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THE development of our knowledge on beta decay of
radioactive nuclei can be divided into two distinct
historical stages. The start of each of them was
heralded by mighty scientific discoveries, each of
which necessitated the fundamental review of the
earlier concepts concerning this phenomenon, The
first was Fermi’s theory of beta decay, constructed
under the assumption that the neutrino, a new particle
postulated by Pauli, exists. The second was the ob-
servation of parity nonconservation in weak interac-
tions in the experiments by Wu, based on a theory de-
veloped by Yang and Lee, Landau, and a number of
other scientists.

The time interval elapsed between these two events
is characterized not only by further knowledge of the
nature and properties of the beta processes and their
theoretical interpretation on the basis of the ‘‘class-
ical’’ beta-decay theory, but also by an increased in-
terest in the neutrino, the particle emitted by the
nucleus simultaneously with the electron. This parti-
cle does not carry away any electric charge from the
nucleus, but does carry away energy and angular mo-
mentum, The mass of this particle should either be
exactly equal to zero or exceedingly small. Being
practically a non-interacting particle, it escaped
direct observation for a long time. The properties of
this “‘illusory’’ particle are the subject of the branch
of beta-decay physics created at that time, namely
neutrino physics. Empirical studies of the neutrino
properties entail, as a rule, very difficult research
carried out ‘‘at the feasibility borderline’’ of the
existing experimental technology.

It was precisely in that period that the problem of
double beta decay arose and evolved, and the first
theoretical predictions were made concerning the
features of this process as functions of the properties
of the neutrino [174], However, approximately ten
years were to elapse before progress in experimental
techniques made possible the first attempts to ob-
serve this phenomenon [5‘7]. Since that time, double
beta decay was ‘‘discovered’’ many times, but all
these discoveries were either refuted by further ex-
periments, or were subjected to serious doubts for
various reasons.

The observation of parity nonconservation in weak
interactions and the information it yielded on pro-
cesses connected with emission or absorption of
light particles led to a radical break with our earlier
concepts concerning the mechanism of weak interac-
tions (8191 The earlier rather simple treatment of

double beta processes has given way to a complicated
and rather confused situation.

1, OCCURRENCE AND DEVELOPMENT OF THE
PROBLEM

In 1933, Pauli (1! advanced the neutrino existence
hypothesis. This hypothesis afforded a way out of the
apparent contradiction between the conservation laws
and the beta-decay phenomena. Using this hypothesis,
Fermi developed in 1934 a beta-decay theory [12]
which explained a number of regularities of this phe-
nomenon and covered practically the entire experi-
mental material accumulated by that time. Soon after
the announcement of this theory, Goeppert-Mayer ']
published a paper devoted to a theoretical investiga-
tion of the possible properties of the neutrino. This
paper contained the first statement of the hypothetical
feasibility of double beta decay. As is well known,
there are two types of beta decay: electronic decay

n->pde v (1a)

and positronic

(1b)

p—>n+ et vE,

This immediately raises the question whether the
neutral light particles emitted in both these pro-
cesses simultaneously with the beta particles, and
designated by us v and v, are identical or different.
In the case of the latter possibility, these particles
should be antiparticles, and it is therefore customary
to refer to v and » as neutrino and antineutrino, re-
spectively.

Ordinary beta decay, which proceeds in accord
with (1a) or (1b), involves the transformation of an
initial nucleus into a lighter neighboring nucleus, ac-
companied by unity change in charge. There exist in
nature, however, a rather large number of pairs of
stable isobaric nuclei with identical mass numbers
and with charges differing by two units. As a rule,
these are even-even nuclei. The existence of such
isobars is due to the fact that the intermediate isobar,
whose charge differs from the charge of the outer
isobars by unity, has a mass larger than the latter,
and consequently the transformation of one of the

*We are considering here the decay of a nucleon in the field of
other nucleons (i.e., inside nuclei), and we can therefore ignore
the satisfaction of the energy and momentum conservation laws for
individual nucleons.
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outer isobars into a lighter one cannot proceed via
two successive simple beta decays. In some cases
such a double successive decay is impossible in
practice even when the mass of the intermediate nu-
cleus lies between the masses of the outer nuclei, and
their apparent stability is due to a high degree of
forbidenness, connected for example with the very
large change in spin.

For nuclei having the foregoing properties, a
transition to the neighboring nucleus is impossible,
but there is a possible decay in which a direct atomic-
number change of two units and simultaneously emis-
sion of two beta particles, accompanied by two neu-
trinos or antineutrinos,

v

2n—>2p4-2¢” (2a)

or

2p —>2n + 2¢* - 2v. (2b)

As a result of such a process, the nucleus (A, Z) is
transformed into the nucleus (A, Z = 2):
(A.Z--2)+2¢ 4 2v

(A, Z—2)4 2e*- 2w,

The probability of this transformation, which is
called two-neutrino double beta decay, has turned out,
in accordance with the calculations of Goeppert-Mayer,
to be exceedingly small, the half-life of the nucleus
relative to double decay with emission of two neu-
trinos amounting to about 102 years.

In 1937 Majorana (2] showed theoretically that if
we assume the existence of only one type of neutrino,
having no antiparticle (i.e., v = ;), then the deduc-
tions of the beta-decay theory remain unchanged, and
Racah 1) noted that in this case a neutrinoless double
beta decay becomes possible, i.e., a process in which
the two beta particles emitted when the nucleus
(A, Z) is transformed into the nucleus (A, Z + 2)
are not accompanied by neutrinos:

(4, Z)— (3)

(1. Z)—> (A, Z 4 2) - 27 (4)
Two years later, Furry 4] investigated the neu-
trinoless method of double beta decay. He introduced

the following scheme, which is employed to this day,
for considering this process. The initial nucleus
(A, Z) emits one beta particle and goes over into a
virtual intermediate nucleus (A, Z + 1) plus a vir-
tual neutrino, which, interacting with this intermedi-
ate nucleus, ‘‘induces’’ its decay with emission of the
second beta particle and is itself absorbed. The re-
sult of such a transformation is indeed written into
Eq. (4). However, Furry estimated incorrectly the
probability of this double beta transition. A correct
estimate of the lifetime of the nucleus relative to
neutrinoless double beta decay was subsequently made
by L. A. Sliv {131,

If a neutrinoless double beta decay can be realized
in nature, it should have a much higher probability
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than the two-neutrino decay. This is explained quali-
tatively by the following considerations. In the two-
neutrino double beta decay, the number of states cor-
responding to the simultaneous emission of two beta
particles is determined by the volume of the phase
space of the two neutrinos, a volume bounded by the
total decay energy. In the neutrinoless method of
double beta decay, the neutrino is a virtual particle,
which appears only in the intermediate state of the
nucleus. Therefore the energy of the neutrino is
bounded only by the condition that its wave function
not have an alternating sign within the nucleus, in
other words, the contribution of the proper intermedi-
ate state to the matrix element and to the transition
probability tends to zero. This condition limits the
neutrino energy in the intermediate state to a value on
the order of 40 MeV (for medium nuclei). The latter
quantity is many times larger than the neutrino en-
ergy which is possible in the two-neutrino decay, and
this circumstance leads to an increase in phase vol-
ume of the intermediate state and consequently to an
increase in the decay probability.

