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(III) If quarts satisfy SU(3) symmetry, Eqs. (5)
and (6) can be rewritten in a much simpler form:

o (Ap) =2o (pe) —o (pp),
(-" P)=4 (P )—3 (PP),

o (Z"p) =a(p)s),

(~ p)= (-"'p)=3 (P )—2 (PP)

Discussioe Eq.uations (2) and (5) follow from the
assumption of additivity alone. They should be tested

experimentally. Equations (2) are the easiest to test.
With the present knowledge on the experimental data
up to the highest energy available, they di6er from the
predictions by approximately 10—20%. The errors on
the experimental data are still large. To clear up this
point, more data with better accuracy are needed on the
nucleon-nucleon and nucleon-antinucleon total cross
sections. It is also of interest to have some data at
higher energy on hyperon-proton scattering total cross
sections. Then Eqs. (5) would serve as an independent
check on the assumption of additivity.
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The reaction X+ He —+ m +A + He is studied under the assumption of capture from the 2P Bohr orbit.
The outgoing pion and the recoiling 'He momentum distributions are calculated with the inclusion of I'I~-
resonance and Z-A. conversion amplitudes. The Z-4 conversion process is of particular importance. The
main conclusion is that the pion spectrum tends to favor the assumption that the stopping g are captured
from a P-state atomic orbit. The conclusion is consistent with the results of the E-capture x-ray experiment
of Burleson et al.

' 'N a recent article by Said and the author' (referred
&- to as I), the reaction E+'He~ m +As=sHe has

been extensively studied from the point of view of the
recoil-nucleus and the pion momentum distributions.
Three processes have been considered: a direct non-

resonant production of a m and a h. in the absorption of
the X meson by. a neutron; the formation of the Y&*

resonance in the intermediate state; and the reaction
with a Z production in the first stage and its subsequent
conversion into a A in a successive collision with another
nucleon. The initial-state kaon Bohr orbits considered
were nS and mP; however, only simplified calculations
were performed for the P-wave case with no elastic
A-'He distortion and the Z-A conversion included. All

the detailed computations referred to eS orbits, pre-
sumed, at that time, to be the most important ones for
the direct nuclear X capture.

From the computed momentum distribution Rs(ps) of
the recoiling 'He, it was concluded that the formation of
the I't* resonance should be an. important process (cf.
also Letessier and Vinh":Mau'); from Rs(ps) and from
the momentum distribution R (p ) of the outgoing pion,
rather strong evidence was obtained for the great im-

+ Present address: CERN, Geneva, Switzerland.
' P. Said and J. Sawicki, Phys. Rev. 139, B991 (f965).
2 J. Letessier and R. Vinh Mau, Nucl. Phys. (to be published).

For a study of the I'P' effects in the nonpionic X capture in deu-
terium, see G. Fowler and P, Poulopoulos, Nucl. Phys. 77, 689
(1966).

portance of the Z-A conversion process, particularly at
large ps and at small p of the two respective distribu-
tions. The elastic A-'He final-state interaction was found
to be of little importance. Semiquantitative fits to the
observed spectra Rs(ps) and R (p ) were obtained.

Contrary to many previous speculations and expec-
tations (cf., e.g. , some of the references quoted in I),
it appears from the most recent experimental results of
Burleson et aL' that about 80% of all the kaons undergo
the direct E' capture from the 2P Bohr orbit. It is the
aim of the present note to supplement I with the cor-
responding results for this case.

Our method, mathematical approximations, and no-
tations are all those of I.

For the non-Z —A.-conversion amplitude, we use the
approximate expression Lcf. Eq. (7) of Ij:
M =x (&, ,„, ,(L3f /(M + )jP ) v„

X(eltlqs)l ~ -o
e 3 f+s Le + ~(s ~)(~)j =(mrs/(sr + /t))&/

X ((11I
t

I (ls& l,~=()), (1)

where X2~ is the normalization of the kaon 2P Bohr
orbit wave function, e is the polarization vector of the

' G. R. Burleson, D. Cohen, R. C. Lamb, D. N. Michael, R. A.
Schluter, and T. O. White, Jr., Phys. Rev. Letters 15, 70 (1965).
The nuclear properties of the E-mesonic 4He atom have been
studied recently by F. von Hippel and J. H. Douglas LPhys.
Rev. 146, 1042 (1966)j, and by J. Uretsky LPhys. Rev. 147, 906
(1966)j.
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2P orbit, and p~ is the Fourier momentum of the kaon;
Pr is the momentum of the final hypernuclear A.+'He
system: Pf ——pq+po, in the case of the capture at rest we
find Pr ———p

