1275
1318

320
400
 26
179
137
 54
315
110

1+
o+
1+
2+
1+
o+
1+
2+

o
o
o
o
3

1

1

1

H+
e + [
DÅÄ

f' (
BO -e-  [

BÅ} + [
6o. (
6'• [

     oTÅÄ rr -- Tr

ff +1 -

2To

    -oT+TI`-l-
T+n'-2TO
2T, +2rr -

     oT+rr-lrT
2TT +27T• --TO

3To
5•1 o

rr+T-
2To
27r+2T-
T+T;-2nO
3rr o

     o7+T-rr
2TÅ}• n;Te
TÅ} 2rr O

27TÅ}TÅÄ

2Tro
4rr o

T+rr-2nO
rrÅ}TO
TÅ}37T O
2rrÅ}Tr;TO

100 ?
 60
 30
 26.7
 14.6
 13.3
 13.0
  7.9
  6.5
  5.3
 55.4
 27.7
  2.8
 89e9
  8.7
  1.4
 89.9
  8.7
  1.4

39
31
23

39
31
23

.

.

.

.

.

.

1

8
7

1

8
7

Ao ÅÄ 1

AlÅ}  " (

A8 -"'

A2Å} g"

l
k

     oa+T; -7,

TÅ}2zO
2 rr Å} T,v+

     eT+Trl -- T`

2rrÅÄ27-gO
2To
4rr o

TT +T ---2Tr O

2?,Ti Å}• in'+

T.Å}2T.O
2TiÅ}rr, +"- 2TTO
TT'Å}TO

  - ,--ti` -S ii

2z Å}• rrÅÄTl c

loo g

50
50

70
 9
 5
 4
 4
35
35
 9
 5
 4
 4

e

e

.

.

.

.

.

.

.

.

e

1

5
7
6
3

1

1

5
7
6
3



Table vu                     2S+1      2S+1        LJ,EcM=2MN)/b(Ir                       LJ,EcM)U3(F3rI,
                          20)rest. Model I is given in section 2
!i in section izr25).

with L=O at

and Model

Channel Model r           Model II
rp=O.62 fm rp=O.62 frn
DTIDs=2.3 Dn!Ds=2.0

r
D

=O.70P
 ID =1 .
rr s

frn

4

TrOTOTrO
TOT+T-
neTorro
nOT+Tf-
pOTr OTo
pOT+rr-
PÅ}T;TO
nOnOTo
pOnOuO
pÅ}nOT;
poporre
pOpÅ}T;

    ep+p-rr

coOTOTO
coOrr+T-
co O n OrO
coo porro
co O pÅ}7 +-

tuocooTe
nOnOnO
pOnOnO
pOpOnO
    op+p-n

pOpOpO
pOp+p-

coOnOnO
eeopone
tuo popo
tuOp+p.
coocoonO
tuocoo po
coocootuo

O.53
O.35
O.75
1.48
1.00
5.48
O.44
2.38
O.49
O.97
4.72

12.32
2.07
6.29

26.23
1.94
3.82
O.32
O.63
7.32
1.22

 4.47
8.72
2.79
3.56

 1.72
7.22
O.97

 2.66
2.42

 O.37
 O.08
 O.55
 1.10
 O.92
 O.19
 O.14
 O.04

Oe45
O.30
O.62
1.25
1.00
5.58
O.45
2.21
O.53
1e05
4.91

13.15
2.19
6.55

27.29
2.11
4.24
O.39
O.69
8.18
1.3• 6•

5.14
12.68
3e58
3.84
1.84
7.67
O.89
2.50
2.15
O.25
O.09
O.34
O.67
O.58
O.03
O.05
O.O02

O.51
O.34
O.62
1.25
1.00
5.58
O.45
1.94
O.46
O.92
4.32

11.57'
1.93
5.76

24.00
2.11
4.24
Oe35
O.61
7.19
1.20
4e52
9.72
2.74
2.94

 1.41
5.88
O.69
1.92
1e65
O.19
O.07
O.26
O.52
Oe44
O.03
O.04
O.O02

O.32
O.22
O.44
O.90
1.00
5.60
O.45
1.57
O.50
O.99
5.29

14.17
2.36
7.05

29e38
2.18
4.39
O.39
O.79
9.37

 1.55
6e42
9.42
2.77
3.01
1.44
6e02
O.70
1.97
1.69
O.21
O.07
O.28
O.56
O.48
O.03
O.04
O.O02



Table vzrr The effective

(4-2) and the

in the case of

coupiings

deviations

 rp= O.62

 eff.gor de fi ned

 v defined by

fm and D ID =
        IS

by

eq.

2e3

eq.

 (4-3)
25)
   e

or
 eff.g. !g eff.

T Channel v

n
p
al

 6.49
l7.48
14.46

nTr
nnT
pn rr

conT
tu p fi

tutuT

nnn
pnn
ppn
ppp
ednn
ospn
topp
tuton

alcop
ci)coci)

O.97
l.08
1e07
1.09
O.99
O.97
1e31
1e19
1e05
O.94
O.95
O.93
O.82
O.59
O.59
Oe34



Table zxa                    SÅÄsssC(II JJ       LSraBy) and I    zzin (I=O, 3sl} channel.
(ECMtZIzJLSeorBY)

Channel C(XJLS,ctBY>     = 100T lab
Re I

 MeV
!rn I

Tlab= 30o
Re Z

 MeV
Im !

pOnOTO
pÅ}nOT;
pOpÅ}T+'
     oP+P-T
alOTOTO
to oT+'Tr --

tuO nOne
coo popo
coOp+p-
coetuotue

  6
 12
216
108
 75
150
 27
189
378
135

+O.O05
+O.Ol1
-O.1' 09
-O.055
+O.052
+O.104
-O.078
-O.079
-- O.158
-O.O53

-o
-o
-o
-o
-o
-o
-o
-o
-o
-o

.O09

.Ol8

.285

.1 44

.024

.049
e028
.Ol8
.036
.OOI

+O.O07
+O.Ol3
+O.O49
+O.025
+O.046
+O.091
-O.062
-O.094
-O.188
-- O.O62

-o
-o
-o
-o
-o
-o
-o
-o
-o
-o

.

e

e

.

.

.

e

e

.

.

O06
Ol 3
276
138
Ol 5
029
072
040
079
O02

total -- O.36O -- O.598 '- Oe176 -O.542

Table ZXb C(IZ JJ    z
in (!=1

             SÅÄsss T"S,ctBy) and I
Z3
t Sl) channel.

( EcM , I!zJLS , or By )

Channel C< IJLS , or 3y ) Tlab= 10o
Re I

 MeV
Im 1

milab= 3oo

Re r
 MeV
zm r

pOrOTO
p OT+T --
pÅ}T;Tr o
cD On OTo
coOpÅ}T+-

penOnO
     op+p-n
pepopo
pOp+p.
eeocoopo

total

 27
150
 12
  6
21 6
 75
108
135
378
1'89

+O.Ol9
+O.104
+O.O08
+O.O05
-O.130
-O.229
-O.094
•- O.O58
-Oe163
-O.076

-O.6G6

-o
-o
-o
-o
.- O

-- o
-o
-- o

-o
'- o

.O08

.045

.O04

.OlO

.288

.1 32

.064

.027

.07or

.O05

-O.646

+O.Ol6
+O.091
+O.O07
+O.O06
+O.031
-O.155
-O.130
-O.070
-O.196
-O.091

-O.490

-o
-o
-o
-o
-o
-o
-- o

-o
-o
-o

.

s

.

.

.

.

.

.

e

.

O05
027

O07
292
202
107
050
140
Ol 6

"Oe828



Table rxc                    S+sss       LS,orBy) and !C(!I JJ    zz        1in (I=O, So) ch.annel.

{EcMrUzJLSrctBY)

Channel C(rJLS,ctBY) Tlab= 10o
Re r

 MeV
Zm I

[P

 lab
Re r

= 300  MeV
rm r

nOnOTO
nOn+n-
coOP070
coOpÅ}";
nOnOnO
pOpOnO
     op+p-n
pOp+p-
aloalo nO

 27
 54
 18
 36
 81
225
450
324
 81

+O.Ol8
+O.036
-O.Ol1
-O.022
+O.O19
-- O.196
-- O.392
-O.140
-O.064

-o
-o
-o
-- o
-o
-o
-o
-o
-o

.O03

.O06
e024
.048
.361
.1 33
.267
.065
.O06

+O.Ol5
+O.031
+o.oo3
+O.O05
+Oe137
-O.272
•- O.544
-Oe168
-O.086

-o
-o
-o
-o
-o
-o
-o
-o
-o

e

.

.

.

o

.

e

.

e

O02
O03
024
049
281
224
448
120
021

total -e.752 -- O.882 -O.879 "1e139

Table Z><d C(II JJ    z
in (Z=1

             S+sss LStorBy) and X
Z
  1, So) channel.

(EcM,UzJLS,aBy)

Channel C(IJLS,orBY) Tlab= 100
Re I

 MeV
Im Z

Tlab=
Re !

300 MeV
Im I

 e o oTn    rr
TO ff +T-

nOnOnO
poporro
pOpÅ}n+-
     op+p -- rr
w'OcoOrO
tue pOnO
co O p+p-

 27
 54
 27
 81
 36
450
225
 18
324

+O.028
+O.Ol9
+O.037
-O.O41
-- O.O18
-O.229
-O.157
-O.O15
-O.136

-o
-o
-o
-o
-o
-- o

-o
-o
-o

.OOI

.OOI

.023

.1 08

.048
e599
.300•
.O06
.031

+O.025
+O.Ol7
+O.034
+O.Ol8
+O.O08
+O.102
+O.Ol3
-O.020
`- O.161

-o
-o
-o
-o
-o
-o
-o
-o
-o

.

e

e

.

.

.

.

e

.

OOI
OOI
OI3
104
046
576
317
Ol 2
068

total -O.511 -1.107 +O.036 elo129



Table' Xa' C(!! JJ
    z
in {z=o

z

'

Ls,ctBy) and rP"SSP(EcMtl!zJLS,ct3Y)

 3  P2) channel.

Channel C(IJLS,orBY) Tlab=
Re r

loo Mev
   rrn I

rplab=

Re I
3oo Mev
  zm r

A2Onorro
A2Å}norr\

HOp070
HOPÅ}T;

BCp On O

BÅ}p +- n O

AI OPÅ}T\

Al Å}p OT '+
AlÅ}p\To
A2opÅ}rr.-

A2Å}porr;

A2Å}p;7o

BOp+p.
BÅ}p;po

foTo7r o

Åí07, ÅÄT-

Bealorro

BÅ} al On -+

fepope
iOp+p-
6Ocoopo

6Å}alop+

Al Oee op .

Al Å}co Op T

A2Å}co op o

A2Å}alop\

total

  6
 12
  6
 12
  6
 12
 54
 54
 54
a62
162
162
108
21 6

 75
150
150
300
176
352
 32
 64
126
252
220
440

.- O'

-o.

-o.

-o.

-- o.

-o.

-o.

'- Oe

-o.

-e.

-o.

-o.
-o.

-o.

-o.

-o.

-Oe
-o.
-o.

o- O.

-o.

-o.

-o.
-o.

-o  e-
-o.

-o.

OO08
OOI6
OO05
OOI1

OO03
OO07
O038
O038
O038
O034
oe34
O034
O055
Ol1O
O023
oe4s
Ol13
0227
O056
Ol12
OOI7
O034
O039
oe7s
O064
Ol27

1551

-o.
-o.

-o.
-o.

•- o.

-o.
-o.
d-- e .

-o.
-o.

-- o.

-o.
-o.
-o.
-o.
-o.

-o.
-o.
-o.
-o.
'"- O e

-o.
-o.

-o.

-o.
-o.

-- o.

OOOI
OO02
OO03
OO06

OOI5
OOI5
OOI5
OOI2
OOI2
OOI2

Ol86
0375
OO05
OO09
oeo2
OO04

0657

-o.
-o.
-o.

-o.

-o.

-o.

-o.
-o.

-o.

-o.

-o.
-o.

•- o.

-o.

+o.
+o.

•- o.

-o.

-- o.

-o.

-o.

-o.

-Oe

-- O•

-o.

-o.

-o.

