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%e wish to report preliminary results of a meas-
urement of the cascade time of m mesons in liq-
uid helium, and to discuss some possible impli-
cations of the result. %e mean by cascade time
the period between initial atomic capture of the
meson and its absorption by the nucleus. It is
important to understand the mechanism of the cas-
cade since it determines not only the cascade time,
but other important effects such as the angular
momentum states from which mesons are ab-
sorbed by the nucleus.

If channel k is one of r channels through which
the meson cascades in average time T& from ini-
tial atomic capture to nuclear absorption, and if
NI is the number of mesons cascading through
channel )t, , then we define the average cascade
time to be

T= N T N

This is equivalent to

where Td is the mean life against decay of the
meson, Nd is the number of mesons observed to
decay at rest, from a total sample, N, of me-
sons observed to stop in liquid helium.

The technique used to determine the cascade
time, T„, is exactly the same as that used by
Fields et al. ' in liquid hydrogen. In the present
case, m mesons were stopped in a 1.3-liter liq-

uid helium bubble chamber, ' and the range and
angle of all backward n- p, decays were measured
to determine the velocity of the pion at the instant
of decay. %e observe 11 decays at rest with 8~&
&';m for a sample of 2255 m stops in the chamber.
Because of range straggling, we cannot distinguish
pions slower than P„=0.01 from stopped pions;
however, the time taken by the pion to go from
P„=0. 01 to atomic capture has been estimated'
to be much shorter than the cascade time meas-
ured here. From ordinary stopping power theory
we calculate that the number of events between
F~

= 0. 175 MeV and E~ = 1 MeV with &» & ';m

should be 0.8. Vfe observe none. From the ob-
served number of backward decays at rest we
calculate the cascade time to be

T =[2N (8 &2m)/N ]r =(2. 5+1.0)x10 ' sec.
7T P. 8

Day' has made theoretical estimates of the mag-
nitudes of several effects which might be of im-
portance in determining the history of a typical
K meson during its cascade. Day assumes that
the meson is initially captured from the continuum
into a bound orbit with principal quantum number
n = 30, ejecting one of the atom's electrons in the
process. Because of the strong binding of elec-
trons in helium, the (K He++) ion cannot capture
electrons from neighboring atoms, and therefore
only one ordinary Auger transition of the K mes-
on is possible. In addition to ordinary radiative
transitions, Day considers three other mecha-
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nisms for depopulating any given mesonic atom
state. The first, the external Auger effect, re-
sults in the meson making a transition to a lower
level during a collision with an ordinary helium
atom, ejecting an electron from the atom in the
process. In polarization capture, a mesonic
atom in an np state makes a transition to the ns
state in a collision with a helium atom, while an
electron in the atom makes a virtual transition to
an excited state. Due to the strong nuclear inter-
action of K mesons, and the large amplitude of
its wave function at the nucleus in s states, the
meson is rapidly absorbed from s states. Finally,
Day considers a molecular Stark effect which, at
any given n level, mixes the substates of various
l. The mixing is due to the production of an elec-
tric field at the mesonic atom through collisions
with neighboring atoms, or through the actual for-
mation of a molecule-ion with a neighboring atom.
Mixing of angular momentum states allows for s-
state capture from even high-n levels at a rapid
rate. Some of Day's estimates' of the rates of

these processes for K are given in Table I along
with the rates (scaled from Day's K rates} ap-
propriate for m mesons. In addition, the rates
of direct nuclear absorption from ns and np states
are given.

From Table I, it would appear that the Stark
effect should result in the rapid s-state absorption
of both K's and m''s from states of large n. Thus
the mesons should not have a chance to cascade
down thru the lower p states from whence they
might be absorbed, and thus, Day concludes that
K absorption in He is almost entirely from zero
angular momentum states. From the rates in Ta-
ble I, we can deduce a pion cascade time, T„, to
compare with our experimental result.

The striking feature of the experimental result
is that it is orders of magnitude longer than pre-
dicted. ' This seems to indicate that for m mesons
in helium, there is no Stark effect of the magnitude
estimated by Day. Furthermore, polarization
capture at the rate indicated in Table I yields T„
= 10 "sec, and seems ruled out. %e may ask

Table I. The theoretical rates of various mechanisms for depopulating a given mesonic atom level in liquid heli-
um. The K numbers are taken from Day (reference 4). The x numbers are Day's K recalculated for the x
case.

Process
Kaon rate

(sec ')
Pion rate

(sec )

Radiation from np:
r (np) 6 x10"/n3 2 x 1013/ 3

Nuclear capture:
I' (ns)

cap
(p)

cap

Polarization capture:
I' (np ns }pol

External Auger transitions:
r (n)

aug
n=5
n=6
n=7
n =10
n =20

Stark capture:
r (ns}

rst k'"p'

2x10 /

4 x10 /n

2x10 'pg

9 x10
3 x10
5 x108
1 x10
1 x10

2 x105~6

2x1O"/ 4

(1 24) x10'z/n3

5 x] 012/ 3 aye

10"n

1 xlo
2 x1O"
2 x1O"
1x1O"
2x10

8 x10Z&6

3 x10"/n4
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Table II. The expected cascade time for E and x in liquid helium under various conditions. Case {A) assumes
that radiative and Day's external Auger transitions both take place. Here the results are rather independent of

ninit . Case {8)assumes that only radiative transitions are important. The results here depend on nmit . The
last column gives the fraction of stopped It which will be expected to decay at rest in liquid helium instead of un-
dergoing nuclear absorption. Note that under case {8)for E we must have nmit &18 or else most E at rest
would decay rather than undergo nuclear interaction.

