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We report an experimental investigation of the lepton-nonconserving neutrinoless
double P decay of Se. The half-life of this decay mode is found to be greater than 3.1
x 10~ yr at a 68% confidence level. By use of the reported total lifetime of Se obtained
from recent mass-spectrometric measurements, an upper limit of 9% on the branching
ratio for neutrinoless decay is estimated. This corresponds to an upper bound of -3
x 10 for the lepton-nonconservation amplitude if a two-nucleon mechanism is assumed.

The law of lepton conservation may be critical-
ly tested by observation of nuclear double P (PP)
decay. The decay may occur completely by way
of a lepton-conserving two-neutrino mode,

(Z,A) —(Z+ 2,A) + 2e + 2v,

or partially via a lepton-nonconserving no-neu-
trino mode,

(Z,A)- (Z+2,A)+2e .
If the no-neutrino mode is totally absent, then,
as Lee and Wu' have shown, there must exist a
way of assigning a lepton number L, to the neu-
trinos such that the algebraic sum of L, is always
conserved in all weak interactions. Double P
decay, at present, offers the most sensitive test
of this conservation law.

Mass-spectrometric studies of ~Kr abundances

I

in geologically old selenium ores by Kirsten and
Muller' and more recently by Srinivasan et al. '
have presented convincing evidence that ~Se does
undergo PP decay. While this type of experiment
is extremely sensitive, it is inherently unable to
distinguish directly the two decay modes as only
the presence of the daughter nuclei is detected.
An unequivocal determination of the decay mode
can be made by a measurement of the sum-ener-
gy spectrum of the two emitted electrons. In the
two-neutrino mode this energy distribution would
be continuous as the available energy is shared
by the electrons and neutrinos. In the no-neutrino
mode, however, the available energy is carried
off by the two electrons so that their sum-energy
spectrum would appear as a sharp peak at the full
energy release for the reaction —3.0 MeV in the
case of ~Se. A measurement of the electron sum-
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energy spectrum in this energy region and the de-
rived lifetime for the no-neutrino decay mode is
reported in this Letter.

The apparatus used to detect. the two decay elec-
trons had a sensitivity comparable to that of the
geological experiments. The selenium source
formed the center plate of a helium-filled double-

gap streamer chamber with an array of sixteen
unwrapped plastic scintillation counters placed
against the thin windows on each side (see Fig. l).
The streamer chamber was fired if two and only
two scintillation counters registered coincident
pulses whose individual and sum energies exceed-
ed set limits. The tracks that mere produced
on both sides of the source were photographed
through the transparent scintillation counters and

a third camera was used to record an oscillo-
scope display of the scintillator pulse-height data.
A magnetic field of 370 G with an rms deviation
over the chamber volume of 3% made possible an
unambiguous interpretation of the tracks of al-
most all chamber events. Since the apparatus
and measurement technique were similar to that
used in an earlier experiment with Ca, the
reader is referred to that paper for a more de-
tailed description.

The apparatus was housed in a salt mine situ-
ated at a depth of 600 m below ground level. The
surrounding salt was found to be virtually free of
radioactive substances (with the exception of 4'K)

and the rock overburden provided excellent shield-
ing against cosmic rays. The total background
rate was two or more orders of magnitude less
than at an uncontaminated location at Columbia
University.

The source contained approximately 46 g of

metallic selenium powder enriched to 56.5'%%uo of
~Se. The selenium was purified by precipitation
of radium with separated "'Ba and by multiple
passes through ion-exchange columns. It was
measured to have an activity of less than 3.5 disi
min for ~'K and less than 0.25 dis jmin for vari-
ous other suspected contaminants. The selenium
was further ground with a ball mill, suspended
in lacquer, and laminated between two thin sheets
of aluminum foil by a specially developed proce-
dure. The total source thickness was measured
to be equivalent to 58 mgicm' of aluminum with
an rms deviation of 8%%uo. Energy losses of elec-
trons (from PP decay) emitted within a source of
this thickness were found by a Monte Carlo cal-
culation to have an appreciable effect upon the
sum-energy spectrum. With scintillator resolu-
tion taken into account, this calculation indicated
that the energy distribution for the no-neutrino
decay process in this experiment would appear as
a peak centered at 2.75 MeV with a width e= 0.3
MeV.

The data consisted of photographs of events
which satisfied the requirements of the electron-
ics and were of sufficient brightness to be record-
ed by the film. The vast majority of these events
were background induced —many of these being
due to the Compton scattering of an ambient y ray
in a scintillator with the recoil electron passing
through the chamber and hitting a second counter.
Such events were readily distinghished from pos-
sible PP events by the track curvature.

Selection of possible PP events was made by a
visual scan of the film for frames with the cor-
rect signature of PP decay: two and only two
tracks leaving the source from a common vertex.
Only about one event in 300 satisfied these crite-
ria. In 1300 h of live running time, 201 events of
this type were found (see Table I). Many of these,
however, mere caused by double-scattering pro-
cesses within the source. ' These events mere dif-

TABLE I. Results of scan for no-neutrino events.
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transparent counters
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FIG. 1. Cross-sectional view of the apparatus.