OOI2
O023
OO07
O021

OO04
OO07
O047
O047
O047
O041
O041
O041
O061
Ol 21

O046
O091

Ol43
0286
O061
Ol 23

OOI 9

O038
O043
O085
O069
Ol39

1589

-o.

-o.
-o.

-Oe
-Oe

'- Oe

-' Oe

-o.

-o.

-o.

-o.
-e.

-o.

-o.

-o.

-- o.

-o.

dOe

'- Oe

-' Oe

-o.

-o.

-- o.

e'- Oe

-o.

-o.

-o.

OO04
OO08
OO05
OOI1

O028
O028
O028
O036
O036
O036
OOOI
OOOI

OI70
0339
eo2o
O041
OO04
OO08

OOOI

0739

foco otu o

eOcooeeo
288
36

 fen enO 27
ÅíopepO 4 eO

DOdl Oco o

p+p-
  81 Dap op
8 HOalOno o954

DOp+p- 18



Table Xb C(IIzJJzLS, orBy) and !P-'SSP(EcM,rrzJLSr orBy)

in (I=o, 3pl> channel.

Channel C(:JLS, orBY) T iab
Re r

= 100  MeV
rm I.

T lab
Re T

= 300  MeV
Im r

Al O nO To

Ai Å}nO rr;

HO pO nO

HOPÅ}T+
Bo pe no

B Å}p; nO

60pÅ}TÅÄ

6Å}pO T;•

6 Å}• p; ne

A1 O PÅ} TT' ;•

Al Å}po pt

Al Å}p; To

A2opÅ}rr;

A2 Å}pO T\

A2 -+-p-?Te

BOp+p-
BÅ}p;pO

Do -o 7e

Do rr+ vr-

BOwOTO
BÅ}coOT;

fopopo
iOp+p-
60olOpo
6Å}alop;

Al Opotu.
Al Å}p .-  co o

A20poto.
A2 Å}p;co o

total

  6
 12
  6
 12
  6
 12
 72
 72
 72
 54
 54
 54
 90
 90
 90
108
236
 75
-1 50

150
300
 15
 30
 72
144

 96
192
21 O

420

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o
-- o

-o

-o

-o
-- o

-o

-o
-- O

-o

-o
-o

-o

.

t

.

.

e

.

.

.

.

e

.

.

.

e

e

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

OOIO
O020
OO05
OOI1

OO03
OO07
Ol80
Ol80
Ol80
O038
O038
O038
O056
O056
O056
O037
O073
O031

O062
Ol13
0227
OO05
OOIO
O038
O075
O030
O059
O061

oi21

2159

-o
-o

-o

-o
-o
-o
-o
-e
-o

-o
-o
-o
-o
-o

-o
-o
-- o

-o
-o

-o
-o
-o

-o
-o

-o
-o
-o

-o
-o

-o

.

.

e

.

.

.

.

.

t

.

.

.

.

t

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

OO05
OOIO
OO03
OOI6

OlOO
OIOO
OIOO
OOI5
OOI5
OOI5
OOI3
OOI3
OOI3

0221
0442
OO05
OO09

1070

-o
-o

-o

-o

-o

-o

-o
-o

-o
-o

-o
-o
-o

-o
-o
-o

-o

+o
+o

-o
-o

-o

-o

-o

-o

-o

-o
.p O

-o

-o

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

e

e

.

.

.

.

.

.

.

.

.

OOI7
O034
OO07
OOI4
OO04
OO07
Ol89
Ol89
Ol89
O047
oe47
O047
O068
O068
O068
O040
O081

O039
O078
Ol43
0286
OO05
OOIO
O043
O085
O033
O065
O066
Ol 32

2242

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o
-o

-o
-- o

-o

-o

-o
-- O

-o

-o

-o

-o

-o

e

e

e

e

e

e

.

.

.

.

e

o

e

.

e

.

.

e

.

e

e

e

e

e

e

.

.

.

.

.

OO09
OOI8
OO05
OOI1

Ol64
Ol64
Ol64
O028
O028
O028
O034
O034
O034

ooel
Ol99
0399
O020
O041

oboi

OOOI

1342

iOco out o

DOn On e
135
27

 Dotuoute 27o
Hocoono s4

DOp Op o 174 DOp +p - 348



Table Xc C(II JJ
    Z
in (!=O

Z

t

Ls , or By ) and rP"SSP ( EcM , rTzJLS , or BY )

 3po) channei.

Channel c(xJLSrctBY) Tlab=
Re !

1OO MeV
!m 1

Tlab'
Re !

300 MeV
!m I

60no7o
6Å}nOn;

HOpOTO
HOPÅ}T;

BOp On O

BÅ}p\nO

AI OPÅ}T;

AlÅ}po";
AlÅ}p;"o

Bep+p-
B Å}• p +- p o

eOTo7o
eOT+rr-
BOcx)OTO

BÅ} fal o ff ;.

fopopo
=On.A: FrN)''
6Opeeeb

6Å}p;ulo

Al Opotu.

Al Å}p;al o

A2Opotu.
A2Å}p;oso

eepope
eOp+p-

total

  6
 12
  6
 12
  6
 12
21 6

216
216
108
216
 75
150
150
300
 20
 40
  2
  4
216
432
160
320
169
338

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o
-- o

•- o

-o

-o
-o
-- o

-o

.

.

.

.

.

e

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

e

e

.

.

.

OO08
OOI5
OO05
OOI1

OO03
OO07
Ol51
Ol 51

Ol 51

O037
oe73
O046
O092
Ol13
0227
OO06
O O- 1 3

OOOI

ooe2
O067
Ol33
O046
O092
O051

Ol03

1778

-o
-o

-o
-o
-o
-o
-o
-o

-o

-o

-o
-o

-o

-o
-o

-o
-e

-o

-o

-o

-o

-o
-o
-o
-o

-o

e

.

.

.

.

.

.

.

.

.

.

e

.

o

.

.

.

.

.

.

.

.

.

.

.

.

O026
O051

OO03
OO06

O059
O059
O059

Ol 41

0292
OO05
O020

OO05
oelo

0739

+o

+o

-o
-o

-o

-o

-o

-o
-o

-o

-o

+o

+o

-o

-o

-o

-o

-o
-o

-o

-o

-o
-- o

-o

-o

-o

.

.

.

.

.

e

.

.

.

.

.

.

.

.

-

.

.

.

.

.

.

.

.

e

e

.

OO03
OO06
OO07
OOI4
OO04
OO07
Ol87
Ol 87

Ol87
O040
O081

eo2s
O055
Ol 43

0286
OO07
C034
OOOI
OO02
O073
Ol46
O050
Ol Ol

O056
Ol13

1807

-- o

-o
-o
-o
-o
-o

-o

-o

-o
-o

-o
-o

-o

-o

-o

-o
-o

-o

-o

-D

-o
-o

-o

-o

-o

-o

e

e

e

o

e

e

.

e

.

.

e

•

.

e

e

e

.

e

e

.

.

.

.

e

.

e

O025
O049
OO05
OOI1

Ol13
Ol13
Ol13

OOOI
OI43
028S
O020
O041
OOOI

oee2

OOOI

OOIO
OOI9

0956

foutocoo
eOn On O

180
27

 eOtuotuo
Hotu on o

 225
54

eOpOpo .1 69 eOp+p. 338



Table Xd C(ZI JJ
    z
in (I=1

z

'

LS,orBy) and !P"SSP (E

 3  P2) channel.
CM'I! JLS,orBy)

  z

Channel C(IJLS,ctBY)     = loo Mev[I?

 lab
Re! !m!

T lab
Re !

= 300  MeV
Im Z

A20"oTo
AiT+T-
A2Å}fiTo

BOpOTO
BÅ}porr;

BÅ}p+-TO
BOPÅ}T\

DOPÅ}T;

fOpÅ}T+
Al Å}co OT+

A2 -+ tu OT+

HOpOnO
AiÅ}p;no

HOp+p-
6Opopo
6ep+p.
6Å}p+po
Al Op ep o

Al Op +p -

AlÅ}p;po

Aipopo
A2ap+p-
A2Å}p;po
A2Å}p\nO
Ain On o

focoopo
BÅ} co Op+

total

 27
150
 12
 54
300
 12
 12
 54
162
 54
162
150
 54
108
 36
  8
 64
 81

 18
252
288
352
440
162
 75
220
21 6

-O.O022
-O.Ol23
•- O.OO1O
-O.O042
-O.0236
-O.OO09
-O.OO09
-O.O037
-O.Ol14
-O.O036
-O.OO98
-O.O089
-O.O027
-- o.Oe39
-O.OOI9
-O.OO04
-o.oo3a.

-o.oe26
-o.ooo6
-- o.ooso
-O.O085
-- O.O1O4
-O.Ol30
-O.O076
-O.O058
-O.O068
-O.O071

-O.1776

-o.
-o.
-o  r
-o.
-o.
-o.

-- o.

-o.

-- o.

-o.

-o.
-o.

-o.
-o.
-o.

-- o.

-o.
-o.
-o.

-o.

-o.

-Oe

•- o.

-o.
-o.

-o.
-o.

-o.

O072
0397
O032
OOIO
O058
OO02
OO02
OO04
O041

OO06
OO03
OO02

oeol
OOOI

ooel

OOOI

OOOI

0639

+O.OO05
+O.O029
+O.OO02
-O.O054
-O.0300
-O.OOI2
-O.OOI2
-- O.O046
-O.Ol 41

-O.O045
-O.Ol18
-O.OlOl
-O.O031
-O.O044
-O.O022
-- O.OO05
-o.oo3qi

-O.O028
-O.OO06
-O.O088
-O.O093
-O.Ol14
-O.Ol42
-O.O084
-- O.OO67
-O.O075
-O.O079

-O.1794

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o
-o

-o
-o

-o

-o

-o

-o

-o
-o

-o

.

.

e

e

e

.

e

.

.

.

.

e

e

e

e

O

.

.

e

o

e

e

e

.

e

.

.

e

O069
0383
O031
O025
Ol 38

OO06
OO06
OOI3
O075
OOI 5.

OOIO
OC08
OOOI
OO02
eoo2

OO03
coel

OO02

OOOI
OOOI
OOOI
OO03

0805

fon

Ao 1

o

co

"
o

o

tu

 6 DOco opo
O 9 60coOcoO

126
4

 getuope 32 A2e
HetuOrrO 6 BOcoOn

to

o

Ow o

 6
176



Table Xe c(rr JJ    z
in (I=1

 LS,orBy) and !P"SSP
Z
, 3pl) channel

( EcM , I!zJLS r or BY )

Channel C( IJLS r ct BY ) Tlab= 100
Re I

 MeV
Im r

Tlab=
Re I

300 MeV
Im r

AlOnoTo
A OT+T- 1
A Å}ffTO
 1
BepoTo
BÅ}peT\
BÅ} p +- T e

BOpÅ}rr+

eopÅ}rr\

DOPÅ}T+
fOpÅ}T, +

6Å}oo On+

A Å}alOT+
 1
A2Å}alOT+

Al en On o

HOpOno
6Å}p;nO

A.Å}p;ne
 i
HOp +p -

6Å}•p+- po

AlOpop.
Alep+p-
AlÅ}p\po

Aipopo
A2Op+p.
A2Å}p;po

total

 27
150
 12
 54
300
 12
 12
 72
 54
 90
 72
 54
 90
 75
150

 72
 54
108
144
270
348
192
135
 30
420

-O.OO09
-O.O049
-O.OO04
-- o.oo42
-O.0236
-O.OO09
-O.OO09
-O.O047
-O.O037
-O.O063
-O.Ol37
-O.O036
-O.O055
-O.O064
-O.O089
-O.O068
-O.O027
-- O.O039
-O.O078
-- O.O086
-O.OllO
-O.O061
-O.O040
-O.OO09
-O.Ol24

-O.1831

-o
-o
-o

-o
-o
-o
-o
-o

-o

-o

-o

-o
-o

-o

-o

-o
-o
-o
-o
-o
-o

-o
-o
-o

-o

-o

.

.

.

e

e

.

.

t

.

.

.

.

.

.

.

.

'

.

.

.

.

.

.

.

.

.

