
of the electrons in complexes bound to donors is localized
near the impurity ion just as strongly as in the case of a
neutral donor.

Spectral analysis of the luminescence of multiparticle
exciton-impurity complexes permits easy determination of
the content of elements of groups HI and V even in the purest
silicon crystals.11
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Translated by Clark S. Robinson

V. A. Rubakov. Structure of the vacuum in gauge theor-
ies and monopole catalysis of proton decay. The problem of
the structure of the ground state is one of the key problems of
contemporary quantum field theory. The properties of the
vacuum determine to a significant degree both the spectrum
of particles and the characteristic features of their interac-
tions. Special interest in presented by study of the structure
of the ground theories, which form the basis for the con-
struction of models of the strong, weak, and electro-magnet-
ic interactions. Recently it has been shown1'2 that the re-
quirement of conservation of such quantum numbers as
fermion number or chirality is in conflict with the require-
ment of gauge invariance, which is fundamental in gauge
theories. The unitary operators U[a] which perform gauge
transformations with gauge parameters a(x) which do not
vanish at infinity, generally speaking, carry the fermion
number or chirality; as a result of this the vacuum of pertur-
bation theory |0) is not gauge-invariant, and the physical
ground state is a linear superposition of the form

|6>= S e-in» (U [a])" | 0).
n=-oo

The physical vacuum \6 ) does not have a definite fermion
number or chirality, and excitations above it cannot be char-
acterized by these quantum numbers; fermion number and
chirality, generally speaking, are not required to be con-
served. Arguments1 favoring the 8 structure of the vacuum
in four-dimensional theories have been based on investiga-
tion of the contribution of instantons3 to the functional inte-
gral. In the exactly solvable two-dimensional model (quan-
tum electrodynamics with massless fermions) the gauge
transformation operators were constructed explicitly2 and
the ground state of the model actually does have undeter-
mined fermion number and chirality.

In quantum chromodynamics the vacuum structure in-
volves nonconservation of chirality1 (but not of fermion
number), which may form the basis for solution of the well
known £/(!) problem (the absence of the ninth light pseudo-
scalar boson). In addition a number of new problems arise
such as the problem of CP conservation in strong interac-
tions.1'4 In models of weak and electromagnetic interactions

there is nonconservation of fermion and baryon number due
to the complex structure of the ground state, but the corre-
sponding amplitudes are suppressed by a factor exp
( — const/a) and by inverse powers of the mass of the W
boson. l

It has recently been discovered5"9 that similar suppres-
sion factors do not arise if one considers processes involving
magnetic monopoles. Monopoles10 appear in unified models
of strong, weak, and electromagnetic interactions as static
solutions of the classical field equations; in quantization they
correspond to particles whose mass is estimated to be of the
order 1016-1017 GeV. Like the vacuum state, the monopole
state does not have a definite fermion number, but in con-
trast to the vacuum sector, transitions between monopole
states with different fermion numbers are described by gauge
field configurations having an action which differs arbitrar-
ily little from the action of the monopole itself. This leads to
disappearance of the exponential suppression of the ampli-
tudes of processes with fermion number nonconservation.
The absence of suppression by inverse powers of the heavy
vector boson mass is due to the fact that the corresponding
configurations can have a purely electromagnetic nature. In
spite of the fact that investigation of processes with noncon-
servation of fermion number in the presence of monopoles
cannot be carried out either in the framework of perturba-
tion theory or by means of the standard saddle-point meth-
od, it has been possible to calculate some matrix elements.6

We shall give as an example the expression for the density of
fermion condensate which violates the baryon number in the
presence of a monopole in the SU(5) model of grand unifica-
tion:

where r is the distance to the monopole. This expression is
valid with accuracy to quantum corrections of order as and
a in the region rS 10~ 13 cm. Matrix elements of this type
describe processes of proton decay in the presence of a mono-
pole, i.e., the processes

p + monopole— >e+ + monopole + pions.