All the theoretical lifetime calculations in the
double-beta-decay problem have low accuracy. This
annoying circumstance is due to our lack of knowledge
of the numerical value of the nuclear matrix element,
which is estimated in all concrete calculations by
starting from a definite nuclear model and from data
known from experiments with ordinary beta decay.
Such an approximation usually leads to an error of
approximately two orders of magnitude. Nonetheless,
the ratio of the lifetime of the two-neutrino process
to the lifetime of the neutrinoless process should be
much more accurate, since the values of the matrix
elements for both variants of the theory are close to
each other.

The probability of double beta decay processes was
calculated by several workers 137161 The over-
whelming majority of these calculations were made
under the assumption that a scalar-tensor interaction
is realized. We confine ourselves only to a concise
review of the results of two papers, namely those of
Zel’dovich, Luk’yanov, and Smorodinskii ') and of
Konopinski [15] The first contains a rather detailed
calculation of the probability of the neutrinoless pro-
cess, on the basis of which it is easy to determine the
form of the spectrum of the single electrons. In the
second paper, the probabilities of both possible
double beta decay variants were calculated.
Konopinski’s result, while less accurate than the cal-
culation of Zel’dovich, Luk’yanov, and Smorodinskii,
is convenient for a comparison of double beta decay
for the cases v = b and v # 7.

When double beta decay occurs without neutrino
emission, almost the entire decay energy is divided
between the two electrons, since the fraction of the
energy going into the recoil of the nucleus is negli-
gibly small. Thus, in an experimental observation of
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the process, the spectrum of the total electron energy
should have the form of a narrow peak (provided the
energy resolution of the apparatus is sufficient), the
position of which on the energy scale should corre-
spond to the decay energy. The law governing the
partition of the energy between the two electrons is
governed in this case by the form of the energy spec-
trum for the single electron. The probability of ob-
serving an electron with total energy lying in the in-
terval (€4 &, + d&,) for a decay energy W, and for
a second-electron energy &, = Wy — &, (the energy
is in units of myc? throughout) is determined by the
formula

w (&) d§;, == const-F (&) F (&) [(&; -1)"a (& — 1)va)

X (882 —1)(E,— &) dE;,
where

(8)

- 2nm, A _Ze?
F@)= —opi—zmy’ ™= T

Z is the charge of the nucleus and e and v are the
charge and velocity of the electron. In the case of
sufficiently heavy elements (and only for these is
double beta decay possible), we can neglect the ex-
ponential in the denominator of F (&), and then

F (&) = 2rZe¥nv.

If we confine ourselves to electrons with total en-
ergy in the interval 2 < &< W, — 2, i.e., when the
velocity is close to that of light, then F( &;)
~ 2mZeYfic = const. Under this assumption, going
over in (5) from total energies to kinetic energies
Wy=Eg+2, E=& -1, where E; is the difference
between the atomic masses of the initial and final
nuclei (for the case of electronic decay) in units of
mocz, we can obtain the following expression for the
spectrum of the single electrons:

o () dxr = const (2r —1)?

X(x—x2+%> Vz(-—-z)dz,

where

(6)

E
T = g 1< ELE\—1.

A plot of this function, calculated for E,
= 8.45myc? (Ca*®), is shown in Fig. 1. As seen from
the plot, in the neutrinoless method of double beta
decay the partition of energy between the two elec-
trons is such that the most likely to be recorded is
one electron with energy 85% of maximum and
another electron with 15%. The emission of electrons
having equal energy or energy close to the extreme
values is practically impossible. It should be noted
that the function (5) gives only one of the possible
variants of the spectrum, but all similar spectra,
calculated under different initial assumptions [16],
have the same characteristic features. Knowledge of
these features of the spectrum is important in the
practical realization of the experiment.

If the double beta decay is accompanied by the
emission of two neutrinos, then the energy of the de-
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FIG. 1. Energy spectrum for one of the coinciding electrons 1n
the case of neutrinoless double beta decay.

cay is distributed among four light particles (we can
neglect the nuclear recoil energy). The spectrum of
the total energy of the two electrons, unlike the pre-
ceding case, should be continuous. The form of the
energy spectrum for this variant of the theory was
calculated only recently, and we shall consider it in
one of the following sections.

The half-lives calculated by Konopinski for both
variants of the decay are given by the following
roughly approximate formulas:

Tl/z(u;)rm“(—?yl <izo)2 years (7)

Tz 15104 (57 )" (77" (55) vears: (®

Here € is the total realizable energy of the nucleus
in units of myc?. The results obtained on the basis of
these formulas for a number of elements in which
double beta decay is possible are shown graphically
in Fig. 2, The upper group of full points in this figure
gives the half-life as a function of the maximum
possible total kinetic energy of the electrons in the
two-neutrino double beta decay, and the lower one
gives the same for the neutrinoless decay. The ex-
perimental data, in which seemingly double beta de-
cay was observed, are shown by the light circles, and
those of experiments giving negative results, and
thus establishing only the lower limit of the half-life,
are shown by short horizontal bars. It is seen from
the figure that the most promising for experimental
attempts at observing double beta decay are Ca’t,
Zr%, Nd'%0 and Te!®, It is seen from the same
figure that the half-lives calculated for the cases

v =7 and v # v differ by 3—4 orders of magnitude:

Ty g g0,
1/3(v=w)
At the present level of the experimental capabili-
ties it is hardly meaningful to speak of measuring the
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FIG. 2. Half-lives of Bf-active nuclei. Theoretical and experi-
mental results of [*7].

angular correlation between the electrons of the
double beta decay, but this circumstance should pos-
sibly be taken into account in the final reduction of
the experimental results, Many investigators believe
that the electrons emitted from the sample completely
lose their initial angular correlation in the sample,
and are thus already registered with an isotropic
mutual distribution. This is a sufficiently likely hy-
pothesis if it is recognized that most experiments
are carried out with ‘‘thick’” samples, as much as
100 mg/cm?.