O063
0353
O028
OOIO
O058
OO02
OO02
O030
OO04
O023
O052
OO06
OO02

OO02
OO02

OO03
OO02
OOOI
OOOI

0646

+O.OOI6
+O.O089
+o.ooo7
e- o.OO54
-o.o3oo
-O.OOI2
-O.OOI2
-O.O058
-O.O046
-O.O079
-O.Ol96
-- O.OO45
-O.O066
-O.O074
-O.OlOl
-O.O081
-O.O031
-O.O044
-O.O088
-O.O094
e- O.Ol 21

-O.O067
-O.O044
-O.OOIO
-O.Ol36

-O.1984

-- o

-o
-- o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o
-- o

-o

-o

-o

-o

-o

-o

e

.

e

e

e

.

e

.

e

.

.

e

e

o

e

.

e

.

.

e

e

'

e

.

e

e

O060
0331
O026
O025
Ol38
OO06
OO06
O044
OOI3
OP42
Ol 38

OOI5
OO05
OO04
OO08
OOIO
OOOI

OO02
OO07
OO02
OO03
OOOI

OOOI

0899

fotu on O

A20eeotu.

21O
 15

D..eeOpo

HO(DOTO
g6 Denorro 6
6 BÅ}edOp+ 216

eOcoOpO 72
 Beutano 6

A2Å}p+n
Al ealoco

o

e

 90
174



Table Xf: C(II JJ
    z
in (I=1

zLSrorBY) and XP"SSP (EcM,

, 3po) channei.
!IzJLS r or BY )

Channel c(w[,s,aBy)     = loo MevT lab
Re! Imr

Tlab=
Re I

300 MeV
rm I

6oTozo
6Oir+T-
6Å}T+-nO

BOpOTO
BÅ}pOT\

BÅ}p\TO

BOPÅ}T;
DOpÅ}vr +-

A Å}a)OT+
 1
6OnOnO
HOp On O

AiÅ}p;ne

HOp+p-
60popo
6Op+p.
6Å}•p+' po
Al Å}p ;. p o

Aipepe
A20pÅÄp-
A2Å}p\po

total

 27
150
 12
 54
300
 12
 12
216
21 6

 75
150
21 6

108
225
338
 14
432
180
 40
320

+O.O048
+O.0268
+O.O021
-o.oo42
-O.0236
-O.OO09
-O.OO09
-O.Ol48
-- O.O146
-O.Ol42
-O.O089
-O.Ol09
-O.O039
-- O.Ol18
-O.Ol77
-o.ooo7
-O.Ol37
-O.O053
-- O.OOI2
-o.eogs

-O.1530

-- o.

-o.

-o.
-o.

-o.
-o.
-o.
-o.

-- o.

-o.
-o.
-o.
-o.
-o.

'- Oe

'Oe
-o.
-o.

-o.
-o.

-o.

O048
0266
O021
OOIO
O058
OO02
OO02
OOI4
O025
eool

OO02
OOOI
OOOI

OO03
OO05

OOOI

0469

+O.OO48
+O.0268
+O.O021
+O.O054
-O.0300
-o.ool2
-- O.OOI2
-- O.O183
-- O.Ol 79

-O.Ol98
-- O.Ol Ol

-- O.O122
-- o.oo44
-O.Ol38
-O.0207
-O.OO09
-- O.O150
-O.O058
-O.OOI3
-O.O103

-• O.1873

-O.O031
-O.Ol71
-o.eol4
-O.O025
-- O.O1 38

-O.OO06
-o.oeo6
-O.O051
-- O.OO61
-O.OOIO
-o.ooos
-C.OO05
"- OeOO02
-- O.OO11
-O.OOI7
-o.oool
-o.ooo3
-o.

-Oe '
-O.OOOI

-O.0572

foalepo
6Oalotoo

160
169

DOeeOpo

HOcoOTO
216 eOtuQpO 2
6 BÅ}coOp-+ 216

EOnOTr

BocoOn

o

o

6

6

A2etuocoo 20



Table Xg C(rl JJ
    z
in (!=O

 LS,orBy) and rP'SSP
Z
, lpl) channel.

( EcM r I!zJLS , or B 'y )

Channel C(IJLS,ctBy) Tlab= 10o
Re I

 MeV
Irn I

T lab
Re I

= 300  MeV
!m r

Horro7ro

HO"+T-
BOnoTo
BÅ}nOT;

DOpOTO
DOPÅ}T+

fOPOTO
fcptT+
6eck)oTo

6Å}wO Tr+

A OalOTO
 1
A Å}edOT;
 1
A2OoooTo
A.,Å}atOT+
 `
HenOnO
60pOnO
x4ATfi e
'v'  - bJ' ', ii

Al Op op, o

AiÅ}p\no

A2OpOno
A2Å}p;no

HOpOpo
HOp+p-
6Op+p-
6 Å}• p ;p o

AlOp+p-
AlÅ}p;po

A2Op+p-
A2Å}p;pe

total

 27
 54
 54
108

  6
 12
 10
 20
  2
  4
  6
 12
 10
 20
243

 50
1ce

150

300
2SO
500
225
450
 36
 72
108
21 6

180
360

+O.OOI5
+O.O031
-O.Ol12
e- O.O223
-O.OO04
-O.OO08
-O.OO07
-O.OOI4
-O.OO04
-O.OO08
-O.OO04
-O.OO08
-O.OO06
-O.OOI2
-O.0251
-O.O047
-- o.oeg4
-- O.OO76
-O.Ol51
•- O.O117
-- O.O233
-O.O082
-- O . Ol 64

-- o . oOl 9

-O.O039
-o.oo34
-O.O068
-O.O053
-O.Ol07

-O.2028

-o
-o

-o
-o
-o
-o
-o
-o
-o
-o

-o

-o

-o
-o

.- O

-o

-o

-o
-o
-o
-o
-o

-o
-o
-- o

-o
-o

-o
-o

-o

.

.

.

•

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

e

.

.

.

.

e

.

.

O070
Ol40
O031
O065

OOOI
OO03
OO05
OOOI
OO03
OOOI
OOOI

OO02
OOOI
OOC2
oeol
OOOI

OOOI
OO02
OOOI
OOOI

0342

+o.
+o.

-- o.

-o.
'Oe
-o.
-o.

-- o.

-- o.

-o.
-o.
-Oe

-o.

d- O•

-- o.

-o.

-c.

-o.
-o.

•- o.

-Oe
'Oe
-o.
-o.
-o.

-Oe
-o.

-o.
-o.

-- o.

O032
O065
Ol64
0328
OO05
OOIO
OO09
OOI7
OO05
OOI1

OO05
OOIO
OO07
OOI5
0301

O056
O l- 1• 2

O085
Ol70
Ol30
0260
O091
Ol 81

O022
eo66
O038
O075
O058
Ol16

2372

-Oe
-Oe

-Oe

-o.

'- Oe

-Oe

-o.

-o.

-o.

-- O•

-Oe

-' Oe

-- o.

-' Oe

-o.

'- Oe

-"Je

-o.

-Oe

-Oe

-Oe

-o.

-Oe

-Oe

e- O•

-o.

-o.

-o.

-o.

-o.

O060
Ol 21

O098
Ol95
OOOI

OO03
OO05
OO09
OO04
OO08
OO02
OO03
OOOI
OOOI

O032
OO07
OCI5
OO03
OO06
OOOI
OOOI
OO04
OO08
OO02
OO04
OOOI

OO02

0605

fotu On O

HOwOcoo
90
81

Do<D on o

BOee Op o

54

18

eOwOne
BÅ} ee Op ;

18

36

eOpOTO 2 eOpÅ}rr; 4



Table Xh c(!r w    z
in (Z=1

 LS,ctBy) and TP"SSP
z
, lpl) channel.

( EcM t rIzJLS r ct By )

Channel C( ZJLS , or By )     = 100[[i

 lab
Re I

 MeV
Irn I

Tlab=
Re !

3oo Mev
  !m I

BOgoTo
BO rr+T-

BÅ}T\TO

HOno7o
BOnOnO
60pOTo
6epÅ}rr+

6Å}pOT;
6Å}p +"' •,ri-, o

Al OpoTo
Al OPÅ}T;

AlÅ}pOT;
AlÅ}p;To

A2Oporr.
A2 OP Å}T +"

A2Å}pe7;
A2Å}p;no

Bepepo
BOp+p.
BÅ}p+-po

eecDoTo

DOcoO"o

fOco070

fOp+p-
6Å}blop;

total

243
 54
108
 54
 27
 18
  4
  4
1OO
 54
 12
 12
300
 90
 20
 20
500
 81

450
 36
 50
150
25e
180
 72

+o.oo33
,+O.OO07

+O.OOI5
-O.Ol55
-O.O025
-- o.oo4s
-- O.OO1O
-O.OOIO
-O.0250
-O.G038
-e.OO08
-O.OO08
-O.021O
-O.O056
-O.OOI3
-O.OO13
-O.0314
-o.eo27
-O.O153
--- o.oo12
-O.O032
-o.oogg
-O.Ol70
-O.O057
-O.O038

.O.2000

-o
-o
-o
-o
-o

-o
-o

-o
-o

-o

-o
-o

-o
-o
-o

-o
-e
-o
-o

-o

-o
-o

-o

-o
-- o

-o

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

e

.

.

.

.

.

.

e

.

.

.

0700
Ol56
0311
O085

O029
OO07
OO07
Ol 63

OOI5
OO03
OO03
O082
OO07
OO02
OO02
O041

OOI4
OOOI
O032
OO02

1633

+o.

+o.
+o.
-o.
-o.

-o.
-o.

-- o.

-o.

-o.
-o.
-o.

-o.

-o.
-o.

-o.

-o.
-o.

-o.

-o.

-o.
-o.
-o.

e- O•

-- o.

-o.

0225 -O.
ooso -o.
oloo -o.
O153 -O.
O030 -O.
O047 -•O.
OOII -O.
OOII -O.
0263 -O.
oo47 -o.
oolo -o.
OOIO --O.
o26o -o.
oo6s -o.
OO15 -O.
ools -o.
0380 -O.
oo3o --o.
o16s -o.
oo13 -o.
oo3s -o.
O121 -O.
0209 -O.
O063 -O.
oo43 -o.

1975 "-Oe

0598
Ol 33

0266
Ol 31

O048
OOI1
OOI1
0265
O028
OO06
OO06
Ol57
O020
OO04
OO04
Ol11

OO02

O021

OO05
O058
OO04
OOOI

1843

fop on O

DOp+p-
A2 Oal On o

10

108
 10

Dep OnO 6
 eOp+p.
 HOal Op o

  A2Å}al op+

36 Al Å}ut Op+

18

360
  216

Al Otu On e

  6 oco On

  4 BOcooooo

e 2 eO pOnO
225
  2



Table X!a N.{SÅÄss)        t- z
 SÅÄss     (E!       CMt

 (1>Qi (SÅÄss}, Q

IIzJLStctB) in

1

 (I=O,

(2). (SÅÄss) and

3 Sl) channel.

Channel N         i
 (1 )
Q i

 (2)Q i Tlab=
Re !

1oo Mev
   !m I

Tlab=
Re Z

300 MeV
rm I

POTO
PÅ}T+
coOno

total

4

8

4

5

5

3

-6

-6
o

+O.1062
+O.2123
+O.Ol24

+O.3331

-o.

-o.
-o.

-o.

Ol67
0394
O059

0559

+o
+o
+o

+o

.

.

e

.

0903
1807
Ol06

2835

-- o

-o
-o

-o

.

.

ts

.

O081
Ol 62

O030

0273

Table XIb Ni(S.ss),
 S-+ss     (E]
       CM'

 (1 )Qi <SÅÄss), Q

!IzJLS,ctB) in
l

 (I=1,

(2). <SÅÄss) and
3
 Sl) channel.

Channel N         i
 {1 )Q. Q 1

(2)
i Tlab=

Re :
1oo Mev
   Im I

Tlab=
Re I

300 MeV
Im !

p+p-

pOnO
tLl OTO

F+T-

total

4
8

4

4

2

3
o

1

1

6

-3
 3

 o

-6

-6

+O.0543

+O.OOI3
+O.0538
+O.0398

+O.1502

-o.

-e.

-- o.

-o.

•- o.

0689

OO06
eog4
OO07

0796

+o

+nJ

+o
+o

+o

.

.

.

.

.

0602

OOI2
0455
0360

1438

-o

-o

-o

-o

-- o

.

.

.

.

.

