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Random Wilson cloud-chamber photographs of cadmium and molybdenum foils show that the double
negatron half-life is greater than or equal to 1X10'7 years in Cd"® and 3)X10'7 years in Mo'®, and that the
double positron half-life is greater than or equal to 6X 106 years in Cd™%¢ and 4 X108 years in Mo®. The
background appears to be primarily caused by Compton electrons and photoelectrons ejecting other elec-
trons on their way out of the foil and by photons that suffer two Compton scatterings while traversing the

foil.

I. INTRODUCTION

EVERAL paths to an experimental choice between
the Dirac and Majorana neutrino theories are, in
principle, possible. For instance, discovery of a neutrino
magnetic moment! would disprove the Majorana model
because electromagnetic forces would take the neutrino
wave function out of the Majorana subspace.? On the
other hand, if neutrinos from the sun contributed to the
background in the inverse beta experiments of Reines
and Cowan,? or if pile neutrinos could cause negatron
emission from stable nuclei,* then neutrinos and anti-
neutrinos would be equivalent in beta decay. This
equivalence would probably imply the correctness of
the Majorana theory, although there are alternative
formalisms.5:® Also, the shape of the electron energy
spectrum in mu-meson decay might depend on whether
the two neutrinos emitted are identical or not. However,
the spectrum observed seems to be consistent with
either identical or different neutrinos.”

The most promising procedure for distinguishing
between the neutrino theories is still an investigation
of double beta-decay. If neutrinos and antineutrinos
are not equivalent, double beta decay would involve
the emission of two electrons and two neutrinos or
antineutrinos, and half-lives in excess of 10% years
would result.® If neutrinos and antineutrinos are
equivalent, there needs to be only one virtual neutrino
which has all phase space available. Then one would
expect half-lives ranging upwards from 10" years de-
pending on the form of the interaction, the energy, and
the nuclear matrix elements.® If the decay is pri-
marily to a single final state, as it should be because of
the strong energy dependence of the transition proba-
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bility, the sum of the energies of the electrons emitted
will be constant. Unless one admits fairly artificial
theories,® 61112 3 demonstration of such a constant sum
of energies would confirm the Majorana theory.

Lower limits ranging from 10" years through 10%
years have been set for double beta activities of more
than twenty nuclides in several investigations.’*~** Such
lower limits can never refute the Majorana theory
because a large decrease in transition probabilities can
result if the overlap of final and initial states is poor.
The accumulation of such lower limits, however, par-
ticularly if they are above 10! years, does decrease the
likelihood of the neutrino being a Majorana particle.

There exists very little positive evidence for double
beta decay. The Sn'?* results of Fireman? have been
refuted by various investigators, including Fireman
himself.”® Inghram and Reynolds* found evidence for
the decay of Te' with a half-life of about 10% years,
but, as has already been pointed out by Kohman,'?
the activity discovered could well be single beta decay.
Fremlin and Walters'® found a 10%-year activity in
Mo, but Kohman'® found a lower limit of 10'¢ years
and the present work gives a lower limit of 3X10Y
years. McCarthy?»2 found activities in Zr% and Ca*®
and showed that, although there are alternatives, they
most probably represent double beta decays in which
the two emitted negatrons carry away all of the
available energy with a half-life of 6X10' years.
Clearly, more conclusive results are prerequisite to a
final decision between Dirac and Majorana neutrinos.
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II. SELECTION OF SOURCES