The electron angular correlation function for the
neutrinoless double beta decay was calculated by
Primakoff [16];

F®)=1 f(E,, E;)cos0, (9)

where f is a complicated function of the electron en-
ergy, which depends on the assumed variant of beta
interaction. In a rough approximation, assuming
realization of first-forbidden nuclear double beta
transitions, when f(E,, E;) = 1, we have

F(8) =~ 1-+cos0. (10)

A plot of this function is a cardioid, and consequently
emission of two electrons from the nucleus in exactly
opposite directions is excluded. The most probable
is the angular correlation —/2 =8 < n/2. This cir-
cumstance greatly reduces the efficiency of registra-
tion of the coincidences, lowering it by an approxi-
mate factor of 3.

Thus, during the first stage of development of
beta-decay theory, when it was assumed that the
parity is conserved in weak interactions, the theo-
retical investigations, based on an approximation of
the experimental data obtained in the study of simple
beta decay, have led to the following conclusions con-
cerning the double beta decay: If the neutrino has an

antiparticle (v # ¥), then the spectrum of the sum-
mary energy of the electrons is continuous. Other-
wise (v = ¥), this spectrum has the form of a sharp
peak in the region corresponding to the total energy
of the decay of the BS-active nucleus. The latter pro-
cess is more probable than the former by 3-4 orders
of magnitude. For both variants, calculation formu-
las were obtained for the expected half-lives. A com-
parison of the theoretical estimates with the experi-
mental results is shown in Table I.

If we disregard studies that yielded an affirmative
result and were subsequently refuted by later research,
as well as the studies [33:34J carried out by the ‘‘geo-
logical’’ method and whose affirmative results are
quite doubtful for various reasons (see below), and if
we finally take into account the error in the theo-
retical calculations (two orders of magnitude), then
all that is left from the entire table are the investi-
gations made with Ca®®, the results of which seem to
go outside the limits of errors of the calculated life-
time for the neutrinoless double beta decay. How-
ever, if we take into account the possible decrease in
the coincidence counting efficiency due to the pro-
posed strong angular correlation of the electrons,
then the results can still not be regarded as final
evidence in favor of the realization of double beta
decay with emission of two neutrinos. At the same
time, these investigations cast doubts on the correct-
ness of the assumption that v = 7.

2, DOUBLE BETA DECAY AND PARITY NON-
CONSERVATION IN WEAK INTERACTIONS

Our views concerning beta decay processes
changed radically when the violation of the parity
conservation law in weak interactions was established.
This circumstance could likewise not fail to influence
the problem of double beta decay. A complete dis-
cussion of this question at the contemporary level is
contained in the review articles of Primakoff and
Rosen *8] and of Fiorini 3%), We confine ourselves
only to a concise exposition of the main modifications
introduced in the problem of double beta decay by the
new discoveries of nuclear physics.

The most interesting situation has developed for
the neutrinoless double beta decay, the realization of
which would be unrefutable evidence against the
principle of lepton-charge conservation (40-44] 1t the
two-component neutrino theory is completely valid,
then there is no such type of double beta decay at all.
This theory (8] starts from the assumption that the
rest mass of the neutrino is exactly equal to zero and
that the parity is violated in weak interactions. The
Dirac equation gives in this case two independent
solutions corresponding to two different choices of
the relation between the coupling constants, parity
conserving or nonconserving ( C; and C{, respec-
tively, where i =S, V, T, A, P). Both solutions lead
to equivalent results and differ only in that the neu-
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Table I. Comparison of theoretical estimates with the experimental

results
Calculated half-life, ‘
Realizable years[”] X
Transition kinetic Experimental .values ‘
energy, I T of the half-lives,
I MeV Neutrinoless wo- years |
neutrino ‘
I optiatd — 9o Tid8 4,34+0.1 4.1018 4.1018 1,6-1017 0 18 }
- > 11018 1 |
< 2.4018 0 |
| > 7-1018 21
| > 5.1019 22
>3.1018 (v = y) 22
S 2.1020 %) 65
> 51018 (v £ V)*) 65
4or¥e — ,,Mo® 3.4+0.3 7-1018 9.1018 _ 261060 2
> 5.1017 20
42Mo100 . Ryloo | 2.340,2 61010 2.1020 —1,5-1016 9 o,
. > 3.1017 » |
4,sCd116 > Splle 2,64+0.1 3-1016 6-1010 > 1.1017 25
> 6-1016 26
> 14017 21
soSn12d — o, Tel2d 1.54-0.4 27 L1017 4. 1020 - 4—9-1015? 5 |
> 5.1016 29
2.040.228 > 2.1017 30
>1.1017 31
> 5.1016 32
>1,5.4017 23 |
52 T€130 — X el0 3.240.1 7-1015 9.1018 =1,4-1021? 33
3,3.4021 7 31
= (8,2.4£0,64). 1020 64
woNdA180 — £, Sm180 | 3.740,1 2.1015 2.1018 > 2.1018 35
> 2.1015 36
goU238 — o, Pu28 1.1 2-1018 6.1021 > 6-1018 37
|
I
| *This result is discussed at the end of Sec. 4.

trino polarization directions are opposite. Thus, if
Cj = —Cj, then the relative directions of the spin of
the neutral lepton emitted in the decay of the neutron
(‘‘antineutrino’’) and of its momentum can be arbi-
trarily denoted by 1}, and those of the neutral lepton
obtained in positron decay (‘‘neutrino’’) by f{t. On the

other hand, if Cj = C;, then the ‘‘antineutrino’’

should be marked |t and the ‘“‘neutrino” . Yang
and Lee did not consider the possibility of simultane-
ous realization of both solutions of Dirac’s equation
and confined themselves to one of them. An argument
in favor of such a choice was the failure to observe

double beta decay in the experiments.
Goeppert-Mayer and Telegdi (45] proposed the

theory of ‘‘neutrino twins,’’ using both solutions of
the Dirac equation. This theory is characterized by
the presence of two ‘‘neutrino - antineutrino’’ pairs,

the neutrino of the first pair having a longitudinal
polarization identical with that of the antineutrino
the other pair, and vice versa. The first pair is

of

identified with transitions of the scalar and axial type,
and the second with the vector and the tensor transi-

tions. Thus, according to this theory the decay of
nucleon can proceed in two ways:

S(4) o~
n—>p -y} l or

T(V) -
n —> p-- €~~,—’V2(¢) ]
S(a) w -
p 25 nter+vi(}) ) p—>n+e v(}) )

(11)

where v; = vy and vy = vy. The arrows denote arbi-
trarily the directions of the neutrino spin, and 17 and
vy denote the left- and right-helical polarization re-
spectively. Such a theory, without contradicting the
available experimental data, admits in principle the
existence of a neutrinoless double beta decay.* Its
authors believe that such a process is connected with
an additional forbiddenness. Since each degree of
forbiddenness entails a decrease in the probability of
the double beta decay by approximately 4—5 orders,
this means an increase in the expected lifetime for
the neutrinoless process, in the case of Ca?$, to 101°—
10%° years.

