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The present state, tendencies, and prospects for the investigation of double g decay are described. The basic
properties and most widely accepted schemes for classifying leptons are considered briefly, and also the
methods for investigating possible nonconservation of the lepton charge. The fundamentals of the theory of
double B decay are presented, and estimates of the lepton nonconservation parameter based on investigations
of 28 decay are given. The experimental data are discussed extensively. The main attention is devoted to
recent experiments. The possibility and prospects of further investigations of double S decay in direct

experiments are considered.

PACS numbers: 23.40.Bw

INTRODUCTION

The part played by the law of conservation of the lep-
ton charge in elementary-particle physics,' cosmology,
astrophysics, and nuclear physics®~? is well known,

So too is the fact that the results of investigation of 28
decay depend sensitively on even a very weak possible
violation of this law,?~®

The possibility of realizing 28 decay was pointed out
for the first time by Goeppert-Mayer® as a process in
which “... a metastable isobar can change into a more
stable one by simultaneous emission of two electrons.”
This work was published in 1935, i.e., only a year after
the appearance of Fermi’s theory of 8 decay.” Thus,
the problem of 23 decay is as “ancient” as the problem
of weak interactions, Nevertheless, despite an im-
mense number of sometimes extremely subtle and
complex experiments so far made, 28 decay has not
been observed directly in any of them, It is only re-
cently that indirect “geological” methods have shown
that 1%°Te and %Se may undergo 2B decay.” '®

The problem of 28 decay has been the subject of
several excellent reviews!'®~2* of varied length and
differing in the particular emphasis, Since the study
of 28 decay involves an exceptionally large number of
questions, the present review is an attempt at a com-
paratively complete consideration of all the most im-
portant theoretical and experimental results bearing on
this problem.

In addition, recent successes in the development of
experimental techniques make it possible to plan ex-
periments with a sensitivity that appeared unattainable
even a few years ago. It has therefore become very
necessary to review the achievements and tendencies
in the development of facilities for studying 28 decay in
order to estimate the possibilities and prospects of
further progress in this field.,

1. CONSERVATION OF LEPTON CHARGE

particles are subject to only the weak and electro-
magnetic interactions, The main properties of the lep-
tons are given in Table I.

The limit on the mass of the electron antineutrino is
established in experiments which measure the profile
of the B-decay spectrum of tritium: m,, <35 eV.*® For
the electron neutrino, m,, <6 keV.® An upper limit
for the mass of the muon neutrino is given in Ref. 28:
my, <0.65 MeV,

All decays and processes with the participation of
leptons are conveniently systematized by the introduc-
tion of a lepton charge, which is assumed to be con-
served universally.?®

There exist several different schemes by means of
which leptons are classified, We shall consider the
ones that are most widely used: the additive scheme,
the multiplicative scheme, and the Konopinski-Mah-
moud-Zel’dovich scheme,

The additive scheme?®® is usually employed in the
theory of weak interactions and appears to be in the
best agreement with the totality of the experimental
data. In this scheme, one introduces two lepton
charges, the electron L, and muon L,, which are con-
served separately and have the values

L _{ Fi—e, v
i —1—et, v

Luzi +1—p v

—1—pt v

The particles e”, v,, 17, v, are leptons, while e*, v,,
p*, v, are antileptons. The neutrinos v, and v, have
helicity -1, and the antineutrinos ¥, and ¥, have
helicity +1.

In the multiplicative scheme,® 3 it is not the charges
L,and L, separately that are conserved but their sum
>3(L,+L,) and the sign of (-1)*#. Leptons have the
same values of the charges as in the additive scheme.

TABLE 1. Basic properties of leptons.

Properties and classification of leptons. It is well Sacin - Blectric | .o Mean i
known that in nature there are four charged (e*, 1*) i Charge lifetime
and four neutral (v,, ¥,, v, V,) leptons'’ and that these oF 0.511 MeV: =1 apse]|  swwi 0
Fes Vo 35eV,6 keV 0 1/2 Stable 0
pE 105.650 MeV *1 1/2¥ | 22X 10" sec 0
1 this review, we shall not consider the properties of the Tur Y 0.65 MeV 0 1/2 Stable 0
heavy lepton T with mass of about 1.9 GeV.%
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Methods have frequently been proposed for deter-
mining which of the schemes—the multiplicative or the
additive—holds in reality."**-* However, the obtained
experimental results do not permit an unambiguous
choice, These questions are considered in more detail
in the reviews (for example, Ref. 3). We mention only
one of the more recent studies,*® which considered the
possibility of investigating the reactions a) ¥, +e-
~ULT+V,and b) v, +e”= 1L~ +v,; both of these are al-
lowed by the multiplicative law, in contrast to the
additive law, which allows only reactions of type b).

The Konopinski—Mahmoud-Zel’dovich scheme®" 8 ig
the most economie, since in it one introduces only a
single lepton number L, which has the value +1 for the
leptons e, v,, u¥, ¥, and -1 for the antileptons
e®, Ve, b=, v,. A four-component theory is used to de-
scribe the neutrinos, and both antineutrinos », and vy
are ascribed the helicity -1.

The Konopinski-Mahmoud-Zel’dovich scheme can
be tested by studying p capture®:40 and also reactions
with the participation of high-energy neutrinos and
antineutrinos.*

Investigations into the nonconservation of lepton
charge. It is well known*? that the weak interaction
is responsible for a) purely leptonic processes, for
example, | decay, b) semileptonic decays which may
or may not change the strangeness (8 decay;
== U™+, A°=p +e~ +7,, K* = pu* +v,), and c) non-
leptonic decays (A°=p +77, K"~ 1" 470 ete.).

A satisfactory desecription of all the listed pro-
cesses is achieved by introducing a weak interaction
of two vector currents*® with Hamiltonian of the form

HW=(—G/2V§) [grgx+ gXeal. (1)
In this expression, G is the coupling constant of the

weak interaction, and g, is the vector current, which
can be decomposed into the components

gr=Jycos0+4 I, sin0+ 1,

where 6 is the Cabibbo angle,* and J, and I, are, re-
spectively, the strangeness-conserving and strange-
ness-changing hadronic currents, which can be ex-
pressed as sums of vector and axial-vector parts:

Hi=I"+ I h=fP4 0,
The lepton current [, consists of two terms:

=041 = — ¥y (L +v) Ye— ¥y m+ v Yar  (2)
where ¥ is the field operator for the given species of
lepton. Such a formalism corresponds to the additive
scheme, i.e., the separate conservation of the lepton
and muon charges,

There is a large class of experiments in high-energy
physics that can be used to test the law of conservation
of the lepton numbers. We shall not consider them here
in detail but give only Table II (Ref. 45), which in-
dicates the latest results of a number of experi-
ments,*8-50
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Information about the nonconservation of the electron
lepton charge can also be obtained in studies of parity
in B decay and in inverse and double f decay.

To this aim, let us consider the form of the weak-
interaction Hamiltonian for 8 decay.

The part of the Hamiltonian (1) responsible for the

semileptonic processes consists of two terms:

H="— —(6/V'2) cos 8 [11li + he. | 5
HRS=*Y = —(6¢/V2)sin 8 [LE +he.].

(3)

The term (3) describes the semileptonic processes in
which strangeness is conserved (nuclear j decay, W
capture, etc.). The Hamiltonian for B decay has the

form

Hy= —(G/V'2)cos 0 [JoJ#* + he. ];

where I} is the electron part of the lepton current (2),

ie,,

I}e)* 243

— % (1 +75) V.

4)

If it is assumed that the hadron current contains only
vector and axial parts, then the assumption that the
electron part of the hadron current has the form (4)
will be to a certain degree restrictive.®? It is usually
assumed that the form (4) is approximately correct
or, at least, does not contradict the experimental
data, though small deviations from it are possible. To
this end, one introduces a more general form for

19

1% = —iN Ty {[(1 +vs) +1 (1 —v5)] Py +
+ B+ 79+ (1—vs)]+ ¥ )

(5)

where N'=(1 +7®+£2 +5%)%2, and ¥;_is the charge-
conjugate field operator for the antineutrino, In Eq.
(5), m, &, and 6 are real (if T invariance is assumed)
parameters which characterize the deviation of l'{’)
from the form (4),

If the parameter £ or 6 is nonzero, the lepton number
is not conserved, and if 1 or 5#0 then the neutrinos in
B decay must have helicities differing from the values

+1,

TABLE II. Probability ratio W(I) /W(II) of processes for-
bidden (I) and allowed (II) by the conservation law of lepton

charges.
Confi-

Process forbidden by | Observed process allowed wn d:::::: Ref-

lepton conservation | by lepton conservation WD o] e X

(U] an % i

a) Possible nonconservation of L u
VN =t Vpt N p=eee < 5-10-3 95 | [46]
b) Possible nonconservation of Lg and L, with conserved T(Lg+Ly)
pt—>et4y Pt et vk, < 2.2.10-8 90 | [47]
ptoette et pt et v v <1.9-10-° 90 | [48]
p4+Cu—se 4o+ [p-CusVyf-oe < 1.6-10-8 90 | [49]
VWt+N—e - YW+N—-p4---n < 34079 95 | [50]
¢) Possible nonconservation of Lgand L u

p4-Cu—ettooe P Cu vy feee < 2.6-10-8 90 | [49]
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In the special case when £=1 and n=6=7’, the elec-
tron current can be written in the form

5o = — 1%,/ VT—02) Iya (1 ys) =+ 'y (1 — v5)] W5,

where 1I",,e=(1/v'§ ¥ ,,+¥;,]. It follows from the ex-
pression for ¥y that v, =¥ , i.e., that the particle
v, is identical to the antiparticle v,. This corresponds
to the case of a Majorana neutrino,*

We now consider the restrictions on the possible
deviations of the parameters n, £, and 6 from zero
that follow from the experiments on parity violation in
B decay and also from the experiments on double and
inverse 8 decay.

Information about violation of the lepton-number con-
servation law in B decay can be obtained from mea-
surements of the following:

1) the angular distributions of the electrons and
positrons produced by the decay of polarized nuclei;

2) the longitudinal polarizations of the electrons and
positrons observed in the decay of unpolarized nuclei;

3) B-7 correlations with determination of the circular
polarization.

On the basis of (5), we can express the parameters
characterizing the asymmetry in the above experiments
in terms of 7, &, and 5 (Ref. 42):

A= AP (=1 P B (L B 8.

Here, A;,i=1,2,3, is the corresponding asymmetry
parameter, and Al? is the value of A; for n=£=5=0.
In Ref. 42 (on p. 125 of the Russian translation) there
is an extensive list of experimental values of

T, =(A})o/AL® according to the data of different
authors, and it is shown that on the basis of the ac-
curacy achieved in the determination of (4,),,, it is
possible to establish the following limits for n, £, and
6:

2| m21821<<0.012; | n|<04; [8]<0.1.

In Davis’s experiment®?'5® unsuccessful attempts were
made to observe the inverse K capture reaction
V,+7Cl=%Ar +e~, which is forbidden in the ordinary
theory of B decay for n=£=6=0, The experiment es-
tablished the limit 0,,, =(0.1£0.8)%107* cm?® on the
reaction cross section, and this was used to calculate
the limiting value §<0.2.** Experiments on inverse j
decay are considered in more detail in the review of
Ref. 23.

Much stronger restrictions on the parameter which
characterizes the nonconservation of lepton charge can
be obtained by studying neutrinoless 28 decay, which
changes L, by two units. This involves comparing the
theoretical value of the half-life with the value mea-
sured experimentally, Thus, Rosen and Primakoff,*
using their own theoretical calculations and the experi-
mental data of Ref. 10 on the 28 decay of *°Te, es-
tablished a limit on the parameter 7 at the level
10-3-107,

In the following section, we shall return to a careful
comparison of the estimates of the nonconservation
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parameter made by different authors, and we note here
the correctness of the frequently made assertion (see,
for example, Refs. 2—4, 23, and 24) to the effect that
28 decay is an extremely sensitive indicator of possible
violation of the lepton conservation law,

There is one other way of testing this law, which is
to search for neutrino oscillations, the existence of
which was conjectured for the first time by Ponte-
corvo.?® The problem of neutrino oscillations is so
extensive and fundamental that even a superficial treat-
ment would go beyond the scope of the present paper.
The interested reader is recommended to the magnifi-
cent review in Ref, 45, which considers exhaustively
the present state of the problem of neutrino oseilla-
tions.

2. ELEMENTS OF THE THEORY OF 28 DECAY

Probabilities of neutrinoless and two-neutrino
processes. Inthe 28-decay process a nucleus with
charge Z and mass number A changes its charge by
two units, emitting two electrons or two positrons.
Instead of the emission of positrons, it is possible to
have the capture of two orbital electrons or the capture
of one K electron with the emission of one positron,

The energy £, released in 8*B* decay in each of these
cases is determined as follows:

a) £,=AM, emission of two electrons;
b) £,=AM — 4m,, emission of two positrons;
c) g,=AM - 2€,4, double K capture;

d) £,=AM - 2m, - £, emission of a positron and cap-
ture of an orbital electron.

Here, AM is the difference between the masses of the
parent and daughter nuclei, m, is the electron mass,
and &y is the binding energy of the orbital electron,

These expressions show that the experimental study
of the cases b), ¢), and d) is much more complicated
than for a). For this reason, in the present paper we
shall consider only double electron capture. Double
positron capture, double K capture, or K capture with
emission of a positron are considered in detail in, for
example, Ref. 2.