Among the elements which might show double beta
activity, cadmium and molybdenum seem particularly
suitable for experimental investigation. The nuclide
Cd"$, with natural abundance of 7.7 percent, has
2.640.2 Mev, and Mo, with a natural abundance of
9.7 percent, has 2.34-0.2 Mev available for double
negatron emission.?*?® In addition, Cd!%, with a natural
abundance of 1.2 percent, has 0.84-0.2 Mev available
for the kinetic energy of the positrons in double positron
emission.?*?* Molybdenum also contains, with a natural
abundance of 15 percent, Mo®, which lies below the
beta stability line and might undergo double positron
decay; however, since it has a magic number of neu-
trons and since no adequate mass measurements exist,
nothing reliable can be said about the energy available.
If the neutrino is a Dirac particle, the half-lives for all
four transitions are too long to be observed in the pro-
cedure described below. If the Majorana theory applies,
the half-lives for Cd!'® and Mo will be > 10' years,
and the half-life of Cd!%6 will be >10' years. Since the
energy is not known for Mo®, a lifetime cannot be
estimated; in fact, only double K capture, or even no
transition at all, may be energetically possible.

III. EXPERIMENTAL PROCEDURE

For both the cadmium and the molybdenum in-
vestigations, three foils of the material being studied
were stretched across a 24-cm diameter Wilson cloud
chamber. A mixture of 50 percent by volume of water
and 50 percent methanol was boiled into the evacuated
chamber, which was then filled to a total pressure of
1.6 atmos with argon. Stereoscopic photographs were
taken of a random expansion every 30 seconds. A mag-
netic field of 790 gauss, made uniform to 1.5 percent
over the usable region of the chamber by proper
shaping of an air-core solenoid,?® was turned on about
one second before the expansion. The adjustment of the
chamber was checked visually about every hundred
expansions.

The pictures obtained were projected first on a
screen, with the two stereoscopic views placed next to
each other. Those in which two negatrons or two posi-
trons seemed to come from the same point on the foil
were marked for further study. Also, from the number
and appearance of single tracks, a judgment of the
acceptability of each roll of film was made: 13 percent
of the photographs obtained were discarded because the
appearance of the tracks and the background fog sug-
gested doubt whether minimum-ionization electron
tracks could be discerned in all parts of the chamber.

The pictures marked for further examination were
projected stereoscopically through the same mirror and
camera system with which they were photographed.
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By attempting to place a screen in the plane defined by
the beginnings of both tracks, one could determine
with fair precision whether the tracks came from the
same point. Some difficulty arose because the layer of
gas adjacent to the foil loses its supersaturation sooner
than most of the chamber, so that many tracks became
invisible in that layer and had to be extrapolated back
to the foil. In all cases, however, it could be determined
whether the tracks started within 0.4 cm of each other.
When both tracks appeared to come from the same
point, upper and lower bounds on their curvature, and
therefore on their energy, were established. When one
of the tracks was scattered too violently in the gas or
was too nearly straight for meaningful measurement,
the picture was discarded. Therefore, only tracks of
electrons with energy between 0.1 Mev and 6 Mev
could be used.. For those photographs in which both
tracks came from the same point and had a measurable
curvature, an upper and lower bound on the sum of the
energies of the two electrons, including a correction for
loss in the foil, was established.

IV. CADMIUM RESULTS

For the cadmium investigation, 30 g of 0.11 g/cm?
foil,?” containing 1.2X10? atoms of Cd"¢ and 1.9XX10%
of Cd%¢, were installed in the chamber. The probability
that two electrons from one atom would travel in the
illuminated region of the chamber for 4 cm was, on the
average, 0.3, giving 3.6X 102 as the effective number of
Cd"¢ nuclei and 5.7X10% as the effective number of
Cd"®¢ nuclei.

With the foils in place and with the chamber filled
and operated as for the actual double beta search, a
calibrated P32 source was photographed. From the
strength of the source and a determination of the
average number of tracks seen coming from it per
expansion, the sensitive time of the chamber was found
to be 0.364-0.08 second per photograph. Since 12 352
acceptable photographs were taken, the cadmium was
examined for (1.44-0.3) X 10~* year.

In 24 cases, two negatron tracks appear to originate
from the same point in the foil. To represent the results
in Fig. 1, a rectangle of unit area was assigned to each
event, with its base running from the minimum to the
maximum total energy of the event. The solid line in
Fig. 1 was obtained by adding the heights of these
rectangles wherever they overlapped and gives the ex-
perimental number per unit energy as a function of the
energy.

