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In a reaction from which several strongly interacting particles emerge it is often possible to isolate the
effects of forces between two of the outgoing particles. There are many cases in which this final-state
interaction can produce inelastic reactions. The formalism that describes this situation is developed here,
and the reaction K~+d — 7+2+N — n+A+N’ is studied in detail as an example. It is found that large
A/Z branching ratios can result and can be used to restrict the Z-N and K-N interaction parameters. The
gross features of the spectrum can be understood using a simple model. It does not seem possible to determine
the parities of the strange particles from the momentum spectra. When the inelastic reaction in the final
state is exothermic, as in the example, high partial waves may contribute.

I. INTRODUCTION

HE theory of final-state interactions' has been
fruitfully applied to many elementary-particle
processes. In the characteristic situation a “primary”
reaction mechanism produces a set of outgoing particles
which have strong mutual interactions. The final-state
interaction concept is useful if the mutual interaction
of one pair can be isolated from all other effects in this
final state. This can happen if the relative momentum
of this special pair is low compared to all other momenta
in the state, and if the interaction of this pair with the
other emergent particles is weak. When these condi-
tions are fulfilled, the remaining particles escape
quickly from the production region and have little
effect on the pair which is left behind. The low-
momentum pair can interact strongly for a longer time,
producing important modifications in the energy
spectrum and in the total reaction rate. If this final-state
interaction is attractive, for instance, a low relative
momentum will be favored and the reaction rate will
be increased. Because the effect of other particles in
the final state can be neglected, the scattering of the
interacting pair can be related to the scattering proper-
ties of this pair when they are isolated. The final-state
interaction concept will therefore be useful when there
is only one important interaction in the final state;
this should involve only low relative momentum and,
for convenience, only a small number of angular
momentum waves.

It is of interest to consider the application of this
method to problems in which the strong final-state
interaction can lead to inelastic processes. This can
occur, for instance, when the primary reaction, which
produces the final state, leads to antinucleons, K
mesons with negative strangeness, or = hyperons. We
shall be particularly interested in the reaction

K~+d— 7+3+N — n+A+N, 1)
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1K. M. Watson, Phys. Rev. 88, 1163 (1952).

proceeding through the strong =-N interaction, and
shall see that the method can be adapted to this case.
There are three principal differences from the con-
ventional applications:

1. The diffuse structure of the initial state (the
deuteron) permits the separation of the primary
interaction from the final-state interaction. Since the
range of the forces is small compared to the interparticle
spacing, explicit many-particle effects involving the
simultaneous interaction of more than two particles
are expected to be small. The neglect of these effects is
usually described as the “impulse approximation™? or
the “multiple-scattering approximation.” In this ap-
proximation we can describe both the primary inter-
action and the final-state interaction in our problem
by parameters which can be determined from two-
particle scattering and reaction data.

2. Even though the directly produced particles are
in states of low relative momentum, the energy released
in the inelastic process can lead to observed particle-
pairs with high relative momenta. Many angular
momentum waves in the final state may therefore
contribute.

3. It is possible for a directly produced pair of
particles to be in a (virtual) state such that their
relative kinetic energy is negative. An inelastic final-
state interaction can couple this state to a real final
state provided the inelastic reaction is sufficiently
exothermic. This part of the final-state spectrum
cannot be directly related to free-particle reaction
data since it involves the scattering matrix in an
“unphysical” region.

To illustrate these facets of the final-state viewpoint
we shall consider the strange-particle reaction (1) as an
example. To isolate the final-state interaction between
the = and the nucleon, we must neglect the interaction
of the pion with these particles. If we do this, we have
a problem which contains all the features of this method
but in their simplest form : there are only three particles
(the minimum number for our ‘“many-particle”

2. F. Chew and G. C. Wick, Phys. Rev. 85, 636 (1952);
G. F. Chew and M. L. Goldberger, Phys. Rev. 87, 778 (1952).
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system) ; there are only two outgoing-particle channels;
and the large radius of the deuteron compared to the
range of the two-particle forces enables us to use the
“impulse approximation” with confidence.

Experimental evidence on this process has recently
been reported.? Reactions following the capture of K—
mesons at rest by deuterium were studied. In particular,
the spectrum of 7~ mesons [ Fig. 1(a)] associated with
the reaction K—+d — 7m+A-+p has shown two peaks,
one around 250 Mev/¢ and another near 190 Mev/c.
These are just the momenta one would expect if the K
meson were absorbed on a single nucleon to produce
A7 or 24, respectively. The high-momentum peak
can be explained by the direct production of A4= on a
single nucleon in the deuteron; the low peak can be
interpreted as the production of 24 on one nucleon,
followed by the reaction 24N — AN’ on the second
nucleon. In this latter case the pion momentum is
characteristic of = production. The conversion reaction
competes with elastic 2-N scattering; it is this com-
petition which we shall study. The directly produced
A’s may suffer some elastic scattering on the remaining
nucleon,® but their inelastic collisions are of minor
importance and will not be our concern here.

In our detailed study of these reactions, we shall,
within the framework of the model discussed above,
investigate the consequences of various assumptions
concerning the initial state of the K meson and the
character of the K-N and 2-N interactions. Since only
preliminary work on K-mesonic x-rays and on K- and
Z-particle absorption in hydrogen has been done, none
of these parameters of our problem is known at the
present time. The deuterium experiment does not seem
to permit a detailed determination of the interactions,
but its results will place restrictions upon them.

II. FINAL-STATE INTERACTION FORMALISM

To understand the final-state interaction viewpoint,
we shall examine what modifications in the exact
matrix element for the process must be made to arrive
at that formalism.

We first define the interactions in this problem. The
K-nucleon interaction which. interests us here is that
part which leads to a state of Z-+=x and A+m; we
denote this by Vk. (For simplicity we do not write the
interactions with the individual nucleons, although
this must be done in practice). We shall denote the
complete =-N interaction, including both elastic and
inelastic parts, by Vy. This interaction vanishes if it
acts on a state in which no hyperon is present. The
remaining interactions will be denoted by V,.