If 28 decay is to occur, the transition must be ener-
getically advantageous, i.e., the mass of the nucleus
(A, Z) must be greater than the mass of the nucleus
(A, Z +2). Inaddition, the ordinary S decay (A, Z)
= (A, Z +1) must be impossible energetically or
strongly suppressed due to significant change in the
spin and parity.

Analysis of nuclear stability shows that the most
probable candidates for the parent (A, Z ) and daughter
(A, Z +2) nuclei are pairs of even—even stable isobars.,
There are 62 known pairs of this kind, and we have
listed them in Table III, in which we also give the iso-
tope concentrations of the original elements and the
mass differences between the parent and daughter
atoms in keV (according to the 1977 data of Ref. 54).
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TABLE III. List of stable—even isobar pairs.

Transition oo Energy of T Energy of
Nl | 4|z Ee Mass differ- § transition ~ LBI;;T& i :xot:)pa Mass differ- g" transi-
U, Z+2) ence, keV “, -, z:2) ence, keV tion (4, Z)
Z+1), keV fad ~,Z-1)
1 Ca—Ti [ 46/20] 0.0033 | 984,54-5.1 —1382.6::3.7 | 1| Ar—Se | 36/18] 0.337 434.584-1.78 |—709.5540.30
2| Ca—Ti | 48{20| 0.185 |4271.7+5.4 428146 2| Ca—Ar | 40{20| 96,97 193.4+1.5 —1311.63::[».5
3| Zn—Ge| 7030 0.62 |1004,5%5,2 | —654.844,6 | 3| Cr—Ti | 50024| 4.31 174.4+4  |[—1038.7+1 4
4| Ge—Se | 76/32| 7.67 2045.745 —922.94+2,7| 4| Fe—Cr | 54/26| 5.84 679,943 —b697.14+1.,7
5| Se—Kr| 80|34 49.82 135,714 ,5{—1870.3 -2 5| Ni—Fe | 58/ 28| 67,76 1927,543.1 | —380.2%1 .2
6| Se—Kr| 82/34( 9,19 3005-+16 —88+12 | 6 Zn—Ni | 64/30( 48.80 [1096,7+3.5 | —578.941.5
7 | Kr—Sr | 86{36| 17.37 1249.1+7.8 —52645 7| Be—Ge | 74|34| 0,87 1209.4+4.5 |—1353,132.6
8 | Zr—Mao| 94/ 40| 2.8) 1148.4-1-6.5 | —896,8+2.6 | 8| Sr—Kr | 84/38| 0.58 1790,3+7.6 | —890.0+3.5
9| Zr—Mo| 96/40| 17.40 | 3350.246.1 -+163.0+5 9| Mo—Zr | 92/42| 15.86 1649.1+6.8 —3504
10 |Mo—Ru | 98] 42| 23,75 110.64+8.4 | —1682+5 |10 Ru—Mo | 96|44| 5.7 2719.94-11 4 —2544-40
11 |Mo—Ru 100142 9.62 |3032.6+8.6 | —170+6 [11|Pd—Ru |102]46| 0.8 1175.5:11.9 | —114846
12 | Ru—Pd [104] 44| 18.5 130411 —1147+7 12| Cd—Pd |106]48| 1.215 2782411 —20249
13 | Pd—Cd [110{46| 12,7 20144-24 —8794+-20 (13| Cd—Pd |108]48| 0.875 272111 —1649+8
14 | Cd—Sn |114{48 | 28,86 540.4+7.3 | —1444:5 [14|Sn—Cd [11250] 0.95 |1019.929.4 —658+6
15 | Cd—sn (116/48) 7.58 [2818.547.3 | —4648 | 15| Te—sSn [12052| 0089 1697,8+-24,5 | —983+22
16 [ Sn—Te (12250 4,71 35848 (—1622.7+3.6 |16 | Xe—Te [124|54| 0.098 3068,3+143.8 —90+140
17 | Sn—Te [124|50| 5,98 2278.3+8.8 —b274+5 17| Xe—Te [126] 54| 0.090 90412 —12514+5
18 | Te— Xe [128] 52| 31,79 868.9£5.5 | —125825 |18 Ba—Xe [130{56( 0.101 |2578,1313.6 | —440.9+3.9
19 | Te—Xe |130)52| 34.49 12533 06,6 | —45141 |419| Ba— Xe [132]56| 0.007 833115 —1279:4:24
20 | Xe—Ba [134] 54| 10,44 843415 | —4215+11 [20| Ce—Ba [138/58| 0.250 70820 —1041 412
2| | Xe—DBa [136/54]| 8,87 2481415 —67+11 |[21 | Gd—Sm |152{ 64| 0,20 5814  (—1819,2+3.3
22 | Ce— Nd [142{58| 11,07 144411 [ —745.14:3.5 22| Dy—Gd [156/66| 0.0524 | 2009+14 —428+-8
23 | Nd—Sm|1481 60| 5.71 1928410 —536+9 | 23| Dy—Gd [158/66| 0.0902 28111 —835.4+3.6
24 | Nd—Sm|1501 60 5,60 3367411 —1304-80 24| Er— Dy [162|68| 0.136 18464-12 —288+45
25 | Sm—Gd |154] 62| 22,61 1250410 —17284+5 |25| Er— Dy [164|68| 1.56 27412 —1002-+4
26 [ Gd— Dy [160] 64| 21,75 173111 | —102,3+1.4 | 26| Yb—Er 16870 0.140 1420413 —250-+4
27 [ Yb—Hf [176] 70| 12,23 1077412 | —1409.8::21 27| Yb—Er [170| 70| 3.03 6554:12 | —967.9-£0.9
28 | W—0s (186 74| 28.41 489414 | —587.8+2.6 (28| Hi— Yb [174]72] 0.18 111014 —268,0-:6
29 | Pt—Hg 198/ 78| 7.23 1043426 —330£19 (29| 0s— W [184/76| 0.018 1454414 —4246
80 | Hg—Pb [204/80| 6.85 414412 —349-+5 |(30| Pt—Os 192/ 78| 0,78 408+14  [—1456.9+3.8
31 | U—Pu [238)192| 99.275 |1146.25°4.6 | —145.6+01.3 |31 Hg—Pt [196/80| 0.146 80616 —684+3,9

Nucleons in a nucleus can decay in accordance with
the schemes

D—n—e'+v,
R—>p+ € 7Y, (6)
From (6), using the rule for replacing a particle by an
antiparticle in going from one side to the other, one can
obtain the reaction

Verl—>pre. (7)

In the case of identity of v, and 7,, the antineutrino
produced in the reaction (6) may stimulate the reaction
(7). As a result, the nucleus (A, Z) is transformed into
the nucleus (A, Z +2) with the emission of two elec-
trons:

(4, Z)~(4, Z+2) 2. (8)

In the final state there are no neutrinos, and the total
lepton charge has changed by two units, i.e., in this
case the 25 decay occurs as a second-order process
with the exchange of a virtual neutrino. But if », and

¥, are not identical, the antineutrino from the reaction
(6) cannot induce the reaction (7) and the 28 decay takes
place as a process of second order in the weak inter-
action with the emission of two neutrinos and conserva-
tion of the total lepton number:

(4, Z) > (A, Z-+2) + 2 195, (9

Figure 1 shows the corresponding diagrams of second-
order weak interaction for neutrinoless (see Fig. 1a)
and two-neutrino (see Fig. 1b) double B decay,

The following remark must be made about the dia-
gram in Fig. la, If the virtual neutrino emitted by the
neutron in the first 8 decay were absorbed again by the
same neutron, there would not exist a limitation on the
neutrino energy, since the nucleon can be assumed to
be pointlike, Therefore, the nuclear matrix element
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of second order for neutrinoless 28 decay would be di-
vergent. But since the isospin of nucleons is 1/2, the
virtual neutrino cannot be absorbed by the same nucleon
that emitted it. Therefore, the considered matrix ele-
ment will be finite, and the reciprocal of the mean dis-
tance between the neutrons is a measure of the limiting
energy of the neutrino. The diagrams in Figs. 1a and
1b correspond to the two-nucleon mechanism of 23
decay introduced by Furry.5®

There has also been proposed one further mechanism
for this process, the so-called resonance mechanism.*
It is known that the deuteron contains with 1% proba-
bility an admixture of the nucleon resonance
JP) =5/2*,1=1/2,m =1688 MeV.58~5® If this result is
extended to other nuclei and other nucleon resonances,
it can be assumed that the parent and daughter nuclei
participating in 23 decay contain about 1% of the re-

e” e e &R
Ve vg / /

z \z+1 Yfz
a Ve

%
b

L d
\\/
,rz/,— ‘\\ nE
4% 4
€ f

FIG. 1. Possible diagrams of 28 decay.
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sonance J'P) =3/2% 1=3/2, m =1232 MeV, namely
A(1232). Since A(1232) has isospin 3/2, it can emit

and reabsorb a virtual neutrino with simultaneous emis-
sion of two electrons:

A-(1232) > pte+e; n—>A*+(1232) fe e

To overcome the problem of the divergence of the
matrix element which arises when the nucleons and
resonances are treated as point particles, it was sug-
gested in Ref. 4 that the neutrino is emitted and ab-
sorbed by different quarks of the baryon state. The
mean distance between the points at which the neutrino
is emitted and absorbed is then of the order of the
radius of one nucleon, and the probability of the neu-
trinoless process is considerably raised.

In Fig. 1c we show the diagram of two-neutrino 25
decay based on the pion core model®® of the resonance
A(1232).

Neutrinoless 28 decay could also occur without the
participating of an intermediate neutrino and could
therefore be independent of the properties of this parti-
cle if there is some superweak interaction for which
this decay is a first-order process. The superweak
interaction of Pontecorvo® with AS=0,AL,=2 is in
principle symmetric to the well-known interaction of
Wolfenstein® with AS =2, AL, =0, which violates CP
invariance. Possible diagrams of neutrinoless 28 de-
cay as a first-order process in the superweak inter-
action are shown in Figs. 1d-1{,

Originally, 28 decay was regarded as a method of
distinguishing the Dirac neutrino (9) from the Majorana
neutrino (8). This point of view was significantly modi-
fied after the discovery of parity nonconservation in
weak interactions and the development of the theory of
the two-component neutrino, in which neutrinos and
antineutrinos are massless particles with 100% po-
larization. For the two-neutrino 28 decay, no im-
portant changes occurred. Two-neutrino 28 decay is
always possible, irrespective of whether or not the
lepton charge is conserved. But for neutrinoless 23
decay the situation is much more complicated. If the
contemporary V — A theory of the weak interactions is
rigorously correct and neutrinos are accordingly mass-
less, completely polarized particles, then the neutrino-
less decay (8) is impossible even under the condition
of nonconservation of the lepton number. This is be-
cause the antineutrino emitted in the process (6) would
have a polarization opposite to that necessary for the
process (7) to occur.

In accordance with the data on the polarization of
electrons in nuclear B decay,*®'® it is impossible to
rule out completely the possibility of a 10% departure
of neutrino polarization from complete polarization.

Thus, in the framework of the existing notions and on
the basis of the available experimental data neutrino-
less 2f decay may occur if there is violation (even
slight) of the lepton-charge conservation law and one
of two conditions is satisfied, namely, slight depolari-
zation of the neutrino (the neutrino’s having a finite
mass could be one of the reasons for depolarization)
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or the existence of the hypothetical superweak inter-
action,

The first calculations of the probabilities of 28 decay
were made by Goeppert-Mayer,® Furry,® Sliv,*
Zel’dovich, Luk’yanov, and Smorodmskn,"“ Kono-
pinski,* a.nd Primakoff.®® We shall consider the later
calculations of Rosen and Primakoff* and Konopinski,®
who treated 2B decay as a process of second order in
the weak interaction,

In the case of the two-nucleon mechanism, we can
write the matrix element of the transition in the form

ME = Z (% | Hg | W::)—(i;z% | Hp | ‘l’zxi)

where ¥,, ¥,, and ¥, are the wave functions of the
initial (A, Z), final (A, Z+2), and intermediate

(A, Z+1) states of the nucleus, and y;, s, and x,are
the wave functions of the lepton field, The symbol y;
refers to the initial state, in which there are no lep-
tons; ¥, to the final state with two charged leptons;
and y,, to the intermediate state with two charged lep-
tons together with two neutral leptons or without them;
H, is the usual Hamiltonian of the weak interaction
with lepton current (5) of somewhat modified form®:

— [ty —1)] (T, +E¥5)
h=¥oh ——rmE Ay

It is easy to show that the amplitude of neutrinoless
decay is proportional to the product £7 or, for the case
of the Majorana neutrino (£=1), simply 72,

With these assumptions, Rosen and Primakoff*** ob-
tained for the considered two-nucleon mechanism of 28
decay the following approximate expressions for the
dependence of the half-lives on the nuclear matrix ele-
ments (ME) of the transition:

T = (fo/?) (1/] ME [2); (10)
T{a=f/| ME |2, (10")

where f, and f, are the values of the effective phase
spaces for the final states with two and four leptons:

=Ty (ap )\ [1—exp (=557 T (i) "Fears (1)
hbutga( S tiB et L1 ()
x [1—exp (—%%) ]2 (B%)myears, (12)

where AE is the mean difference between the energies
of the initial and intermediate states of the nucleus,
€, is the energy released in units of m.c Z and

f (e0) = (&} + 1383 + 772, +70) &5,

The half-lives for the most interesting transitions
were calculated by means of these expressions in Ref.
3; the results are given in Table IV. The values of
T, for neutrinoless decay through the two-nucleon
mechanism were determined in two ways. In the
eighth column of Table IV, we give the results of the
calculations in accordance with Eq. (10) for n=1, and
in the ninth column in accordance with the expression

/3 4 —exp (— 2::!Z.'137]]'
22f (go)

TYa 1 55102 4
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TABLE IV. Theoretical values of T/, against 28 decay.