There are two other ways that leave room for
neutrinoless double beta decay. The first presup-
poses that the neutrino has a finite mass, and the
second is connected with denial of total longitudinal
polarization of the neutrino in the virtual intermediate
state. Both possibilities were considered in a paper
by Greuling and Whitten La8],

Let us dwell in greater detail on modern theoretical

*Touschek {**] in 1948 and Tiomono [*’] in 1950 proposed

a similar theory, postulating, however, the conservation of parity
in weak interactions. According to these authors, a neutrinoless
double beta decay is also possible with v = v, but of course with
violation of the conservation of the lepton charge.
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Table II. Half-lives for the two-neutrino process
with account of parity nonconservation 584

- . l:rel::ized Calculated half-

ransition Me%’y, life Ty, years I
52Tel80 —» 5 Yel30 3.0 2.1021%2 !
95U238 > o Py238 1.0 3.10254:2 |
5050128 > Tel2d 2.2 4. fo2282 \
50116 > o Snlls 2.7 6102142 !
1aMo100 >, Ry100 2.3 4.102242 ‘
4gCd106 >, Pd106 0.9 2.1028+2 |
40719 — M09 3.3 1-1021£2 '
20Cat8 > ,,Ti48 4.3 4-1020+2 L
goNa150 —> ¢,Sm150 3.7 2.1020=2 !

202004 —> 55 Nib4 1.1 1.10302
!

results for both types of double beta decay. The re-
views of Primakoff and Rosen and of Fiorini contain
calculations of the half-life for both variants. In par-
ticular, the results for the two-neutrino decay is
listed in Table II. For the case of Ca%, a similar
estimate was made by Belyaev and Zakhar’ev [49], who
used the nuclear shell model. Their result, Ty, =1

x 10'? years, is in good agreement both with data of
the table-and with the data of Fiorini (8 X 10'*? years).

It is easy to note that the results presented in
Table II agree with earlier theoretical estimates of
the half-life listed in Table I.

The form of the total-electron-energy spectrum
for the two-neutrino double beta decay was calculated
by Rosen[‘m. As expected, this is a continuous spec-
trum with a broad maximum near Ey/2, where E; is
the realized kinetic energy of the decay. Such a
spectrum, calculated for Ca*®, is shown in the upper
part of Fig. 3. In the lower part of the same figure is
shown the expected single-electron spectrum for the
same process.
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FIG. 3. Energy spectrum of two electrons (top) and of one of
them (bottom) in the BB-decay ca*® > Ti** + 2e™ + 2v.
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FIG. 4. Relative probability of neutrinoless B8 process vs. de-
cay energy under different assumptions concerning the neutrino
mass and the degree of their longitudinal polarization.

Thus, at the present stage of the development of
the theory no changes have occurred with respect to
the two-neutrino double beta decay. The situation is
entirely different for the neutrinoless process. Greul-
ing and Whitten 48] present an expression for the de-
cay probability ratio in the case of a finite neutrino
mass and parity-conservation violation:

% = 1.3-40" B4 3m* (B, + 2. (12)

Here Ay and A, are the probabilities of the two neu-
trino and the neutrinoless processes, respectively,
and m, and E; are the mass of the neutrino and the
kinetic energy of the decay in mgc® units. Figure 4
shows a plot of the ratio Ag/(Ag + A;), using the max-
imum value of the neutrino mass m, =4 X 10" m,.
The same figure shows a plot of the same quantity for
the case when m, =0, but with violation of the 100%
longitudinal polarization. The ratio corresponding to
this case is

22764015 /Ay (ﬂ\\” £
1] ) [

100 (13)

where 6 is a quantity characterizing the degree of
deviation of the neutrino from total longitudinal polar-
ization. The authors note that, in accordance with the
existing experimental data on longitudinal lepton
polarization, values of 6 > 0.1 are feasible,

The spectra of the single-electron energies, cal-
culated for neutrinoless double beta decay under the
assumption that myc? = 200 eV and & = 0 (upper
diagram) and | 6] = 1073 and m, = 0 (lower diagram)
are shown in Fig. 5. It follows from these curves that
the spectra of the single electron depend strongly on
which of the initial assumptions actually holds. They
differ from the spectrum obtained under parity-con-
servation assumption (Fig. 1) primarily by the large
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FIG. 5. Energy spectra of one of the coinciding electrons in
the neutrinoless 383 decay ca*® » Ti** + 2e7, in the case of a
finite neutrino mass (top) and incomplete longitudinal neutrino
polarization (bottom).

probability of emission of two electrons with equal
energy.

Thus, within the framework of present-day notions,
with account taken of parity nonconservation and of
violation of the lepton charge conservation, one can-
not exclude the feasibility of double beta decay with-
out neutrino emission. It is necessary to realize in
addition at least one of the following assumptions:
presence of mixed transitions, finite neutrino mass,
or, finally, departure from 100% longitudinal polari-
zation of the virtual neutrino. All the possible vari-
ants lead to a strong decrease in the probability of
the neutrinoless process, which becomes comparable
in order of magnitude with the probability of the two
neutrino double beta decay. In the case of simultane-
ous existence of both types of double beta decay, with
comparable probabilities, the form of the coincidence
spectrum will be approximately as follows: a broad
maximum near half the decay energy, and a sharp
peak at the upper limit of the spectrum, due to the
neutrinoless process. The latter will lie much higher
than the flat maximum, since the ratio of the areas of
the spectra is a reflection of the relative probability
of the processes.

3. INVERSE BETA PROCESSES

The problem of double beta decay is closely re-
lated to the general properties of the neutrino, a par-
ticle which is even now puzzling in many respects.
The possible double beta decay processes depend
strongly on whether the neutrino emitted from the
nucleus during the beta decay is fully polarized,
whether neutrinos of opposite polarization can be
emitted in the beta decay, whether the lepton charge

is conserved, and, finally, whether the neutrino and
antineutrino are identical and whether the neutrino
has a rest mass. To answer these questions we must
investigate processes in which the neutrino partici-
pates. In particular, certain information can be ob-
tained by investigating inverse beta processes. Let
us examine briefly the situation with these experi-
ments.

