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pion, through further inelastic collisions, is
captured from the continuum in about 0.9 x107!2
sec. A 77p atom with =30 is formed, and de-
excites to n~15 by collisions in which H, mole-
cules are dissociated, in ~0.2x107!% sec. Atn
=15, the predominant mode of energy loss be-
comes Auger transitions in cocllisions, which
can de-excite the 77p atom to n=4 in ~1.0x10°12
sec. At this point the Stark effect mixing and
consequent nuclear capture from s states hap-
pens® in <=~ 107'? sec, a much shorter time than
would be required for further de-excitation via
Auger collisions or via radiation.

The present data are in reasonable agreement
with the above picture® of pion absorption from s
states via Stark effect mixing. They therefore
imply the absence of mesonic x rays from low-
lying levels of the 77p atom.
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8A crucial part of the above picture is the rapid de-
excitation of the n~p atom to n~4., Wightman’s (refer-
ence 2) original upper limit for the de-excitation time
was 5% 107! gec. An investigation of the implications
of this value in view of the present experimental re-
sult was reported by T. B. Day, G. A. Snow, and J,
Sucher, Phys. Rev. 118, 864 (1960). However, the
rapid de-excitation (1.2 % 107!2 sec) calculated in refer-
ence 4 seems to allow fairly good agreement with this
experiment without invoking other absorption mecha-
nisms.
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In the Chew-Mandelstam® approach to the strong-
interaction problem at low energies, the amplitude
for y + n— 27 plays a central role in any phenom-
ena involving photons. Recently, Ball? has found
that this process produces an additive correction
to the formulas of Chew et al.® for photopion pro-
duction from nucleons. Compton scattering by
pions and by nucleons also involves the y + 727
reaction. A simple and reasonably accurate for-
mula for the y +7—27 amplitude which can be

used in any of these applications is given here.

We assume that the simple invariant transition
amplitude, M(s,t,u), has the Mandelstam repre-
sentation®

1 1 1
M(s,t,u)=?// P(x,y)[(x_s)(y_t)"'(x-t)(y-u)
4 4

1
* (x—u)(y—s)]dxdy' @

It is defined through the relation,
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where a, 3, and y are the isotopic indices of the 2
pions, and €, and € ouyp are the conventional =-(K 'pz) ’
antisymmetric tensors of third and fourth rank, u=-(K -py)?, (3)

respectively, Here s, ¢, and » are defined® as
(see Fig. 1)

s=-(K+p,)?,
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and are related by the condition

S+t+u=3.
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FIG. 1. Diagram
of y+m—2m.
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When the photon K and meson p, are the incoming
particles, the variables s, f, and # are related
to barycentric system variables,

s=4(1+p%,
t=1-2kE + 2kp cos®,
u=1-2kE - 2kp cosé,

where p and E are the magnitudes of the outgoing
pion momenta and energy, respectively, k is the
energy of the photon, and we have cosé = (ﬁ-ﬁ)/pk.
The formula for the differential cross section in
the barycentric system is

aQ 2 ‘BE 21

From the Mandelstam representation, we can
locate the singularities of the partial-wave am-
plitudes, defined through the relation

M(s,z)= 7, Ml(s)Pl'(z),
odd!

where 2 =cosf. The M l’ s are analytic in the
whole complex s plane except for cuts on the
real axis. The right-hand cut runs from 4, the
physical threshold for two pions, to «; the left
cut runs from 0 to -«. Using these analytic pro-
perties, the unitary condition, and the Omnés®-
Frazer-Fulco’ method, we find

D (s')ImM (s
M (s) -5 (s)f ds’, (4)

where D l(s) is the 7-7 denominator function in-
troduced by Chew and Mandelstam.!

If we assume that for s >4, we have InM~ImM,,
we can show that

M(s,t,u)= ~f ImM (x)[xL % ]dx (5)

We see that all partial waves for />1 can be ob-
tained once M, is known. Formula (5) is the basis
of an independent calculation that has been car-
ried out by Gourdin and Martin.®

Using crossing symmetry, we can obtain a for-
mula for ImM,(s) for s <0 in terms of ImM,(s)
for s >4. We do not give this formula here be-
cause the effect-range approach does not require
such detailed information. In any event, it is
clear that for 7=1, the integral of Eq. (4) is
homogeneous, so that its solution is not unique,
at least with respect to a multiplicative factor.
Therefore an arbitrary parameter must be intro-
duced. In the calculation below, we shall fix this
parameter A as the value of M,(s) ats=1. At
present, we do not know how to relate A to funda-
mental constants, and for the time being it must
be determined from experiment.