A definite indication of double beta decay would be a
maximum in Fig. 1 at 2.6 Mev. No such maximum is
observed, but three events contribute to the result at
that location. It is interesting that the calculated back-
ground curves (see Sec. VI below) lie everywhere higher
then the experimental distributions except at the high-
energy end of the cadmium plot. Nevertheless, it is
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clear that the data do not permit a claim of a positive
result. Multiplying the effective number of Cd® nuclei
by the time for which the cadmium was under ex-
amination and by In2 over three, the number of events
that contribute at 2.6 Mev, one finds that the double
negatron half-life of Cd® must be >1X10'7 years.

One double positron event was found. Its rectangle,
computed as for the negatron events in the aforemen-
tioned, is shown dashed in Fig. 1. Its rather large energy
range includes the available double positron energy. It
is, however, entirely reasonable that the background
should contribute one such event (see Sec. VI below).
The double positron half-life of Cd@ is therefore
>6X10'% years.

V. MOLYBDENUM RESULTS

For the molybdenum investigation, 42 g of 0.13
g/cm? foil,?” containing 2.5X 102 atoms of Mo and
3.9 10?2 of Mo%, were installed in the chamber. The
probability of observing both electrons was again 0.3,
giving 7.5X10% and 1.2X 102 as the effective numbers
of Mo'® and Mo nuclei.

The sensitive time of the chamber was measured with
a calibrated P® source as in the cadmium work and was
found to be 0.5440.12 second per photograph. The
higher value resulted from the use of a deeper chamber.
Since 13402 acceptable photographs were taken, the
molybdenum was examined for (2.32£0.5)X10~* year.

In 35 cases, two negatron tracks appear to originate
from the same point in the foil. In Fig. 2, the results
are shown in the same fashion as for cadmium in
Fig. 1. No maximum is observed at 2.3 Mev, the avail-
able double negatron energy, but four of the events
found straddle that energy.
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Fi1c. 1. Number per Mev vs energy, of instances in which two
electrons appear to come from the same point on the Cd foil.
The solid lines give the double negatron distribution. The dotted
rectangle represents the one double positron event found. The
smooth curve gives the estimated double negatron background.
The arrows marked 28% and 28~ underneath the energy scale
indicate the expected double positron and double negatron
energies.

WINTER
30~
Calculated 2B~ Background
25
20
15+
3
= Experimental 2B~
slof
o
>
o
Ss
=z
[o] 1 1 ! 1 ! ! ]
o 5 1. 15 2. T 25 3 35Mev
2p

F16. 2. Number per Mev vs energy, of instances in which two
negatrons appear to come from the Mo foil. The smooth curve
gives the estimated double negatron background. The arrow
marked 28~ underneath the energy scale indicates the expected
double negatron energy.

The calculated background curve (see Sec. VI below)
lies everywhere above the experimental results. :

Multiplying the effective number of Mo atoms by
the time for which the molybdenum was under ex-
amination and by In2 over four, the number of events
that contribute at 2.3 Mev, one finds that the double
negatron half-life of Mo'%>3X 10" years.

No double positron events were found. Multiplying
the effective number of Mo atoms by 2.3X10~* year
and by 2In2, one finds that the double positron half-
life of Mo%>4X10'® year. This result is of little sig-
nificance in the absence of an estimate of the available
energy.

VI. BACKGROUND

Both for the understanding of this experiment and
for the planning and interpretation of other double
beta experiments, it is useful to study in some detail
the sources of background.