Iso- iy f 4 . T, , for the neutrinoless channel, year

tope CeRY of TRICEY. Ty, forthe | Two R b
Transition| A |2 | abun- | 26 transition | g transition tv:r‘l')’-neutﬁno i — -

1 dance, | (DA, | AD>U | g e 1/2 (1°Te) Tyjs (*°Te)
% Z+2),keV Z+1),keV : n=1 =22x10* n=1 |=22x10%
years years

Ca—Ti 4620 0,0033 984.5:5.1 (—1382.6+3.7 [ 7,4.10%22 | 4540022 | 4.7.40% | 4.7.40m022 | 5 4.493
Ca—Ti | 48120 0.185 | 4271,7£5,4 | +-281.0%6,0 | 4.0-102022 | 1§40tz | 1.7.10%0 | 4.2.40m2 | 3'g.4030
Zn—Ge | 70130 0,62 | 1004,545.2 | —654.8%41,6 | 2.8-1088x2 | 3.7.4017%2 | 3.8.403 | 4.1.q016%2 3,4-1028
Ge—Se | 76(32| 7.67 | 2045.75.0 | —922,932.7 | 3.3-10%92 | 9.2.40x3 | 1.0.10%2 | 4.4.4(1k2 1,3.1022
Se—Kr | 80(3449.82 135.7+14.5 |—1870,3+2,0 | 1.6-10%5x2 | 3.0-102142 | 3.2.40%7 5.2.4018x2 | { 6.4026
Se—Kr | 82134 9.19 | 3005.0416.0 —88.0+£12.0/ 5.6-1021x2 | 1 {.4M6x2 | f,1.102L 5.3-1013x2 | {.6.100
Kr—Sr | 86136(17.37 | 1249.147.8 | —526.05,0 | 2.9.1025+2 | 1 .2.4(t12 1.3.1023 | 3,7-101542 | 1.41.4023
Zr—Mo | 04140( 2.80 | 1148,46.5 | —806.812.0 | 3.3-40%3x2 [ 1,2.40t7x2 | 1.2.402 | 3.4.10152 | 1.0.1023
Zr—Mo | 96 (40 17.40 | 3350,2:6.1 | 4-163.0£5.0 | 1,7-1c21¢2 | 5.4.40tx2 | 5.4.4020 2,3.10183£2 | 7.4.10%0
Mo—Ru 10042 [ 9.62 | 3032,6:£8.6 | —170,026.0 | 4.3-10812 | 8.8-1014x2 | 0 9.4(2t | 3.8.10132 14100
Ru—Pd [104 |44 |18.5 1301,0£11,0 |—1147,047,0 | 1,6-102542 | 7,6.1010x2 | 8,0.1022 2.2.4085x2 | (,6-1028
Pd—Cd 1110146 12.7 | 2014.024.0 [ —879.0320,0( 2,5-10%x2 | 8.2.4015+2 | 8.7.402 | 2.9.4014%2 | 8.9.{pz
Cd—Sn 114 (48 [28.86 540,447.3 |—1444.045.0 | 9,4.10%822 | 5 4101842 | 5.6.1028 6,1.1018k2 1.9-10%4
Cd—8Sn (146 (48] 7.58 | 2808.5-+7.3 | —464.0:8.0 | 8.0.4021+2 1,2.101522 | 1.3.1021 | 4,8.101842 1,5-1021
Sn—Te |122]50 4,71 358.0+8.0 [—1622,7+3.6 | 8.2.4(Box2 | 42401942 | 4.4.10% | 2,5.10172 | 7.6.4023 °
Sn—Te |124]50) 5,98 | 2278.3+8.8 | —027.0+5.C | 6,8-1022x2 | 4. 4.40w+2 | 4.3.40m [ 1440122 | 43, 1on
Te—Xe [128]52(31.79 868.94-5.5 [(—1258,045.0 | 7.8-10%6+2 | 5.5.4(17x2 | 5.8.1(23 0.7-1018x2 3.0.4028
Te—Xe 13052 34.49 | 2533.146.6 | —451.0-+=11.0] 1,7-102222 | 271 .q(iox2 2.2.100 7.2.1013£2 2.2.4021
Xe—Da |134 |54 |10.44 843,015.0 |—1215,0411.0 4,3-1027x2 | 1. 3.401822 | 1 3.{(04 1.8-101942 5.5-1028
Xe—Ba (136 54| 8.87 [ 2481,015.0 | —67.0%44,0( 7.6.1021%3 | 4 441622 | {1.5.40% | 4.8.40822 | 1.5.{0m
Ce—Nd 142158 11.07 | 1414,0=41.0 | —745.1:3.5 | 6.1.102422 | 5.0.4090%2 | 5.2.4022 | 4.2.405%2 | 364022
Nd—Sm [148160| 5.71 | 1928,0410,0 | —536,0+9.0 | 1.9.402342 | 8 1.4+ | 8.5.102 2.3. {01442 7.0.1081
Nd—Sm |150(60| 5.60 | 3367,02=41.0 | —130.0£80.0 8.0.4080%2 | 3.6.1014x2 | 3.8.4020 | 1.2.{08%2 | 3'8.1020
Sm—Gd |154 162 (22,61 | 1250,04-10.0 | —728,045.0 | 1.3.40%x2 | 7.5.001:2 | 7.8.10% | 1 G.40ds+2 | 4.0.4022
Gd—Dy |16016421.75 [ 4731.0411.0 | —102.321.4 | 2.9. 10382 | { 2.qtex2 | {.9.q022 | 3.4.{0u=2 | 9 4.40n
U—Pu [238192199.275 | 1146.24-4.6 | —145,6=1.3 | 8.0.4020+2 | 7.4.q0%z2 | 7. 5.4022 | {.4.10%%2 | 3.3.1q22

first order in the superweak interaction (the diagram
in Fig. 1f). A Lagrangian analogous to the one that de-

which can be obtained from (10) under the following
assumptions: a)the matrix elements for all transitions

are approximately equal; b) the measured value
Ty =2.2X10* years for !*°Te corresponds to the neu-

scribes B decay of the pion (T~ 7°%+e" +7,) was used to
calculate the decay constant-

trinoless channel. In the seventh column of Table IV, Aoy =T7.2-10°¢ ( 21;?) [ 1—exp ( 21_,;.79; ) sz

we give the half-lives for the two-neutrino decay
channel calculated in accordance with Eq, (10).

We now consider calculations of the half-lives made
with allowance for the “resonance” mechanism. On the
basis of the quark model of the A(1232) resonance,
Rosen and Primakoff* obtained the following expression
for 28 decay without neutrino emission:

X P(A) | (Dy | ;) |* e (e -+ bef + 25¢3 -+ 402, -+ 48) year™,

where G’ is the coupling constant of the superweak
interaction. With the values P(A) and (&/|®,;) given
above, T,,(**Te)=3x107%(G/G")? years was obtained.
Comparison with the experimental value'® of T,,(*°Te)
made it possible to establish that G’ =107'2G. Fur-
ther, using this value of G’, the authors calculated

i T8, {22V the half-lives for *8Ca(10?°*° years), "®Ge(10*° years),
e Lot U (&) (f:d 3 (13) %2Se(10%* years), and '?8Te(10%-7 years), which agree
X [1—9!111 (— 57 )J 0TI T em) B (a)] ;o Y reasonably with the experimental limits and the cal-

where g(€,) =€3(e} +14¢e} +81€] +221€2 +228¢, +140),
(#um) is the mean distance between any quarks in the
nucleon and A(1232), P(A) is the probability of finding
the resonance A(1232) in the nucleus, and (®,|@;) is
the overlap factor of the wave functions of the initial
and final states of the nucleus,

In the tenth column of Table IV, we give the values
of T, calculated in Ref. 3 on the basis of (13) and the
approximations

(Tam) & 0.7-10713 ¢m, = 0.04;

P(A) (@] ;) 2 0.3,

Further, assuming that the matrix elements are equa
for all triplets, and taking for T,,(*°Te) the measured
value 2.2%10% years, we obtain from (13)

o [1 —exp(—2xZ/137)]2
T (4, Z)~5.15. et Sl
The corresponding values of T, are given in the final
column of Table IV.

The pion-core model for the A(1232) resonance was
used by Smith, Picciotto, and Bryman® to estimate the
probability of neutrinoless 28 decay as a process of
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1

culations of other authors.

The same authors® calculated the rate of two-neu-
trino 28 decay through the resonance mechanism (the
diagram of the process isin Fig. 1¢):

A=1n2[2.22.10% (1 —exp ( —332))* (2‘34
1 -1
| {Dy | @) |2 P (&) Kfo (e0) ] Y

where f,(€,) =€4(1 +£,/2 +€3/9 +£3/90 +£4/1980), and
K is the mean value of the function

2nZ
ELTD

K=[(Ei+e) "+ (Bpt ) {2 (£ + &)t + (By -+ £5)71]
—UE; +ea) 4 (Ey &)U} + (B, «> Ey)
(E,, E,, €, €, are the energies of the electrons and neu-
trinos, respectively).

Under the assumption that [{®,®,)| =10, it was
found that
Tyjz (*0Te) = 10t°-% [P (A)]tyears.
Comparison with the experimental value T),(**°Te)
=103 years yielded P(A)=1.4%. This value of P(A)

was taken as the basis of calculations of the half-lives
of *8Ca, ®Se, and **Te,
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TABLE V.
Theoretical values of T, ,, year
';l::,; Weak interaciton ::;’f Experimental values
Transition of Ty} year
energy,| 2v (Ref. | 2v (Ref. | Ov (Ref. | Ov (Ref. Ref. 67
mec® |66)2- [68)A- [H)2- [4a- | Te

nucl. _|mech. | nucl. mech.

45Ca - 48T} 8.4 | 10203 | so1ef | 4020.8 [ 4205 | 200 |5 1213 _y [69]
> 1010502y [69]
%Ge - 78Se 4.0 | 10923 | 10224 | 40300 | 40| 4.0 |5 40T _pv([T0}
> 102149 pv [71]
“]!D,ﬂ 50’1,0 1021 loﬂl.! 50!1.3 1010.42_ [181
10“'1 {oll_ﬁ in’!_'n‘ 1013,5 1.0"'1 1nﬂl.ﬁlilﬁ 1151
10’1‘3 1021.3 lull,s 10]1.3 ioll.ﬂ loll,ﬂl;{:ﬂ_lz 10}

828¢ - B2Kr
126Te - 128Xe
130Te —+ 130Xe

oo
© e

The results of the calculations of Refs, 67 and 68 are
given in Table V, which is taken from Ref. 24. These
calculations show that the presence of resonances with
a probability of only about 1% can play a very important
part in the problem of 28 decay.

We note that the results of the calculations of Ref. 3
contain the factor 10*2, which arises because of the
appreciable uncertainty in the values of the nuclear
matrix elements, which have been calculated with al-
lowance for nuclear structure for only a few nuclei.

Calculations of nuclear matrix elements and esti-
mates of the lepton nonconservation parameter. The
matrix elements of two-neutrino decay of *°Te are
calculated in Ref. 72, It is shown that the contribution
of the Fermi interaction to the decay probability can be
ignored, and the Gamow—-Teller matrix element is cal-
culated on the basis of a pairing model in which the val-
ue of the Gamow-Teller force is chosen so as to obtain
the correct value of the rate of ordinary B decay. The
obtained 2°Te half-life (1.2 X10%° years) is two orders
of magnitude smaller than the value given in Table IV
and an order of magnitude smaller than the experi-
mental value,

It was established by Khodel’ in Ref, 73 that the nu-
clear matrix element of neutrinoless double B decay of
18C3 has a maximal value if the single-particle quantum
numbers of the pair of nucleons which decays are close
to those of the pair which is formed. The fluctuations
of the nuclear matrix elements of the decay were in-
vestigated and it was shown that these fluctuations can
be large even for neighboring nuclei because of the
possible interference of the matrix elements of dif-
ferent components of the quasiparticle wave functions
of the initial state and the final state. Khodel’ later
calculated™ the nuclear matrix elements for two-
neutrino decay of *®Ca by means of a method based on
the principle of diagram selection used in quantum
electrodynamics to derive the low-energy theorem for
bremsstrahlung., He obtained equations for calculating
the matrix elements in terms of the constants intro-
duced in the theory of finite Fermi systems. The cal-
culated value of T, is approximately 10%° years, which
agrees reasonably with the experimental limit
T, > 3.6 X10'° years for this transition.®

In Ref. 75, the wave functions of the nuclear shell
model were used to calculate the nuclear matrix ele-
ments of the 28 decay of *®Ca, !?®Te, and '*Te, treated
as a Gamow-Teller transition of second order.
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Vergados™ confirmed the smallness of the matrix ele-
ments of *Ca((ME|2=1,2x1072) calculated earlier by
Khodel’,”® and concluded that the **Ca nucleus is proba-
bly not the best candidate for studying lepton noncon-
servation because of the impossibility of exact calcula-
tion of the matrix elements and possible hindrance of
the 28 decay. For '?®Te and '**Te, the matrix elements
were calculated by means of the approximate shell
model and the following assumptions:

1) the ground states are products of the proton and
neutron wave functions;

2) the neutron wave functions have the form 14f,,.
The values obtained for the matrix elements were
—0.568 and —0.496 for A =128 and 130, which confirms
the assumption of the approximate equality of the ma-
trix elements of these nuclei made earlier by Ponte-
corvo®® and also Rosen and Primakoff.*

Fiﬁally, in their recent paper of Ref. 76 Fayans and
Khodel’ recalculated the matrix elements of the neu-
trinoless decay of *®Ca using the theory of finite Fermi
systems, For the matrix elements, they obtained the
values M,=-0.221, Mg =0.591, and M=-0,030.