— the outgoing pion momentum. The
basic (/)-matrix element (vertex function) of the ele-
mentary process E+X~or +ho in our impulse ap-
proximation depends on the initial and 6nal relative
momenta of the particles involved, qo and q», respec-
tively; in view of the momentum conservation they
reduce to

go= pe+ po and &fr= p~+ pe ~

M+mx Blo.+Ps~

Finally, the common nuclear-hypernuclear form factor
1s

8&o,„,gi (oo):— dudv8 (il—v)

Xexp(i&a u) dP +f*(v,&)%'4(u, &) . (2)

where +4(u, ))=P„o(u)Po($) is the 'He wave function,
u=r~ —r3 is the distance vector from the 'He to the
nucleon 1V, and $ are the intrinsic coordinates of 'He.
In our computations we have used the Hulthen form of
p„o as specified in. I.

It has been demonstrated in I that the elastic final
hypernuclear A.-'He distortion can affect the most im
portant distribution, Ro(po), only a little. Recently,
Said4 has confirmed this point explicitly even for the
7»*-resonant amplitude avoiding the "zero-range"

approximation of I. Consequently, in order to simplify
the rather complex kinematics and analysis, we neglect
this distortion, and represent the A.-'He relative motion
by a Plane wave; then we have: %'r(v, &)=(exPi&I+o v)
Xgo($); here v=rq —ro is the distance vector from the
'He to the A.

For the case of 15 capture the matrix element cor-
responding to Mop of Eq. (1) is

Mrs —X FtB~&,og)(l M /(oM3+51+))Pf)
X(q i&la)l, -o. (3)

The Z-A—conversion amplitude in the 2P case,
53f„', can be approximately related to that for
the 1S capture of Eq. (21) of I:

(2&& +2~ 3 g.~
AM '~ = — i- —hM '

(oo qgo) (4)
~ (»&r»4 ~ a~

where &o= —
l Mo/(Mo+m~) jp; A, &'i are the effective

(constant) i-orbit Z-production t-matrix elements; Ets
is the normalization constant of the 1S-orbit wave func-
tion; q~3 is the momentum of the Z intermediate state
relative to the nucleus 'I. The relation of Eq. (4) permits

4 P. Said (private communication).

us to avoid writing a rather lengthy explicit expression
for 835„'~ E.quation (4) is obtained in analogy to the
relation which follows from Eqs. (1) and (3).

The reaction rate is proportional to the trace with
respect to o~ of M«~tM«&, where M«t—=M+AM«».
With an arbitrary normalization we can express it as

Ro ——dpodp dpa8(Z p, )b(Z E,)—', Tr &,~&

X(M«,tM„„). (3)

The respective distributions Ro(po) and R (p ) are
then computed in the standard manner, as in I, by
integrating over the respective remaining variables. '
In the 2P-capture case, averaging is performed over
the polarizations of the 2P orbit, c.

Explicit expressions for the pure direct-nonresonant
and I't*-resonant parts of Ro(po) are given in Eqs.
(23)—(24) of I; the corresponding interference term
(«A&a„) disappears in our approximation of no quasi-
elastic A-'He distortion. Here Aq stands for the (con-
stant) "direct" part of the (i) element, while the Ft"
coupling constant a„ is defined, as"in I, by

&Io' qi+ —i&ra (QoX &Ir)

(el&I &Io)-.=~. s"' M i*—+i-', I'i

where s'I' is the total energy in the A+a c.m. system;
iV»* and F» are the I"»* parameters.

The adjustable parameters of our model are the
ratios of the 'effective" coupling constants, Aq&' i/a,
and Aq&'Pi/A, &' &; here Aq&'"i and A, &'~& should be
roughly of the same order of magnitude, as in the case
of the 15 capture.

There remain still rather .considerable uncertainties
in the parameters mentioned (which are therefore
actually adjustable) and in the other parameters in-

volved, and, on the other hand, the presently available
data are too scarce to make very detailed analysis
warranted.