For 1869 of the cadmium pictures and 1950 of the
molybdenum pictures, all single negatrons that came
from the foil (presumably mostly ejected by photons
arising from cosmic rays, with perhaps some due to
beta-active contamination) were recorded, with their
radii of curvature estimated to the nearest cm. From
these single negatron distributions were obtained the
expected distribution of events in which two electrons
appear to emanate from the same point. Figure 3 shows
the separate contributions to this background as esti-
mated below for cadmium ; for molybdenum, the curves
are qualitatively similar. The sums of these contribu-
tions are superposed on the experimental distributions
in Figs. 1 and 2.

A. Random Coincidence

If the origins of two single tracks happen to be less
than 0.4 cm apart, the event can give the appearance
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¥i6. 3. Contributions in number per Mev to the estimated double,
negatron background in Cd, labeled as indicated in Sec. VI.

of a double beta decay. To estimate the contribution of
this effect, those pictures containing two or more
negatron tracks that start anywhere in the foil were
used. All possible combination of the tracks in each
picture were considered. Each combination had a
probability of 0.4 cm 0.4 cm, the region of distinguish-
ability, divided by 250 cm?, the total area of the foil.
The distribution was then divided by two because
tracks formed near the beginning of the sensitive time
could be distinguished from those formed near the end
by their noticeably more diffuse appearance. The result
is the curve labeled Random in Fig. 3.

B. Negatron-Negatron Scattering

An event having the appearance of a double beta-
decay results if a negatron that has been produced in
the foil shares its energy with another negatron on its
way out of the foil. Since a negatron starting with 0.3
Mev or less probably would have too little energy after
leaving the foil for meaningful measurement, the
Mgller formula?® was integrated over the energy shared
from 0.3 Mev to half the energy E of the negatron
considered. The resulting expression, which will then
only depend on E, multiplied by the thickness of foil
that the average negatron traverses, and multiplied
by the number of negatrons per photograph with E,
gives the expected contribution at E. The result is
labeled B8 Scaitering in Fig. 3.

C. Two Compton Scatterings, or Compton Scattering
Followed by Photoelectric Emission

Whenever a single negatron was produced by Comp-
ton scattering, the residual gamma ray was capable of
ejecting another negatron before leaving the foil. It
was assumed that all negatrons observed were produced
by photoelectric emission or by Compton scattering,
and the number due to Compton scattering was com-
puted as a function of energy. The probability that the
residual photon would produce another negatron before
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leaving the foil was then obtained. The calculations
were simplified by the assumption that, in each Comp-
ton event, the negatron received the average fraction?
of the photon energy. In Fig. 3, the contribution due to
two successive Compton scatterings is labeled Compton-
Compton; that due to Compton scattering followed by
photoelectric emission is labeled Compton-Photo.

D. Gas Scattering

If the apparent curvature of either one member of a
negatron-positron pair, or of one part of a track going
through the foil, is reversed by multiple scattering in
the gas, an event giving the appearance of double beta-
decay results. The magnitude of this effect was esti-
mated by counting the number of pairs and the number
of electrons passing through the foil, and then multiply-
ing by the probability that the curvature of either
branch is reversed by scattering.®® This effect is negli-
gible; in the 2-Mev neighborhood, the expected number
of these events is 1072 for either of the entire cadmium
or molybdenum experiments.

E. Double Positron Background

An event with the appearance of a double positron
decay could result either through gas scattering (see
Sec. D), or, far more probably, through two negatrons
that start elsewhere converging toward the same point
on the foil. The one case found in cadmium is readily
explained by the latter process.

F. Summary of Background Calculations

The estimated background suffices to explain the
results obtained. Negatron-negatron scattering and two
successive Compton scatterings provide the principal
contributions.

The sums of all contributions superposed in Figs. 1
and 2 lie, on the whole, somewhat high and rise more
rapidly as the energy goes down than the experimental
distributions. This behavior might be expected, since
no careful consideration of multiple scattering and total
absorption of the low-energy electrons in the foil was
made.