The exact matrix element for K~ absorption can be
written in terms of ¢; the initial state of a deuteron

3 N. Horwitz et al., Bull. Am. Phys. Soc. 3, 363 (1958). The
theory for this process in the absence of final state interactions
has been discussed by A. Fujii and R. E. Marshek, Nuovo cimento
8, 643 (1958).

4 F. Crawford ef al., Phys. Rev. Letters 2, 174 (1959).
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F1c. 1. Spectrum of K~+d — n~+A+p: (a) as a function of the
pion momentum and (b) as a function of &z [see text, Eq. ani.
Arrow denotes value of p. for which kz=0 (p»=188 Mev/c).
The k3 region depicted in Fig. 1(b) corresponds to 120 <p,<240
(Mev/c).

and a K meson bound in a Coulomb orbit, and ¢,,
the ingoing wave solution of the total Hamiltonian.
¥, is a solution of the integral equation

YO =GO (Ve+Vy+ V), (2)

where ¢y is a free plane wave of the final nucleon, pion,
and either A or = hyperon, and G, is the free-particle
Green’s function for total energy Ex-M g satisfying
ingoing-wave boundary conditions. In terms of these
functions, the matrix element is®

M=, V|t 3

To relate this matrix element to other observable
quantities, it is convenient to replace all potentials V;
by free-particle scattering operators®®® defined by the
integral equation

B Ti=Vi+ViG T 4)

M. Gell-Mann and M. L. Goldberger, Phys. Rev. 91, 398

(1953).
8 K. M. Watson, Phys. Rev. 89, 575 (1953); 105, 1388 (1957).
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The matrix elements of the operators 7'; between
plane-wave states are the exact scattering amplitudes
for the corresponding two-body problem. The inter-
action between each pair of particles is described by
the appropriate scattering operator.

If we perform this replacement, we find®

M= x| Tk | i), )
where
YO =¢;+Go ) X Tl (6)
=K

with similar equations for the other ¥; (j=7, K,
and 7). (The adjoint of T'; enters here because yx ™ is
the ingoing-wave solution.) The use of the scattering
operator greatly reduces the number of terms which
need be included to obtain an accurate result.

In this form Yx© has replaced y, as the wave
function describing the final state. As we see, it differs
by the removal of the most direct effects of the K-
absorption mechanism. In our work we want to
approximate this function by a wave function which
includes only the effect of the 2-V interaction. This
function will be

X =¢r+Go O Vyrx D =¢4-Go O Trid,.  (7)

It is the product of a plane wave representing the pion
and a two-body wave function describing the relative
motion of the =-N system.

We can easily re-express yx in terms of this
function. Using the definition of ¥x and ¢y from
Eq. (6), we have

YO = dr+Go O Tyt (p+Go ™ )y Thy;)
- +GoO T, g,
=xr O+ GO TGO Tty
+ (1+Go O TGO T, 1, .
Inserted into Eq. (5), this yields

M= {xy Q| T |+ x| TxGo P TyGo P Tk | p:)
+@ O TGP A+TyGo®) [¢5).  (8)

The first term includes the effects of the primary
production mechanism and the Z-N interaction. In
the final-state interaction approach it is considered to
be the dominant term:

M22xy O | Tk | ¢s)- 9)

This expression can be represented by Fig. 2.

F1G. 2. Schematic
representation of the
process K~+d — w4+
Z+Ny—a42'4NY
or m+A+No'.
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The remaining terms in Eq. (8) represent higher
order scattering corrections.” The second term contains
“re-productive” processes in which the primary 2 is
scattered, reabsorbed to yield a K4 N, then must be
reproduced; it is thus at least of third order in the
production mechanism 7T'x. Figure 3 illustrates an
example of such a process. These complicated processes
are highly improbable, and we shall neglect them. The
simplest contributions of the third term involve
scattering of the pion by the T and the nucleon. These
are obtained by letting Yyx=xy). Examples are
shown in Fig. 4(a) and 4(b).

III. FORMULATION OF X —A CONVERSION
PROBLEM

We now direct our attention toward the wave
function xy ) which contains the final state interaction.
In a coordinate representation it has the form (with
the 3-particle center of mass at rest and units z=c¢=1)

xy O (r-R,r) = exp[ip- (rx—R) Jg™(x), (10)

)8

™

Fi16. 3. Schematic representation of the process K™+d — =
+24+N,— 7+2'+Ny > K'+N3;+No — #'+A+Ns.

where R= (myty+mnry)/(my-+my) is the center-of-
mass coordinate of the hyperon-nucleon system and
r=ry—ry is the baryon relative coordinate. The
momentum of the outgoing pion is pr.

The energy of the final state is given by

kY2 Pﬂ’z
-+ I (PA2+ m1r2) 3

T
2uyny  2(my~+my)
=Ex+mi—my—my=Qr (11)

for either hyperon in the final state. ky?/2uyn is the
center-of-mass energy of the hyperon-nucleon system.
The function g©(r) which describes the internal
properties of the hyperon-nucleon system is a solution
of the Schrédinger equation

(V4-ky®—2uynVy)g) (1)=0.

Since the interaction Vy can change the identity of the
hyperon (Z<»A), it is convenient to represent g« (r)

(12)

7 Not all many-body effects are included in this formulation.
We have assumed that all interactions can be represented by
two-body potentials. In a correct field-theoretic description there
are explicit three-body corrections arising from the exchange of
virtual particles; such effects are not included in the present
formulation. Consequently, any computation of the higher-order
corrections within the framework presented here (which includes
only those three-body processes which are successions of two-body
effects) would necessarily be incomplete.
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by a two-component wave function, one component
being the Z-N state and the other, the A-IV state. In
this notation Vy is a 2X2 matrix, and ky and uyn are
diagonal matrices.