0451

OO03
O046
OO03

0503



Table XIc N

[

          (1)i(SÅÄss>, Qi            (SÅÄss)
SÅÄss    (EcM,IrzJLs,ctB)

,Q
in

(2)i (SÅÄss)
 (r=o, is

 and

 ) channel.o

Channel N         i
 (1)Q i

 (2)Q i-
[[i

 lab
Re r

= 100  MeV
zrn r

Tlab=
Re I

300 MeV
!rn !

coocoo 6
popO 6
p+p- 12
tota!

3

1

1

-- 3

-1

-1

+O.0514
+O.O060
+O.Ol21

+O.0699

-O.0851
-o.oo77
-O.Ol53

-o.1oso

+O.0623
+o.oo67
+O.Ol34

+O.0829

-- o

-o

-o

o. O

e

e

e

.

0556
O050
Ol OO

0706

Tabie Xre N

[

          (1)i(S"ss>r Qi {SÅÄss)
S+ss    ( EcM , UzJLS r ct 3 )

,Q
 in

{2). (SÅÄss)
2
 { :, .1 , l s o

and

) channavl.

Channel N         i
 (1)Q i

 (2)Q i T. .
 iap
Re I

= 100  MeV
rm I

Tiab=
Re I

300 MeV
Zm T

potuo 12
pÅ}rr+ a2

total

5

o

3

6

+O.0470
+O.1280

+C.1762

-O.0681
-- o.o21o

-- O.G69uA

+O.0544
+O.1090

ÅÄOe1654

-- O

-- O

-- o

.

.

g

0445
Ol03

054S



Table XUa            (1 )Ni(S•ps}, Qi              (sÅÄps)t
rS"PS(EcMtIIzJLSrorB)

Q

in

(2)i (S+PS) and
       3 (Z=O, Sl) channel e

Channel N          i
 (1 )       (2)Q. Q. Il Tlab=

Re X
1oo Mev
   Zrn I

Tlab=
Re !

300 MeV
rm I

eOtuo

DOalo

foalo

6Opo
6Å}p+

Alop.
AlÅ}P+

A2Ope
A2Å}P+

total

 213
  2
1O13
 813
1613

  2
  4
1O13
2013

30
o

6

1

 1

6

6

4

4

 o

15
-9

-6

-6
-1

-1

-3

-3

-O.1990
    '-o.oo64
-O.0788
-O.O044
-O.O087
-O.0296
-O.0591
-O.0300
-o.e6oo

-O.4759

•- O.1906
-- O.OO03
-O.0333
-O.Ol02
-O.0204
-O.0337
-e.0674
-O.Ol66
-- O.O331

-O.4056

-o

-o
-o

+o
+o

-o
-o

-o

-o

-o

.

.

.

.

.

.

.

.

.

.

1678
O087
0886

OOOI

0218
0436
0308
0617

4229

-o

-o
-o

-o

-o
-o
-o

-o

-o

-o

.

.

.

.

.

s

.

e

.

e

2663
OOI1

0677
Ol13
0226
0454
0908
0291

0582

5925

Table XUb            (1)Ni(SÅÄps)r Qi              (sÅÄps)t
!S"PS(EcM,xrzJLS,ctB)

Q

in

(2)i (SÅÄPs) and
       3 (I=1, Sl) channel .

C];a nne l• N•          i
 (1 }       (2}Qi Ci T !ab

Re !
= 100  M•eTv•

1rnt I

T lab
Re I

= 3CC• 1•yleV:'

Im I

6oalo

Alotu.

A ealo
 2
eOpo

Depo
fopo
A Å}rr+
 1
BÅ}P+

total

 813
  2
1O13
 213
  2
1O13
  2
  8

 1

 6
 4
26

o

2

 6

 o

6

 7

-9
o

7

-- 3

o

3

+o.oo16
-- O.O256
-O.0372
-O.1 31 6

-O.OOI7
-O.O083
+O.0267
-O.OOI5

-O.1776

-O.OOI5
-O.0239
-O.O067
-O.1800
-O.OO03
-O.O065
-O.0255
-O.OO04

-O.2447

+o

-o

-o

-o
-o

-o

+o
-o

-o

.

.

.

.

.

.

.

.

e

OO04
0208
0480
0881
O021

O075
0266
OOI7

1412

-o

-o

-o
-o

-o

-o
-o
-o

-o

.

.

e

.

e

.

e

e

.

OOI1
0364
Ol 77

2260
OO07
Ol OO

OI 72

OO09

3099



Table Xrlc            (1 )Ni(S-+ps), Qi             (SÅÄps),
IS•PS (EcM,rIzJLS,orB)

Q

in

(2)i (SÅÄps>
 (i=o, is
         o

and

) channel.

Channel N         i
 (1 )Q. Q z

(2)
i Tlab=

Re Z
1oo Mev
   Zm I

Tlab= 300
Re I

 MeV
Im I

6OTrQ

6Å}T+-

BOpo
BÅ}p+

eOnO
HOeeo

total

213
413

 6
12
2!3

 6

6

6

o

o

18
o

o

o

2

2

o

6

+O.O088
+O.Ol76
-- O.OOO5
      '-o.oelo
-O.0268
-O.O047

-O.O066

-O.OOI5
-- O.O03O
-O.OOOI
-O.OO03
-- O.1721
-O.OOI8

-- O.1788

+O.O074
+O.Ol48
-O.OO06
-O.OOI1
+O.0351
-- O.O050

+O.0505

-o

-o

-o
-- o

-• O

.- o

-o

.

e

.

.

e

e

.

OO07
OOI4
OO03
OO06
1716
O035

1782

Table XXId Ni(SÅÄps>,

XS"PS{E
       CMr

 (1 )Qi (SÅÄps>,

rlzJLs , ct3 )

Q

in

(2)i (S+Ps) and
 a=i, iso) channei

.

Channel N         i
 (1 )
Q i

 {2)Q i Tlab=
Re Z

1oo Mev
   Irn !

    = 300[[t

 lab
Re 1

 MeV
Im I

A +Ai"1 '-Y"
6Ono
HOp o

EOTro

BOcoo

tota1

6

213

 6
2!3

 6

6

 6
o

30
o

 6.

 o

 2

 o

10

-- O.O638
+O.0211
-O.OO05
+O.1808
-O.Ol09

+Oe1268

•- O.O931
-O.Ol22
-O.OO03
-- O.2020
-O.OOI5

-O.3090

-O.0390
+O.Ol78
-O.OO05
+O.1889
e- O.O137

+Oe1534

-o

-o

-o

-o
-- o

-o

e

.

e

.

.

e

1194
O061

OO05
1456
O044

2760



Table XII!a N

I

i(PÅÄss),

PÅÄss    (E      CM'

 (1)Qi (PÅÄss),

!IzJLS , orB )

Q

in

<2)i (PÅÄss)
 (!=o, 3p

2

and

) channel.

Channel N          i
 (1)Q i

 (2)Q i
!]['

 lab
Re Z

= 100  MeV
Im r

'1['    = 300 lab
Re I

 MeV
Im r

tuotuo

pOpO
pÅ},p+

total

1

1

2

9

3

3

9

3

3

+O.1133
+O.Ol 21

+O.0242

+O.1496

-O.1O09
     '-O.O090
-- O .O1 81

-O.1280

+o
+o
+o

+o

.1088 -O

.O193 -O

.0227 -O

.1428 -O

.

e

e

.

0568
O052
Ol 03

0723

'i"able XIIIb N

!

.(PÅÄss>,
i
PÅÄss    (E      C.M s

 {1)Qi (P-)'ss),

I!z u'LS t ct 3 >

Q

in

(2). (P+ss}
i
 (:--Or 3p

 and

 ) c.kianne!.1

Table XII!c N

z

          (1 },(pÅÄss)t Q             (PÅÄss)          ii
P+ss    {EcM,UzJLS,orB)

,Q
 in

(2). (PÅÄss)
z
 (!=o, 3p

 and

 ) channe!.o



Table X!I!d N

I

          (1)i(P-'ss)r Qi (PÅÄss)
PÅÄss    (EcM, !IzJLS , or B )

,Q
in

i
 (r=i, 3p2)

<2). (PÅÄss) and

channel.

Channel N         i
 (1)Q i

 (2)Q i Tlab=
Re r

1OO MeV
!rn z

T    = 300 lab
Re :

 MeV
Im r

co o p o

total

2 9 3 +O.0985

+O.0985

-o.oso7

-O.0807

+o

+o

.0936

.0936

-o

-o

.

e

0457

0457

Table X!!!e N

[

i(PÅÄss),

P+ss    (EcM'

 (1)Qi (PÅÄss),

!IzJIZs Lqi , or B }

Q

in

(2), (PÅÄss)
i
 (!.1, 3p

1

and

} channel.

Channel N          i"
 <1 )Q i

 {2)Q i
T'  lab

Re r
= 100  MeV

Im r
    = 300T lab
Re Z

 MeV
rm I

alo po

pÅ}rr+

tctal

2

2

7

6

-- 1

 o
+O.0246
+O.Ol93

+O.0440

-O.0202
-O.OO05

-O.0206

+o

+o

+o

.0224

.Ol68

.0401

-o

-o

-o

e

.

e

Ol14
OO02

Ol16

Table XIUf N

[

          <1)i(PÅÄss), Qi <v+ss)
P+ss    (EcMrZ!zJLS,orB)

rQ
 in

i
       3 (I=1, Po)

(2). (P+ss) and

channel e



Table XrIIg N

I

          (1 >i(PÅÄss)r Qi            (PÅÄss)
PÅÄss    (EcMtIIzJLS,orB)

,Q
 in

(2)i (PÅÄss) and
 (I=O, lpl) channel

e

Channel N         i
 (1 )Q. Q z

(2)
i

!r

 lab
Re I

= 100  MeV
Im !

T    = 300 lab
Re I

 MeV
Im I

ulO ne

POTO
pÅ}rr+

total

2

2

4

6

2

2

o

o

o

+O.0253
    '+O.OOI1
+O.O022

+O.0287

-o.oo6s
-O.OOOI
-O.OOOI

-o.oo66

+o

+o
+o

+o

.0207

.OOIO

.OOI9

e0236

-o

-o

-o

-o

e

e

e

e

O030

O031

Table X!T!h. N

!

,(P+ss),
s
P+ss    (E     CM'

 (1 )Qi (PÅÄss),

[[zi!LS,L"k3)

Q

in

(2). (P-ss)
x
 {I=1r lp

1

anct

) channe!.

Channel N         i
 <1)Q i

 <2)Q i T lab
Re r

= 100  MeV
Zm I

    = 300T lab
Re r

 MeV
Im I

atOTO

pOnO

p+p-
L -. L- 1.LU Lai

2

2

4

10
2

3

o

o

3

+O.0280
+O.O028
+O.0484
     '
+e.0792

-O.OOI4
-O.OO07
-O.0362

-C.C362

+o
+o

+o

+c

e0242
.O023
.0453

 n={=.Ut i' t

-o

-o

-o

-G

.

.

e

.

OO07
OO03
0206

n. t,-rvLie



Table xzva Ni(pÅÄps), QE.i)(pÅÄps),

zP"PS(EcM,rlzJLS,orB)
Q

in

(2)i (PÅÄps) and
      3 (I=O, P2) channel e

Channel N          i
 (1)       (2)Q. Q, zi T lab

Re I
= 100  MeV

lm X
Tlab=
Re Z

300 MeV
!m T

A OTo 1
A .Å}T+
 1
A2ovr.

A2Å}T+

BOpo
BÅ}p+
DOn o

fOno
HOooo

tdtal

1

2

3

6

4

8

1

3

4

5

5

5

5

6

6

3

3

o

-6

-6

-6

-6

-5

-5
 o
 o
 3

+O.O083
+O.Ol66
+O.0287
+O.0574
-O.0411
-O.0823
-O.OOI5
-O.O025
-O.O025

•- O.Ol90

-O.Ol62
-O.0324
-O.0563
-O.1-126

-O.0269
-O . O' 538
-O.OOI8
-O.O044
-o.oo2e

-O.3065

+o
+o

+o
+o

-o
-o

-o

-o

-o

+o

.

.

.

.

.

.

.

.

.

e

Ol 06

0212
0376
0752
0379
0759
OOOI

OO03
OOI9

0284

-o

-o

-o

-o

-o

-o

-o

-o

-o

-o

.

e

e

.

e

.

.

.