We now turn to estimates of the lepton-charge non-
conservation parameter, which can be obtained di-
rectly from the expression (10) using the calculated
matrix element and the measured lifetime for neutrino-
less 28 decay.

The results of indirect mass-spectroscopy experi-
ments can also be used to determine the extent towhich
the lepton-number conservation law is violated. But
since in this case the neutrinoless and two-neutrino
decay channels are not distinguished experimentally,
the estimate of 7 can be written on the basis of (10)
and (10’) in the form

2 =f,[(T1/2 | ME|2)™— f31]. (14)

Rosen and Primakoff* assumed that the half-life of
130Ta (10243 years) measured by Kirsten'® in an indirect
experiment is completely due to neutrinoless 28 decay,
and from (10) they obtained n=10"*ME ™. However,
if ME 0.1, then n=10"%, The same authors* esti-
mated the parameter 7 for the same experimental value
of Ref. 10 on the basis of the expression (13) obtained
under the assumption of the resonance mechanism of
the neutrinoless decay. They found

N 10 33 [P (A)] YR (D | D) |

which for P(A)=0,01 and [{®,/®;)| 0.3 imposes a more
stringent limit on the value of 7: 7=1,7X107,

Khodel’,”™ who used the early results™ of the Colum-
bia group in their study of the neutrinoless decay of
48Ca (T, > 1.6 10 years) and its own calculations of
the nuclear matrix elements of this transition, es-
tablished that n<3%107%, In the later experiments of
Ref. 69 with “®Ca, the experimental half-life was de-
termined more accurately (T,, > 2%10* years). This
enabled Fayans and Khodel’,”® who made fairly com-
plicated theoretical calculations, to conclude that the
nonconservation parameter does not exceed 0.6 X107,
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and that the mass of the electron antineutrino satisfies
My =50 eV.

Recently, the 28 decay of **Ca was again carefully
studied in Ref, 78, in which the nuclear matrix ele-
ments of neutrinoless and two-neutrino transitions
were calculated. The following values were caleulated
for the half-lives:

Tz = (0,32 = 0.4) - 104 [(1 + 8y)/(1 — 8,)]* years,
T”z =6.101%%0.8 years,

where §, is a parameter whose departure from unity
characterizes the nonconservation of the leptons. Com-
parison of the theoretical value of T,, with the experi-
mental® showed that |1 - 5, <3x10-8,

In the opinion of the Columbia group,”™ they made the
first and most accurate estimate of n without explicit
allowance for the matrix elements of the investigated
transition ®Se ~®Kr, The nonconservation parameter
was calculated on the basis of the results of this group,
which determined a limit on the lifetime for neutrino-
less decay of ®Se(3.1X10* years), the data of Srini-
vasan et al.'® on the total half-life of 2Se(2.76 x102°
years), and also the following assumptions:

1) the nuclear matrix elements for the neutrinoless
and two-neutrino channels are comparable;

2) the ratio of the phase spaces for the Ov and 2v de-
cay channels is approximately 10°, It then follows from
(9) and (10) that T2} /T95=10°)2, Using the relation
T, /T2h=R,/(1 - Ro), where the branching ratio R, is
equal to the ratio of the probability of neutrinoless
decay to the total probability of 28 decay, one obtains
Ry/(1-Ry)=10°7%, The value of R, determined from
the data of Refs. 18 and 71 is 0.09, so that n=3x10~4,

In Ref, 14, the half-life ratio T,,(*?*Te)/T,,(**°Te)
=1,59X10° measured by the mass-spectroscopy method
was used in conjunction with the assumption of equality
of the matrix elements to find < 0.8%x10~%,

To determine the lepton nonconservation parameter,
Vergados™ used the experimental data of Refs, 10, 14,
and 69 in addition to the calculated matrix elements.,
The corresponding values of the effective phase spaces
in the expression (14) were calculated on the basis of
Egs. (11) and (12) (the unit of measurement is a year):
£,(48) =4.0 %102, f,(48) =17.94 X108, f,(128)=4 X105,
f4(128) =4.10x10%*, f,(130)=3.16x10'3, and £,(130)
=6.64 %102,

The upshot was 7(48) =4x10"%, 7(128)=0,86x107*,
and 7(130)=2.8X10"*. Assuming that I[ME(128)
/ME(130)|2=1.3, this ratio and the half-life ratio of
128Te and *°Te were used to make an even more ac-
curate and reliable estimate: 7=0.45x10"%, In the
opinion of the author, this result agrees excellently
with the values previously found, which confirms the
reliability of the calculations of the matrix elements.

The longest limiting lifetime against neutrinoless 2
decay (5X10? years) was determined in an experi-
mental study of the transition 7°Ge = 7%Se.”™® On the
basis of this result and approximating assumptions
analogous to those made by Primakoff and Rosen,*
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Fiorini® calculated bounds for the parameter n;
107281 and 10-%*! for the two-nucleon and resonance
mechanisms of 28 decay, respectively.

Table VI gathers together all the most important data
on nonconservation of lepton charge in 28 decay pro-
cesses,

Energy spectra and angular correlation of electrons.
In the case of decay through the neutrinoless channel,
the transition energy is distributed effectively between
the two electrons, since the recoil of the nucleus can
be ignored. In this case, the profile of the energy spec-
trum of a single electron completely determines the law
of the distribution of the energy between the two elec-
trons,

If €, €,, and W, are, respectively, the total energy
of the first and second electron and the total energy
released by the decay (measured in units of m,c?), then
the probability of finding an electron with energy in the
range (g,, €, +ds,) is determined by the expression?®

o (8y) dey=const F (g,) F (e,)
X [(es—1)"* (ea—1)""*] (e3— 1) (e,— eq)?dey,

where F(e)=21Ze?/(1 - exp(27Z &2 fiv)}iv, &, =W,-¢,,
and v and e are the velocity and charge of the electron.
Ignoring the exponential in the denominator of F(g,) for
sufficiently heavy nuclei, and restricting the total en-
ergy of the electrons to the range 2<¢, <W,-2, i.e.,
considering electrons with velocity =c, we obtain

TABLE VI. Estimates of the lepton nonconservation pa-
rameter on the basis of 28-decay experiments.

Experimental Values of

s + Additional Values of the | Refer-
Transition | values of matrix assumptions | parameter n |ence
.f2>Year elements
45Ca » 48TL | >1,8-100 | |ME|=0.17 - S3-1074 [ [78]
ov—[77]
>2-109 | My=-0.221
Ov—198) | are=0,501 = < 0.6-10-4 | [76]
Mp=0.030
IME[2=1.2-10"2|  fy=4-1012 yeﬂIS <4-1074 [75]
527,94+ 10
yr,an
Ge — 76Se =5-1021 IME[=0.1 IME|=0.1 1072-021
ov —[70]
[31
P(A)=0.01 107240
I (@ @)1 | Amechanism
=0.01

838e - 82Kr | >3.1.1021 || MEly, =| MEl,,| | MEl,, =~ IME|,,

v - [71]
2.,76-10%0
OVIE2v-[18) Fn=ﬁ
~0.09

Falfa= 108 < 8.1074 [71]

128Te - 188Xe | 1.5.1024 IME[2=10.32 |fo=4.1015 years| 0.9.10-4 [73]
0v4-2v—[14] fi=4.1-1024
130Te -» 180Xe| 2.2.1021 IMEj2=10.25 | f;=23,16-1018 . =5
em 10
G\+2v [10] fl“ﬂ o fom 2.8.10 [75]
years
IME|=0.1 IME|=0.1 1072
I [4]
P(A)=0.01 1.7-1074
1(®; [®;)12 | A mechanism
=0.01
128Te + 138Xe | Ty (128) IME| 328 IME/:26 |8 —10)-10-4] [14]
130Te - 130X e —Tuz 130) = | ME| 130 =~ |MEJ130
=1.59.103 S o
(14l ‘ME'fstLN s LR )
IME I35,
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FIG. 2. Energy spectrum for one of the electrons in the case
of neutrinoless 28 decay.

F(g,)=21Z¢fiic =const, If we now go over from the
total energies to the kinetic energies £,=W,-2 and
E=g-1, we can derive the following expression for
the spectrum of single electrons:

o (z) de =const (22 — 1) (z/eg+ z— £2) (z— 27)"/*
where x=E/g,and 1 SEsgy -1,

Figure 2 shows the graph of this dependence for the
2B decay of “8Ca. It can be seen that in the most
probable division one electron will have an energy of
about 0.85¢,, and the second will have 0.15¢,. Emis-
sion of electrons with energies 0.5¢, or g is virtually
impossible, These characteristic features of the dis-
tribution are still obtained with initial assumptions dif-
ferent from those adopted above,”®°

The profiles of the single and total energy spectra
for two-neutrino 28 decay were calculated in Refs, 78
and 81, In Fig. 3, the spectra are shown for the 28
decay of *Ca.*

In Ref. 79, the form of the angular correlation func-
tion of the electrons in neutrinoless 2p decay was also
established:

F(®)=1--J(E; E,)cos8, (15)

where f is a complicated function of the energy of the
electrons and depends on the chosen variant of the 3
interaction. In a rough approximation, f(E,; E,)~1 for
first-forbidden nuclear 28 transitions and

F(8) =~ 1-+cosh,
For such a dependence, — 7/2 < §<u/2 is the most

probable angular correlation, which significantly re-
duces the efficiency of coincidence detection.

Rosen and Primakoff* showed that the angular corre-
lation function for the resonance mechanism of neu-
trinoless 2B decay differs significantly from (15) and
has the form

ey {1~ (it} i (e i)

Spectrum of
single electrons

Total :;écirut.r; i —|
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FIG. 3. Total and single energy spectra of electrons for two-
neutrino 28 decay of 4%Ca,
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where P, and P, are the electron momenta,

At the same time, a calculation based on the re-
sonance mechanism of 28 decay as a first-order effect
in the superweak interaction™ leads to a result
analogous to (15):

F(0) =1 +v,v, cos0 4 m3/(E,— Ey),

where v, v, and E,E, are the velocities and energies of
the electrons.,

Thus, if the form of the angular correlation is to be
used to choose between the two-nucleon and resonance
mechanism of 28 decay, it is necessary to determine
first which interaction (weak or superweak) is re-
sponsible for this process.

For completeness, we also give the result of
Konopinski® obtained for two-neutrino decay in ac-
cordance with the two-nucleon mechanism:

F(Py-Py) 1 — (Py-Py)/ (e +1) (e2+1),

where €, and €, are the kinetic energies of the elec-
trons in units of the electron mass.

3. REVIEW OF EXPERIMENTAL RESULTS

In this section, the main attention will be devoted to
experiments made in recent years.

There are two fundamentally different groups of ex-
periments in which 28 decay is studied—the direct and
the indirect. In the former, the problem consists of
detecting the simultaneous emission of two electrons
and studying the probability distribution of the sum of
the kinetic energies of the electrons. However, the
extremely low probability of the 28 process makes it
extremely hard to observe decay events directly,
since the intensity of the background exceeds by many
orders the vanishingly small intensity of the effect
which must be distinguished. For example, ina gram
of sample there is about one decay per year at a half-
life of 102! years,

The difficulties of the direct detection of 28 decay
stimulated the development of indirect methods of
studying this phenomenon in which one looks for
daughter nuclei (A, Z +2) in samples with high initial
concentration of nuclei of the parent element (A, Z).
The advantage of the indirect experiments is the huge
length of time, equal to the age of the sample and
reaching severalbillion years, during which products
of the 2B decay are accumulated. But this is simul-
taneously the shortcoming of the method, since ig-
norance of the “history” of the sample unfortunately
imposes serious limitations on the reliability of the re-
sults obtained,

Indirect experviments. In the overwhelming majority
of the experiments hitherto made, the samples chosen
for investigation were minerals containing selenium
and tellurium, which are transformed by 28 decay into
inert gases—krypton and xenon,

The investigation consists of several stages.
1. The determination of the age of the sample by
several methods if possible.
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2. The determination of the tellurium and selenium
concentrations in the sample, .

3. The extraction of xenon and krypton from the
sample, ‘

4. A mass-spectroscopy isotope analysis of the ex-
tracted gases and determination of the absolute con-
centrations of the Xe and Kr isotopes.

5. The determination of the coefficient of retention of
the xenon and krypton in the sample during the time of
its existence.

6. A comprehensive and careful allowance for the
contribution of the various background reactions to the
formation of the isotopes '**Xe, '%%Xe, and %Se.