There are two independent solutions of Eq. (12),
corresponding to ingoing waves plus either Z-particle
plane waves or A-particle plane waves. Using Egs. (7)
and (12), these two solutions are

() = (gzz(—)(r) ) and g (1) (ng(—> (r)), 13)

N gaz (1) g (r)
where

2uzn
g5 (r) =exp(tkz-1) —T f dr'dr”
™

exp(—iks|r—1'|)
X_______j_]_...__.LTEE‘r(rl,r”)

[r—r'
Xexp(iks-r'), (14a)
2pAN exp(—ika<r—r'|)
gAz(")(r)=—-—fdr’dr”
47 [r—1|
X Tast(r',x"") exp(iks-1'’), (14b)
and
2usw exp(—iks|t—1'|)
g (D=~ f dr'dr”’ ~—p——L~———
4 |r—r'|
Tsat(r',x) exp(tka-1"), (15a)
. 2uan
gAA(“)(r)=exp(¢kA-r)——fdr’dr”
4z
exp(—iky|r—r'])
_p___Al—lT N2 D
=7
Xexp(iks-1'’).  (15b)

The = component in the first solution contains a free
2 wave and an ingoing wave of 2 particles; the =
component of the second solution also contains an
ingoing 2 wave. These components represent a =
converging on the nucleon to yield either a = or a A
with amplitudes given by T=zz and Tz, in addition to
the free = wave. Similarly the A components represent
the final-state interaction of a A particle converging on
the nucleon to scatter or convert to a =.

In the particular problem under consideration it is
possible to distinguish experimentally between A’s
which are produced directly and those produced in-
directly (except in a small region of overlap in momen-
tum space). Directly produced A’s do not induce many
inelastic reactions (very few of them are sufficiently
energetic to produce =’s) and we shall henceforth ignore
them and the interaction T'kxa which produces them.
We shall concentrate on the fate of 2’s which are pro-
duced by the primary interaction T'xs; their subsequent
motion is described by gzz(r) and gz ().

The matrix T;;(r',r"”) is directly related to the
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(b)

Fic. 4. Schematic representation of final-state
interactions of the pion.

observed matrix element for free-particle scattering:
Tij(ki,kj) =f dr’dr’”’ e—«iki.r’Tij(r/’r//)eiki.r/,’ (16)

where k; and k; are the corresponding center-of-mass
momenta. A spin matrix element is also implied here.
Since each T;;(k;k;) represents the amplitude of an
individual outgoing scattered wave at t=co, it must
satisfy certain requirements in order that the total
outgoing current shall equal the total ingoing current.
These conditions can be obtained from the general
principles of unitarity or by imposing current conserva-
tion on Eq. (14) and (15). Time-reversal invariance
implies that T;(k;k;)=T;;(—k;—k;); parity conser-
vation implies that T';;(k; k;)=T;;(—k;,—k;). Together
they yield T;(kik;)=T;i(k;k;). Using this and the
Hermiticity of Vy (which implies that both the diagonal
and nondiagonal matrix elements of the current operator
vanish on a surface at infinity, i.e., that the eigenstates
of this Hamiltonian carry no net current), we obtain
the following result:®

aQy,
Tinf kel = B [ i ) foson)
m 4
(17)
fii (ko k)= — (ue/2m) T (ks k)

is the usual scattering amplitude on the “energy shell,”

and
doi;/dQ= (vi/v;) |fi;(ksk;) |2

is the differential cross section. The generalization of
Eq. (17) to many-channel problems and to include the
spin degree of freedom is straightforward. It may be
used to obtain the usual phase shift expansion. If the
forces are spin-independent, one can obtain the

8 R. Glauber and V. Schomaker, Phys. Rev. 89, 667 (1953).
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expansion
1 /v; 3 ki'kj
fz-f(ki,kj)=~(—) Z<21+1>f,:,-<m( ) as
kj Vs 1 kik,
Wlth fi]_(l) =f]'i(l) and
Imfij(l)sz {m(l)*fmj. (19)

If there are only two states, as in the present example,
these equations can be solved:

fu®@=(1/24)(X; exp(2i5,V)—1),
(20)
Fu®=3(1—X2)t expli (2:9-+5,2) ]

X is a real parameter between zero and one; §;V is the
real phase shift.

With these restrictions, one can insure that the wave
function of Egs. (13)-(15) satisfy the conservation
laws. In general this is not easy to do since the unitarity
restriction, while relatively simple in momentum space,
becomes complicated when applied to the spatial
representation 7';(t';r”’). We have avoided this diffi-
culty by assuming zero-range interactions, for which
the connection between coordinate space and momen-
tum space is especially simple.

If spin dependences are inserted, the possibility of
different structures for 7'sx depending on the 2-A
parity must be considered. In general the spectrum,
angular correlations, and polarizations will depend on
this parity. We are here going to examine only the
spectrum and in our case this has only a weak depend-
ence on the Z-A parity. The Z-A mass difference is so
large that the A always has a large momentum which
does not vary greatly over the width of the peaks in
the spectra. It is only from a detailed knowledge of the
incident Z-N partial waves and a high experimental
resolution that information on the parity could be
obtained. In the absence of these conditions we shall
assume that the parity is even and that the interaction
is primarily spin independent.

Another characteristic of the inelastic final-state
interaction problem is well illustrated in our example.
We may distinguish two regions of pion momentum.
When

p2/2(msFmy)+ (p2+mH<Qs  (p» <188 Mev/c),
both 2’s and A’s may be produced. When
2/ 2(msFmn)+ (p2+m>0s  (p->188 Mev/0),

only A’s may emerge from the deuteron. The pion may
be emitted with such Jarge momentum that not enough
energy remains to produce a real Z. It is still possible,
however, for a virtual 2 to be created by the primary
mechanism and to convert into a A through the final-
state interaction. Such a virtual Z can be considered to

have negative kinetic energy and imaginary momentum
through Eq. (11):

ks*/2usn=Qz— pa*/2(mz+mx) — (p2+m,H <O0.

KARPLUS AND L. S.

RODBERG

The correct analytic continuation to this unphysical
region is obtained by requiring that the wave function
Eq. (13) remain finite for all », which implies that
ks — —iks(ks= | kz|) in this function. (In more familiar
applications one deals with outgoing waves, for which
the correct continuation is ks — iks).

