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1. INTRODUCTION

In recent years, a new trend has appeared in physics
research: the study of the weak interaction of elementary
particles using atomic spectroscopy. Not too long ago,
many Physicists thought of this research as no more than
a realm of science fiction, while attempts to discuss
revelent experiments only gave rise to cheerful gaiety
among the audience. Nevertheless, beginning in 1974,
weak interactions in atomic physics became not only a
subject of theoretical, but also of persistent experi-
mental, investigations. The first positive result was
obtained at the beginning of 1978. It was discovered at
the Institute of Nuclear Physics, Siberian Branch of the
Academy of Sciences of the USSR in Novosibirsk, that
atomic bismuth vapor is optically active, i .e , the vapor
rotates the plane of polarization of light passing through
it. *·2 Optical activity is one of the most striking dem-
onstrations of parity nonconservation, the absence of
symmetry between right and left: the plane of polariza-
tion of light prefers, for instance, left-handed rotation
to right-handed rotation. Here, parity violation was
first manifested as a coherent macroscopic phenomenon.
From the point of view of modern ideas, the observed
parity violation can be explained by the existence of a
weak interaction between electrons and nucleons,
caused by the so-called neutral currents. Such an in-
teraction is predicted by models that unify electromag-
netic and weak interactions of elementary particles. It
is difficult to overestimate the importance of creating
a unified theory of electromagnetic and weak interac-
tions that is not only internally consistent, hut also ex-

perimentally verified. The experimentally observed
magnitude of this effect agrees quantitatively with the
predictions of one of these models, proposed by Wein-
berg3 and Salam.4

Parity nonconserving weak interaction of electrons
with nucleons was later also observed in a completely
different type of experiment, carried out with the two-
mile linear accelerator at Stanford (SLAC), involving
deep inelastic scattering of longitudinally polarized
electrons by deuterons and protons.5

The discovery of a new form of parity nonconserva-
tion by weak interactions of electrons with nucleons is
an example of how one branch of physics (we are talking
about atomic spectroscopy), which has long since be-
come classical, again appears at the frontiers of our
knowledge of nature. This history once again clearly
demonstrates the internal unity of physics. It has demon-
strated once again that the days of" room-sized" experi-
ments in research on the fundamental properties of matter
have by no means ended.

In this article, we shall discuss the investigation of
parity nonconservation in atomic processes, primarily,
in the usual Ml-transitions in heavy atoms. Naturally,
investigations in which the authors participated will be
described in greatest detail.
2. CHARGED AND NEUTRAL CURRENTS OF WEAK
INTERACTIONS

Such well-known weak processes as neutron /3-decay
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or transformation of a high-energy neutrino in the pre-
sence of a nucleus into a muon involve a change in the
electric charge of strongly interacting particles, had-
rons. The matrix elements of these processes can be
written as a product of the hadronic vector Gurrent by
a leptonic vector current: e, vt, μ, and ι>μ. Due to the
fact that the charge of the particles entering into each
current changes, these currents are referred to as
charged. The purely leptonic process of muon decay is
also described in terms of the interaction of charged
currents:

as well as such purely hadronic processes as nonlep-
tonic decays of hyperons.

Meanwhile, the known conservation laws do not forbid
weak interactions of hadrons and leptons that do not in-
volve charge transfer, for example, elastic scattering
of a neutrino, electron, or muon by a nucleon. Cur-
rents, in terms of which the amplitudes of such reac-
tions are expressed, are referred to as neutral. Neu-
tral currents would also lead to purely leptonic proces-
ses, such as the elastic scattering of an electron by an
electron or a muon neutrino by an electron. Together
with charged currents, it would also contribute to the
scattering of the electron neutrino by an electron and
to nuclear forces that do not conserve parity. The rele-
vance of neutral currents to atomic experiments is
examined in greater detail, for example, in Ref. 6.

The possibility of the existence of neutral currents
has been discussed for a long time. However, special
interest has arisen in neutral currents in connection
with the fact that their existence was predicted by uni-
fied theories of electromagnetic and weak interactions
(see, for example, Ref. 7).

Neutral currents were discovered experimentally with
the accelerators in CERN8·9 and in Batavia (Illinois).10

In these experiments, the scattering of muonic neutrinos
and antineutrinos by nucleons and electrons, not involv-
ing the transformation of the neutrinos into muons, was
observed.

However, until recently, there were no experimental
data on weak interaction of electrons with nucleons
caused by neutral currents. The point is that in such
processes it is extremely difficult to separate out the
contribution of the weak interaction against the back-
ground of the electromagnetic interaction, which is
much stronger. One possibility here is the investiga-
tion of fine atomic effects. Another possibility is an
increase in the energy, since as energy increases the
weak interaction, in contrast with the electromagnetic
interaction, increases at least to energies of several
tens of gigaelectron-volts in the center-of-mass sys-
tem of the colliding particles (see, for example, Ref.
11). At these energies, its contribution to the scatter-
ing cross section is comparable to that of the electro-
magnetic interaction. With existing accelerators and in
atomic physics, we can only hope to discover qualita-
tively new phenomena caused by the weak interaction.
Parity nonconservation, which can be ascribed only to

the weak interaction, is such a character is t ic proper-

ty.