However, in spite of these uncertainties, it turns out
that the main features of our results vary relatively little
with any reasonable variations of our parameters. It is
for just this reason that we think it interesting to present
typical distributions Ro(po) and R (p ) for the 2I'
capture as compared with those of I.

The most important restriction on our parameters is a
reasonable order of magnitude of the ratio of the total
initial Z production amplitude squared to the total A

nonconversion amplitude squared. It turns out that
this condition is satisfmd in our case for those numerical

'Through a misprint, a volume factor "p32dp3" has been
omitted in Eq. (20) of I.

'Here F& is a constant; other well-known Breit-%igner —type
forms of (t)„,or possible refinements of it introducing a q1 depend-
ence of the "eRective" F1 would most probably lead to no essential
changes in our Anal results.



1248 J. SA WI CK I 152

50

8
8
0
I

30 ~

C

20 ~

10-

200100 400 500
P (MEV/c l

Fzo. 1. The»e-recoil momentum distribution Rs(ps) for the reaction E+4He ~ s +Ao+sHe when the E capture is from the
2p Ilohr orbit with As&' /a =0.2X10' and: (a) A &' &/As" &' =IS; (b) A &' &/As&' &=20; (c) A &' & is replaced by the appro-
priate p'0~ t-matrix element in analogy to the curve 2(b) of Fig. 6 of I. The experimental histogram is from Ref. 4. The other &
parameters de6ned in l are: ap(~)= —2.0 F, yp ——1.0 F, and X'=1.35 F. For comparison, the curve 1 of Fig. 6 of I corresponding
to 1S capture is reproduced; it is labeled 1S. All the theoretical curves are arbitrarily normalized.

values of the parameters that seem to give optimum
Gts to the data. '

In Fig. j. we present three numerical examples of the
recoil 'He momentum distribuf:ion Rs(ps) computed
for the 2P capture of X, taking into account the com-
bined effect of the "direct" (~A~), the irt* resonant
(~ a,), and the Z-A —conversion (&c A.) amplitudes; this
includes also all the (typically small) interference terms.
The form of &s(p&&) is generally quite insensitive to A~;
in particular, the ratio As/A, can be increased by a
factor up to 5—10 by increasing A& without distorting
the form of Rs(ps) in any signif&cant way, and remaining
still within a "reasonable" range of parameters. This can
already be easily understood from the results of Fig. 4
of I. The width parameter of the I'~* resonance is
6xed at I'i=53 MeV. The Z parameters ao( ', go, and
X' are exactly those of I.'

The maximum of the Z-A—conversion contribution
falls at about ps ——420 MeV/c; the general shape and
characteristics of our Es(ps) are quite similar to those
of the curve 1 of Fig. 6 of I, i.e., giving only a rather
qualitative agreement with the data. ~

A better, semiquantitative, agreement with the data'
can be obtained when, as for the 1S capture in I, the

~ He]ium Bubble Chamber Collaboration Group, Nuovo
Cimento 20, 724 (1961);J.Auman et oL, in Proceedings of the 1962
Annual International Conference on High Energy E'uclear Physics
at CRRX, edited by J. Prentki (CERN, Geneva, 1962), p. 330.

&& The complex Z Is scattering amplitude (-ao&s&,r&0) is defined by
the g-'I phase shift as tan bp( ) = —q»(ap( ~)—imp); the parameter
g' is dehned in Eq. {17}of I by the boundary-condition correction
to the Z-'I effective radial-wave function (modiaed spherical out-
going wave: fexp(iq sr) —exp(-P, 'r)g/r).

Fo* resonance is included in the Z-production element;
cf. the corresponding curve in Fig. 1.

The outgoing pion momentum distribution E (p ) is
presented in Fig. 2 for parameter values corresponding
exactly to those of the curve (a) of Fig. 1. Here again
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Fxo. 2. The x momentum distribution Rr(pr) for the reaction
E+4He —+21- +A.P+'He when the kaon is captured from the
2P orbit; the parameters are Aq( )/a, =0.2)&10', and A ( )/
Aq(~ ) =15. The experimental histogram is from Ref. 4. The
other Z parameters defined in I are ap(~) = —2.0 F, gp=l. 0 F,
and X'=1.35 F. For the sake of comparison, the curve "b" of
Fig. 7 of I corresponding to 1Scapture is reproduced; it is labeled
1S. All the theoretical curves are arbitrarily normalized.
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the constant A& could be varied considerably without
any significant modification of R (p ). However, on
the other hand, a change in', by a factor of —', would
already produce too large a first peak of R, (p ), due
exclusively to the Z-A —conversion amplitude.