Besides the neutron and proton decay reactions (1)

n—p Le‘+;; p—>n el v
there exist also the inverse reactions
vV--n—>p--¢, (13)
VA po>n et (14)

These reactions can be readily obtained from the re-
actions (1) by recognizing, on the one hand, that the
left side contains the annihilated particles and the
right side the created ones, and on the other hand
that creation of a particle is equivalent to annihilation
of an antiparticle and vice versa. Processes (13) and
(14) are beta decay processes induced by a flux of
light leptons, If the neutrino and antineutrino are dif-
ferent particles, then the induced 8~ decay (13) can
occur only in a flux of neutron leptons obtained from
positron decay, while the induced positron decay (14)
can be obtained in a flux of neutron leptons created in
B~ decay. By virtue of the extremely small effective
cross section of the inverse beta reactions, powerful
neutrino fluxes are necessary for their experimental
investigation., Such fluxes are produced, in particular,
by modern atomic reactors, in which numerous suc-
cessive ~ transmutations of elements are produced
during the decays of the fission fragments, which have
great neutron excesses. A powerful source of a neu-
tral-lepton flux is the sun, in which carbon-cycle
processes connected with the positron decays of N3
and O'® occur continuously. The sun, however, is a
very inconvenient source for experimental research
of this type. The point is that we are unable to
““switch off’’ the beta processes occurring in the sun,
even for a short time, and the earth itself is not a
sufficiently thick shield against the neutrino fluxes,
so that it is impossible to control the background
which may be due to processes other than inverse
beta reactions.

Thus, if we assume that the neutrino has a anti-
particle, then the only inverse beta process accessi-
ble so far to experimental study is (14). The first
unsuccessful attempt to observe this reaction was
undertaken in 1939 by Crane (51] It was observed
first by Cowan and Reines [52’53], who also measured
in 1956 and 1959 (%% the effective cross section of
the process, Texp = (11 2.6)x 1074 cmz, which
they found to agree with the calculated value,

If we assume that the neutrino and antineutrino are
identical, then realization of reaction (13) becomes
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feasible in a flux of neutrinos from a nuclear reactor. » ¢a 't 5cH
An experimental investigation of this process is much II :\\ g
more complicated than that of (14), owing to the dif- | \\\ —N__.ZJM
ficulty in reducing the background, which could be : SNFEE I 4+ 240
overcome in the experiments of Cowan and Reines by | \\\ |
using quadruple shifted coincidences (two Y quanta in | N 7+ 300
the annihilation of the positron plus several quanta 4’[227 T\\
after slowing down the neutron by cadmium capture). I | \\\
A method of observing the reaction ¥V +n— p + e~ | '” SNG4 4988
was proposed by B. M. Pontecorvo (58] 1f this reac- } ’| \\\ 8
tion is actually realized, then it is possible to realize J I o — p+_\..ﬂ__p

in an antineutrino flux the process CI37 + 7 — Ar®’
+e”. The produced Ar®! experiences K capture with
a half-life of 34 days. The latter process can be
registered with a Geiger counter after separating the
argon from the irradiated substance. The separation
can be effected by physical means. Such an experi-
ment was carried out by Davis (57) The result was
negative: all that could be established was an upper
limit for the cross section of this process, cexp

< 0.9% 107 ¢m?, whereas the expected theoretical
value was oy = 2.6 X 107 ¢m?, This result is evi-
dence in favor of a difference between the neutrino
and the antineutrino, and confirms that only one per-
fectly definite type of neutrino (antineutrino) is pro-
duced in 8~ decay.

4, METHODS OF INVESTIGATING DOUBLE BETA
DECAY

In all the observable double beta decays, the parent
(A, Z) and daughter (A, Z £ 2) nuclei are even-
even. It is usually assumed that double beta transi-
tions occur between the ground states of the parent
and daughter nuclei. However, such transitions to the
excited levels of the daughter nucleus are also possi-
ble. The intermediate nuclei (A, Z £ 1), which lie
between the parent and the daughter, are inessential,
for two reasons:

a) Single beta decay of the (A, Z) nucleus to any
level of the (A, Z £ 1) nucleus is forbidden by energy
considerations.

b) Such a decay may be energetically feasible, say,
to the ground state of the (A, Z £ 1) nucleus, but the
spin change associated with this is so large, that the
double beta decay (A, Z) — (A, Z £ 2) is more
probable by a large factor.

Case b) takes place, for example, in the triad Ca*?
— Sc*® — Ti*%, where the double beta decay Ca'?

— Ti*® should proceed at a much higher rate than the
energetically feasible but sixfold forbidden single
beta decay Ca?®— Sc?®, the half-life of which is,
according to Feenberg[m, of the order of 10 — 10%°
years. The energy level scheme for this triad is
shown in Fig, 6.

The realizable energy of double beta decay is taken
to be the maximum possible kinetic energy of any of
the emitted beta particles, assuming that the neu-
trino mass is zero and that the recoil energy of the

FIG. 6. Energy level scheme for the nuclei of the triad
Ca*® =~ Sc*® - Ti*.

daughter nuclei is negligible. If energy is conserved,
this quantity (divided by c?) should be equal to the
difference between the atomic masses of the parent
and daughter nuclei in the case of 378~ decay, or to
the same difference reduced by four electron masses
in the case of B*8" decay. In double beta processes
connected with emission of one positron and simul-
taneous K-capture of one orbital electron (which is
bound to the K-shell of the atom with an energy ng),
the realizable energy of the process, which is identi-
cal with the maximum kinetic energy of the positron,
is smaller than the mass difference of the parent and
daughter nuclei (X ¢?) by (2mgc? + 1k ); if this decay
is neutrinoless, then the positrons are monoenergetic.
Finally, in processes in which two orbital electrons
are captured (KK capture), the realizable energy
(which is equal to the maximum possible energy of
any of the emitted neutrinos or, if the decay is neu-
tinoless, to the energy of the internal bremsstrahlung
photon emitted by the daughter nucleus) is smaller by
2nk than the difference between the atomic masses
of the nuclei.

Table III lists the possible 878~ transitions and the
percentage concentration of the initial substance in
the natural isotope mixture, the mass difference in
mass units, and the realizable energy in MeV, The
next table, IV, gives the same values for double beta
decays connected with double positron decay and KK
capture. The realizable decay energy is calculated in
this case for KK capture, and it is shown in paren-
theses for those cases when double positron decay is
energetically feasible.

It is quite obvious that isotope pairs having a small
mass difference are the most promising for attempts
to observe double beta decay. In this case we have,
besides a large realizable energy, also the maximum
decay probability, owing to the large volume in phase
space. It follows from the data of Tables IIT and IV
that such pairs are Ca%® - Ti*8, N@!*® - sm!%, z%

- Mo*, and Te!®® - Xe!3?, Thus, the choice of iso-
topes similar to Sn!'* for the experiment is presently
not justified. Attempts to observe double positron
decay and KK capture are apparently likewise quite
lacking in promise.