The possibility of obtaining A’s in a momentum
range where 2 production is impossible shows another
feature of this type of problem: The number of observed
conversion A’s is not simply related to the number of
>’s produced by the primary interaction. The unitarity
conditions imply only that there is no net current
carried out of the interaction volume; there are still
local currents within the region of interaction. The
behavior of these currents is described by the familiar
remark that while real particles can propagate to
infinite distances, virtual particles are constrained to
remain in the region of interaction. These local virtual
currents can, however, give real effects if they are
intercepted by a scattering center and converted into
real waves. Thus, while unitarity assures that one
hyperon is produced for each K meson absorbed, the
number of K mesons reacting per unit time depends not
only on the energy-conserving transitions induced by
Vk and observed in K-hydrogen experiments, but also
on the additional reaction channels made possible by
the final-state interaction. The production of A particles,
the scattering of 2 particles from virtual to real states,
and the complicated interference effects between the
primary and scattered 2’s affect the reaction rates and
modify the branching ratios.

IV. EVALUATION OF MATRIX ELEMENTS:
S-WAVE CASEf

There are two remaining functions in the matrix
element of Eq. (9) which must be specified. The general
form of the initial state is

I+,

¢i:fx(r1<— )%(H—H) (21)

in the rest frame of the system. ¢4(r;—re) is the internal
wave function of the deuteron; éx(rg— (ri412)/2) is
the orbital wave function of the K meson relative to
the center of the deuteron.

In coordinate space the hyperon production inter-
action has the form

Tk (tr,ty; 15,11) =6(Re—Ry) Tk (01,01), (22)
where
MxTE+myT myYy—+m. .
=——————— and Ry=————
mr—+my My —+Mx

are the center-of-mass coordinates, and the §-function
arises from the Galilean invariance and translation
invariance of the interaction (the latter leads to
conservation of total momentum in momentum space).

T See reference } in Sec. VII.
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o1=rx—r1; and g2=r,—1y are the relative coordinates.
Tk (p2,01) is related to the production cross section for
K mesons on free nucleons in the same way as T;(r’,r’")
is related to the cross section for hyperons on nucleons
[Eq. (16) and succeeding discussion ].

Inserting Egs. (10), (21), and (22) into Eq. (9),
we obtain

1
(2m)!

mn
xeXP[ — 1Pz (ez+——-~r) ]g“>*(r)

my—+my

mg
Xol r—s— 01 Il
mg+my

Mﬂ: f deI’dQldgg

92) Tx(02,01)

my—~+ma
Xk (01F358) pa(s).

The é-function links the four relative coordinates which
are most convenient in this problem. The extra depend-
ences on p; and ps which occur because of this §-function
simply enforce the requirement that the matrix element
can depend on 7, the position of the “spectator”
nucleon, only through the relative coordinate ro—r;.
The “recoil” corrections which they generate can give
angular correlations but do not appear to modify the
spectra or conversion probabilities. For this reason we
shall simplify the subsequent discussion by neglecting
these corrections. My, then takes the form

1
(2m)?

(23)

M;i= f drdgidgs e~14-7g ¥ ()

Xexp(—ipx-02) T (02,00 Ex (017+31) a(r), (24)

where q=[my/ (my-+my) ]px.

For nuclear capture from a bound atomic orbit, the
K meson wave function is a hydrogenic Coulomb
function about the center of mass of the deuteron.
This latter condition follows from the fact that the
nuclear motion is very much faster than the motion of
a particle in a Coulomb orbit (so that any charge
asymmetries are averaged out) and is consistent with
the observed charge independence of the reaction. By
analogy with the quite similar calculation of Brueckner,
Serber, and Watson,® we assume that nuclear capture
takes place from a low-lying atomic level since radiative
and Auger-electron processes are expected to dominate
for the higher levels. Since the Bohr radius ax=1/uxe?
is nearly fifteen times the deuteron radius, we can
approximate the wave function by its amplitude near
the origin. For an »S orbit this gives

k(01 H38)=2N ws= (1/mnax®)t. (25)
We use a Hulthén form for the deuteron wave

9 Brueckner, Serber, and Watson, Phys. Rev. 81, 575 (1951).
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function:
pa(r)=Na(e 2 —e ")/, (26)
with : ( )8
‘XB a+ﬁ )
Ny= (—-————~) a= (mye)'=m./3, B=Ta.
27 (a—p)?

In practice we find that 8 may be permitted to become
arbitrarily large without modifying our results. The
short-range or high-momentum behavior of the deuteron
function is important only when the 2-V momentum
ks is large or when the final-state wave function
becomes highly singular for small 7.

To compute the probability of nuclear capture we
must have a specific form for the K-V interaction. In
this section we shall consider capture through the
S-wave K-N channel. Making a zero-range approxima-
tion and assuming here a pseudoscalar K meson, we
have

Tks(p2,01) = A 556(02)d (01). (27)
Using Eq. (24) for the S-orbit, S-channel case, we find

M;i=[1/(27)*INgN ns4 555, (28)
with
e“ar
o5 = f dr eivrrg (). (29)

We must now specify the form of the -V interaction.
In this section we shall study the properties of an
S-wave interaction (both absorption and scattering);
the case of higher partial waves is discussed later. We
have assumed that the interaction has zero range,
since estimates of the effect of a finite range indicate
modifications of the order of 109 or less.

For this case Egs. (14a) and (15a) become

gz (r)=exp (ikg 1)

+ fzxO1(rks)t exp(—iksr), (30a)
£2a ()= f2a O 1(rka) 7 (va/v2)* exp(—ikzr). (30b)
Inserting these into Eq. (29), we obtain

1
Emgs=47r{ Tt i f3z O g ,
(kot)-+at

NpS=Axi(ksMs/kaM 1)} f5 @1, (31)
where
Ip= f rdr ho® (ksr)fo(qr)e"

0
1 kxtgtia
1 (32)

= n————
2kzq kz— q+ia

Here jo(qr) and k@ (ksr) are the spherical Bessel
function and spherical Hankel function of the first
kind, respectively.!