By comparing our result of Fig. 2 with the curve (b)
of Fig. 7 of I, we observe that, indeed, the assumption
of 2I' capture gives a better semiquantitative fit to
the data' than does the assumption of the 1S capture.
The now very pronounced first peak corresponds to the
A-Z threshold which occurs at p„=164 MeV/c (cf. the

pygmy peak of Fig. 7 of I).
In summing up the discussion of both Figs. 1 and 2,

we may say that while the rough agreement with the
data4 is about the same for the 2I' capture as for the
1S capture of I, the R (p ) pion data appear to defi-
nitely favor the former case. '

'Actually, the smallness of the first peak of the curve 1S of
Fig. 2 is a little exaggerated by the interference terms calculated
in I with an inappropriate choice of one of the relative phases.

Obviously, one should regard our results with caution
because of the crudeness of the treatment of the
Z-A—conversion amplitude by the two-component dis-
torted-wave approximation as in I.

Our numerical results correspond to a simple but com-
pletely arbitrary choice of the phase of the conversion
amplitude relative to the rest. In view of the inevitable
smallness of the corresponding interference terms, only
a very small improvement of our Rs(ps) could be
achieved by any required shift of this phase, while
R (p ) would suffer practically no change.

Many more data, particularly on angular distribu-
tions and on the absolute values of the reaction rates,
should be avilable before a more detailed analysis
becomes warranted.

The author wishes to acknowledge the invaluable
help of Melle M. T. Commeault with the numerical
computations and several useful conversations with
P. Said.
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The uncoupled-phase method is a nonperturbative formalism which describes the influence of any given
(Nth) channel on the dynamics of an e-channel scattering reaction. The method relates scattering amplitudes
for the uncoupled reaction, obtained by switching o8 interactions to the nth channel while the interactions
among the rest remain unchanged, to the scattering amplitudes describing the full reaction. We extend the
uncoupled-phase method further, under exactly the same assumptions used to derive the previous un-
coupled phase relations. We remove the restriction that there is only one perturbing channel and allow for
the possibility of an arbitrary number of perturbing channels. The more general set of uncoupled-phase
relations reduces to the previous uncoupled-phase relations when the number of perturbing channels is
equal to 1. Some elementary applications of these relations is made, and their possible application in ele-
mentary particle reactions is indicated.

I. INTRODUCTION

1
~~NE of the crucial facts about high-energy scattering

is the large number of channels that become
available for scattering, and a correct description of any
one of them involves all the channels that are signifi-

cantly coupled at the relevant energy. In many impor-
tant physical situations it may be sufhcient to consider
only the coupled two-body channels (some of which may
be closed in the energy region of interest). For example,
in the meson-baryon scattering, (srA, 7',ZX,r)Z,E )
may be coupled significantly near the energy region of
the F~e resonance, and (7r,EA,KZ, rt ) near the region
of the I/2* resonance. However, even though such
systems can be handled by matrix X/D dispersion rela-

tions, the calculations are generally involved and in

practice most calculations ignore all except the nearest
channel. On the other hand, some channels may not be

significantly important and could be safely neglected,
but one needs some semiquantitative criterion in ignor-
ing them.

The uncoupled-phase method (UPM) developed by
Ross and Shaw' ' relates the actual amplitudes describ-
ing e coupled channels to the "uncoupled" amplitudes
which describe the scattering, when the couplings to
the nth channel are switched os', the other interactions
remaining unchanged. Although the UPM was originally
developed in the framework of a potential model, '~ it
has subsequently been extended to relativistic N/D
matrix calculations. ' The usual weak-coupling approxi-

' M. Ross and G. L. Shaw, Ann. Phys. (N. Y.) 9, 391 (1960).' G. L. Shaw and M. Ross, Phys. Rev. 126, 806 (1962).' P. Nath, G. L. Shaw, and C. K. Iddings, Phys. Rev. 133,31085
(1964).

4 Interactions with hard cores were also investigated.' P. Nath and G. Shaw, Phys. Rev. 137, 3711 (1965).


