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If the lines became narrower by a factor of ten
(i.e. , if the width was reduced from several
cm ' to several tenths of a cm '), as might rea-
sonably be expected in a 10'Pz solution of PrC1,
in LaC1„ then no increase in path length or ex-
posure time would be necessary to obtain lines
of the same strength on the plate as those ob-
tained by us for the pure material.
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We want to report on measurements of the life-
time of stored beams carried out with the Fras-
cati e+e storage ring (AdA) at the Laboratoire
de l'Accelerateur Lineaire of the Science Faculty
at Orsay. The design parameters of the ring
have already been published' as well as prelimi-
nary results about operation at a low stored in-
tensity. ' The use of the Orsay linac as injector
allowed the storage of a big enough number of
electrons to observe the following effects.

With a small number of stored electrons (less
than 10000) the lifetime is of the order of 50 hours
corresponding to a residual (air) pressure of -5
x 10 ' Torr. The vacuometer reading was 3. 5
x10 ' Torr.

The lifetime T depends on the number N of par-
ticles in the beam. It can be fitted by

1/T = n(E)fV + 1/T„

where a(E) is a strongly energy-dependent param-
eter Abest .fit illustrating (1) is shown in Fig, 1.

The energy dependence of o.(E) is shown in
Fig. 2. In the interval 100&E&207 MeV this
curve can be fitted by

u(E)E"= const.

o(E) has a maximum at about 70 MeV. Below
this energy the lifetimes increase very rapidly.
Lifetime measurements below 50 MeV were not
carried out because of the difficulties in revealing
the synchrotron radiation at such low energies.

The lifetime of a given beam is independent of
the presence of the other, so that the effect de-
scribed must be interpreted as a "self-interac-
tion" of the particles in each bunch.

A theoretical explanation of the effect can be
given in the following manner. We observe that
in a "natural beam, " i.e. , in a beam the dimen-
sions of which are defined solely by the fluctua-
tions of the synchrotron radiation, the momentum
distribution is subject to the inequality

5q» 5q =5q
z e (3)

(The latter equality is one of order of magnitude. )
Here Oq is the rms of the radial momentum, 5q~
the rms of the vertical momentum, and 5q thee
rms of the longitudinal momentum, the latter
being measured in the system in which the bunch
is at rest. The inequality (3) holds above a cer-
tain critical energy (of the order of about 30 MeV
in AdA). The Mgller scattering between two elec-
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FIG. 1. Lifetime v versus N, the number of stored particles in a beam, at the energy of 188 MeV.

trons in the bunch can now lead to a transfer of
radial momentum into longitudinal momentum,
and it is immediately seen that if the acquired
longitudinal momentum is bigger than b, q =b,p/y,
where bp is the (central) momentum acceptance

o(, (E) (hrs 1) =

10 7

of the radio frequency in the lab system and y
=F/mc', any such scattering process will lead
to the loss of two particles. For, after the scat-
tering process, the forward scattered electron
will have too much and the backward scattered
electron too little energy to be contained with the
stable region of the radio frequency.

Taking advantage of the fact that the motion of
the particles in the system in which the bunches
are at rest is nonrelativistic —at least for moder-
ately small storage rings —u(E) can be determined
explicitly, and one obtains

o. (E) = (2~"'r,'c/I V~p'eq)Z, (x).

Here r, = 2. 8 x10 "cm is the Lorentz radius, c
the velocity of light, V is the volume of the bunch
(measured in the lab system), k is the "harmonic
index" of the radio frequency. The parameter x
is defined by

x = (~p/~5q)', (5)

and L(x) is a function of the radial momentum
distribution. If one assumes —incorrectly —that
this distribution is Gaussian, one obtains for x —0

lim I.(x) =';[log(l/x) - C -3],x-0 (6)
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FIG. 2. Plot of the rate n{E},as defined in Eq. {1}
of the text, versus the energy of electrons in a beam.

where C =0. 577 is the Euler constant. Inserting
the most probable values of the parameters and
choosing for V the "natural" volume (i.e. , about
5x10 ' cm' at an energy of 200 MeV), one obtains
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a va, lue for ~(E) which is about 40 times larger
than the values shown in Fig. 1. It can also be
shown that in the region E & 100 MeV [where (8)
is certainly valid], the empirical equation (2)
should be replaced by

o.(E)E+"= const. (2a)

This can be seen as follows: The "natural" vol-
ume varies as F.", 5q as F.', ap' as F. , and the
factor L can be approximated in this region by
const x E.

This qualitative disagreement can be completely
removed if one assumes that the actual volume of
the bunches is about 40 times bigger than the nat-
ural one and that this enlargement of the volume
is due to a coupling between radial and vertical
betatron oscillations. The last assumption makes
sure that (2) holds and not (2a), since in the case
of coupling p' varies as F."and not as F.".

The function L(x) also gives a qualitative de-
scription of the deviation from (2) for energies
below 100 MeV. This deviation is due to the fact
that with decreasing energy the width of the mo-
mentum distribution also decreases (x goes as
E '). For x =1 (at about 38 MeV in AdA) the lon-
gitudinal momentum transferred in the majority
of collisions is too small to lead to the loss of
particles. A detailed comparison with experiment
is rendered difficult by the following circumstanc-
es: The momentum distribution of the natural
beam is not Gaussian; if x = 1, it is further modi-
fied by the fact that it is no longer true that most
Coulomb collisions lead to the loss of particles.

The behavior of a(E) at high energies is not sub-

ject to these uncertainties, since all the processes
which lead to the loss of electrons come from the
center —and not as in the case of low energies
from the tail —of the momentum distribution.

There is further supporting evidence for assum-
ing that the actual volume is considerably larger
than the natural one. At about 200 MeV the natural
height of the beam should be about 2 p. Multiple
electron-positron scattering should bring this to
about 10 if the ring is charged with two beams
containing 10~ particles each. Since we have
shown that o (E) is insensitive to the presence of
the other beam, it follows that the effective height
of a single beam must be considerably larger than
10 JL(, . This is also borne out by the —as yet not
conclusive —evidence on the frequency of 2y anni-
hilations, which strongly suggests an effective
beam height of more than 25 p. .
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To determine the relative Z —A parity, we have
measured the invariant mass spectrum of Dalitz
pairs from the decay of unpolarized Z hyperons,
Z -A +e +e+. This method has been suggested
by Feinberg' and Feldman and Fulton. ' The prob-
lem is to establish the decay as an electric (odd
Z —A parity) or a magnetic (even parity) dipole

trans ition. Under the even-par ity hypothesis,
the radiative matrix element is proportional to
the momentum of the Dalitz pair, whereas with
odd parity the matrix element is independent of
the pair momentum. This has the consequence
that for odd parity more Dalitz pairs exhibiting
large invariant mass would be expected to occur
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