10 P M. Morse and H. Feshbach, Methods of Theoretical Physics
(McGraw-Hill Book Company, Inc., New York, 1953), p. 1465.
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From the viewpoint of the final-state interaction, it
is clear that the interesting momentum is not the pion
momentum but is ks, the relative momentum of the
colliding 2-/V system. In fact, it seems most convenient
and illuminating to consider both the 2 spectrum and
the A spectrum as functions of this variable. The
transition rates that we consider are then

d‘LUz
Rz(kz)=“*=f|ME|2P(k2)ko,
dks
de dkA dkA
Ra(ks) == Ry(ha) = f | M2 (k) —d,  (33)
dks dka dks
( ) 1+ 1 =1 dkA (5
p(k:) =8n2k? T(—— _——) , =
P E,.— mrf-mN dkz VA

It is convenient also to plot the A spectrum as a
function of ks, even though this variable becomes
imaginary for values of p, such that ¥ production is
forbidden; part of the experimental spectrum of Fig.

80 T T T T T T T
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F16. 5. A spectrum as a function of the S-wave Z-NV interaction
parameters for the “S-wave’’ case. tandz© = — kxz (ao—1n0) is used.
no and @ are measured in units of (Mev/c)™l. The labels on the
curves in the imaginary region denote the sign of ay; the curves in
the real region are independent of this sign.
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1(a) is displayed in this way in Fig. 1(b). The spectra
differ most strikingly in the region of k:=0; the ks
spectrum must vanish at this point due to the phase
space factor.

We shall represent the absorption and scattering
amplitudes by a scattering length formula

tands @ = — ks (ao—1ino), (34)

where 6@ is the complex S-wave 2-N phase shift
{fz@=[1/2{exp(2¢65©®)—1], etc.}. In this approxi-
mation

— ksaoti[ kzno(1+ksno)+ (ksao)?]

fex@= )
(1+Esn0)*+ (ksao)? (35)
|sz(°) I 2 kzno .
(14Fsmo)*+ (ksa0)?

In the region in which only A’s may be produced, we
use the assumption that the amplitudes f;®¥ are
analytic functions of the energy in the upper half of
the complex energy plane and can thus be analytically
continued from the region in which ks is real to that in
which ks=ixs. The result is that

Kz1o

(1—ksa0)?+ (ksmo)®

@ [?= (36)

We now have all the material needed to compute the
A and 2 spectra. The numerical results are presented
in Fig. 5 and 6 and in Table I. They illustrate the
dependence of the conversion ratio ®=ws/ws and the
spectrum shape on the 2-NV interaction parameters.
To compute the ratio we must integrate over the =
spectrum and the conversion —A spectrum. In doing
this we have defined conversion A’s to be those for
which ks> — (200 Mev/c)2

When gy is negative, representing an attractive 2-N
force, R is less than one but can still be quite large.
Making ao more negative (increasing the attraction)
increases the rate for producing Z’s but does not
greatly affect the A rate, since this depends primarily
on 70.1! On the other hand, when g, is positive, R can
be quite large, and the A spectrum takes on a char-
acteristic shape: it rises sharply in the ‘“unphysical”
region. A positive ao corresponds to the existence of a
bound state with binding energy Ep~ (1/2uszn)(1/a0)?
in the 2-N system. Because of the coupling to the A,
this state decays quickly and has a width éks~1/70 or
SE~ (ao/no)Ep. For @0=0.005(Mev/c)™L, corresponding
to a binding energy Ep< 20 Mev, there will be a peak
in this region.

11 From the point of view of a fundamental theory, this distinc-
tion is of course not physically meaningful, since both 5o and ao
are determined simultaneously from the equations of motion.
If there is a net attraction, the Z-N wave function will be increased
for small » with the consequence that inelastic processes will be
correspondingly larger.
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V. DEPENCENCE ON K-NUCLEON INTERACTION
PARAMETERS

There is a large probability for nuclear capture of
the K meson from a P orbit. Capture from this orbit can
take place through the S-wave K-N channel because
of the finite size of the deuteron. Even though the
K meson is in a P orbit with respect to the center of
mass of the deuteron, it has an S-wave component
with respect to either nucleon when that nucleon is
displaced from the center of mass. At the same time
there will be considerable P wave present, so that if
there is a P-wave interaction it will lead to capture
as well.

We assume that there is an interaction in the S- and
P-wave incident channels

Tx=(02,01)=A (02,01%)+B (02,01 - p1.

p: denotes the gradient operator on g1, and the functions
A(02,p1?) and B(gs,51%) depend on the intrinsic parity
of the K-N-2 system. If K is pseudoscalar relative to
N-Z, then 4 must be a scalar and B a polar vector

(37)

TaBLE I. Conversion ratio ®=wj/wz for the “S-wave” case
(see text, Sec. IV) as a function of S-wave =-N interaction
parameters. Scattering lengths are in units of (Mev/c)™.

n0 ao ®R

0.01 —0.01 0.60
0.005 —0.005 0.53
0.002 —0.005 0.22
0.002 —0.001 0.38
0.01 +0.01 3.0
0.005 +0.005 2.0
0.002 +0.005 1.9
0.002 +0.001 0,57

which we write

A—(02,p1%) = A s5F 55(p2*p1),

B_(02,01>) = BrrF pp(p?,p1%) P2 (38—)

+ BsoF so(p,p2)a X pa.

If K is scalar, then 4 must be a pseudoscalar and B an
axial vector:

Ay (0201°) =ApsFrs(p?pd)e: P,
B, (02,012) = BspF sp(pp®)o+BprFpr(pe?) (38+)
X[P220_3(0'P2)p2].

In the zero-range limit which we shall use, all the
scalar functions become products of §-functions,
Fii(p?,01%) — 8(02)8(01). The detailed structure of these
functions is unimportant for this problem since the
actual range is small compared to the deuteron size.

As with the 2-A parity, it seems to be impossible to
determine the K parity simply from a study of the
conversion-A spectrum. When these forms are inserted
into Eq. (24), p: is replaced by the pion momentum p,.
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F1G. 6. 2 spectrum as a function of the S-wave =-N interaction
parameters for the “S-wave” case. tands® = — k5 (ag—12n0) is used.
no and ao are measured in units of (Mev/c)™L. The labels on the
curves denote the sign of ao. 7o0=a0=0 represents no final-state
interaction.