An estimate of the cross sections for these processes has the
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form9

where a0~10 28 cm2; it is assumed that y/c<l. Other
modes of "decay" of the proton with the same characteristic
cross section also exist.5'7"9

The best experimental restrictions on the flux of relic
superheavy magnetic monopoles have been obtained at the
Baksan Neutrino Observatory of the Nuclear Research In-
stitute, USSR Academy of Sciences11: ;<5-10~15 cm~2

sec"1 sr~'. The possibility of monopole catalysis of proton
decay permits one to search for monopoles in underground5

and underwater12 Cherenkov detectors. Here one can hope
to achieve a flux valuey ~ 10~17 cm"2 see"1 sr. ~! Monopole
catalysis inside the Sun and inside neutron stars could ap-
pear respectively in the appearance of a flux of neutrinos
from//"1" decay5 and a flux of thermal radiation in the x-ray
region.7,13
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V. I. Gol'danskii. On two-proton radioactivity. At the
present time we know of four basic forms of radioactive de-
cay of nuclei: a decay, 0 decay (in three forms: (3 ~,P+, and
electron capture), spontaneous fission, and proton
radioactivity. In 1960 the author predicted existence of a
fifth basic form of radioactive decay: two-proton radio-
activity1'2 and subsequently described in detail its main
properties (see the review in Ref. 3). In a series of specific
examples there was special discussion of the possibility of
two-proton decay of nuclei from a long-lived multiparticle
isomeric state4 and & emission accompanied by delayed pro-
ton pairs.5

In this report we describe the main distinguishing fea-
tures of two-proton radioactivity, which make it a very
promising source of information which is completely absent
so far on the nucleon-nucleon interaction at large distances
(up to several tens of fermis), and we report the results of the
first experimental observations of the emission of delayed
pairs at the end of 1982 in the USA.6-8

The possibility (and certainty) of the existence of two-
proton radioactivity first became obvious as the result of
analysis and systematization of the binding energy of pro-
tons in the still unknown neutron-deficient isotopes of the
light elements by means of the simple formula derived in
Refs. 1 and 2 on the basis of the principles of isotopic in var-
ance:

(1)

which was the first prototype of the future well known Gar •
vey-Kelson formula (Refs. 9 and 10).1'

" Here B is the binding energy of the proton (Bf) or neutron (B,), M is the
symbol of the chemical element, and the subscripts and superscripts on
M denote the mass number (above), the proton number (lower left), and
the neutron number (lower right).
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Translated by Clark S. Robinson

Two-proton radioactivity is a direct consequence of
pairing of fermions with opposite spins, in the present case
two protons inside the nucleus, as a result of which for nuclei
with a strong deficiency of the number of neutrons (when the
binding energy of the (2m + 1 )-th excess proton (Bp )2m + , is
already negative) it turns out to be easier to eject immediate-
ly a pair of protons than to remove the even (2m + 2)-th
proton from the odd (2m + l)-th proton. The situation also
arises in which the binding energy of the (2m + 2)-th proton
(Bf )*m + 2 = (Bv )2m + 1 + ^pairing is still positive, whereas the
binding energy of two protons taken together is already neg-
ative: B2p = 2(5p)2m + ! +£pairing <0 (numerically £pairing

s: 1-2 MeV). This is also the "purest" case of two-proton
radioactivity of nuclei in the ground state, which should be
observed for several tens of neutron-deficient isotopes of
even elements from Z = 12-14 to Z = 70-80. It is also possi-
ble to have competition of the simultaneous and successive
emission of two protons, when the two quantities (Bp)2m + 2

and (Bp )2m + , are both negative.
The exponential factor of the rate of 2p decay was ob-

tained in Refs. 1 and 2 on the basis of a very simple formula
of the Gamow type for emission of a doubly charged parti-
cle — the diproton 2He(150), and the pre-exponential factor
was taken as K~ 1022 sec"1. Subsequent rigorous calcula-
tions1 l on the basis of the superfluid theory of nuclear matter
have quantitatively confirmed the initial estimates.

Two-proton radioactivity is characterized by the ener-
gy and angular correlations of the emitted protons.1"3 The
probability of such decay in which one of the protons carries
away an energy

-

and the other an energy
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