.

e

Ol 22

0245
0394
0788
0468
0936
O023
O053
O031

3061



Tabie xrvb            (1 )Ni(PÅÄps), Qi             (P•ps),
IP"PS(EcM,IrzJLs,ctB)

Q

in

(2)i (PÅÄps} and
 (!=o, 3pl) channel

e

Channel N         i
 (1)       (2)Q. Q. iz

[[,

 lab
Re I

= 100  MeV
!m I

!lli

 lab
Re r

300 MeV
Im I

60rro

6Å}T+

AlOTo
AlÅ}T+

AiTo
A2Å}T+

BOpo
BÅ}o+
  :
Eeno

DOno
fOno
HOcuo

total

 413
 8/3
  1

  2
 5/3
1O/3
  4
  8
 4!3
  1

 513
  4

5

5

5

5

5

5

6

6

3

3

3

o

-6

-6

-6

-6

-6

-6

-5

-5

 o

 o
 o
 3

+O.Ol87
    '+O.0374
+O.O083
+O.Ol66
+O.Ol59
+O.0319
-O.0411
-O.0823
-- O.OO07
-O.OOI5
-O.OOI4
-O.O025

-O.OO06

-- O.O066
-O.Ol31
-O.Ol62
-O.0324
-O.0313
-O.0626
-O.0269
-O.e538
-- O.OO14
-O.6018
-O.O025
-O.O020

-O.25e5

+o

+o

+o
+o

+o
+o
-o

-o

-o

-o
-o

.- o

+o

.

.

e

.

.

.

e

.

.

.

.

.

e

Ol59
0318
Ol06
0212
0209
0418
0379
0759
OO02
eool

OO02
OOI 9

0258

-o

-o

-o
-o

-o
-o
-o

-o

-o

-o

-o

-o

-e

.

e

e

e

e

o

e

e

.

e

.

.

e

O034
O068
Ol22
0245
0220
0438
0468
0936
OOI 6

O023
O029
O031

2629



Table XIVc            (1)Ni(PÅÄps), Qi             (PÅÄps),
rP"PS(EcMrIIzJLS,orB)

Q

in

(2)i (PÅÄps)
 (1=Or 3p

 and

 ) channel.o

Channel N          i
 (1 )       (2)Q. Q, il Tlab=

Re r
1oo Mev
   !m I

T    = 300 lab
Re !

 MeV
Im T

AlOTo
AlÅ}T+

BOpo
BÅ}p+

DOno
HOeeo

tota!

4

8

4

8

4

4

5

5

6

6

3

o

-6
-- 6

-5
-5

o

 3

+O.0332
+O.0663
-O.0411
-O.0823
-- O.OO61
+O.O025

-O.0325

-O.0647
-O.1295
-O.0269
-O.0538
e- o.OO74
-o.oo2o

-O.2843

+O.0424
+O.0849
-O.0379
-O.0759
"' OeOO06
-o.oolg

+O.Ol09

-o

-o
-o

-o

-o

-o

-o

.

e

e

e

e

e

e

0490
0979
0468
0936
O092
O031

2996



Table xrvd            (1)Ni(P-,'ps), Qi (P+ps)r
IP-"PS ( EcM r TIzJl iS r or B )

Q

in

(2)i (PÅÄps) and
 (I=1, 3p2} channel

.

Channel N         i
 (1)       (2)Q. Q, Zl Tlab=

Re I
1oo Mev
   Im Z

Tlab=
Re I

300 MeV
rm I

6Å}p+ 4!3
Al Å}p+ 2
         2
         2
A2Å}p+ 1493
         6
AlOno
A2eno
HOpo
DOTO
fOTO
BOeeo

BÅ}T+

total

1

3

4

1

3

4

4

3

o
3
3

o
3
3

1

1

o

1

1

6

6

o

3
o

-3
3
e

-3
o

o

 1

-- 6

-6

--
1

-6

-O.OO02

•- O.O070

-O.0213

-O.OOO1
-O.OO05
-- O.OOO2
+O.O056
+O.Ol42
-O.Ol88
+O.0613

+O.0331

-O.O024

-- O.O056

-O.O089

-o.oeo2
-e.ooo4
-O.OG03
-O.O080
-O.0222
-O.O057
-O.0748

-O.1285

+o

-o

-o

-o

-o

-o

+e
+o
-o

+o

+o

.OO07

.O061

.0231

.

.

.

.

.

.

.

e

OO02
OO02
O064
Ol68
0224
0658

0377

-Oe

-Oe

-o

-o

-o
-o

-o

-o

-o

-o

-o

O021

O083

eOl 71

.ooo2

.OO07

.OO04

.O052
eO155
.Ol 54

.0485

e1132



Table x!ve            (1)Ni(P-•ps), Qi             (P+ps),
!P'e'pS ( EcM ,zrzJ [Js, orB )

Q

in

(2)i (P+ps) and
 (!=i, 3p" channel

o

Channel N         i
 (1 )       (2)Q• Q, il Tlab=

Re r
1OO Mev
   Zrn I

Tlab=
Re I

3oo Mev
  ,Im I

6Å}p+

AlÅ}P+

A2Å}P+

60no
  ,
Al en o

AinO
HOpo
eO"o
DOTO
fozo
BOalo

BÅ}7+

total

4/3
 1
 1

2
 1
 1

3
113

2
1!3

3

4!3
 1

5!3

 4
413
 1

4!3

 4
 4

3

3
o
3
3
6

3
6
3
3
o

1

1

1

o

1

1

1

6

6

-6

3
3
o

-3
-3

-3
-3

o
3
3

o

o

o

 1

-6

-6

-6

-1

-6

-O.OOI1

-O.O097

-O.Ol08

+O.OO02
-O.OOOI
-o.oeo3
-O.OO02
+O.O039
ÅÄO.O056

+O.O079
-O.Ol88
+O.0613

+O.0379

-O.Ol76

-o.oo7s

-O.O045

-O.OO02
-o.ooo2
-O.OOC2
-O.OO03
-O.O088
-- o.ooso
-- O.Ol 23

-- O.OC57
-O.0748

-- O.1 405

+OeO057 -Oe

"OeO084 -Oe

-- o.ol17 -o.

+Oe

'Oe
-Oe
-o.

+o.

+Oe
+Oe
'Oi
ÅÄo.

ÅÄo.

OO02

OOOI
OO02
O052
O064
O094
0224
0658

0498

'- Oe

-o.

'- Oe

-Oe

-Oe
-o.

-o.
-o.

-Oe

'Oe

Ol53

Ol1S

O086

OOOI
OO02
OO04
OO04
O070
O052
O086
Ol54
0485

1212



Table XIVf            (1 }Ni(P-pps)t Qi             (PÅÄps),
rP"PS(EcMtIIzJLSrorB)

Q

in

(2)i (P+ps) and
       3 (I=1, Po) channel e

Channel N         i
       (2) (1 )      QQ       i i

[[,

 lab
Re I

1oo .Mev

   Tm r
Tlab=
Re !

300 MeV
!m T

6Å}p+

AlÅ}P+

A2Å}P+
Al On o

Hepo
DOTO
BOtuo

BÅ}z+

total

1613
  4
2013
1213
1213
12!3
1213
1213

3

3

3

1

o

1

6

6

o

-6
o

o

 1

-6

-1

-6

-- o.

-o.

-o.

-o.

.p O.

+Oe
-o.

+o.

+o.

OO02
Ol98
bo4s

OO03
OO02
0225
Ol88
0613

0397

-O.O024
-O.Ol60
-O.O020
-- o.ooo6
-O.OO03
-O.0321
-O.O057
-O.0748

-O.1339

+o
-- o

-o

-o

-o

+o

-o
+o

+o

.

e

.

.

.

.

.

.

.

OO08
Ol72
O052
OOOI

OO02
0254
0224
0658

0469

-o
-o
-o
-o

-o
-o

-o

-o

-o

.

e

e

e

e

.

.

.

.

O021

0235
O038
OO07
OO04
0208
Ol 54

0485

1152



Table xlvg            (1)NÅ}(P-,-ps}, Qi              <PÅÄps)t
IP"PS(EcM,rIzJLS,aB)

Q

in

(2)i (P+ps)
 (t"Or lp
         1

and

) channel.

Channel N         i
       (2) (1)Q• Q• il T lab

Re r
= 100 MeV

Zm I
    = 300T lab
Re 1

 MeV
!m I

EOck)e

DOcoo

foooo

60po
6Å}p+

Alop.
AlÅ}P+

A2op.
A2Å}P+

total

 4!3

  4
2013
 413
 813

  4
  8
2013
4013

3

3

3

1

1

1

1

1

1

-3
-- 3

-3

--
1

-1

-1

-1

-1

-1

-- O.O023
-O.OO96
•- O.O155
-o.

-O.OOO1
-O.OOIO
-o .oo21

-- O.OOI8
-O.O036

-O.0362

-O.OOI8
-- O.OOI 2

-O.O064
-O.OO09
-O.OOI8
-- O.OO08
-O.OOI7
-O.OO08
-O.OOI5

-- O.Ol70

-O.O023
-O.Ol32
d- O.Ol80
+O.OO03
+O.OO06
-O.OO09
-- O.OO18
.- O.O020
.- O.OO4O

•- O.O41 3

-o
-o
-o

-o
-o

-o
-o

-o

-o

-o

.

e

e

.

.

e

.

.

.

.

O026
O038
Ol28
OO08
OOI6
OOI2
O024
OOI5
O029

0296



Table XIVh            <1)Ni(PÅÄps>r Qi             (P+ps),
rP"PS(EcM,xIzJLS,orB)

Q

in

<2)i (P•ps) and
 (I=1, lpl) channel

e

Channel N         i
       (2) (1)Qi Qi T iab

Re I
= 100  MeV

rm !
Tlab"
Re r

300 MeV
!m r

6Otuo

A Ocoo
 1
A2ecoo

eOpo

DOpo
fepo
6Å}T+

A Å}T+ 1
A Å}T+ 2
BÅ}p+

tota1

 413
  4
20!3
 4!3
  4
20!3
 413
  4
20!3
 12

5

5

5

1

1

1

o

o

o

6

1

1

1

5

5

5

6

6

6

o

-O.OOI1
-O.O053
-O.O080
-- o.OO08
-O.O038
-O.O054
+O.O068
+O.Ol19
+O.0229
-- O.O421

-O.0250

-o.oosl
-O.O028
-o.ool4
-- o.ooO8
-O.OOI6
-O.O039
-O.O024
-O.0235
-O.0454
-O.0273

-O.1142

+o

-o

-o

-o

-o

-o

+o
ÅÄc

+o

-C

-o

.

.

.

.

.

.

.

.

.

.

.

OOI2
O054
Ol 04

OO07
O042
O051

O058
Ol53
0302
0390

Ol24

-o

-o

-o

-o

-o

-e

-o

-o

-o

-o

-o

e

.

.

.

e

.

.

.

.

.

.

O046
O049
O037
OOI1

O032
oe62
OOI2
Ol78
n.318

0476

1221



Table xva            (1 )Ni(D+ps>t Qi (D-+ps),
ID"PS(EcMr!IzJIJStaB)

Q

in

(2)i (D•ps)
 (z=o, 3D

 and

 ) channel.3

Channel N         i
 (1 )
Q i

 {2)Q i T lab
Re r

'1oo Mev
   Im I

Tlab=
Re I

300 MeV
Irn r

foalo

A2op.
A2Å}P+

total

 6/5
 6/5
12!5

9

3

3

9

3

3

-o.

-Oe

-o.

-o.

0481

O054
Ol08

0642

-O.0270
-O.O034
-O.O068

-O.0371

-O.0514
-O.O053
-O.Ol06

-O.0674

-o

-o

-o

-o

e

e

e

•

0521
O058
Ol15

0694

Table XVb Ni(DÅÄps),

rD+ps(E
       CM'

 (1 )Qi (D->ps),

IIzJLS r or3 )

Q

in

(2)i (DÅÄps) and
 (r=o, 3D2) channeX.

Channel N         i
 (1 )
Q i

 <2)Q i Tlab=
Re Z

1oo Mev
   Im !

!li

 lab
Re I

= 300  MeV
!m !

DOooo

fealo

Alop.
Al Å}P +

A2opo
A2Å}P+

total

111O
3/1 O

1/1O
115
3!1 O

315

9

27

15
IS

9

 9

-36
-1 8

 -6
 -6
-1 2

-12

-- o.