This momentum changes little over this spectrum and
the dependence on it, which distinguishes the two cases,
is difficult to determine. Only polarization measure-
ments seem capable of deciding the K parity in this
experiment.

For an S orbit we expect the P channel contribution
to be extremely small since the K-mesonic Bohr radius,
which determines the variation in the Coulomb wave
function, is very much larger than the range of the
absorptive interaction. The calculation in the previous
section will then be nearly independent of the K-
nucleon interaction—as long as there is some S-wave
K-N absorption, as seems to be indicated by ex-
periment.'?

For an #P orbit, we write the wave function as

Ex(o+-28)=N,p(0itis) e, (39)

where N,p=[(n*—1)/3wn%ax®]} and e, specifies the
orientation of the P orbit. If we insert this into Eq. (24),
we find

M ;P =[1/(2m)*IN pN np[ 34,7~ (B- e,)02,:57, (40)

where

e—a r

mfi”:fdr e g () —(r-e), (41)

r

and A=4 ss, B=Bppp.+BsoeXp, for a pseudoscalar
K; A=Apso-pr, B=Bspo+Bpp[p.’0—3(c p.)p~]
for a scalar K.

To study the effect of the K-V parameters, we have
considered the model of a zero-range S-wave Z-N
interaction, as before. The results for absorption in
other partial waves are similar.

2 M. F. Kaplon, Proceedings of the 1958 Annual International
Conference on High-Energy Physics at CERN, edited by B.
Ferretti (CERN, Geneva, 1958).
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Fic. 7. A spectrum for capture from a P orbit as a function of
the K-N interaction parameters with no=ao=—0.01(Mev/c)™L.
The ratio of the S- and P-channel amplitudes is: (a) Ass/Bpp
=1¢'¢; (b) Ass/Bpp=¢'¢; the units are (u,c)2. In the imaginary
region, R (k) is independent of Im (4 ss/Bpp).

In this case

20ks+9) e (g-e)
NMsP= _4m'{ Tt et 2]241 ifss® 01 (5
>Tq)" T q (42)

i (g-e:)

NpP =4 (ksMs/kalM 1) fsa©@ Jor

where

J01=f rdr ho® (k=r)ji(gr)e="

0 1 1 ks+ia

=—Tp————— (43)

g kag (kstia)?—gt

The integral 9;;% which first occured for .S capture
from an .S orbit enters here also for P capture [ the terms
multiplied by B in Eq. (40)] from a P orbit; these both
belong to a general “S-wave” case. In this case the
relative angular momentum of the 2-V wave emerging
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from the primary production center is largely S-wave;
it would be pure S-wave if the 2 recoil, represented by
—4q, were zero. The “P-wave” case, when the 3-N wave
is largely P-wave, occurs for S-channel capture from a
P orbit.

The numerical results obtained using the above
formulas are presented in Fig. 7 and Table II. The
calculations were performed for the case of a pseudo-
scalar K meson. We have set Bso=0 since only the
combinations |4 ss|% Bppd ss* and | Bpp|2+2|Bgo|?
enter into the spectrum and conversion ratio.

In the model considered here, there is only S-wave
Z-N absorption, so that the P-wave case yields a small
conversion ratio. As Table II shows, a significant con-
tribution of the .S channel to capture from the P orbit
decreases (.

VI. Z-N ABSORPTION IN HIGHER PARTIAL WAVES

We have seen that capture from a P orbit can lead to
an intermediate 2-N state which has only a small
amount of S wave. There must therefore be a consider-
able amount of P and higher partial waves present in
this state. Hence it is important to consider the effect of
2-N absorption through higher partial waves. The
various partial waves do not interfere in the total
reaction rate, so we may consider them separately.

For absorption in the /th partial wave through a zero-
range interaction, Eq. (15a) becomes

guaC (15 ) = (1/i") ks foathy® (kyr) Py (ka-1/kar),
where, from Eq. (18),
kxfea= (uzsnks/uanka)?(2141) fza 0.

Consider the dependence of the reaction rate Ry (ks)
on the momentum ks near k3=0. For a short-range
interaction fsx behaves as ks! for ks— 0. This de-
pendence comes from the fact that the scattering
amplitude is the plane-wave matrix element Eq. (16) of
the interaction and hence contains the usual angular
momentum barrier associated with the fact that

(44)

TaBLE II. Conversion ratio R=ws/ws for capture from a
P orbit as a function of K-N interaction parameters.
tandy @ = —rks(ao—ino) with 5o=—ae=0.01(Mev/c)™l. Define
Ass/Bpp=xe'# with x in units of (uc)2

X ¢ ®
z 0 0.58
/2 0.40
T 0.42
37/2 0.60
1 0 0.43
/2 0.23
T 0.24
3w /2 0.45
o 0.005
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Fi(ksr) — (kzr)t as ks — 0. The free particle Z-absorp-
tion cross-section Eq. (17) is then proportional to &s?"1.
In our problem, however, the 2-V wave is represented,
not by a spherical Bessel function, but by the spherical
Hankel function 7#;® (ksr) of Eq. (44). The Hankel
function behaves as (1/ks7)™, with the consequence
that gza@(r;?) is independent of kz for small ks.
Equation (33) ff. shows that p(ki)dka/dks is propor-
tional to kz. Since M4 is proportional to the overlap
integral Eq. (24), and hence to gsa™(r; /), we find that
Ry (ks) is proportional to ks for all values of /.

By contrast, fzz is proportional to ks*, so that
Rs(kz) behaves as ks?*t! for small ks. That is, the angu-
lar momentum barrier does limit the elastic scattering in
the final state to low partial waves.’® In the inelastic
channel of the process the outgoing particle is a high-
energy A particle, for which the angular momentum
barrier does not become significant until / is very large.
The important feature here is that there is no angular
momentum barrier in the intermediate state. If the
inelastic reaction is sufficiently exothermic, therefore,
many partial waves can make significant contributions.