Total number of events
Two-track events with the

signature of PP decay
Events with both track lengths —1 cm
Events with both track sagittas —0.5 mm
Events with scintillator energy consistent

with energy derived from track curvature
Events with energy between
2.43 and 3.17 MeV

65 500

201
183
148

96
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ficult to distinguish from true PP events, but a
number of them could be identified by an energy-
consistency check between the energy as record-
ed by the scintillators and the energy as calcu-
lated from the measured track curvature.

Track analysis was most difficult for those
events in which an electron was emitted with high
energy or at a small angle to the chamber axis.
The track curvature in such cases was difficult to
determine reliably. Consequently, only those
events in which both tracks made an angle of
greater than 21' to the chamber axis were accept-
ed. (This corresponded to track lengths greater
than 1 cm as seen on the scanning table. ) A more
subtle problem was that due to the biases of our
scanners in recognizing track curvature. Since
the magnetic field was relatively weak, the curva-
ture of tracks produced by high-energy electrons
was not large enough to avoid ambiguous interpre-
tation by the scanners. This made necessary the
imposition of a minimum-sagitta requirement of
0.5 mm on the track curvature to replace the un-
known and subjective cutoff imposed by the lim-
ited abilities of the human eye.

The geometric efficiency, using the theoretical
energy spectrum' for the no-neutrino mode, and
including self-absorption and the track require-
ments discussed above, was found by a Monte
Carlo calculation to be 28.5%%uo. The track-produc-
ing efficiency of the chamber was measured to be
close to 100% and the scanning efficiency was
found to be no less than 90%. In the search for
no-neutrino events, the region of interest was
restricted to the range between 2.4 and 3.2 MeV.
This region constituted 75% of the area under the
expected energy distribution. (Enlarging this re-
gion substantially woUld have permitted the ac-
ceptance of a large number of lower-energy
events produced by background mechanism. ) If
this energy-selection efficiency is combined with
the above factors, the overall detection efficiency
becomes 19%. As shown in Table I, no events
were found in this energy region. '

At a confidence level of 68%%uo, this null result
implies the following lower limit on the half-life
for no-neutrino PP decay of "Se:

] 3 1+10 yr

Combining this with the measurement of the
overall half-life by Srinivasan et al. ' of (2.76
s0.88)X 10 ' yr, we find the branching ratio, R,

to be

no-neutrino rate
total PP rate

This is the first experimentally determined
branching-ratio limit in PP decay.

Pontecorvo, in order to explain the anomalous
ratio of the '"Te to '"Te lifetimes, has proposed'
that PP decay is the first-order effect of a new
lepton-nonconserving "superweak" interaction.
More recent and accurate measurements" of the
tellurium lifetimes have, however, not shown
this anomaly, and since the present branching ra-
ratio indicates that the PP decay of "Se is in fact
predominantly a two-neutrino process, this sug-
gestion of Pontecorvo loses much of its attrac-
tiveness.

A limit on the fraction e of the weak-interac-
tion amplitude that does not conserve leptons can
be set by making the approximations" that (1) the
nuclear matrix elements for no-neutrino and two-
neutrino PP decay are comparable, and (2) the
available phase space for the neutrinoless mode
is enhanced over that for the two-neutrino mode
by a factor on the order of 10'. Then

Tx/2 /T z/2

But since T„,"/T „,'" = (1 -R)/R, the above ex-
perimental limit on R can be used to conclude
that"

~g3x10 4.

In previous estimates of n, lifetimes based on
theoretically calculated nuclear matrix elements
were used; this may introduce an uncertainty in
the value of n of as much as an order of magni-
tude. The best of these results using a bvo-nu-
cleon mechanism, e ~10, was made by Bardin
et al. for 4 Ca and Fiorini et al. ' for "Ge. The
result on 828e, as reported here, does not involve
explicit theoretical estimates of the nuclear ma-
trix elements and therefore sets not only a lower
but also a sharper limit on a.
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and extensive work on the radiological purifica-
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Dr. G. Bogosa of the U. S. Energy Research and
Development Administration for his interest and
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Laboratories in checking some of our source ma-
terials for radioactive contamination.
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We present an exact solution to the nonlinear field equations which describe a classi-
cal excitation possessing magnetic and electric charge. This solution has finite energy
and exhibits explicitly those properties which have previously been found by numerical
analysis .

Recently 't Hooft' has proposed a model for a magnetic monopole which arises as a static solution of
the classical equations for the SU(2) Yang-Mills field coupled to an SU(2) Higgs field. The model has
been extended by Julia and Zee' so that the monopole becomes a dyon, possessing both electric and

magnetic charge. The purpose of this note is to present an exact analytic solution for a particular ver-
sion of these models.

The Lagrangian density for the model is'

where
a 8 Q a g A a++~abcA bA c

pp p p p p p p

and

(2)

The field equations in the static limit where all time derivatives are zero are

a+g&abcA bEpfc efabcp&b+cj
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