868

V. R. LAZARENKO

Table III. Possible double electron decaysu'[’:‘

Isotopic Realizable decay energy
Transition concentration, | Mass differ~ (MeV)
per cent [59] ence in mMU

Duckworth[°°] Other authors
29Ca4é — 5, Ti46 0.0033 0,7140.,16 0.664-0.15 | 0.9844-0.004
20Cat8 — 5, Ti48 0.185 4,54140.11 4.234+0,10 4.2704+-0.006
302070 —> 3,Ge70 0.62 1.0624+0.150 0.994-0.14
32Ge78 —- 5,8e76 7.67 2,041+0.18 1.904+0.17
2:5e80 — 35 Kr80 49.8 0.1240.14 0.1140.13 0,11+4-0,02
35082 — 4. Kr82 9.2 3,2040.21 2.981-0.20
36K186 — 55Sr86 17.4 1,4414-0.21 1.34+0.20
40Zr% — ;,Mo% 17.4 1.224-0.60 1.14-4£0.56
402196 — ;o Mo9%6 2.8 3,634-0.50 3.38-40,47
12M0100 — , Ru100 9,62 2.34+0.2
,Rul0t — . Pd1o4 18.5 1.21-40.32 1,13+0.30
46Pd110 — ;o Cd11e 12.74-0,9 1.5940.57 1.484-0.53
4gCd114 — ,Spl1s 28.9 0.6140.50 0.5740.47 0,56+0.03
48Cd118 —» ,Sn116 7.6 2.80140.46 2.6140,43
5050122 — 5, Tel22 4,7 0,4240,43 0.39+0.40 0,42
5050124 — 5, Tel24 6.0 2.4840.42 2.31+0.39
52T€128 — X 128 31.8 0.88+0.71 0.824-0.66
52Te130 — -, X el30 34.5 3.151+0.40 2,9340.37
5. X 134 — ,Bald4 10.4 1.0140.14 0.9414-0.13 1.0840.09
55X 136 5 .Bal36 8,9 2.8704-0 093 2.6740.09 2.64+0.09
55Ce142 — o Nd142 11.1 1,7140.12 1.594-0.11 1.694+0 07
goNd148 — 5,Sm148 5,714-0.05 2.04+0.21 1.904:0.20
goNd150 —> ¢,Sm160 5.6040.05 3.92+0.10 3.65-4-0.09
g25m164 — o, G154 22.614-0.37 0.9740.38 0,904-0,35
64Gd160 —» 4. Dy160 21,754-0.15 1.504-1.00 1 404-0.93
92238 — o, Pu238 99.3 1.0

Let us consider various methods used in experi-
mental attempts to observe double beta decay. Be-
sides original articles, numerous experiments in
this field have been described many times in the
literature [14:1%3839] o that we can confine ourselves,
without stopping to discuss each of them separately,
only to the detailed summary table of experiments
given at the end of this review.

Phenomena similar to double beta decay, which
have extremely low probability, can be observed only
if the background that makes the effect is suppressed
to the maximum degree. Such a background is pro-
duced by cosmic radiation, by natural radioactivity of
objects surrounding the installation (walls, ground),
and also radioactive impurities in structural materials,
such as K* in glass. It is possible to reduce the
background appreciably by surrounding the installa-
tion with a layer of heavy matter (lead, bismuth, iron,
mercury) of sufficient thickness. Appreciable reduc-
tion in the cosmic-ray background is attained by
burying the installation underground at a depth of
several dozen and sometimes several hundred meters.
The most modern experiments are carried out pre-
cisely under such conditions.

The background can be further reduced by special
constructions that permit selection of events corre-

sponding to specified parameters. These parameters
include:

a) beta-particle identification,

b) emission of particles from one point of the
sample,

c) simultaneity of emission of two particles,

d) registration of events contained in a limited
energy interval,

e) elimination of events originating outside the
installation,

It should be noted that in none of the published at-
tempts to observe double beta decay were all these
conditions satisfied completely *

All the experiments for double beta decay can be
divided into three groups:

a) Observation of daughter decay elements
(A, Z £ 2) in investigations of a source containing
the isotope (A, Z).

b) Observation, in a cloud chamber or in emulsion,

*According to a report by Bardin, Ullman, and Wu for 1964-
1965 [**], They are getting ready for an experiment on double
beta decay in Ca*®, in which all the foregoing even-selection
parameters will be used. Such an attempt, when using a large
amount of matter (10.5 g of Ca*®) will probably yield in contest-
able data at the 102° - 10?* yr level.
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Table IV. Possible double electron captures and double positron
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decaysm-_l
Isotopic itfa. | Realizable decay energy (MeV)
Transition concentration, “ea::es i(::rfrf;[rU )
per cent [5%] Duckworth [ Other authors
(sAT > ;oS3 0.34 0.486
59Cat0 > g A0 97.0 0.24240,030 | 0.2340.03 | 0.17--0,01
5,0r50 —> 5o Ti50 4.3 1,1540.11 1.0740.10 | 4.17540.003
p5Fest 5 5, Crst 5.8 0.6804-0.076 |  0.634-0.07
2sNi58 —» 5oFess 67.8 2.036+0,012 | 1.9040.01 | 1.896+0.007
502068 —5 5o N6 48.9 1,18740.007 | 1.1054-0.006 | 1.053--0.006
2578 =5 ,GeTt 0.87 1.3140,18 | 1.2240.47 | 1.1940.02
Kr78 —> 5,807 0.354 2.814-0.21 2.6240,20
BETTT e + (0.57-£020)
5558 > goK 5 0.5554+0.005 | 1.744-0.21 1.6240.20 1.74
2Mo®2 >, Zr92 15.9 1.724:0.57 | 1.60+0.53
9 5 ;M09 5.5040.05 | 3.0240.50 | 2.8140.47
wRu%E = gaMo £ (0.7740.47)
(Pd102 > Ruto2 | 0.8840.08 | 1.3040.32 | 1.2140,30 1.11
Cd108 —» ,oPd106 1.22 2,8640.50 | 2.6640,47
WO 0 + (0.620,47)
5oSnl12 5 L CdLlz 0.95 2.0240.50 | 4.88+0.47 | 1,86240.009
55 Tel20 > . Sni20 0.089 1.9740.42 | 1,8340,39
Xel2d _, Tel2d 0.096 2.9240.42 | 2.7240.39
HReT oz (0.6850.39)
5, Xe126 _y  Tel2e 0.090 0.9640.42 | 0.8940.39 | 0.97+0.02
Bal30 —» ;,Xel30 | 0.11540.045 | 2.7440.05 | 2.5540.05 | 2,53+0.09
BT T A + (0.5130.05) | (0.51£0.05)
soBal® o . Xel32 | 0.144-40,046 | 0.8940.43 | 0,8340,12
Cels6 _y , Balsh 0,19 2,7340.22 | 2.54+0,21
S £ (0.50L0.21)
55Cel%8 > 5 Balss 0.250 1.1404+0.215 | 1,064-0,20 1,19
@Smlst  NA144 | 3,4140.04 | 1.9540,44 | 1.8240.13 | 1,7240.13

of beta-particle tracks that start in a common point
of the sample containing the investigated pg-active
isotope.

c) Determination of the number of decays occurr-
ing in a sample containing the investigated isotope,
using elementary-particle counters.