-o.

-Oe

-- o.

-o.

-o.

-Oe

Ol99

OOOI

OO03
OOI5
O029

0279

-O.O042
-O.OOOI
-O.OO02
-- O.OOO4
-- O.OOI5
-- o.oo3o

-- o.oog3

-O.0281
-O.OO02
-O.OOOI
-o.ooo2
-O.O025
-• o.ooso

-O.0360

-o

-o

-o
-- o

-o

-o

-o

.

.

.

.

.

.

.

Ol13
OOOI
OO02
OO05
O026
oesl

Ol 99



Table xvc            (1 )Ni(DÅÄps)t Qi              (D-)-ps), Q
iD-"PS(EcM,nzJLs,orB) in

(2>i (DÅÄps)
 (!=Or 3D

 and

 ) channel.1

Channel N          i
 (1)       (2)Q. Q. zi Tlab=

Re r
1oo Mev
   Im T

Tlab=
Re I

300 MeV
rm r

Eecoo

DOtuo

focoo

6epo
6Å}p+

AlOpe
A"• p+

AAOpo
 `
A2Å}P+

totai

11150
1/50
1130
1 11 50

1175
1150
1!25
1/30
1/15

60

45
39
40

40

15
15

17

17

-90
-30
-36
 18
 18
-20
-20
-1 8

-1 8

-o.

-o.
-o.

+o.
+o.

'- Oe

-- o.

-o.

-o.

-Oe

O026

OOI O

OOI6
O031

OO04
OO08
eoo4
eoos

OOI2

-o.

-Oe
-o.
-o.

-- o.

-o.

-o.

-- o.

-C.

-o.

O024

OO05
O052
Ol06
OO04
OO08
OOC2
CO04

0207

-o.

-- o.

-o.

+o.

+Oe

"" Oe

-o.

-o.

dot

+Oe

O022

OOI1

O029
O058
OO03
OO05
OO04
OO08

O034

-- o

-o

-o

-o

-o

-o

-o

-o

-o

-o

e

e

e

e

e

o

e

.

.

.

O033

OOIO
O037
O073
OO06
OOI2
eoo4
ooes

Ol82



Table XVd            (1}Ni(D+ps)r Qi              (DÅÄpS>r
ID-"PS ( EcM r nzJLS t or B )

Q

in

<2)i (DÅÄps) and
       3 <I=1, D3) channel e

Channel N          i
 (1 )
Q i

 (2>Q i
[[)

 lab
Re I

1oo Mev
   Im I

Tlab=
Re Z

300 MeV
Im !

fopo
A2otu.

total

6/5
615

9

3

3

9

•- O.O1 48
    '-O.0266

-O.0414

-O.Ol48
-O.O071

-- O.0219

-O.Ol15
-O.0335

"- OeO45O

-o

-o

-o

.

e

e

0217
Ol 75

0392

Tab!e XVe Ni(DÅÄps),

IDÅÄps(E
       CMi

 <1)Qi (D+ps), Q

UzJLS,orB) in

(2)i (DÅÄps)
 (z=i, 3D

 anct

 ) channel.2

Channel N          i
 (1 )
Q i

 <2}Q i T lab
Re I

= 100  MeV
Im !

!Ii

 lab
Re Z

=• 300 MeV
1rn r

DOpo
=eAoLP
A Otuo
 1
A2oal.

A2Å}rr+

BÅ}p+

total

1/1O
3/:O
111O
3/1 O

2!5
2!5

3

15

3

 3'

9

o

6

o

24

-6
o

9

-O.OOI3
-- O.GO43
-- O.Ol 21

-O.OOIO
+O.O040
-O.O073

-O.0219

.- O.OOO8
-O.O043
-- O.OO91
-O.OO03
-o.oo32
-O.O069

-O.0245

-O.OOI4
-O.OC33
-- O.Ol09
-- o.ool2
+O.O038
-O.O050

-• O.O181

-G

-o

-o

-o

-o

-o

-' O

e

t

.

.

.

.

o

OOI 5

O063
Ol44
OO06
OOI9
Ol07

0355



Table xvf            (1 )Ni(DÅÄps), Qi              (DÅÄpS)r
TDtPS(EcM,I!zJLS}ctB)

Q

in

(2)i (DÅÄps) and
       3 (!=1r Dl) channel e

Channel N          i
 (1)       (2)Q. Q. 11 Tlab=

Re !
1oo Mev
   rm I

Tlab=
Re !

300 MeV
Im I

eOpo

DOpo
fopo
6Oeso

A etuo
 1
A2Oate

A Å}rr+ 1
BÅ} T, +

total

11150
1/50
1130
11150
1150
1!30
1150
2!25

20
-15

59
40

45

37
30

 o

-30
-- 4O

-42
-90
-50
-24
  o
 15

-Oe

-o.

-o.

+o.

-o.

-Oe

+o.

+o.

+o.

OO03
O042
OO02
O027
OOI9

OOI 9

O023

OO03

-o.

-o.
-o.
-o.
-o.

-- o.

-o.
-o.

-o.

OO03
O025
OO02
Ol50
OOI4

OOI8
OOI5

0227

-o
-o

-o

+o

-o

-o

+o

+e

+o

e

e

e

e

e

.

.

.

e

OO02
O043
OO02
O069
OOI7

OOI9
O021

O045

-o
-o
-o
-o
•- o

-o

-o

-o

-o

e

e

e

o

e

.

.

e

e

OO04
O046
OO03
Ol 04

O022

OOI 2

OO09

Ol99



Tab1e xvg Ni(D-+ps), QE•i)(DÅÄps),

iD"PS ( EcM , !zzJ!tS r or B )

Q

in

(2)i (DÅÄps)
 (I=Or .ID

 and

 ) channel.2

Channei N          i
 (1 )Q i

 (2)Q i Tlab=
Re •Z

1oo Mev
  +Im I

•Tlab=

Re I
300 MeV

!m z

fOno
HOwo

AiTo
A2Å}T+

BOpo
BÅ}p+

total

 6!5
 615
 615
12!5
 6!5
1215

6

o

2

2

o

o

o

6

o

o

2

2

rO.
-o.
+o.
+o.
-o.

-- o.

-- o.

OO09
O087
OO06
OOI2
OOI1
O021

Ol1O

-O.O080
-- O.Ol O3

-O.OO05
-O.OO09
-o.oolo
-o.oo2o

-O.0227

• .+O,. OO22

-O.O050
+o.ooo6
+O.OOI1
-O.OO07
-O.OOI5

-O.O033

-o
-o
-o
-c

-o

-- o

-- o

e

.

e

.

.

.

.

O068
Ol 41

OO03
OO06
OOI6
O032

0265

Table XVh            (1)Ni(DÅÄps>t Qi (D-)-ps),

zD"l9S(EcM,1rzJLS,ctB)
Q

in

(2)i (ptps)
 (!.1, ID

 and

 ) channe].2

Channel N         i
 (1 )
Q i

 (2)Q i
[[i

 lab
Re I

= 100  MeV
Im :

Tlab=
Re :,

3CiO MeV
.T=p. r

AlÅ}P;

A2Å}P+
fOTO
BOcoo

Aino
HOpo

total

 6!5
1815
 615
 6!5
 6!5
 6/5

3

3

10
o

2

o

3

3

o

le
o

2

-- o.

-Oe

+o.
-o.
-o.
-o.

-o.

O044
Ol 61

Ol 40

0320
OO05
OO07

0397

-O.O051
-- o.o1o2
-- O.Ol OO

-O.Ol 51

-O.OOIO
-o.ool3

-O.0426

-2 ..,ee :.2i

-O .9l 6.'G

+O . O• i 1•'30

-e ,.. rv' :. 2-)'"l•

 e.
ÅÄc;- .oo'ic':,

 '-O.0384

-- o

-• o

-- `3

-o

-c
-- v.

-o

.

.

.

}

.

.

.

O069
Ol73
O059
C361
OOI O

OOI 6

C688



Table xvz Annihilation branching ratios at rest

MeV). b(r,S) are taken as

b(O,1):b(1,1):b<OtO):b<1,O) = Oe80:Oe

The numbers below are given in units

(Tiab" O

86:1e

of g.

oogoe68 e

channel experÅ}ment33) theory

Tr OTOrO
mnO(m>4>
     1
TT +Tl" -T

T+T-2"O
rr+T-3ffO
vr+T-mTO(m>4)
2rr+2T-
2T+2 Tr -rr O

 al OT+T-
 P OT+T-rr O
 pÅ}T+T+trr-
 nOT+T-
2T+2IT-2TrO

3R+3T-
3n+3T-rr o
3n+3T-mTO

2T+2T-mTO<m>3)

(m>2)

7

5
18

 1
2

.8
 9
23
 2
.8
.1

3.
7e
6.
o.
16
 4
 1
 1

o

.03

.2

 Å}

.3

.3

.8

 Å}

 Å}

4
3
4
28
.6
.2

.9

.3

.3

 Å} O.34
 Å} O.5

O.6 {6.9 Å} O.35>
 Å} 3.0
 Å} 3.0
 Å} O.7

O.3 (6.9 Å} O.6)
O.9 {19.6Å} O.7)
Å} O.4
Å} 1.7
Å} 1.8
Å} O.07 (Oe35Å} Oe
 Å} 1.0
 Å} 1.0

 Å} Oe2
 Å} O.3
 Å} O.1

04)

 1
2

 5
9

19
 5
 6
21

15
6

o
o
o

.

.

.

.

e

.

.

.

3
7
6
o

.

.

.

.

.

6
1

1

7
1

2

8
5

.

.

.

e

9
1

8
8
3

4
2
2
36



Table XVIIa Two s-wave meson

in flight (Tlab=

in units of O-. for

annihilation. A

data.

                         = O b4EV> andannihilation at rest (T                      lab
100 MeV). Branching ratios a#e shown
 the cases of the 3sl and 3po qq

 indicates the deviations from the

channel experirnent      s

theory (

   T
+ ss

3
 Sl)

lab

  A

= O MeV
      PÅÄ ss

  theory(3po)

   Tlab=

    PP ÅÄ
A

1OO

   3ss(

MeV

SI)

TO
T+
no
tu o

pO
pÅ}

no
no
no
oo o

co o

pO
p+

"o
7-
TO
"o
TO
T+-

no
oo o

pO
edo

pO
pO
p-

o
o
o
o
1

2

o
1

o
o

.

.

.

.

.

.

.

.

.

.

048
33
02
9
4
9

22
4
7
4

Å} O.Ol
Å} O.04
Å} o.oos
Å} O.45
Å} O.2
Å} O.4

Å} O.17
Å} O.6
Å} O.3
Å} O.3

o.
o.
o.
o.
o.
1.
o.
Oe
o.
Ie
o.
o.
3.

03

5
8
9

3

03
4
8
1

3

 o.
gl

91

81

-81

04
30
02
4
6
o

2
o
1

3

O.O04
O.O09
o.ool
O.06
O.O02
O.09
O.Ol
O.07
O.O07
1.4
1.2
O.6
1e5

 O.04
 O.33
 O.02
 O.8
 1.4
 2.8

 O.21
 o.o
-O.5
-O.2

o.
0.01
o.
0.1
O.1
O.3
o.
0.8
O.02
2e5
4.0
O.2
1.8



Table XVXIb One

MeV)

are

p- and one s-wave

 and in flight (T

in units of g.

 rneson annihilation

lab= 100 MeV)e The
at rest

 numbers

(Tiab= O

below

Channel
Tlab=

 SÅÄps(

o

3

  Predictions

.\?". 'ik:,]?:

          Case A

 MeV

SI>

Case B

BO rro

BÅ}TÅÄ

HOTO
60To
6Å}TT+

A OTo 1
A Å}TÅÄ 1
A oTe 2
A Å}T+ 2
eOTe
DOuo
fofte

BOno
  ,
Hene
6Ono
Al On o

A2Ono
eOnO
Den o

fOn o

BOp o.

BÅ}p+
HOp o

6epe
6Å}p+

Alopo
AlÅ}P+

o.

o.

o.

o.

o.

o.

o.

o.

o.

2.

Oe

o.

o.

o.

o.

o.

o.

2.

o.

o.

o.

o.

o.

o.

o.

1.

2.

03

06

7

3

2

3

Ol

3

6

o

7

o.