To proceed further, we need the denominator
function, D,, for p-wave pion-pion scattering.
The pion-pion calculations of Chew and Mandel-
stam have not yet reached a conclusive stage but
these authors have given an approximate form
for D, which corresponds to the replacement of
the unphysical branch cut in the pion-pion ampli-
tude by a finite number of poles.® Further, they
have shown that two poles lead to an accurate ap-
proximation in the physical region up to s ~40.
Once the parameters of the two-pole formula have
been determined, it will be a straightforward
problem to incorporate the information into the
amplitude v+ 7—27. The determination of the
pion-pion parameters is still in progress,!® but
we outline here, for future use, the form of solu-
tion of our problem that corresponds to the pole
approximation of Chew and Mandelstam.® We
shall illustrate the method with the one-pole
pion-pion amplitude, for which parameters have
been given by Frazer and Fulco.”

We propose to replace the left-hand cut of the
amplitude M, by poles with appropriate positions
and residues. The “n-pole formula” thus ob-
tained contains 27 parameters. One of these may
be identified with A; the rest will be determined
from crossing relations.

By representing ImM, on the left-hand cut by
one or two delta functions, we obtain from Eq. (4)
the one-pole formula

A(1+a)D,(1)

M,(s) = (s +a)D,(s)’

(6)

or the two-pole formula

AD,(1) [D )

M,(s) = D,(s) [ s+b

AlDl(—c)]

S+cC

JPa(-8) | ADy(-0)] o
Ll +b 1+c J ’
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where A and A, are real, and a, b, and c are
real and positive. The parameters A,, a, b, and
¢ may be determined from the following crossing
relations which are derived from Eq. (5):

M) - 2 mEQ) =0, (8a)
]
§§M1(1) = O’ (Bb)
e My -6 o mF (W) =0, (8¢)

where

0
L 1 ImM,(s’)ds’
ule=L [ il

_A(l+a)D,/(1)
" (s+a)D,(-a)

for the one-pole formula, and

MIL(S)= ADl(l)[ 1 + Alc][Dl(_b)'f AlDl(_C):]_l

s+b s+ 1+b l+c

for the two-pole formula.

If the Frazer-Fulco one-pole D,(s) function is
used for a resonance at s =10, we find a=5.7
from the crossing condition (8a). The param-
eters A;, b, and ¢ in the two-pole formula may
be determined from (8a) to (8¢). It turns out that
no choice of A,, b, and ¢ can satisfy all three
conditions (8a) to (8¢) if the Frazer-Fulco one-
pole formula is used. However, the first two
conditions of Eqs. (8) can be satisfied with the
pair of poles in the range between 0 and -4.93.
The p-wave amplitude in the physical region not
only is insensitive to the positions of the two
poles so long as (8a) and (8b) are satisfied, but
also is not much different from the one-pole so-
lutions, which satisfies (8a) alone. Thus we may
be confident of the accuracy of the two-pole re-
sults once the parameters of the two-pole 7-7
scattering formula are known. The one-pole for-
mula already obtained is probably adequate for
most purposes.

We can estimate the order of magnitude of A
by considering the decay of neutral pions, as-
suming that the y +7— 27 reaction plays a pro-
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minent role in the intermediate state. We find
Al =1.3e (e2=1/137) if the 7° lifetime is 4x 1078
sec.! Our calculation is based on the assumption
that only the least massive (two-pion) interme-
diate state contributes to the dispersion integral,
but there is no good reason to neglect the 37 con-
tribution, especially if there is a resonance or a
bound state at roughly the same energy as the
two-pion resonance.'? A better estimate of A
may come from photopion production on nucleons,
where Ball has shown that y + 7—27 makes an
important and characteristic contribution.?
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