Method a) makes it possible to determine only the
decay rate, whereas the remaining methods yield also
the energy characteristics of the process. In this
method a mixture of isotopes of the daughter element,
which might have been produced as a result of double
beta decay, is extracted from mineral rocks of known
age and composition, containing the investigated iso-
tope, or else from a pure isotope of known age. The
daughter isotope is detected either by mass analysis
or, if radioactive, by measuring the radioactivity. An
advantage of this method is the possibility of in-
creasing the ‘‘time of the experiment’’ to geological
scales. However, the impossibility of proving that the
observed daughter isotope is precisely a result of
double beta decay, and is not a product of some other
processes, makes affirmative results obtained by
this method doubtful. Thus, for example, in the case
of experiments with the Te!?® — Xe!3® transition [33'34],
the probability of the successive process Te!3?

— 1830~ Xe'¥ as shown by Feenberg ' and a few

other workers, is comparable with the probability of
the possible double beta decay.

Takaoka and Ogata ') have proposed a method
which can increase the reliability of operations per-
formed by this method, consisting in the following.
Mass spectrometry is used to determine the concen-
tration of the daughter products of double beta decay
of several elements, after which the dependence of
the half-lives measured in this manner on the decay
energy is compared with the theoretical predictions.
Such a comparison can identify the nature of the ob-
served activity.

The use of nuclear emulsions to observe double
beta decay (method b)) is convenient because it makes
it possible to investigate amounts of matter on the
order of grams in an experiment time amounting to
several months. This method, however, has serious
shortcomings, such as lack of proof that two beta
particles have been emitted from a single point, and
the impossibility of excluding external causes of elec-
tron tracks (due to double Compton scattering, pair
production, ete.). This method was used by Fremlin
and Walters (%] to investigate a large number of iso-
topes, but in interpreting the photographic plates they
counted only the total number of electron tracks per
unit surface, without separating the double tracks
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emerging from a single point. This circumstance, by
greatly deteriorating the quality of the results, casts
very serious doubts on the positive results obtained
by them for the transitions Mo!% — Ru!® and Mo
—_ ZI‘BZ_

If a cloud chamber is used in the experiment, it
becomes possible to exclude a large number of back-
ground events. This instrument makes it possible to
identify beta particles, to determine with sufficient
accuracy the point of their creation, and their energy.
Comparing the ‘‘age’’ of the tracks, it is possible to
establish time coincidence of two events with accu-
racy to 0.05 sec. The relatively strong limitations
that arise when this perfect instrument is used to in-
vestigate such rare events as double beta decay are
connected with the short sensitivity time. The latter
circumstance can be well illustrated by the followin
examples. In his experiments with Sn!*4, Lawson (2
obtained approximately 9000 photographs, and the
total sensitivity time of the chamber amounted to only
slightly more than one hour (4000 sec). In one of the
experiments of Winter [25), 10 000 photographs corre-
sponded to a total sensitivity time of 1400 sec.

Needless to say, it is possible to use cloud cham-
bers which are triggered only by a signal produced
by the appearance of two electrons in their fiducial
volume, but this is frequently difficult to realize when
an appreciable amount of matter is used. Such a
chamber, triggered by two thin-walled Geiger coun-
ters placed on both sides of the sample, was used by
Fireman and Schwartzer (3] 4p an experiment aimed
at checking the positive result obtained by one of the
authors with Sn'® in an experiment with gas
counters. They believe that the use of a triggered
chamber has made it possible to increase the effec-
tive measurement time by a factor of 1500. There
are no published reports of experiments on double
beta decay with a triggered cloud chamber protected
against external radiation by a system of anticoinci-
dences.

Going over to a consideration of the procedure in
which elementary-particle counters are used, it
should be noted that Geiger counters were used only
in the first attempts at observing double beta decay.
Scintillation counters are much more suitable for
research of this type, since they make it possible also
to register the decay-electron energy. Proportional
counters can be used only in the investigation of such
frequent modifications of the B8 process as double
electron capture.

An important feature of experiments with scintilla-
tion counters is highly accurate registration of the
simultaneity of emission of two electrons. Such a
method of operating with coincidences results in a
very strong reduction of the background. Further re-
duction of the background has been attained in modern
investigations by immersing the counting apparatus in

a liquid scintillation counter connected for anticoin-
cidence with the ‘‘working’’ photomultipliers.

A highly important factor is a correct choice of
the optimal thickness of the scintillator for the
““working’’ photomultipliers. For example, the fact
that Cowan et al.[%5), experimenting with Nd!®, used
a scintillator 7.5 em thick (in place of the perfectly
adequate 1.5—2 cm) has undoubtedly led to an appreci-
able increase in the background. Unfortunately, the
counter method does not have the advantages inherent
in the cloud-chamber and emulsion methods, which
make it possible to localize in space the point of
particle emission, and which also permit the particle
charge and mass to be determined. In spite of this,
most better investigations were those in which scin-
tillation counters were used.

Mateosian and Goldhaber [653, in an experiment
aimed at observing double beta decay, gave up the
coincidence procedure, using as the scintillator a
calcium fluoride crystal activated with europium,
containing 11.4 g of Ca'® with isotopic concentration
96.59%. A similar crystal, containing calcium en-
riched with Ca?’, was used for comparison. Each of
the crystals, which were placed in tandem, was
serviced by a separate photomultiplier. Both scintil-
lation counters were inside a cavity in a plastic scin-
tillator, with the aid of which anticoincidence protec-
tion was afforded. The entire apparatus was placed
inside the barrel of a naval gun with 14" wall thick-
ness.

Placement of the investigated isotope directly in
the scintillator ensures a 47 geometry of the experi-
ment, thus providing a gain in the counting efficiency
by a factor not less than 2, and ensuring independence
of the result of any possible angular correlation of
the double beta decay electrons. At the same time,
the lack of coincidences makes it impossible to dis-
tinguish between double decays and single processes,
thus reducing to some extent the reliability of the
experimental result.