6.2
Oe

O.1

O.3
1el

2.9
1.9
4.8
O.6
1.0
1.5
o.

Oe

O.03
O.02
O.05
O.5
O.1

O.5
1.3
3.5
O.06
O.3
1.3
Oe3
1.6

Oe

6.

o.

Oe

o.

1.

3.

Ie

5.

Oe

le

le

Oe

Oe

Oe

Oe

Oe

o.

o.

1.

Ie

4e

Oe

o.

Ie

Oe

le

3

1

3

1

o

9

1

6

o

9

03

02

08
5

1

1

4

1

1

6

8

4

9



(continued)

A2op.
A2Å}P+

DOpo
fopo
BOtuo

HOalo

6Oalo

Al oco.

A2Otue

eOeeo

DOcoo

fealo

O.4
O.8
3.4

'o.

0el

O.Ol

O.02
O.06
O.4
O.1

5.4
O.Ol
O.8

Oe5
1.8
1e6
Oe2
1e4
O.9
O.6
Oe6
O.7
O.6
1.4
O.6
2.1

1eO
3e2
1e6
Oe4
3'e3

1e4
1e3
1e2
1e4
a.4
1.5
1.4
3e8

Total 21 .4 g 38.6 g 62.2 g



Table XVI!I Annihilation branching ratios
                         50,MeV and compared with dat.a

in the units of g.

 a.re
fl)1 ,56

predicted
,57)    . The

at Tlab"

 numbers

1OO

are

ff channel   L=O
sss ss ps

 L=1
ssp ss ps

  L' =
   A
sss ps

2

B
ps

tllota, iL

AB Data

1

2
3

3a
3b
3c
4

5
5a
5b
5c
5d
5e
6
6a
6b
6c
6d
6e
6f
7

8
9
10

  omn
T+T-
     o"+T-11'
[iig.,6

      oT+T-rn'n'

2T+2T-
 pO"+"-
 pOpO
 fOn+T-
 fopo
 A2Å}g+

 toou+n-
 pOp -+ rr;

 tuopo
 fodio
 AS"""'

311•+3T-
3R+3Tl• --TO

2ir+2T-tffO

 PÅ}T+T+T-

2n+2n-mTO

3n+3u-mTO

o

o

5

o
o

3
o
1

o

5

o
o
o

.

.

e

.

.

e

.

.

.

.

.

.

.

3

1

o

4
4

2
4
6
8

2

3
2
1

o.o o.3
O.Ol
O.5 O.4
O.1
Oe3
    o.o
O.8 2.2
O.O 1.2
    O.5
o.o

    O.5
    O.O
O.1 2.0
    O.6
    O.5
    O.2
O.1
    O.4
    Oe2
O.2 O.4
o.o o.o
o.o o.o
o.o o.o

o

o

5

o

o

4

1

3

o
o
o

.5 O.1 O.

.O O.O 1.
   o.o
   o.o
      o.
e8 2•4 9•
.7 O.3 3.

   0e2
.7
      o.
      Ie
.5 3.6 7.

      o.
      o.
   3.5 --
      o.
e2 Oe
•6 2•O 5e
.2 O.O O.
.s o.o o.
e3 O•O Oe

9

3

7
6

2

o
7

8

3
1

4
3

9

o
1

o

o

o

4

o
o

3
o
1

o

4

o
o
o

.

.

.

.

.

.

.

.

.

e

.

.

e

3

o

6

4
4

3
4

7
8

6

2
1

1

o

o

o
2

o

o
o

1

o
o

o
o

2

()

o
o

e

.

.

.

.

.

.

.

t

.

e

.

.

.

.

e

2

3

2
7

9

8
1

6

1

o

7
4

8

1

1

1

o

o

o
6

2

1

o

4

o
o

1

o

6

o
o
o

.

.

.

.

e

.

.

.

e

.

e

.

e

.

e

e

6

6

4
8

2

9
2

1

2
1

6
3

9

1

4

2

 2e6

 O.Ol
 2.5
 O.1
 Oe3
 Oe9
33.1

 6.9
 1.2
 O.2
 O.7
 1.3
 1.8

26.0
 1.3
 4.1
 2.1
 3.6
 1.5
 2eO
24.6
 O.8
 1e5
 Oe6

 2.7
 O.Ol
 2.9
 O.1
 O.3
 1.1
32.6
 7.9
 O.9
 O.2
 O.7
 2.5
 1.9
25.3
 O.9
 2.5
 1.3
 3.6
 2.5
 2.5
24.2

 O.6
 1.5
 Oe6

2
[g•

3i,

 :1

"i'

,l

 1

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

e

.

.

e

di

3N O
9rv 6
7N 1
ON 1
2rv O
7N35
7N 6
2rv O
6N 1
IN 1
IN 1
3N O
2N22
2rb 1.

8N 3
6N 2
5N 3
IN 1
8N 2
6N25
3rv 1

7N 2
Otv 1

.

.

.

.

.

e

e

.

e

.

.

e

.

e

.

-

.

e

.

.

-

e

e

5

5
1

6
5
3

4

5
o
7
7
8

5
7
7
9
o
4
3

6

6
o
6

total 14o8 1.6 6e5 16o4 8e4 28e8 13•6 8•8 21e9 98e5 98e5



Table XIX Annj.h[i.il.atj.on branching ratios are

                         50,51,56MeV and cornpared with dat-a

the units o'fi &.

predicted
,57)    . The

at T.tab=

 numbers

300

    'are in

" channel   L=O
sss ss tis

 L

E•IS S },.) S E•l

'l

ll) cp,

  ]-•1

   P'i

sss I,) s

2

B
llr) $s

fliotcl, ].,

.A B

1

2
3

3a
3b
3c
4

5

5a
5b
5c
5d
5e
6
6a
6b
6c
6d
6e
6f
7

8
9
10

  omvr

r+T-
     oT+ rr -T

  oo( P T-
 PÅ}T+
 fouo
      o--V+T-MT
2T+2n-
  o p n+n-
 pOpO
 fOr+r"
 fopo
 A2Å}"+
2T+2IT-TO
  o tu Tr+T-
 p O p Å} T +`'

 PÅ}T+Tl'+'rr-
 toopo
 fotuo
 AST+T-
2T+2T-m"O

3T+3"-
3"+3n-ffO
3T+3r-mTO

o

o

2

o
o

1

o
1

o

3

o
o
o

.

.

.

.

e

.

.

e

e

e

e

.

.

1

o

8

1

1

5
4
6
8

3

2
2
1

O.O O.1
o.o
O.1 O.2
O.03
O.07
    o.o
O•2 le4
o.o o.7
    Oe3
o.o

    O.3
    O.O
O.O 1.4
    O.4
    Oe3
    Oel
o.o•
    O.3
    O.2
Oel Oe3
o.o o.o
OeO OeO
o.o o.o

o

o

4

o

o

2

o

3

o
1

o

.

.

e

e

.

.

o

e

e

e

e

3

o

2

4

4

7

9

8

2
2
5

o.o o.

o.o o.
o.o
o.o
    o.
Oe8 5•
O.1 1.

0.1

    o.
    Oe
1.5 4.

    o.
    Oe
1.5
    o.
    o.
O•8 6n
o.o o.
o.o o.
o.o o.

5

7

4
6

5

o
8

2

3
1

3
3

3

o
1

o

o

o

7

o
o

5
o
2
1

8

o
o
o

.

o

.

e

.

.

.

e

.

.

.

.

e

3

o

7

3
3

o
4
6
3

8

6
7
3

o

o

o
4

1

1

o

2

o
o

1

o

5

o
o
o

.

.

.

e

.

e

.

.

.

"

.

.

.

e

.

e

3

2

1

5

3

2
1

9

1

1

2
6

9

1

3
2

o.

o.

o.
11

3.

2.
o.

7.

o.
o.

3.
1.

14

o.
o.
o.

7

5

2

.

2

9
1

1

3
1

1

5

e

3
8
5

3

8

1

 o
1

o
o
o

27
4

o
o
o
1

o

19
o
4
2

 1
1

2

29

 1
 2
 1

.

.

.

.

.

.

e

e

.

.

.

.

e

.

.

e

.

e

e

e

e

.

.

e

6

o,

2
o
1

5
1

4

7
1

4
5
8

1

8
o
o
5
9
o

2

1

4
1

 1

 o
 1
 o
 o

o
26

6
o

 o
o

 3
 o
18

o
 1

o
1

 3
 2

29

 o
 2

1

.

.

.

.

.

.

.

.

.

.

.

.

"

.

.

.

.

e

.

.

.

.

.

e

ES

o
5
o
1

6
2

o
4
1

4

2
9

4

5
6
8
5
7
6

3

7
2
1

total 8e3 Oa4 4•O 13el 3•2 18.9 23•6 15t7 39•3 87e4 87"4



Table XXa
                         L-+F[phe numerical list of 2 I .K(EcM,ITzJLS,FK) and ranges Xo

                      K
in the case of rp= O.62 fm and DTIDs= 2.3. [Vhe number of
                                     2X+1 2S+1terms for separable potentials in each L                                                 stat-e is                                               J
that of rows in it. The practical values are rnultj.p].ied
by X2 = 32s.8 except those with asterisk * which is

multiplied by Ag = 40.96. The resulting values for

potentials are in units of nuc]eon mass.

    (MeV)=T lab
 State

   o

Re Zrn Re
1OO

Im Re
200

xm Re
300

Im
X

 o(fm)

11

31

13

33

s

s

P

P

o

o

o

o

sss
 ss
 ps

sss
 ss
 ps

ssp
 ps

ssp
 ps

-O.94 -O.86 -O.93 -1.04 •-O.97 --1.21
 o.o2 -o.lo o.o3 -o.og o.oJt --o.os
-- o.o4 •-o.1s --o.ol -o.17 o.oo -o.17

-1.24 -1.41 -O.96 -1.53 -O.64 -1.60
 O.14 -O.11 O.14 -O.10 O.14 -O.08
 O.10 -O.39 O.13 --O.37 O.15 -O.35

-O..35 --•O.12 -O.35 --O.14 -O.3F. -O.16
-O.08 -•O.26 -O.06 --O.27 -O,.04 ---O.28

-Oe26 -O•12 -O•27 "O•12 -O•29. '-Oel2
 O.OO --•O.rl 5, O.Ol -O.14 O.O.3. "O.13

-1.08 --1.39
 O.05 -O.07
 o.o3 --o.17

-O.32 -1.63
 O.14 -O.07
 Oe17 'Oe32

-- O.35 -O.18
-o.ol -o.2g.

-O.31 -O.13
 o.o3 d-o. '1 2

O.58
O.44
O.41

Oe58
Oe44
Oe41

O.46
Oe35

O.46
Oe35



(continued)

11

31

13

33

13

33

11

31

P

P

P

P

s

s

D

D

   ssp
    ss1
    ps

   ssp
    ss1
    ps

   ssp
1 ps
   ssp
     ss1
     ps

   sss
     ss1
     ps

   sss
     ss1
     ps

     ps
2 *sss

    ps
2 *sss

-o
o

-- o

-o
o

-o

-o
-o

-o
 o
-o

•- o

o
-o

-o
o

-o

-o
-o

-o
-1

.

.

.

e

e

e

.

.

.

.

.

.

.

.

.

e

e

.

.

e

e

33
03
03

42
07
04

39
04

34
04
oo

59
33
45

68
13
17

Ol
94

04
24

-o
-o
-o

-o
-o
-o

-o
-o

•- o

-o
-o

.

.

e

.

.

.

.

.

.

e

.

06
Ol
Ol

29
05
10

17
24

11
03
15

-O.93
-Oe14
-O.29

-O.81
-O.09
-O.22

-O.02
-Oe86

-O.04
-1e41

-O.35 -O
 O.02 -O
-o.o3 •-o

-O.42 -O
 O.O"7 -•O
-- o.o3 --e

-O.41 -O
-O.02 h-O

-O.35 -O
 O.04 •-O
 O.Ol --O

-O.50 --O
 O.32 -O
-O.46 --O

-O.71 -O
 O.13 -O
-O.17 -•O

-O.Ol -O
-Oe93 -1

-o.o4 --o
"Oe96 -1

.

e

•

.

.

'

.

.

.

.

.

.

.

t

.

.

.

.