7. Calculations on the basis of the obtained data of
the half-life in accordance with the formula

Ty2=1n(2) MtS/M,,

where ¢ is the age of the mineral, M, is the amount of
the parent element, M, is the amount of the daughter
product formed by the 23 decay, and S is the coefficient
of retention of the daughter element during time ¢,

In the first experiments of this kind, Leviene ef al.®
established the lower limit 6X10'® years for the transi-
tion 2*¥U-2%Py, and Inghram and Reynolds®® found
Typ =1.4%10* years for the decay !3°Te —~13%Xe, The
result 3,3x10% years was obtained for this transition
in Ref. 83. In the later experiments of Ref. 84, the
value of T, for '*°Te was found to be (873:4)x 1020
years and for '**Te to be 3x10? years.

The investigations of Refs. 82—84 did not take into
account the contribution from background reactions and
the possible loss of some of the xenon during the time
of existence of the sample, which reduces to some ex-
tent the value of the obtained results.

In Ref, 8, to determine the amount of xenon formed
by 28 decay, a number of corrections were introduced
to make allowance for the fact that, in the opinion of
the authors, the xenon released from the mineral con-
sisted of three components: atmospheric xenon, xenon
from the spontaneous fission of uranium, and xenon
formed in nuclear reactions. To determine the coef-
ficient of retention of xenon in the sample, it was as-
sumed that the rates of diffusion of **Xe and 3°Xe
differ little from the rate of diffusion of **Xe when the
mineral is heated (this was confirmed by special ex-
periments), Since **Xe is basically produced by the
spontaneous fission of uranium present in the sample,
the uranium concentration could be used to calculate
the amount of **Xe produced during the time of exis-
tence of the sample. Then, measuring the actual
amount of '*Xe and comparing it with the calculated
value, the authors found a coefficient of retention of
138Xe equal to 0.07 and took this value for 126Xe and
1%0Xe. This then yielded T,,(**°Te)=(3.0+0.4)x10%°
years and T,,(*?*Te)>"7.7X10% years.

In an ore sample from the Good Hope mine in Colo-
rado with a tellurium content of 99.4 +£0.6% Kirsten
et al.®'!° found an excess of 1*%Xe (70% of the total Xe
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content) that exceeded by 50 times the atmospheric
concentration of Xe.

The absence of other anomalies with regard to the
xenon rules out all processes except 23 decay that
could be responsible for the production of the excess
1%°Xe. For example, spontaneous fission of uranium
cannot be the source of the **Xe, since in such a case
the amount of ***Xe would be about 10° times greater
than the amount of *®Xe. (The uranium concentration
in the sample was determined by the neutron-activation
method and was (21+2)x1077%, which is four orders
of magnitude less than in the samples used in the pre-
vious investigations of Refs. 8 and 82-84.) Reactions
induced by neutrons could produce 2*Xe and '*Xe, but
neither of these anomalies was observed in the sam-
ple, which establishes a limiting value for the maxi-
mal internal flux of neutrons. On the basgis of this
limit, the influence of the reaction **Cs(n, o)'301%~
—13%Xe can be ignored. Spallation reactions induced
by cosmic rays would lead to the formation of much
greater amounts of **Xe and '?*Xe compared with
13%Xe. Natural @ radiation could be responsible for
producing '**Xe, '**Xe, and '*Xe, but not 1*°Xe, since
the energy of the o particles is insufficient for the
reaction '**Te(a, 2n)'*Xe to take place. Thus, the only
reasonable explanation for the observed !3%Xe excess
is the 28 decay of '*°Te,

The age of the sample was dated by the potassium-—
argon method at (1.31+0.14)X10° years, which is in
reasonable agreement with the geological situation of
the ore sample. On the other hand, the age calculated
from the helium and uranium content was (2,05 +0,55)
X10° years. On the basis of this difference, Kirsten
et al. ignored the xenon losses; for although a partial
depletion by helium did occur, the amount of argon
was not reduced. The high retention of *®Xe was also
confirmed in experiments with heating by stages. With
the above assumption, the half-life for *Te was found
to be 10*+3*%12 years, For !%8Te, the results obtained
in the previous investigations were not confirmed, and
only the limit T, > 10%‘2 years was established.

In the investigation of Ref. 9, studies were also made
of selenium-bearing minerals with a view to detecting
the transition ®Se —~®Kr. Krypton was extracted from
the samples and the isotope ratios ®Kr : 83Kr : 8Kr :
8Kr=0.3 :16.5 : 1.0 : 0.3 determined. Atmospheric
krypton has the ratios ®Kr : ¥Kr : 8Kr : %Kr
=0.2 : 0.2 : 1.0 : 0.35. Thus, an appreciable ®Kr ex-
cess was found, The reactions ®°Se (o, 7)®*Kr and
28e(n, ¥)*Se® -~ *3Br® -~ 83Kr give a good and complete
explanation of the anomaly in the ®Kr abundance. The
isotope ¥Kr could be formed as follows:

1) *Se (n, v) ™Se (a, n) “*Kr; 2) *Se (a, 2n) #Kr;
3) %Rb (n, @) #Br P, 2Ky, 4)9“_131' (n, y) ®Br B s2Kr;
5) &25e 2P sy,

Since T, =7X10* years for "Se, the formation of an
appreciable amount of 2Kr through the process 1) is
impossible. The reaction 2) takes place at E_ > 11
MeV, and, bearing in mind the cross section for pro-
duction of ®*Kr in (a,n) reactions, can ensure a very
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slight excess of #Kr. For the processes 3) and 4) ex-
act estimates were not made, but it was shown that a
small amount of ®Kr can be formed in them. The age
of the mineral was determined with low accuracy at
(6-23)x10" years. Therefore, T, =(3—10)x10'® years.
The mean value T,,(%?Se) =6 x10'°*%-3 years is obtained.

In Ref, 13, more reliable determinations of the Se
half-life were obtained. For six selenium-bearing
samples an excess concentration (relative to the at-
mospheric) of 2Kr was found. A selenium-kobellite
sample with the largest ®Kr excess had the ratio
82Ky ;: 8Kr=~4,7, The isotopic composition of the
krypton extracted from this sample clearly revealed
that the concentration of all the krypton isotopes ex-
cept 2Kr corresponded to the atmospheric values. This
last fact makes it possible to rule out extraneous re-
actions as the possible explanation for the ®Kr excess
(the arguments made in Ref, 9 are repeated),

Since the accumulation of ®Kr as a result of 25 de-
cay and of ®Kr as a result of fission of uranium is al-
most linear over a time interval equal to the age of the
sample [(250-350)%10° years], the **Se half-life was
calculated solely on the basis of the ratios of the kryp-
ton isotopes, which thus eliminated the uncertainty
due to allowance for the diffusion of the gases. The
result was T, =(1.37+0.28)x10% years.

In the series of investigations of Refs. 16-18, the
half-lives of 3°Te and %2Se were determined with a
careful analysis of all the possible channels for the
production of 1*Xe and ®Kr. To take into account
the influence of reactions induced by neutrons on the
isotope composition of the krypton and xenon, the
samples were irradiated with reactor neutrons and an
isotope analysis was then made.

For a 2,46 X10?-year tellurium ore from Kalgoorlie
(Australia) T,,(**°Te) =(2.83 +0.30)%10% years was
obtained.'®

Investigating then!? the tellurobismuthite sample
No. 25 IB (Boliden, Sweden), the authors found
T,(**°Te) =(2.69+0.27) X10* years, which agrees ex-
cellently with their previous result,

In the following investigation of Ref. 18 on the same
sample (No. 25 IB), the isotope composition of Se and
Kr was determined, which made it possible to es-
tablish T, ,(**°Te)/T,,(**Se) =10+ 2. On the basis of this
ratio and the previously determined T, ,(*%°Te),
Srinivasan et al. calculated two values for T,,(®Se):
(2.69+0.60)%10% years and (2.83 £+0.64)x10% years,
The mean value is (2,76 +0.88)x10%° years. This result
is almost twice the values obtained by Kirsten et al.'?
In an attempt to understand the discrepancy between the
data, a study was made of the isotopic composition of
Se and Kr in an umangite sample from Harbi (Western
Moravia), i.e., from the same region as the sample
of Kirsten ef al. A much lower ratio ®Kr/%2Se was
found than in Ref. 13, Using T,,(®Se)=(2.76+0.88)
%x10%° years, Srinivasan ef al. determined the age of
this sample at (1.6+0.5)%x10°® years, which is near the
lower limit of the assumed geological age of tais de-
posit.
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In the investigation of Ref. 14, a sample of gold
telluride from the Kalgoorlie deposits in Australia
was studied. The age of the mineralized gold in this
region is (2.460+0.080)x10° years according to the
data of rubidium-strontium dating, From 10 g of the
telluride, one sample of mass 3.791 g was investigated
on a mass spectrometer, and from the remaining mass
of the mineral, which was divided into 50 parts, two
aliquots (0.210 and 0.307 g) were prepared. The
aliquots, together with tellurium and iodine monitors,
were irradiated with an integrated neutron flux 2x10'?
neutrons/cm? from a reactor, after which an isotope
analysis was made. All analyses were made carefully
to avoid contamination of the sample by atmospheric
xenon. Xenon was released in four stages, at 250,
350, 600, and 750°C.

For the isotopes !*®Xe, !3%Xe, and !%Xe, the first
sample had the following excesses (compared with the
atmospheric composition): 2.9, 5090, and 26. The
1280 /130X excess ratio was (5.8—0.2)x10~* and 50
times smaller than the preceding result of Takaoka
and Ogata.® At the same time, this value agrees
reasonably with the earlier results of the authors,
which gave upper limits for this ratio of 9.3x10%
and 3.2X1073%; it also agrees with unpublished data of
Kirsten, who investigated samples of natural tellurium
from the Good Hope mine in Colorado and determined
the limit 4.6 X10~* for this ratio. The agreement is
particularly gratifying in that the xenon in Kirsten’s
sample had only a tenfold enrichment of '*°Xe, whereas
the xenon from the Kalgoorlie telluride was enriched
by more than 700 times. The calculation based on this
ratio gave T,,(***Te)/T, 5(**°Te) =(1.59+0.05) x10°,

In addition, T,,(**°Te)=(1.05+0.04)*%10* years and
(0.89+0.11)%10% years were found for the two samples.
The mean T,,(**°Te) =1.0 X10? years and the half-life
ratio were used to calculate T,,(***Te)=(1.54+0.17)
X10* years.

Subsequently, the half-life ratio of '**Te and '*°Te
was again measured'® in an analysis of an altaite sam-
ple (PbTe) from Mattagami Lake (Quebec). The ob-
tained value (1.57+0.10)x10° is in excellent agreement
with the previous result of Ref, 14, It should be noted
that these half-life ratios are obviously the most re-
liable of the results established in the mass-spectro-
scopy experiments, since systematic errors in the
determination of the age of the sample and the loss of
gases do not affect the values of these ratios. Never-
theless, there are fairly serious grounds for question-
ing the data of independent experiments.

For example, study of the natural nuclear reactor in
Oklo® showed that in the “core” all the heavy and rare-
earth elements, and also the lighter fission products,
were almost completely preserved. All these elements
remained in the same uranite grains as the burnt
uranium despite the two billion years that have elapsed
since the time the reaction occurred. It was only the-
inert gases xenon and krypton that had almost com-
pletely disappeared from the region of the reactor, and,
judging from the shortage of their decay products, this
occurred already at the time the reactor was active.®
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Thus, the experiment set up by nature itself shows
that xenon and krypton are obviously not the most ideal
objects for retention during billions of years.

Direct experiments. The direct observation of two
electrons emitted simultaneously in 28 decay would be
the most convincing proof that this process exists.
Unfortunately, despite the tremendous number of stud-
ies so far made, a positive result has not yet been
obtained. The most varied detectors (photographic
emulsions, Wilson chambers, magnetic spectrometers,
streamer chambers, and scintillation and semicon-
ductor detectors) have been used to detect the elec-
trons. Numerous reports of the observation of 253 de-
cay have failed to be confirmed in subsequent experi-
ments, which, naturally, is due to the exceptional
weakness of the effect to be detected.

Let us consider the earliest investigations. Using
Wilson chambers, Lawson®® determined a lower limit -
of 10'® years for T,, for the transition 12/Sn—124Te,

In another experiment in which a Wilson chamber was
used the limit 210" years was established for this
decay.™ Using the method of coincidences, McCarthy®®
investigated the transitions 2¢Sn —124Te and °*®%Zr — *Mo
and found that the half-lives are greater than 1.5 x10'7
and 2x10'® years, respectively. In experiments with a
Wilson chamber, Winter® determined half-lives of
1x10' years for 119Cd ~9n, 3x10'7 years for Mo,
and 6x10'® years for '%°Cd—~1%Pd. The transition
1#8n—~1*Te was also studied in Refs. 90 and 91, in
which the limits 2 x10" and 5x10'® years, respectively,
were established. In Ref. 92, T, =6x10'° years was
established for the 28 decay of cadmium (1'6Cd~11%sp).
Numerous experiments have searched for the 28 decay
*8Ca —~**Ti, For example, in the probability distribution
for the sum of the kinetic energies of two electrons
McCarthy®® found a maximum in the high-energy part
of the spectrum, The excess above the background was
significant, and this was the basis of an interpretation
of it as due to neutrinoless 23 decay with T, =2 X10V
years. However, experiments made by Awschalom®?
using similar equipment but with a lower background
level did not confirm these results. Only lower limits
were established: T,,(**Ca)>2x10'® years and
T,4(**Zr)> 510" years. Dobrokhotov et al.** and
Goldhaber® also obtained T, > 2 x10'® years for 4%Ca.
In Ref, 96, the limit 7', = 4X10'® years was established
for the 28 decay *°Nd ~'%Sm. It is also necessary to
mention the experiments of Fremlin and Walter,” who
studied 28 decay be means of photographic emulsions.
All results were negative, except for the transition
t®Mo —'®Ru, but the estimate T,, =2x10'® years con-
tradicts the results of Ref, 89.