3. DISCUSSION OF PARITY NONCONSERVATION
EFFECTS IN ATOMS

The possible effects of parity nonconservation in
atoms, caused by neutral currents, were first dis-
cussed by Ya.B. Zel'dovich.12 An extremely import-
ant step was taken by M.B. Bouchiat and C. Bouchiat,
who showed13 that these effects are enhanced in heavy
atoms to such an extent that it is possible to observe
them in induced strongly forbidden Ail-transitions.

a) Weak interaction of an electron and a nucleus

The interaction of an electron and a nucleon, which
does not conserve spatial parity but is invariant rela-
tive to time reversal, in general contains four indepen-
dent terms6' and can be represented in the following
form:

Η -g-ζ- &•, («N

(1)

Here, G= 1.026 · 10"7m£ is the Fermi constant for the
weak interaction, ue and us are the four-component Di-
rac wave functions of the electron and nucleon, m and
mp are the electron and proton mass, y№ are the Dirac
m a t r i c e s , y5 = -iyoy,γ2γ3, and σ β μ = Uyu yv - yvyu). A
system of units for which Κ = c = 1 is used. The di-
mensionless constants * · , a r e unknown, and, in essence,
the point of the experiments to be discussed is to deter-
mine these constants.

We shall present some arguments showing that the
t e r m s with the derivatives in (l) can be neglected. It
is natural to expect that the "anomalous weak moment"
of the electron κ 4 a r i s e s only a a result of radiative
correct ions, as in the case of the anomalous magnetic
moment, and therefore is very smal l , ~α/2π. The
t e r m with * 3 can be dropped since it contains the large
mass m t in the denominator. Dropping t e r m s ~m'p

l

and t e r m s containing * 1 2 , we arr ive at the following
expression for the interaction of an electron and a nu-
cleon:

* - 7 Γ < — (2)

Here, oH are the nucleon Pauli matrices, ψ are the non-
relativistic two-component wave functions of the nucleon,
and a=yoy. Using formula (2), it is easy to obtain the
Hamiltonian describing the interaction of the electron
and a nucleus:

,-?(?)5). 0)

Ζ) χ... (3a)

ϊ(') = »»Σ«ΐ(') + «.ΣΜ'). (3b)

p(r) is the nucleon density in the nucleus, normalized
to unity, ορ(τ) and οη(τ) are the single-particle proton
and neutron spin densities. The summation in (3b) ex-
tends over all Ζ protons and-Α-Ζ neutrons in the nu-
cleus. The vector (2(r)) is oriented, obviously, along
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the nuclear spin i. In contrast to expressions (1) and
(2), describing the interaction of the electron and nu-
cleon fields, the Hamiltonian (3) has the usual quantum
mechanical meaning: it is an operator acting in the
space of the Dirac wave functions of the electron.

In heavy atoms, the second term in (3) is much less
than the first term, since, as a result of the pairing of
proton and neutron spins in the nucleus,

| Σ (?) Ι - κρ (?) < Zqp (τ) ~ Ζκρ (r).

For this reason, in what follows, we shall discuss pri-
marily the weak interaction that does not depend on the
spin of the nucleus. It is useful to write it in nonrela-
tivistic form:

Here, ρ and σ/2 are the momentum and spin of the elec-
tron. In this limit, the nucleus can be considered as a
point, so that here the density p(r) is replaced by a δ-
function.

In the Weinberg-Salem model3'4

κιρ = χ ( 1 — 4 sin2 θ), κ , η = — j - ,
(5)

where θ is an independent parameter of the theory. The
predictions of this model with sin2fl~0.25 agree well at
the present time with all of the experimental data on
neutral currents. We note that in this case the constants
K2t, n

 a r e numerically small, which leads to the addition-
al suppression of the term that depends on the spin of
the nucleus in the Hamiltonian (3).

The interaction being discussed is a pseudoscalar and
therefore leads to mixing of atomic states with the same
angular momenta, but opposite parity. It is clear from
expression (4) that (4) mixes only the electronic s 1 / 2 -
and/>1/2-states. This assertion is also valid for the
total relativistic Hamiltonian (3).

b) Spin ringlet

Let us now consider an illustrative picture that gives
a qualitative understanding of how the mixing of levels
with opposite parity effects the structure of an atom.
Let the p1/2 state be mixed into the s1/2 state due to the
weak interaction. We write the s1/2 wave in the usual
form

r) X, (6)

where R0(r) is the radial s-state function, while χ is
a two-component spinor, describing the spin state of
the electron. As far as p1/2 is concerned, its wave
function also has two components, since the total an-
gular momentum of this state is j = 1/2. In addition,
it is linear in the spherical harmonic with 1=1, i.e. ,
with respect to the unit radius vector n = r/r. It is
easy to see that the wave function that satisfies these
requirements

(7)

of the spherical harmonics and the usual method for
adding angular momenta I = 1 and s = 1/2 to form ; = 1/2.
Choosing the radial function of the /(-state as R^r), we
thereby identify (7) with the wave function of the pll2

state.