.

o

e

07
Ol
Ol

32
04
11

20
25

13
02
14

95
11
36

91
08
24

02
04

04
53

-o
o

-o

-o
 o,

-- O

-o
-o

-o
 o
 o

•- o

o

-o

-o
 o
-o

-o
-- o

-o
-o

.

.

e

.

.

.

e

.

.

.

.

-

.

.

.

.

.

.

.

.

e

38 -O
02 --O
03 -O

41 -O
eil -o
oillil -o

4r,,e, -o

e'I -o

3(; -O
oil •-o
orl -•o

31 -O
30 -O
45 --O

6rv1 -1

1:l -O
16 -O

OI -O
9'7 -1

04, -O
64 -1

.

.

e

.

.

.

.

.

.

.

•

e

.

.

.

.

.

.

.

.

e

08
Ol
02

35
03
11

23
25

15
02
14

96
08
44

02
07
27

02
21

05
60

-o
o

-o

-o
o

-o

-- o

 o

-o
 o
 o

-o
 o
-o

-o
 o
-o

-o
-1

-o
-o

.

.

e

e

.

.

.

`

.

.

.

.

.

.

e

.

.

e

.

e

.

40
02
04

41
06
02

42
Ol

37
04
03

28
28
43

60
13
14

Ol
08

04
32

-o
-- o

-o

-o
-o
-o

-o
-o

-o
-o
-o

-- o
-- o

-o

-1
-o
-o

-o
-1

-o
-1

.

.

e

.

.

.

.

-

.

.

.

.

.

.

e

.

.

e

e

e

e

10
Ol
02

37
02
11

26
26

17
Ol
13

98
06
53

12
06
30

03
39

07
63

O.46
O.44
Oe35

Oe46
Oe44
Oe35

O.46
O.35

O.46
O.44
O.35

OL58
O.44
O.41

Oe58
O.44
O.41

O.41
O.58

Oe41
Oe58



(continued)

13        ps -O  D   2 *sss

33D ps
     *sss   2

13  P2

33  P2

13  D3

 ssp
  ss
  ps

 ssp
  ss
  ps

  ps
*sss

33D ps
   3 *sss

-o

-o
-- o

-o
 o
-o

-o
o

-o

-o
-o

-o
-o

.

e

.

e

.

.

e

.

.

e

.

.

.

e

02 -O.Ol
59 -O.93

02 -O.02
68 -O.81

31 -O.12
09 -O.14
09 -O.28

33 -O.10
06 -O.09
OO --O.14

06 --O.03
59 -O.93

o4 •-o.o2
68 --O.81

-- o.o2 -•o.ol
-- o.so -o.gs

-- O.O2 --O.O3
-O.71 -O.91

-- O.30 -O.13
 O.10 -O.12
-- O.06 --O.29

-O.34 -O.12
 O.07 -O.07
 o.ol -o.13

-O.07 -O.04
-- o.so •-o.gs

-- o.o4 -c.o2
....

O."7•1 -O.9'1

-O.03
-O.39

-O.02
-O.67

-O.30
 O.11

'

-- O.O3,

-O.34
 O.07
 O.02

-O.07
-O.39.,

-o. o, tl

-- O.6'1

-o
-o

-o
-1

-o
-o
-o

-o
-o
-- o

-o
-o

-- o

-1

.

e

.

e

.

e

e

.

.

e

e

.

.

.

Ol
96

03
02

14
10
29

14
06
13

05
96

03
C2

-O.03
-Oe28

-O.02
-- O.6O

-O.30
 O.11
-o.oo

-- O.35
 O.07
 O.03

-O.07
-O.28

-O.04
-O .' 6O

-- O.O2
-O.98

-O.03
-1e12

-O.15
-• O.O8
-- O.3O

-O.16
-- O.O5
-O.12

-O.07
-O.98

-O.04
-1.12

O.41
Oe58

Oe41
O.58

O.46
O.44
O.35

O.46
Oe44
O.35

O.41
Oe58

O.41
Oe58



Table XXb [ehe numerical list of E
                     FK '

in the ease of rp= O.7 frn

values for potentials are

zll"'"F

 and

 in

K(EcM,IIzJLS,FK> and ranges Xo

 DnlDs" 3.0. [Vhe resulti.ng

units of nucleon mass.

    (MeV)=tll

 lab
 State

   o

Re Im Re
1OO

!m Re

2 0. 0

Im Re

30

Im
x
 o(fm)

11

31

13

33

so

so

po

po

sss
 ss
 ps

sss
 ss
 ps

ssp
 ps

ssp
 ps

-- O.77 -O.75
+O.05 -O.13
-O.04 -O.17

-O.81 -1.03
+O.18 -O.11
+O.11 -O.33

-O.18 -O.06
-O.05 -O.28

--- o.14 -o.os
+Oe03 -Oe15

-O.75 --O.88 --O
+o.o7 -o.11 +o
-- O.Ol --O.18 +O

-O.51 -1.11- -O
+O.18 --O.09 +O
+O.13 •-O.31 +O

-- O.18 -O.07 -O
-o.o3 -o.2s -o

-- O.15 --O.05 --O
+o.o4 -o.13 +o

.78 -1.01

.os -o.og

.Ol -O.18

.22 --1.14

.17 -O.07

.14 -O.29

.18 -O.08
eOl -Oe29

.17 --O.05
e04 -Oe12

-O.88 -1.14
+O.08 --O.07
+O.05 -O.18

+O.04 •-1.13
+O.16 -O.05
+O.15 -O.28

-O.18 -O.10
+OeOl '-Oe30

-o.1g -o.o6
+Oe05 -'Oe12

o
o
o

o
o
o

o
o

o
o

.

.

e

.

.

e

.

e

e

e

75
50
44

64
50
35

46
35

46
35



(continued)

11 SSP  PI ss
       ps

-o.lg -o.o3
+O.03 -O.Ol
-- o.o3 -o.ol

-O.20 -O.03
+O.03 -O.Ol
-o.o4 --o.o2

-- O.22 -O.05
+o.o3 -o.oo
'OeO4 "'"OeO2

-O.24 -O.06
+o.o2 -o.oo
-Oe04 -Oe03

o
o
o

.

.

.

46
50
44

      ssp31
  Pl ss
       ps

-O.20 -O.15
+O.08 -O.05
-o.o3 --o.11'

-O.20 -O.16
-l••Q.O8 -{).O4
-O.03 -O.11

-O..2(} -O.17
+O.08 -O.03
-O.02 --O.12

-O.20 -O.18
+O.07 -O.02
-O.Ol -O.12

o
o
o

.

e

.

46
50
35

13      ssp  Pl ps -O.20 -O.09
-O.Ol -O.25

-O.22 -O.11
-- O.OO -O.25

--- O.2:.l --•O.12
+O.Ol -O.25
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Table xx! The effect of the repulsive components in eq. (5-7)

on the magnitudes, R, of the S rnatrix of the
partial waves at Tlab= 120 MeV. o = (2J+1)(1-R2).

Au indicates the differences between the u's with

and without the repulsive components.

V (O)=14.
 c
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Table xxxza                                    2S+1Comparison between approximated b(I,                                      LJtEcM)

used in caZculating branching -ratios and the one

estimated by the result given in Table XXI at

Tlab" 100 MeVe The numbers. are•fr.actions of the

total annihilation cross section, which are in
units' of g. -

State Calculation Approximation Ratio
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Table XXIIb comparison between approximated b(I,2S+ILJrEcM)

used in calculating branching ratios and the one

estimated by the result given in Table XXr at

    = 300 MeV. The numbers are fractions of theT lab
total annihilation cross section, which are in

units of g.

State Calculation Approximation Ratio
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Fig. 6

The quark rearrangement and annihilation diagrarns.

(a) The quark rearrangement process into three

mesonsr (b) the one Eiq-pair annihilation process into

two rnesons and (c) the two qq-pair annihilation

process into two mesons.

Mass distribution functions of (a) p meson and (b>

co meson.

The one qq-pair annihilation proc=ss.

The NA, NA and AA annihUation Å}nto mesons due to "

or p meson exchange.

Partial cross sections predicted by case A and
cornpared with data5i'56'57): (a) u<rr+T- ), (b)

O(tn'+Tr-ITO), (c) u<Tr+TT`-mTrO) (m. > 2), {cil) fiv(21,T+21,;T'O ),

(e) o(2T+2Tr'TO>, (f) u(2T+2T-mTTO} {ra > 2>, (g)
o(3TÅÄ3rr-' ), (h) u(3T+3T-TO) and (i) o(37'3T-mrrO}

(rn > 2). The abscissas indicate incident laboratory

inomenta .

(a) Fractions oÅí pOiTOt pÅ}T+- and fOTO in the final

state TT+Tr' Trb, (b) those of pOT+Tr- , fOT+TT- , pOpO, pOfO
and A); in the final state 2T+2T- and (c) those of

pÅ}T+-T+rr- , pOpÅ}T;, toOpOr toOfO, AST+T- and coOT+T- in

the final state 2T+2T" TO as function of incident
momentum29r36,51,57'V59}. The solid and the broken

curves indicate case A and case B respectively.



Fig. 7

Fig. 8

Fig. 9

Fig. 1O

Fi• a. 11
  J

Fig. 12

Fig. 13

Energy dependence of E rS"SSS(E                                    TZ J :L=O SraBY)     - ct3y CM'z
due to the three s-wave meson annihilat' z' on from the

S-wave NN states.
                                                '
Energy dependence oÅí orgy IP"SSP(EcM,IrzJ L=1 SgcrBy}

due to the two s-wave and one p-wave meson

annihilation frorn the P-wave NN states.

                   .Energy dependence of gB ZS"SS<EcMr!IzJ L=O SrorB)

due to the two s-wave meson annihilation from the

S-wave NN states.

Energy dependence of gB !S"PS(EcM,rlzJ L=O SgaB)

due to the one s--wave and one p-wave meson

annihilation'from the S-wave NN states.

E-ne..g.'..-  d-:'irA•end•en- ce ol & rP"SS(EcM,IIzJ ]L=1 Srct3>

           'due to the two s-wave meson annihUation frorn the

P-wave NN states.

Energy dependence of & rP"PS(EcMtllzJ L=1 SrorB}

due to the one s--wave and one p-wave meson

annihUation from the P-wave NN states.

Energy dependence of gB ID"PS(EcM,rrzJ L=2 S,orB)

due to the one s-wave and one p--wave meson

annihilation from the D-wave NN states.
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Fig. 20

The two meson annihi!ation process into map pT and

pp via the exchange of N or A.

[Vhe one-boson-exchange (OBE) contributien to the NN

interaction.

The NN optical potential generated by the
                                     'intermediate meson state.

The central components of 5iN oBEp65) with, (modified>

and without (original) the phenomenological

repulsion. The solid and the broken curves indicate

the Z=1 and I=O components respectively.

                                                'The NN optical potentials generated by the quark

rearrangement and the quark annihilation processes.

Fractions of main interrnediate rneson states of the
                                         33optical potentials in the processes: (a)                                           S1 th)' $ssr
                    33                                      33    33(b) P2 -> sspt (c) Sl ÅÄ ss and (d>                                        Sl " PS.

Dependences of the predicted annihilation cross
section on (a) x2 (the strength of the annihilation

interaction), {b) Vc(!) (the strength of the
                                       2repulsive central components) and (c) AD (the

strength of the optical potential due to the process
DÅÄ sss simulated by the one SÅÄ sss). Vc(!)= Xg=o

in (a). in (b), x2 is fixed as the value giving the

maximum in (a) and xB=o. zn (c)r x2 and vc(r) are

fixed as the values giving the maxirnura in (b).



Fig. 21

Fig. 22

Fig. 23

Fia. 24  J

Fi• g. 2v=

                            70)         66fV69 )                                and the               , the elasticThe total
               63)                   cross sections at [Plab= O "v 3QOcharge-exchange

MeV. The one--boson-exchange part is employed frorn
modei u of ueda, Riewe and Green65).

The differentiai cross section of the PP elastic

SCattering at Tlab= 120 MeV. The data are from

ref. 63.

The diffeirential cross sectien oi the PP charge-

exchange scattering at Tiab= 120 MeV. The data are

irom ref. 70.

The i5p backward angle differential cross section71).

We note that the prediction of this observable is

sensitive to the parameters included in section 5.

The eis-'uivalent local potential detined by eq. <5-8>
  '                                         13in the text and the wave function in the
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