In Ref. 98, which was published in 1971, the results
are given of searches for the 28 decay of **°Nd by
means of a magnetic spectrometer. To reduce the
background, the spectrometer was placed in a salt
mine at a depth of 585 m below ground level, The ex-
periment, including two series of background mea-
surements, lasted 750 h. From the observed counting
rate, limits were determined for the half-lives of the
neutrinoless and two-neutrino decay channels: 7 X108
years and 5X10'® years, respectively.
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FIG. 4. Background spectra obtained in the experiment of
Mateosian and Goldhaber.%

We now consider the experiments made recently at a
fairly high level, which have made it possible to raise
the limits on the half-lives for some transitions by
several orders of magnitude.

Mateosian and Goldhaber® investigated the transition
*8Ca—~“*Ti. To detect the electrons, they used a
specially grown calcium fluoride erystal containing
about 11 g of *Ca. The background was estimated
relative to another crystal enriched with °Ca, The
arrangement of the experiment is shown in Fig. 4,
Both scintillation detectors were placed in the cavity
of a shielding plastic scintillator, which was scanned
by a photoelectric multiplier and connected in anti-
coincidence with the inner detectors. The complete
detecting system with the shielding scintillator was
placed inside the barrel of a ship’s cannon, which pro-
vided additional shielding from the local radioactivity.
Figure 4 shows the spectrum measured in the experi-
ment. It can be seen that in the region of 4.27 MeV,
i.e., in the region of the neutrinoless 28 decay of **Ca,
there is no peak and virtually no excess above the
background. For the neutrinoless 28 decay of *8Ca this
therefore established the limit T, = 2X10% years.
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FIG. 5. Experiment of the Columbia group.®
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For the two-neutrino decay mode, the measured limit
was 5x10'® years.

The experiments made by the Columbia group®'™
are interesting because all the characteristic proper-
ties of neutrinoless 28 decay were used in them to
select events namely, a) simultaneous emission of two
electrons, b) emission of electrons from one point of
the source, ¢) constancy of the total energy of the two
particles.

The experiment, which was done in a salt mine ata
depth of about 600 m and intended for studying the de-
cay of 8Ca,® is shown in Fig, 5. The source was a
CaF, disk containing 10.6 g of “*Ca (enrichment 97%;
the disk had diameter 46 cm and thickness 20 mg/cm?).
The source was placed between two aluminum foils and
was the central electrode of a cylindrical two-cavity
streamer chamber filled with helium. On both sides of
the source there were plastic scintillator disks, each
of them divided into 16 segments, which were inde-
pendently scanned by photoelectric multipliers. The
scintillators were covered by a transparent nickel
mesh, which served as the outer electrode of the
streamer chamber. The plastic scintillator gave in-
formation about the simultaneity of the emission of two
electrons and about their energy.

The tracks in the chamber were photographed through
shielding spaces containing water and through the scin-
tillation disks. It was found that a satisfactory spatial
reconstruction of the electron trajectories could be
achieved with only one camera set up on each side,
provided use was made of both the direct and the re-
flected (in the mirror plane of the central electrode)
images of the tracks. The use of the streamer cham-
ber in a magnetic field of 385 £10 Oe made it possible
to reduce the background from the equipment very
effectively by selecting tracks on the basis of criteria
that required a common point of origin, correct sign
of the curvature, and agreement between the curvature
and the energy of the electron measured by the scin-
tillator. It was estimated by the authors that the use of
these additional conditions reduces the background by
6000 times compared with an experiment using only
scintillation counters, The electronic logic circuit
triggered the chamber on coincidence of signals from
the two scintillators; the energy deposited in each of
them had to exceed 250 keV, and the total energy had
to be within given limits.

Table VII shows the results of measurements with a
48Ca source (1150 h) and a background *°Ca source
(597 h).

Only one of the 48 774 events detected in the experi-
ment corresponded to the characteristic properties of
the neutrinoless 28 decay of **Ca. On the basis of this
fact and the calculated total efficiency of the apparatus
(=57%) a limit of 2x10* years was determined with
80% confidence level for the lifetime against neutrino-
less 2§ decay of **Ca.

The experiment also detected decay events with con-
tinuous distribution of the total energy that were char-
acteristic of two-neutrino 28 decay. But comparison
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TABLE VII. Results of searches for neutrinoless 2f
events.5?

™ Conditions of measurement a0Ca 48Ca

1 Live time, h 897 1150

2 | Total number of events 18485 | 48774

3 Frames with Eg> 3 MeV 467 687

4 After accepting only those with a two-prong vertex on | 163 197
the source and Eg < 7 MeV

5 | The same as in No. 4 but within the adopted solid angle 8 118

6 After selection of events for which the track curvature 17 23
agrees with the energy (according to scintillator)

7 | The same as in No 6 but for opening angle less than 155° 1 4

8 | Within two standard deviations (525 keV) in the region 0 1
of 4.24 MeV

with the spectrum obtained with the background *°Ca
source showed that the *8Ca source was slightly con-
taminated by radium with activity of about 0.037 pCi.
Therefore, restricting their attention to events with
total energy greater than 2.2 MeV, Bardin et al. could
establish only the bound 3,6 X10'° years for the half-
life against the two-neutrino process.

Later, the equipment of the Columbia group was used
to study the transition ®Se ~®Kr.™ The source con-
sisted of 46 g of metallic selenium enriched with *Se
by 56.5%. The selenium was purified by being passed
repeatedly through ion-exchange columns. (The mea-
sured activity did not exceed 3.5 decays/min for *°K
and 0.25 decays/min for the remaining impurities.)
The total thickness of the source was 58 mg/cm? Al
equivalent with an rms deviation of order 8%. To take
into account the energy loss by the electrons in a
source of such thickness, a Monte Carlo calculation
was made, and this, with allowance for the resolution
of the scintillation detector, led to the conclusion that
the energy distribution for neutrinoless 28 decay has
a maximum at 2.75 MeV with a width of 0.3 MeV.

Possible 28 decay events were selected by visual
examination of photographic film with a view to finding
frames in which two and only two electron tracks having
a common vertex leave the source. During 1300 h of
measurement, 201 events of this kind were detected.
The results of the observations are given in Table VIIL
The analysis of the tracks is hardest in the cases when
the electron is emitted with a high energy or at a
small angle to the axis of the chamber. A reliable
determination of the curvature of such tracks was vir-
tually impossible. Therefore, only those events were
selected in which both tracks made angles of more than
21° to the axis of the chamber (as can be seen in Table

TABLE VIII. Results of searches for neutrinoless decays
of 2se (Ref. T1).

Total number of events 65 550
Events with two tracks corresponding to 28 decay 201
Events with lengths of both tracks greater than 1 cm 183
Number of events with both track saggitas greater than 0.5 mm 148
Number of events in which the energy of the scintillation detector 96
agrees with the energy determined from the track curvature
Number of events in the range from 2.53 to 3.17 MeV 0
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VIII, this corresponds to a track length longer than

1 em). A second restriction was imposed on the height
of the track segment, this being due to the comparative-
ly low intensity of the magnetic field (370 G), which is
insufficient for unambigious interpretation of the
tracks of high-energy electrons. The threshold was
taken equal to 0.5 mm, With allowance for these re-
strictions, the calculated value of the geometrical
efficiency did not exceed 28.5%. The efficiency of the
film examination did not fall below 90%. The energy
range in which the search for neutrinoless 28 decay
was made was restricted to 2.4-3.2 MeV, which
amounts to 75% of the total area under the curve of the
expected energy distribution,

The absence of events in this region and the result-
ing efficiency (19%) of the equipment were used to
estimate (at the 68% confidence level) a lower limit
for the half-life against neutrinoless 28 decay of ®Se:
T, =>3.1%x10* years,

In their experiments, the Milan group?®%:10 ygaed a
semiconductor detector made of natural germanium
(containing 7.67% of "®Ge), which served simultaneous-
ly as a source and detector of 28 decay events; only
one property of neutrinoless 23 decay—constancy of
the total energy of the electrons—was used to select
the events. Three series of experiments with different
detectors were made,

The first experiment, at sea level, with a detector
of volume 17 em?®, lasted 712 h.'®° The result was
T,, = 3%X10% years (confidence level 68%).

The second experiment was made with a detector of
volume 24 ¢m? in the low background at the Monte dei
Capuccini cosmic-ray laboratory at a depth of 70 m
water equivalent.!® The detector was shielded by
several layers: 5 cm of mercury, 4 cm of copper,

20 cm of lead, 2 mm of cadmium, and 10 cm of
paraffin. In addition, a plastic scintillator was placed
above the detector as an anticoincidence shield. All
these measures made it possible to reduce the back-
ground in the working region to (5.3 +0.5)x1073
h='-keV~'. As before, no peak was noted in the region
of the transition energy (the experiment lasted

2800 h). The limit on the neutrinoless half-life was
shifted to 1.2x10* years (68% confidence level),

In the third experiment, a detector with volume 68
cm?® was used.”®

The experiment was set up in the International Cos-
mic-Ray Laboratory of the Italian C.N,R. in the Mont
Blanc Tunnel. The rocks (4200 m.w.e.) above the
tunnel provide an alternation factor of about 10° of the
cosmic-ray component. The screen for shielding the
detector from the local radioactivity is shown in Fig.
6. The cover of the cryostat of the detector was
surrounded by a nylon container filled with twice dis-
tilled mercury. The thickness of the mercury layer
was 5 cm, The nylon vessel was covered by a layer of
electrolytic copper 4-cm thick. Then followed a layer
of low-radioactive lead 10-c¢m thick (with activity
three times lower than the usual value) and a screen
of ordinary lead 10-cm thick, The resulting cube,
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with edge 70 cm, was wrapped in a sheet of cadmium
2-mm thick and placed on a wooden stand impregnated
with resin. The cube was also shielded by a layer of
paraffin 20-cm thick to slow down and absorb the neu-
trons produced by the spontaneous fission of uranium
in the walls of the laboratory. The experiment was
made in two stages. In the first series of measure-
ments, the cover of the cryostat of the detector was
made of electrolytic copper and the holder of the
Ge(Li) diode out of Al 1100 aluminum. In the second
series, both the cover and the holder were made of
oxygen-free high-conductivity copper (OFHC). The re-
maining parts of the cryostat were made of stainless
steel, The Ge(Li) diode was insulated electrically
from the holder by a layer of boron nitride. The over-
all energy resolution (FWHM) was 6 keV for energy
2.615 MeV. The pulses from the free amplifier were
analyzed by a 4096-channel analyzer, which had a sys-
tem for stabilizing the spectrum that prevented a dis-
placement of the zero level and a change of the con-
version coefficient.

The equipment was tested every three days and the
spectrum put on punched tape. If small displacements
of the spectrum were observed, a correction was made
by means of a PDP-8 computer, In the second series
of experiments, a correction was not needed, since an
improved stabilization system reduced the displace-
ment of the spectrum to less than one channel (0.7
keV). To eliminate pulses due to external induction
and electrical disturbances, the screen was surrounded
by an antenna, a signal from this stopping the record-
ing of information from the main detector. The fre-
quency of anticoincidence signals did not exceed 0.1
sec™,

When the spectrum obtained in the first series of
measurements, which lasted 2100 h, was studied, it
was found that in the region of the neutrinoless decay,
where the background was (4,3+£0,2)x102* h™t-keV™,
peaks were absent. To obtain a bound for the half-
life, it was assumed that the background spectrum was
continuous and the putative peak in the relevant region
of width 15 keV was distributed in accordance with
Poisson’s law. Allowance was made for “edge” effects
in the determination of the “effective” volume of the
detector (63 cm?®), The bound T,, > 2.5%x10% years was
obtained at the confidence level 68%.
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In the second series of measurements (2300 h), the
resolution was improved by a new stabilization sys-
tem. The background counting rate in the region of the
neutrinoless 2B decay was (2+0.2)X10*h™'+keV™,
Again, there were no peaks in this region. The bound
on T, calculated for width 10 keV of the decay region
was 4,5%10% years. Combination of the results of the
two series yielded the bound T,, = 5%10* years at 68%
confidence level.

In the opinion of the authors, the possible 28 decay
with transition to the excited levels of "®Se must be
strongly hindered compared with decay to the ground-
state level because of the lower transition energy and
the change in the parity and the spin. Peaks corres-
ponding to neutrinoless transition to the levels 0.559
and 1.216 MeV were absent. The bounds (2x10* and
1.5 x10% years, respectively) are lower than for the
ground state because of the higher level of the back-
ground in this energy range (based on the results of a
2300-h series). Subsequently,'® the limit for the
transition to the level at 0.559 MeV in 7®Se was in-
creased to 3x10* years by combination of the data of
the first and second series.