This fact has an interesting relation with our earlier
discussion. The real part of the spherical Hankel func-
tion is finite for small k3, and is in fact simply the
spherical Bessel function 7;(ks7). The singularity is in
the imaginary part, the same imaginary part that
generates the ‘“virtual” currents we discussed previ-
ously. It is these currents which are responsible for the
contribution of high partial waves in the intermediate
state.

Let us now consider P-wave absorption. The most
favorable conditions for P-wave A conversion occur in
what we called the “P-wave” case: S-channel K-N
absorption from a P orbit [Eq. (40) with B=0]. The =
emerges from the first center predominantly in a P wave
with respect to the second nucleon. For these conditions
we find (neglecting spin-dependent effects)

NpP=— (4n/3) ks fsa{®oT 01 F+V2P2T 10}, (45)
where :

ka-e; 11ks-e; (ka-px) (pr-€2)
Po= and (Pg=v[ —-3( )]
kA V2L Ea kaps?

TasLE III. Conversion ratio |} =1, /ws for the “P-wave’’ case
as a function of P-wave 2-N interaction parameters. Scattering
lengths are in units of (Mev/c)™L.

7 a1 ®
0.01 —0.01 0.70
0.007 —0.007 0.38
0.005 —0.005 0.24
0.0035 —0.0035 0.03
0.01 0.01 0.91

13See M. Ruderman and R. Karplus, Phys. Rev. 102, 247
(1956), where this barrier effect is the dominant momentum
dependence.
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Fi1G. 8. A spectrum as a function of the P-wave =-NV interaction
parameters. tandz® = —Fks3(a:®—41:3) is used. 7 and a; are in
units of (Mev/c)™.

are the projection operators for a P-wave A and S- and
D-wave pion, respectively.
The integrals which enter here are

J12= (3/9)[11'“]10,

kz?-g*a? kztia
1= 07 ) (46)
2kzq 2k):2(]
1 1 1
Jw=—Too+—

ke ks (katia)’— g

The scattering length approximation in this case
becomes

tandz® = — ks (a®—ins?),
(kzn1)?
[fsa® [2= for real &z, (47)
(14 (Bsny)® P4 (kzar)®
(sz)3

for ks=iks.

T [1— (ka0 P (k)

The results of calculations using these forms are shown
in Fig. 8 and Table III. Comparison of these with Fig. 5
and Table I, the results for S-wave =-N absorption,
shows that the P-wave conversion ratio is indeed com-
parable with the S-wave ratio when the interaction
parameters (the scattering lengths) are comparable. As
expected, there is no tendency toward suppression of
low momenta, as one would expect for free-particle
absorption in a high angular momentum state. The
spectral shapes are in fact quite similar, with the differ-
ences arising from the stronger dependences of the wave
function and scattering amplitude on momentum in the
higher partial waves. The more rapid falloff with high
momentum is a result of our scattering-length approxi-
mation for the phase shift, and is probably not sig-
nificant.
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The higher partial waves yield similar results and can
make significant contributions. There will eventually be
a cutoff due to the limited angular momentum carried
by the outgoing m-meson, represented by 7:(¢r) in the
overlap integrals, and due to the angular-momentum
barrier encountered by the outgoing A particle (this
effect appears in fza(¥).

It should be possible to determine the most important
partial waves in the 2-.V absorption process by examin-
ing the angular correlation between ki and p.. For
instance, if the Z-A parity is even and there is no spin-
orbit force, Eq. (45) yields a A-m correlation in the P-
wave case of the form

—% cos’(ka,pr).-

VII. COMPARISON WITH EXPERIMENT

In this section we shall discuss the available experi-
mental information to show that the theory we have
described does seem capable of accounting for several
features of the observations on deuterium: the large
conversion ratio for ¥—A and the shape of the
spectrum.

To apply the results of our calculation, we must first
identify the atomic orbit from which capture takes
place. Day and Snow! have pointed out that the
nuclear capture rate from the 2P orbit exceeds the
radiation rate by a factor of ten even in the absence of
final state interactions. Nuclear capture from a D orbit
proceeds too slowly to result in appreciable competition
with radiation. Auger transitions are negligible. Un-
fortunately the observation of the mesic x-ray yield
from light elements is inconsistent with this simple
picture of the atomic processes and suggests that the 2P
orbit is not occupied as frequently as one would expect
from the calculated transition rates. We have, therefore,
described the theory for both S-orbit and P-orbit
capture.f

Next, we must recognize that many of the capture
processes will result in Z-nucleon systems in the isotopic
spin /=% state. Since the A conversion can take place
only from the I=1% state, it is necessary to make an
isotopic spin analysis of the observed branching ratios.*®
Eigenstates of the baryon isotopic spin are useful only
in our model, in which final-state interactions other than
those within the two-baryon system are neglected.
Otherwise this variable is not a constant of the motion

14T, B. Day and G. A. Snow, Phys. Rev. Letters 2, 59 (1959).

1 Note added in proof.—Day, Snow, and Sucher [Phys. Rev.
Letters 3, 61 (1959)] have shown that the K-meson orbital wave
function in liquid hydrogen and deuterium has a significant S-wave
component that leads to the observed nuclear captures. For com-
parison with experiment, therefore, we must use a wave function
£ [Eq. (21)] which does not vanish at the origin. Except for a
constant factor that determines the absolute capture rate, the
observed situation is the one treated in Sec. IV and in the first
line of Table IV.

156 The branching ratios of the reaction K~ +d into the various
allowed final states are consistent with the requirements of
isotopic spin conservation. We shall therefore assume that 7 is
conserved in the reaction.
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TaBiLE IV. Interaction channels leading to a large
conversion ratio ®.