Radioactive contamination of the erystal contain-
ing the Ca%® did not prevent the authors from carry-
ing out an experiment on observation of the neutrino-
less process, since the analysis of the obtained en-
ergy spectra was carried out in this case in a narrow
region near 4.3 MeV, where the background is small.
However, in an attempt to observe the double beta
decay accompanied by production of two antineutrinos,
the authors were forced to employ a coincidence
method, after first preparing a sample of suitable
thickness from the crystal material.

Unfortunately, the report by Mateosian and
Goldhaber does not mention such important data as
the energy resolution of the counters and the statistics
of the experiment. This makes it impossible to evalu-
ate fully the result of this experiment. The authors
state that for the case of the neutrinoless process the
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Table V. Experiments on double electron decay. Investigations
in which a special study was made of the two neutrino double
beta decay method are marked by (v # V)

Authors and

Calculated half-

experi- Result of Obtained bfe [¥] (years)
Transition mental pro- experiment h(al:;lrxsf;: {wo-
cedure* y Neutrinoless neutrino
1542 1842
20Catt 5 5, T148 | 20 Pe. | Negative >7.401 | 2.6.10°%% | 8.40"%*
18 S.c, Affirmative? =1,6.1017
20 g ¢, Negative > 2.1018
¥ g5 Negative >1-1018
2l g .. Negative > 7-1018
22 g . Negative > 5.1019
22 g . Negative >3.1018
(vEv)
85 g.c. Negative >2.1020
65 8.c. Negative > 5-1018
(v=E~)
1742 2242
2Ge™ — 5,867 | 24 po | Negative >2,8.4017 | 1.10'7% | 8.5.10%%%
1 2 29
w0Zr? > ,Mo% | 23 S.c. Affirmative —6.1016 | 4.6.10"°%7 | 2.407"%2
20 s,c, Negative > 5-1017
16+2 2142
42Mol100 Ruldd| 24 p.e, Affirmative? =1.5.1016 | 3.10 * g.10%' %
2 C.c. Negative > 3.1017
1712 2442
P10 (4110 | 61 Cc, Negative >1,1.1018 | 2,6.10 1.10°**
16£2 21
(5Cd116 Sn116| 24 po. | Negatwve >1.1017 | 1.4.10"%%% | 3407122
26 S,c. Negative > 6-1016
% C.c. Negative >1.1017

Table V. (cont’d)

Calculated half-
Authors and Obtained Life [3°] (years)
Transon | bro- | experment | haifline —
cedure Neutrinoless neutrino
50Sn12 5, Tel24 6 GMc. | Affimative> | = 6.5.1015 | 2.5.10'%%2 | 7.9021 %2
29 C.c. Negative > 51016
30 G.M.c. Negative > 2-1017
2 pe. Negative >2.1015
31 C,c. Negative >1-1017
32 S.c. Negative > 5.1018
3 s.c, Negative >1.5.1017
,2Tel%8 Xel?8| 7 Chem.s. | Negative >8.100 | 4.4.10"%2 | 4.40%°%?
24 pP.e, Negative >1.3 1016
64 Chem.s. Negative > 3.1022
52Te130 5, Xe130| 33 Chem.s. | Affirmative> | — 1.4-1021 | 7.4.101°%2 | 5.40%0%2
24 pPe. Negative >1.3.1016
34 Chem.s. Affirmative? = 3.3.1021
61 Chem,s. Affirmative? = (8.20+
40.64). 1020
o Nd150 >, Sm150| 35 S,c, Negative >2.1018 | 2.40"%%2 |4, 5.401%%2
36 P,c, Negative > 2.1015
|
|
45U235 2 Pu23s | 37 Chem.s. | Negative >6.1018 | 8.5.10 "M% | 2.40%4%?

*P.e.~photo-emulsion method, S.c—scintillation counters, C.c.—cloud chamber;
G.M.c.—~Geiger-Muller counters, Chem.s.—chemical separation; P.c.—proportional

counters,
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Table VI. Experiments in double positron decay and double
electron capture (for Zn®!— Ni%* only)

Calculated half-
39
Auet;‘;::nd Result of Obtained ufe 1] (years)
Transition half-life
mental pro- experiment GesneHTpIH~ LBY xHed-
cedure (years) 13331 TPUHHBIA
24Cr50 > 5oT150 | 2¢ PLe. Negative >2.2-1017 o<} [ee}
2gFedt - 5,Cr5t | 24 P.e, Negative >1.3-1017 s} o<}
2gN198 — 5:Feb8 | 24 p g, Negative >3 2.1017 o <]
302084 — 5oN184 | 21 P e, Negative > 21017 © [o<}
2612 28+2
30Zn8% — 54 N164 | 62 P ¢, Negative > 8.1017 1.6 10 2.10
(KK-capture)
3gST8 > 5Kr8t | 22 p Negative >3 4-1017 o ©
42Mo092 o 7192 | 24 P e, Affirmative? = 1.5.1016 oo oo
2 C,c. Negative > 4.1018
202 2812
48Cd106—>1‘epd106 24 P.e. Negatlve > 1 . 1017 2 10 1 - 10
25 C,c. Negative > 6.1016
2042 2942
56Bal30,, Xel30| 24 P.e. Negative >1.8.1015 | 7.10 1-10
5pBald2 5, X el82] 24 Pe, Negative > 1.8-1016 0 co

half-life of the Ca'® exceeds 2% 10% years, and is
larger than 5 X 1018 years for the process accom-
panied by creation of two antineutrinos.

In concluding the review we present in Tables V
and VI a total list of experiments on double beta
decay. All the affirmative results are marked in the
tables with a question mark and are doubtful, for
reasons considered in the text, or else have been re-
futed by later experiments.

CONCLUSION

The fact that the neutrinoless variant of the double
beta decay was not observed, in spite of all efforts on
the part of the experimental physicists, who were able
to exceed by tens and hundreds of times the limits

within which, according to theoretical predictions,
this process should exist, is convincing evidence that
the neutrino has an antiparticle. The same is con-
firmed also by results of very difficult experiments
aimed at observing the inverse beta processes, car-
ried out by Cowan and Reines and by Davis. At the
present time, the simultaneous existence of neu-
trinos and antineutrinos is beyond any doubt.

It is possible that new attempts at observing
double beta decay will lead to a further refinement of
the properties of the neutrino, in connection with the
proposed existence of the superweak interaction, but
this phenomenon has not yet been observed. The
gradually decreasing rate of experimentation is due
only to the ever increasing limit for the lifetime of
the nucleus capable of double decay.
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