An interesting method was developed by a group from
the University of California at Irvine.'®'® Their ex-
periment (Fig. 7) used a Wilson chamber (diameter
46 c¢m and height 20 ¢m) controlled by a system con-
sisting of a multiwire proportional counter and a plas-
tic scintillator 1-¢m thick. The chamber was triggered
every time that a two-electron event was detected in
the proportional counter and the total energy deposited
in the scintillator exceeded 1 MeV. The sensitivity
time of the chamber was sufficient to detect delayed
o particles from decay of 2'?Bi or ?*Bi, which made it
possible to eliminate the background from these most
probable and very dangerous radioactive impurities in
the sample. The chamber was in a magnetic field of
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FIG. 7. Apparatus used!™ to search for 2§ decay of *Se.
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1000 Oe, which was produced by two Helmholtz coils,
The tracks were photographed stereoscopically through
a transparent scintillator, a plastic window, and liquid
scintillator used as an “active” shield.

A massive steel screen 36-cm thick surrounding the
equipment reduced the background from cosmic rays
and the radioactivity of the surroundings.

Preliminary measurements were made with 14 g of
825¢ (enriched to 97%) placed in the form of thin foils
of thickness 6,5 mg/em?® within the Wilson chamber.
The equipment was situated on the surface of the Earth.
During 37 days of “live” time, 20 two-electron events
corresponding to 2B decay of ®Se with the participation
of neutrinos were recorded. The half-life calculated
on the basis of the measured counting rate was 2x10"
years, It is intended to improve the equipment with a
view to raising the energy resolution.

In Table IX, we give all relevant results of the ex-
periments as at May 1979,

4. POSSIBILITIES AND PROSPECTS FOR NEW
EXPERIMENTS

On the basis of the level that has been achieved, we
now attempt to estimate the possibilities and prospects
for further investigations of 28 decay in direct experi-
ments. As we have noted above, the most significant
recent results have been obtained by means of two dif-
ferent methods.

TABLE IX. Main experimental results.

Transition; isotope o
abundance of parent
nucleus; transition Apparatus, method Results erence,
year
energy
Direct experiments
asca — 487i: 0. 1859;| Streamer chamber andscin~ | 73¥, > 2. 1021 years 8k
1;11151:;0: in 370-Oe magnetic (80% confidence level)
73, = 3.6-1019 years
4271.7 keV Salt mine at depth 600 m r,“}’z = 8.1-1021 years [;:Bg’]5
10.6 gof **Ca; 1103 h 26 g | (68% confidence level)
of #28¢; 1300 h
828¢ — 82Kr: 0.19%; | Wilson chamber in 1000-Oe T%,‘;z ~ 2-101% years [104],
3005 keV field 14 g of **Se 19877
(6.5 mg/cm?®); 890 h
26Ge - 7986 7,67%:| Ge (Li) detector: 68 om®; ov : 701
2045.7 keV resolution 6 keV at Tiéz = 5- 102! years o
3 (68% confidence level)
E=2615 keV;4400 h; T?},2> 3.1021 years
4 =
tunnel at depth 4200 m (to excited §
W 0.559 keV "¢ Se
Indirect experiments
828  BIKr: Mass spectrometer; Typ = (1.37£0.28) ¢ 13],
9,19%; Tsample =(3%0.5) % 10° yeary x {020 years 969
3005 keV Mass spectrometer; irradia- | 7 ,9=(2.760,88): tom o ltis%li
tion of sample with reactor Ty 201 30)/T5(82) =
neutrons = 10+2 years
1287 - 128Xe; Mass spectrometer; Tgample Typ 2 1028.3 years E’U]‘
=1.3 X 10° years 968
31,79%; Mass spectrometer; irradiation | T4/ =(1,57%0,17) [1al,
A . | 24 years 975
868.9 keV lof sample with reactor neutron E‘,lus(igsh’fuz(ﬂﬂl i
Tsample =246 X 10° years | — (i 59:0,17)-103 years | 1978
180Te -+ 199Ke; Mass spectrometer; Tsample | Tyjp = 1021+ 34£0.12yearg 13%
=1.3 X 10° years
34,49% Mass spectrometer; irradiation| T1/2 = (2,78:0.3) (16,17],
kel % {Ga veur 1972
of sample with reactor neutron % years
ss spectrometer; irradiation | T'y/2 =(1,05+0.15) 141,
Asa3ike fsa:ﬁ:le with reactor neutron xiger years {utk
rons; Tample = 2.4 X 10° years|
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The first is the method of the Milan group,”® in which
the required effect is distinguished on the basis of only
one property of the neutrinoless process—the con-
stancy of the total energy of the electrons. The second
is the method of the Columbia group,®*™ in which
events are selected on the basis of all the properties
of 28 decay, This is achieved by the use of a streamer
chamber placed in a magnetic field and controlled by
coincidences from scintillation detectors on either side
of it.

In accordance with these rﬁethods, the direct experi-
ments can be nominally divided into two classes—iden-
tification experiments and complete experiments.

Identification experiments. In these experiments, it
is customary to use a detector containing within it a
certain number of putative 28-active nuclei. If these
nuclei decay through the neutrinoless channel, the
background spectrum in the region of the energy of the
28 decay will reveal a peak with width determined by
the energy resolution of the detector, Unfortunately,
the usual result is the absence of a peak. In such a
case, a limit can be established for the probability of
the neutrinoless process from the level of the back-
ground in the region of the transition energy. To do
this, one takes the mean number N, of background
pulses in the investigated interval,?’ and calculates the
maximal number N of events in a putative 283 peak
which has the profile of the instrumental line of the
detector and escapes observation at the given level of
the continuously distributed background. From N e One
must then calculate a bound for the half-life corres-
ponding to the neutrinoless 28 process.

To solve this problem, we consider the statistical
fluctuations in the background activity 4, calculated
from Ny. Such an analysis is made rigorously in Ref.
105 using the binomial distribution to determine the
probability of decay of the nuclei. For low-background
measurements, this is the most correct procedure.

In accordance with Eqgs. (29) and (30) of Ref. 105, the
probable decay rate A, and the standard deviation
0(A,) for N, decays observed during time ¢ is

Ay = (1/20) [exp (— Ayt)l/t + N y/2; (18)
O (Ay) =V 1N, + 1)/ [exp (— A pt)/Q + 12 —1/03], (1

where @ is the efficiency of the detector and A, is the
decay constant of the background. We simplify the ex-
pressions (16) and (17) by assuming that A, =0, and
2 =1, and we obtain

Ay=(Ny+1)t; o(4,)=VN,+1/t. (18)
The maximal rate of neutrinoless 28 decay lies in the
interval )

0 A<K,0(4y),
where K, is a coefficient associated with the confidence

leével for finding A . in this interval. Then one can
assert that the limiting value for the half-life is

I)'The width of the interval in which the background is taken
into account depends on the energy resolution and the profile
of the instrumental line of the detector for monoenergetic
radiation,
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Ty2>>1n 2N ja8pvt/ MK, V' N, +1, (19)

where N, is Avogadro’s number, M is the atomic
weight, p is the density of the detector, v is the sensi-
tive volume of the detector, 5 is the relative volume
concentration of 28-active nuclei, and a is a coefficient
which measures the effective use of the detector
volume and, for example, takes into account the effect
of a boundary layer. In addition, N\, can be represented
in the form

Ny,=fAEuvt, (20)

where f is the index of the background, i.e,, the back-
ground in unit energy interval normalized to the time
of measurement and the volume of the detector, and
AE is the width of the chosen energy region. Using
(20), we write Eq. (19) in the form A

T122>1.51 (aBp/MK,) V WIjAE (21)

with the following units of measurement: 102 years

for Ty, 10° h for £, keV~*h~'*cm™® for £, keV for
AE, g/em? for p, and em? for v, Finally, transforming
(21) to a form which indicates what parameters the de-
tector must have to establish a given limit on the half-
life at the 68% confidence level® (K,=1):

Rv<<0.895 (t/f) (abp/M T ,5)z. (22)

In deriving (22), we have assumed that AE =2,55R,
where R is the resolution of the detector. This cor-
responds to finding in the interval AE not less than
99% of the area of the peak of the expected neutrinoless
28 decay under the assumption that the profile of the
instrumental line of the detector can be approximated
by a normal distribution,

We now use (22) to estimate the possibilities of some
detectors,

In a semiconductor detector made of cadmium tel-
luride one can investigate the four transitions
130Te ~13%%e (2543 keV), 128Te —128%e (872 keV),
14Cd~8n (547 keV), and 116Cd ~ 18 (2811 keV), If
natural tellurium and cadmium are used, then to es-
tablish the limit T ,(**Te)~10* years, a detector with
R/v<8.,3 keV/cm® is needed. Here, the index of the
background is taken equal to the value obtained in Ref.
70. Bearing in mind the very modest contemporary
achievements in the development of TeCd detectors,!%
an acceptable variant could be a block of 8-10 detec-
tors, each having a volume of 1 em? and a resolution
of about 80 keV at 2.5 MeV. For the three remaining
transitions, this same detector could establish limits
on the half-life at the level 4x10%° years,

If the detector is made of tellurium enriched with
139Te to 95%, then for R /v =8 keV/cm® we obtain the
bound T;,(**°Te)=2,7x10% years, which exceeds the
maximal theoretical estimate for the transition
130Te —130Xe (see Table IV). The main problem in the
preparation of a detector made of enriched Te consists

We have here used the connection between a and K, for the
normal law, since it is a good approximation to the binomial
distribution if there is an appreciable number of samplings
and a low probability of an individual decay.

Yu. G. Zdesenko 557



of purifying the 13°Te from possible radioactive con-
tamination,

At the present time, many laboratories are con-
ducting studies on the development of detectors in the
proportional or ionization regime based on condensed
noble gases.'™ 1% In Ref. 108, there is a description
of a proportional counter filled with liquid xenon with
15% resolution at 1 MeV for volume 1 em®. Let us
estimate the parameters of such a detector on the
basis of natural xenon in order to study the transition
136% o - 136B (2718 keV) at given limit T, =10* years.
Assuming that the index of the background does not ex-
ceed the value achieved in Ref, 70, we find that we need
a detector with R /v < 0.5 keV/cm?®, At the moment, the
difference between the required and actual parameters
of the detectors is too great to plan an experiment.

One must, however, take into account the possibility
of progress, since theoretically a liquid-xenon ioniza-
tion chamber should achieve a resolution only slightly
inferior to that of a Ge(Li) detector.

Let us also consider the possibility of raising the T,
limit for ®Ge compared with the result 5%x10* years
obtained by the Milan group; we want to aim at the
maximal theoretical estimate, which is 1.3%10%
years (see Table IV). If we use a detector with resolu-
tion 3 keV and volume about 100 cm®, and also reduce
the index of the background by 1.5-2 times, the limit
then becomes 1.4%10? years. Obviously, it is worth
repeating the experiment with the germanium detector
at such a level.

Analysis of the expression (21) shows that the pos-
sible ways of raising the limiting T, are to increase
the useful volume, decrease the index of the back-
ground, and improve the resolution of the detector.

Because the energy resolution of the majority of
modern detectors is close to the theoretical limit, in
designing experiments one must attempt to maximize
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FIG. 8. Arrangement of low-background experiment for study-
ing 28 decay.

the detector volume and adopt all existing methods to
reduce the background.

In Ref. 110 there is a description of a low-background
experiment designed with allowance for these require-
ments and intended for the investigation of 28 decay
by means of semiconductor and scintillation detectors.
For the effective elimination of the background due to
cosmic rays and natural radioactivity of the surround-
ings, a complex system of “passive” and “active”
shields is used.

The general arrangement is shown in Fig. 8. The
main detector (semiconductor or scintillation) is
shielded by an 8-cm layer of high-purity (RODgrade)
mercury, which is situated in a reservoir of titanium
(VT-1-00). The detector and the mercury shield are
placed in a closed space (300%300x500 mm) formed
by six plastic scintillators, which each measure
500500% 200 mm. The scintillators are scanned by

TABLE X. Background levels of the apparatus (keV~1-h7l-em™),

s 450—500| 500—850{ 850— | 1200— | 1550— | 1900— | 2250— | 2600— | 2050— | 3300—

Encrgy interval, keV 1200 | 1550 | 1900 | 2250 | 2600 | 2950 | 3300 | 4000
In building, A 6.40-1 | 2407t | 1.407 | 7-10-2 | 3.90-2 | 2.40-® |1.5.10° 1.407% | T-407% | 4-1073

Mou:tt:;lwithmerMY 7.10-2 | 7.40-3 |3.3.10-3|1.6-10-9| 9.10-* |5.5-10~4 4-10-% |2.8-107%(2,5.407% 2.107*
shield,

Mounted with mercury shield | 2.40-2 | 2.40-% |8.8-10-%| 410 [1.6-10-%6.9.107%|3.6-10~5(1.6-107%| 3.6-10-%| 2.107°

and anticoincidence shield,
Background suppression 30 100 110 175 187 290 416 625 1900 2000
coefficient, A/T'
_Background suppression 3.5 3.5 3.7 4 5.6 8 1 17.5 70 100
coefficient, B/T

According to the data of Ref.| § 5 40-9| 5.0.403| 3.40-¢ |1,5.40-4 7-40-5 | 3.40°% | 1405

70
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16 photoelectric multipliers of the FEU-49B type with
diameter 170 mm of the photocathode. The main de-
tector is connected in anticoincidence with the scin-
tillation shield, which has a minimal thickness of 10
cm where the upper and lower scintillators adjoin the
central scintillators and 20 cm in all other directions,
Polystyrene scintillators, which have a high light yield
and sufficient transparency, are used.