VII. CONCLUSIONS

It is intriguing that the one double positron event,
and the region in which the cadmium double negatron
distribution rises above the calculated background,
should both occur near the expected energy. Neverthe-
less, the nature of the background estimates and the
smallness of the number of events involved forbid any
conclusions other than the setting of lower limits rang-
ing from 10'¢ through 10'® years on the half-lives of the
processes considered. These lifetimes are consistent

2 Ann T. Elms, National Bureau of Standards Circular 542,
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with both the two-neutrino decay and with unfavored
no-neutrino decay.

The background studies indicate limits on the
double beta lifetimes that can be reached with ex-
pansion chambers.
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A careful search is made for evidence of possible excited states in Be® in the reactions B! (p,a)Be® and
B!9(d,a) Bed, by magnetic momentum analysis at a variety of angles and bombarding energies. In spite of
observing the region corresponding to 3 to 8 Mev several times independently under different conditions,
with several thousand counts per point on points spaced only about 100 kev apart, no indication was found
of any of the states in this region reported by others on the basis of poorer statistics, mostly in other reactions.
Each alpha-particle spectrum observed consists of a sharp ground-state peak and a broad peak of the
alpha particles giving rise to the well-known 3-Mev excited state of Be® superposed on a continuous back-
ground from the break-up of this state and from three-particle break-up. Peaks observed near the equivalent
of 10.and 11 Mev in Be? are identified as arising from a target impurity.

I. INTRODUCTION

HE interesting nucleus Be® may be expected to be
especially simple because it is so light.! It contains

just enough nucleons to make up two alpha particles.
The nucleus which is twice as heavy, O'%, may consist
of four alpha particles in a tetrahedral structure
differing rather little from a sphere, and it does indeed
show a strong evidence of collective motion of a body
with tetrahedral symmetry, as epitomized by the
alpha-particle model.2 The even-even nucleus with mass
between these two, C'2, appears not to follow the
alpha-particle model,! and this may be associated both
with the great difference between a triangle and a
sphere and with the fact that the energy of dissociation
into three alpha particles is as great as the average
binding-energy of a nucleon. Although in Be® the
possible alpha-particle structure, a line or “dumbbell,”
is also very different from a sphere, no energy is required
to dissociate it into two alpha particles; so here again,
there might be a tendency for the low states to be
approximated by the alpha-particle model. In either
the shell model or the alpha-particle model, or indeed
in a blend of the two, the expected sequence of low-
energy levels is very simple. The shell-model expectation
is determined by the calculations which show in (LS)
coupling a series of singlets, 1Sy, 1Ds, !G4, and similar
widely-spaced levels in (j4) coupling and so also in
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intermediate coupling.! It should, however, be men-
tioned that states probably not belonging to the ground
configuration p" appear in the neighboring nuclei Li’
at 6.4 Mev and C* at 7.7 Mev, and might also appear
in Be® at a comparable energy. The expectation of
possible simplicity should not prejudice one, but does
add interest to the experimental investigation of Be?®.

The evidence concerning the spectrum of low states
in Be® remains conflicting. Some experiments suggest
quite a number of low excited states, and other experi-
ments, particularly those in which it has been possible
to collect the most convincing statistical evidence, show
only the well-known broad excited state at about 3 Mev.
It is unfortunate that there are intrinsic difficulties
which make it very time-consuming to collect adequate
numbers of counts per point in some of the work
showing the “extra” states, for the demonstration that
certain other reactions do not show these states does
not disprove their existence. It is always possible that
an adverse matrix element is suppressing a given
transition, but in the absence of some general selection
rule, it becomes unlikely that this should happen at a
variety of bombarding energies and angles, because a
special selection that might apply for a given state of
the compound nucleus or at a given angle would not be
expected to apply at others. The present work is
confined to reactions wherein it is not very difficult to
obtain many counts per point with relatively good
resolution. We have tried to vary the experimental
conditions to exclude the possibility that some chance
cancellation in the matrix element is hiding some of
the states from us.