Orbit of K meson K+N -»Z4= Z+N - A+N’
S S S
P P S
P S : P

and it would not be possible to define a ‘“conversion
ratio” unambiguously. In terms of the two amplitudes
B3(p~) and B3(p~) that refer to the two possible states,
the branching ratios as functions of p. are

@2 n): (@ Zn): (7°%2%) : (7°Z7p) : (7 2%)
= [83]2:5[B3— 28 [%: 5128384 *:
(2/9) |85 +B3[%: (2/9) By 8312 (48)

We must also introduce the amplitude 84 for the produc-
tion of A particles by the indirect process. The branching
ratio for the two A channels is

(n7Ap): (m°An)=§[B4|*:3|Ba |2

The ratio ® of converted A particles to observed Z-V
systems in the /=14 state is

“’t:w(l;:;:f‘m‘”f’*/f"’%

It is found experimentally to be ®=0.624-0.1.

In Tables I-TII there are a number of cases in which
this ratio is attained. If we consider the observed
spectral distribution in Fig. 1, it is possible to eliminate
those cases in which the real scattering length is positive
(bound state) because they give rise to a spectrum
substantially displaced towards higher pion momenta
(Fig. 5). We see that in the remaining alternatives a
combination of several favorable factors must enter
involving the orbit from which the K particle is cap-
tured, the mechanism of the K-nucleon interaction, and
the mechanism of the Z-nucleon interaction. This con-
clusion is summarized in Table IV.

We note that there is no evidence for contributions of
bound 2-N hyperfragments to A production.’®* As Day
and Snow!* have pointed out, this does not imply that
such hyperfragments do not exist, since the -V system
may be primarily in a partial wave that does not have a
bound state.

We still must discuss the nature of the approximations
that have been made. The hyperon-nucleon final-state
interaction which has been studied in the previous sec-
tions is only the most important of many effects that
enter into our three-body problem. There are field-
theoretic three-body forces as well as multiple-scattering

16 Tt has been pointed out by G. Chew (private communication)
that a =-N hyperfragment with 7=% could contribute to the
A-production process. Such a state is not stationary because of
the » mass differences. After about 1072! sec the isotopic spin
would change to 7=3% and permit the conversion reaction to take

place rapidly.

(49)

2dp,.  (50)
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effects of the several two-body forces (Figs. 3 and 4)
that will contribute when all three particles are in a
small region of space. Such corrections, however, will
give a fairly uniform spectrum to the outgoing pions,
because the momentum range in which the £ and
nucleon have a low relative momentum has no special
importance for these effects.

There are, nevertheless, two ways in which the three-
body effects can appreciably modify the peaked pion
spectrum. First, the interference with the A amplitude
produced by the simple conversion process depends on
the magnitude and phase of that amplitude; these
quantities vary rapidly in the critical momentum region
(near k»=0). Second, an intermediate pion-nucleon
interaction in the resonant (%,3) state can take place'?;
since the momentum of the pion relative to the nucleon
varies between 140 and 220 Mev/c, a rapid variation of
this part of the A-production amplitude might be ex-
pected. A simple estimate of these effects shows that
both can modify the A-production rate, and that the
former can also broaden the spectrum appreciably. We
are not including a quantitative discussion here because
the present experimental situation does not justify the
introduction of the many additional parameters.

If we ignore these corrections, we can turn to the
problem of relating the reaction amplitudes in deuterium
to the amplitudes in hydrogen. We therefore introduce

17 We note that such an interaction is not possible once the A

has been produced, since the pion-nucleon system must then have
isotopic spin 3.
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the usual isotopic singlet and triplet amplitudes ap and
a; for the K-nucleon interactions and their linear com-

binations
By’ = — (§)laotau,

By = (§) o t3an,
&Y

> @rDls/ =X <2x+1>1a,|2),

=%
which are the amplitudes for production of a £ on one
nucleon of the /=0 deuteron system such that the =
is in the /=1 or I=$% state with respect to the other
nucleon. In our model the 3, differ from the 8,” by the
final-state interaction. Since this difference will in
general depend on the Z-nucleon relative momentum,
detailed 2 spectra are necessary to extract information
about ao and oy from the present experiment. We do not
know either whether the same K-N channels are
participating in hydrogen and deuterium. Thus, the
striking difference between the = branching ratios in the
two cases!?!® could be due to both the occurrence of
different incident channels and the final-state inter-
action. It is to be hoped that independent measurement
of the K-hydrogen parameters will lead to a better
understanding of the final-state interaction in this
problem.

18 R. D. Tripp, Proceedings of the 1958 Annual International
Conference on High-Energy Physics at CERN, edited by B.
Ferretti (CERN, Geneva, 1958), p. 184.
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A method for the approximate construction of the nucleon Green’s function is presented. The development
is such that the approximate Green’s function automatically has the same analytical properties as the exact
one. This method involves the symmetrical treatment of the Green’s function and, ultimately, the assump-
tion that certain particles behave in an uncorrelated manner. The approximation results in a linear integral
equation for the Green’s function which is completely renormalized. This equation is solved exactly through
the use of the spectral representation which, by construction, is consistent with the approximation.

1. INTRODUCTION

NE criterion that might reasonably be demanded

of an approximation method is that any approxi-

mate solution should have the same analytical prop-
erties which the exact solution is known to possess.
Accepting this criterion, it is natural to consider the
single particle Green’s function, for its analytical
properties are well known.! Further, previous attempts
* Based in part on a Ph.D. thesis submitted to Harvard Uni-

versity, January, 1959.
1J. Schwinger, Differential Equations of Quantum Field Theory,

at approximating it have either failed at just this re-
quirement,? or have had to artificially patch up the
approximation in order to meet it.? It is clearly desir-
able to develop an approximation method which auto-

A set of lectures given at Stanford University, 1956 (unpublished);
G. Kallen, Helv. Phys. Acta 25, 417 (1952); H. Lehmann, Nuovo
cimento 11, 342 (1954).

% Ning Hu, Phys. Rev. 80, 1109 (1950); K. A. Brueckner, Phys.
Rev. 91, 761 (1953); S. Kamefuchi and H. Umezawa, Progr.
Theoret. Phys. (Kyoto) 9, 529 (1953); G. Feldman, Proc. Roy.
Soc. (London) A223, 112 (1954).

3P. J. Redmond, Phys. Rev. 112, 1404 (1958).