To eliminate the influence of the radioactivity of air,
the active shield is placed in a hermetic chamber filled
with a purified gas. The chamber is covered at the top
by a 3-cm layer of stainless steel and a 5-cm layer of
lead.

The cavity within the mereury shield containing the
main detector has a useful volume of about 7 dm?
(diameter 150 mm and height 400 mm).

To test the efficiency of the active and passive shields,

preliminary measurements were made of the back-
ground in the working cavity by placing there a poly-
styrene scintillation detector of diameter 145 mm and
height 160 mm. The detector was joined to a FEU-49B
photomultiplier by a light tube of polymethyl methacry-
late of height 50 mm. The equipment was placed in an
ordinary building on the surface of the Earth,

In Table X, we give the background indices
(keV~'-h™'+ cm ) measured by the detector under
various conditions and also the background suppression
coefficients, namely, the total coefficient A/T" and that
for the active shield B/T.

For comparison, in the last row of Table X we give
the values of the background index obtained in Ref. 70
in the study of 28 decay.

We estimate the possibilities of such an arrangement
on the basis of the expression (21). The maximal vol-
ume of scintillator that can be used is 4-5 dm®.*’ If
about 2% of a putative 28-active isotope with transition
energy 3 MeV (for example, Mo or %*Zr) is intro-
duced into this volume, then for the obtained back-

ground index (f=5X10"%keV ~'+h~!-em™3) it is possible

to establish a limit for T,, at the level (2—5)x10%
years. For example, taking K,=1, 6=0.02, AE =500
keV, @=0.9, and #=2400 h, we obtain in accordance
with (21) half-lives of 5x10% and 3x10% years for
molybdenum and zirconium, respectively.

Complete experiments. Although the apparatus
needed for complete study of 28 decay is much more
complicated than that needed in identification experi-
ments, it has the advantage of obtaining more complete
physical information, The point is that one measures
both the total and the individual energy spectra of the
electrons and also the angular correlation function.

9By April 1980, one experiment on **'Te had been made by
means of this apparatus.!!®117 The main detector consists
of 13 polystyrene scintillation plates, which are each 10-mm
thick. The mass of the '®Te distributed in a uniform layer
(160 mg/em?) between the plates is 342,82 g. The experi-
ment, which lasted 3300 h, established a limit on the half-
life of 1Te against neutrinoless 28 decay equal to 1.2x10%
years at 68% confidence level.
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It has frequently been pointed out?'*+2* that this infor-
mation is needed to deepen our knowledge about the
nature of the weak interaction and to determine more
precisely the mechanism of neutrinoless 28 decay.

The complexity and specific features of the problem
of detecting 28 decay impose very stringent require-
ments on the technical characteristics of the appara-
tus, the most important of which are the sensitivity,
i.e., the possibility of detecting a given level of 28
activity, and reliability and stability of operation over
several thousand hours.

The sensitivity can be raised by improving the sig-
nal-to-background ratio, which requires:

1) maximal reduction in the level of the background;

2) the use of all properties of 28 decay to select
events;

3) an increase in the mass of the sample;

4) an increase in the efficiency of detection of the
investigated events.

Let us consider these points in order.

To reduce the background, the following measures
are usually employed:

a) the selection of constructional materials free of
radioactive contamination;

b) a thick passive shield (subterranean chamber) to
suppress the cosmic-ray background;

c) an efficient “active” anticoincidence shield;

d) an additional passive shield made of radioactivity
“pure” materials;

e) sealing of the measuring apparatus to eliminate
an influence of the radioactivity of air.

To select the investigated events, one also uses fea-
tures of the 28 decay such as the simultaneity of the
emission and the common origin of the electrons, the
angular distribution, and the distribution of the sum
of the kinetic energies of the two electrons. These
properties can be used only if the experiment includes
equipment for detecting electron trajectories. Fur-
ther, by placing the track detectors in a magnetic
field, whose optimal intensity is in the region of
1000 Qe,'%%111 jt ig possible to achieve an additional
reduction of the background by a discrimination of the
tracks according to the sign of the curvature and also
the correspondence between the curvature and the elec-
tron energy measured by the main detector,

This leads us to the arrangement of the Columbia
group.®™ Careful analysis® shows that in such ex-
periments the overwhelming majority of background
events can be distinguished from 28 decay events.
There remain only three processes that can simulate
28 decay in such an experiment:

a) double Compton scattering of a ¥ ray in the source;

b) Compton scattering of a ¥ ray in the source and
Mgller scattering of the recoil electron in the same
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source;

¢) Compton or Mdller scattering in the source of
either a ¥ ray or electron from a By cascade of a
radioactive impurity in the source itself.

It is easy to show that the intensity of the background
events in cases a) and b) is proportional to the square
of the thickness of the source; in case ¢), it is pro-
portional to the thickness of the source. Thus, de-
creasing the thickness of the source is the most ef-
fective method for reducing the residual background in
such experiments. In addition, a thin source is also
needed to preserve the initial angular correlation of the
electrons.

At the same time, the need to reduce the source
thickness conflicts with the need to increase the mass
of the sample to a value at which statistically reliable
information can be accumulated during a reasonable
duration of the experiment (1-5x10° h).

In the two experiments® ™ of the Columbia group,
10.6 g of *8Ca and 26 g of ®*Se (area of the source
1000 em?) were exposed for 1103 and 1300 h, respec-
tively. During this time, not more than seven or eight
decays could occur in each sample ata half-life of
2x10% years. With allowance for the total efficiency
of the apparatus (20-50%), this number must be re-
duced by at least a factor 2; but this means that even
in experiments with no background at all a statistically
inadequate volume of information may be obtained.

A way out is to increase the area of the source. If it
is increased by ten times (1 m?) compared with the
case described in Ref. 69, this would make it possible
to increase the mass of a sample of thickness 5-6
mg/cm? to 50-60 g, which is a reasonable compromise
between the statistical and background requirements.

Thus, the ideal modern experiment for studying 2B
decay on the basis of these principles must use all
methods of background reduction, must have a sample
area of not less than 1 m?, and, in addition, must
operate reliably and stably, preferably automatieally,
for several thousand hours.

The straightforward way of achieving such an aim is
to improve an experiment of the type described in Ref.
69 and increase the sizes appropriately. But, of
course, this is not the most economic or most readily
implemented method, though it does warrant con-
gideration.

In Ref. 111 there is a suggestion for solving the
problem somewhat differently. The basic idea is to
construct a Wilson chamber that operates with a mix-
ture of helium and xenon vapor and is triggered by the
electroluminescence of this mixture. The authors have
made a careful thermodynamic analysis of the condi-
tions of operation of such a chamber, and on the basis
of this analysis prepared and tested an actual model
with a useful volume of about 150 cm®. The model
functioned stably in the temperature range 150-185°K.
They investigated the possibility of using such a cham-
ber to study the 28 decay of '*®Xe filling the chamber
and showed that the sensitivity with a chamber of vol-
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ume 1 m?® will be sufficient for the reliable identifica-
tion of the two-neutrino 28 activity of ***Xe at a half-
life of 2x10* years. According to the calculations, an
experiment with 100% enrichment of the xenon by the
isotope 1**Xe will detect about seven true events per
day.

The practical realization of the project requires the
solution of complicated problems in the construction of
the Wilson chamber with appropriate servosystems and
cryostat, a magnet with iron core or solenoid with
magnetic-field volume of several cubic meters, the
gystem for detecting the electroluminescence, etc;
at the same time, it is necessary to bear in mind all
the requirements with regard to the reduction of the
background.

Although the complexity and cost of such a facility
will make it comparable with large-scale facilities
in high-energy physics, its use is limited, unfortu-
nately, to the investigation of '**Xe alone.

The author of the present review has proposed"? a
much simpler arrangement that meets almost com-
pletely the requirements and is suitable for studying
all nuclei.

This uses two six-coordinate multiwire proportional
chambers, each of which adjoins a plastic scintillator.
The source is placed between the chambers. An elec-
tromagnet with iron core is used to produce a magnetic
field of intensity 1-2 kQOe. The scintillators are used
to determine the energy (resolution 30-40%) and
simultaneity of the emission of the electrons (accuracy
10-20 nsec). The electron trajectories are recon-
structed by means of the data from the proportional
chambers. Inaddition, by means of the chambers one
can measure the ionization energy losses, which makes
possible an additional selection of the events on the
basis of the magnitude of the ionization losses.

It will be noted that the proposal is very similar to
the apparatus described in Ref. 69, except that multi-
wire proportional chambers are used instead of
streamer chambers. It is found that this replacement
permits a more complete and simpler realization of an
experiment to look for 28 decay.

The point is that the absence of systems for photo-
graphic detection of tracks makes the apparatus ex-
tremely compact and allows one to use an electromag-
net with an iron core to produce the magnetic field.

No serious technical difficulties have to be over-
come!l®-115 in developing a construction with a source
area of 1.5-2 m?, and the small scale of the apparatus
facilitates the successful application of combined mea-
sures to reduce the background.

In Ref. 112, the present author has given the results
of computer calculations of the energy resolution of
the system with the multiwire proportional chambers
and with allowance for multiple Coulomb scattering of
the electrons. These show that in a wide range of emis-
sion angles and energies of the electrons the resolution
does not exceed 15-20%, and 10% for energies =0.7
MeV and angles =40°.
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Further, the replacement of the streamer chambers
by proportional chambers improves the 6perating
characteristics, since, first, the proportional cham-
bers work at constant voltages of order 5-6 kV, while
the streamer chambers require a pulsed supply with
amplitude 80-150 kV; second, electronic readout of
the information from the proportional chambers is ex-
tremely convenient for automating the processes of
measurement and accumulation and evaluation of the
experimental data.

An apparatus constructed in accordance with the
proposal will have a sensitivity (for source area
1-1.5 m? and thickness 5 mg/cm?) that is at least an
order of magnitude higher than for the apparatus de-
scribed in Ref, 69 (an increase by 4—6 times in the
event rate due to the increased mass of the sample and
a reduction in the background by 4-5 times due to the
decrease in the thickness of the source and the im-
provement in the energy resolution).

According to the calculations in Ref. 69, the sensi-
tivity of the Columbia apparatus is sufficient to detect
two-neutrino 2B activity with lifetime 10° years, Then
the experiment with proportional chambers can study
2B processes with expected half-lives at the level of
10* years for two-neutrino decay and 10? years for
neutrinoless decay.

CONCLUSIONS

Detailed study of the problem of 28 decay inspires
hope of a successful resolution to the problem in the
not too distant future, despite the fact that three
decades of strenuous work have not yet brought the
expected proofs.

The optimism is due both to the successes in the
development of the experimental techniques and to a
number of recent results that may be regarded as
positive in a certain sense.

In the first place, we have the indication in the in-
direct experiments of the possible existence of 28 de-
cay and the measurement of two half-life ratios
(*28Te /*%°Te and !3°Te /%2S¢),

Further positive achievements are the establishment
in the direct experiments of fairly high limits on the
lifetimes against neutrinoless 28 decay of **Ca, "*Ge,
and ®8e; these limit the value of the parameter which
measures nonconservation of the lepton charge to the
range 10-3-10"%,

. It wouldbe very desirableto increase the number of nu-
cleiinvestigated with this sensitivity. Of greatest interest
among the possible candidates (°*Zr,*°°Mo,**°Cd,*?%Sn,
1%0Te,1%6Xe, 5'Nd) is undoubtedly **Te, The existing facili-
ties and those under development are sufficient to obtain
lifetime limits against neutrinoless 28decay at the level
10*-10?2 yearsinidentification experiments. Amongthe
promising detectors, we must mention countersbasedon
condensed noble gases, cadmium telluride semicon-
ductor detectors, and large-volume scintillators.
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The existing theoretical models of 28 decay predict
the probabilities of this process with errors which do
not make possible a final choice between the models
on the basis of comparison with experimental data.
More work by the theoreticians aimed at increasing the
accuracy of the calculations will be very helpful, but
it is a deep conviction of the present author that the
desired success will be achieved only when the experi-
ments have given a reliable positive result for at least
one nucleus.

Since such a result can be obtained only in a direct
experiment with direct detection of the decay events,
it becomes particularly important to develop apparatus
with sensitivity sufficient to detect two-neutrino 28
activity at a half-life of 10** years. Two proposals
have been made: one is based on a Wilson chamber
and the other on proportional chambers. The realiza-
tion of these proposals requires considerable effort
and is a complicated but not insuperable problem; and
the achievement of real progress in the study of 28
decay depends on the successful solution of this prob-
lem.

Concluding the review, we must emphasize once
more the importance of the study of 28 decay, which
was predicted theoretically 45 years ago but has still
not yet been detected experimentally, The reasons
that stimulate further searches for this elusive
phenomenon are as follows:

1) investigations of 28 decay deepen and make more
precise fundamental notions about the nature of the
neutrino and the properties of the weak interaction;

2) the possible existence of a superweak interaction
is related to the problem of 28 decay;

3) the study of neutrinoless 28 decay is one of the
most sensitive ways of testing the conservation law of
lepton charge.

I should like to express my sincere gratitude to
B. M. Pontecorvo for lively interest and helpful dis-
cussion of the wo;k, and also thank L. A, Mikaelyan
and A. A. Borovoi for constructive criticism and
valuable comments made during long and fruitful
discussions of this problem.
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