Conditions

Radiation+ Auger {A)
Radiation only {8)

n. . =6
init.

=11

=14

=16

1x1O "
5 x10

1 x10

3 x10

5 x10-&O

1 x10

7 x10-'

1 x10-8

E
{sec)

3 x 10~io

3 xlo

3 x10

3 x10

K decays at rest

2.5%

0.25 Vo

2.5%

25%

what cascade time would be expected if we assume
no Stark effect or polarization capture at all. In
this case we need to consider only radiative and
external Auger transitions. In Table II is given
purely radiative cascade times from a given ini-
tial state of principal quantum number ninit to
the 1S state, vs ninit . These numbers are esti-
mated from tables in Bethe and Salpeter' and
Burhop, ' assuming that the initial state has a popu-
lation distribution among angular momentum sub-
states which is not too different from statistical. '
When we include external Auger transitions, we
see (Tables I and II) that for n & 6, Auger transi-
tions dominate, while for n & 6, radiative transi-
tions are most important. Using an argument
parallel to Day's4~' for K, we would assume that
the initial states of m -mesonic helium atoms are
typically at n = 16. However, the resultant cas-
cade time is essentially independent of the as-
sumed value of njnjt since the m are brought
very rapidly to n = 5 or 6 through the Auger effect
and the cascade time is primarily determined by
the rate of subsequent radiative transitions. The
expected result is, for this case (radiative and
Day's external Auger transitions only),

T =10 "sec.
r

It is seen from Table Q that the experimental
value of T„ favors the assumption that only radia-
tive and external Auger transitions occur. If this
is so, the radiative and Auger selection rules in-

sure that almost all K stopped in helium must
cascade down through the lower p states. The
rate of direct K nuclear absorption from P states
is given by (Table I)

I' (np) =4x 10"/n',
abs

which dominates radiation everywhere, and domi-
nates external Auger effect up to n = 11. A very
rough estimate indicates that the fraction of K
undergoing nuclear absorption from p states in
He is R95% under these conditions.

We may note that even should it be that all K
absorptions in liquid helium go via P-state cap-
ture, this would not affect the conclusion of odd
K-A relative parity deduced from the reaction9

K +He4- 84+m'

provided the hypernucleus can be shown to be pro-
duced with zero spin. However, if the hypernu-
cleus is produced (presumably in an excited state)
with spin 1, then s-state K absorption implies
even K-A parity, mhile P-state absorption would
allow no conclusion to be drawn.

In conclusion, the experimental result for m

seems to rule out significant amounts of Stark ef-
fect and polarization capture in liquid helium. It
appears that the measured cascade time is con-
sistent with the assumption that radiation and ex-
ternal Auger effect are the primary cascade mech-
anisms. In addition to more precise calculations,
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it would be desirable to have a direct measure of
the K cascade time in liquid helium to further
pin down the cascade mechanism and to give more
direct evidence on the question of the angular mo-
mentum states from which R are absorbed.

%e are grateful for many helpful discussions
with Professor Lincoln Wolfenstein. In addition,
we are happy to acknowledge the untiring aid of
Mr. Steve Stasak and Mr. John Griffith in reduc-
ing the data.
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In a recent Letter, Geshkenbein and Ioffe' have
derived an upper bound on coupling constants, i.e.,
the mass-shell value of three-leg vertices. Their
form of bound is remarkable in comparison to
previous results' because it depends only on the
masses of the three particles involved, and not
on the nature and range of the forces between the
particles or on the nonexistence of stable states
in other (crossed) channels. In the present com-
munication we conclude that an assumption on
which the G-I bound is based (namely, that the
proper vertex function has no pole) has no direct
(i.e. , phenomenological) physical significance,
and hence that their bound on coupling constants
likewise has no direct physical significance.

%e recapitulate briefly their argument: The
propagator of a spinless boson a has the represen-
tation

tion constant, should be nonnegative; this imposes
the condition

fp ds& I-Qc. &1. (2)

The spectral weight p(s) is a linear combination
of positive definite terms, each contributed by a
state into which particle a can transform (con-
serving everything except energy). The contri-
bution to p of a two-body state consisting of par-
ticles b and c is ](s}g'[I'(s) i', where g(s) is a
phase-space factor, g is the abc coupling constant,
and I' is the proper vertex part (as defined in re-
normalized field theory) of the abc vertex, nor-
malized to unity on the mass shell, i.e. , I (m ')
= 1. This implies the inequality p) ((s)g'l I" i',
which, used in Eq. (2), leads to

G '=(s-m ') 1+(s-m ') Q
Q a s. -s

ds'p(s')
(s'- m ')'(s'- s - ic)

with c; -0. In the limit of infinite energy, G
= Zs, where Z, the propagator renormaliza-

where
ds((s} II'I'

(s-m ') '

a

If a lower limit can be put on 4, we have an upper
limit on g2.

6-I show that 4 does have a minimum value, if
it is assumed that I" has no singularities on the
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