The wave function that results from the mixing is as
follows:

The fact that the mixing coefficient ίη is imaginary fol-
lows from the Γ-invariance of the weak interaction.
Indeed, both terms in (8) must transform in the same
way under T-reversal, and this operation involves not
only the transformation σ— -σ (obviously, the angular
momentum, as well as the momentum, changes sign
under time reversal), but also requires that the initial
and final states be reversed, i .e . , Hermitian conjuga-
tion of the wave function. It is easy to verify that the
phase of the mixing has this property by direct com-
putation of the matrix elements, for example, of the
Hamiltonian (4).

The wave function (8) can be rewritten in the form

(9)

from which it is evident that the resulting admixture
is equivalent to a local rotation of the spinor χ in the
initial expression (6) by an angle

! (r) (10)

around the direction n.

In particular, if in the initial state s1/2 the spin is
directed along the ζ axis, then depending on the distance
from the origin of coordinates r = 0 [we recall that Λχ(0)
= 0] in the xy plane, the spin acquires a projection in
this plane, oriented along the tangent to the circle cen-
tered at the origin of coordinates. The configuration
that arises, as illustrated in Fig. 1, is nothing more
than a spin ringlet.1 4 > 1 5 We note that the symmetry of
this ringlet, i .e . , right-handed or left-handed, evi-
dently, does not depend on the orientation of the spin
at z = 0. It is thus not surprising that the unpolarized
state of the atom is also characterized by the same
ringlet.

The current distribution in such a atom also has a
curious form. Together with the usual circulating cur-
rent, flowing in a plane that is orthogonal to the angu-
lar momentum, there is a component that corresponds
to the current in a winding wound around a torus.14

A.S. Kompaneits suggested the term anapole for such
an electromagnetic field source.

It is entirely natural that the probabilities for the

FIG. 1. Spin ringlet.

corresponds simultaneously to the standard definition
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emission of right- and left-polarized photons by such
an atom are different; in other words, the emitted ra-
diation is circularly polarized. This is what indicates
the violation of parity conservation in atomic transi-
tions.

c) Simple estimates

Let us now examine, for definiteness, a magnetic
dipole transition in an atom. Due to the weak interac-
tion, states with opposite parity are mixed into the
upper and lower levels. As a result, the amplitude of
the Ail-transition A (Ail) acquires an admixture of the
jEl-amplitude A (£1). Since the parities of the opera-
tors for the Ml- and El-transitions are different, the
relative signs of the admixtures are different for right-
and left-polarized quanta. It can further be shown that
due to T-invariance, the Ml- and £1 amplitudes have
maximum interference. Thus, the emitted radiation is
circularly polarized with a degree of polarization given
by

valid:

Λ»(Ε1)
Λ (Mi) ·

(11)

The summation in (11) extends over states with opposite
parity, which are mixed into the upper and lower levels.

Let us make a simple estimate of the degree of circu-
lar polarization in heavy atoms. As first noted in Ref.
13, the mixing coefficient

,-Λ-β̂ Λ, (12)

[see (3) and (4)] increases more rapidly with nuclear
charge Ζ than Z3. It is not difficult to understand why
this happens.1' In the region r~a, where the nucleus
is screened by the rest of the electrons, the potential
energy of the external electron is V~ -a/r. And, since
the electron is most often located in this particular re-
gion, the total energy of the electron is E~ —a/a. On
the other hand, for r«a/Z1/3, screening of the nucleus
is not important and the magnitude of the potential ener-
gy V(r)« -Za/r is much greater than the total energy.
At distances r»a/Z, the wave function Ψ of the external
electron is quasiclassical, so that in the interval a/Z
«r«a/Z1/3, it may be approximated by

ψ(Γ)- (13)

The coefficient here does not depend on Z, since for
r~a, the wave function must transform into the quasi-
classical solution in the external region, which does not
contain Ζ directly. Using this approximation for the
order of magnitude for r~a/Z as well, we find that

Since for r«a/Zl/s, the electron moves in the field of
the unscreened nucleus with charge Z, its wave func-
tion in this region differs from a hydrogen-like wave
function only in normalization, and in addition, its ar-
gument is rZ/a. It is therefore clear that for r«a/Z,
and in particular, for r - 0, assuming that the function
ψ does not vanish there, the following estimate is also

''The ideas presented below are, for the most part, taken from
the book by Landau and Llfshitz.16

(0) ~ V Z· (14)

This increase with Ζ in the values of the wave function
of the valence of electron near the nucleus is well-
known and has been observed experimentally, for
example, from the Ζ -dependence of isotopic mixing
in heavy atoms and of the hyperfine structure. At short
distances, near the unscreened nucleus, the speed of
the electron also increases linearly with Z:

i~Za. (15)

The energy spacing separating the mixed levels is
A£~maa. The factor R arises due to relativistic ef-
fects at small distances, which increase the attraction
of the electron to the nucleus. This relativistic en-
hancement factor increases sharply for large Ζ and at-
tains values -10 for Z»80. As a result,

Gmia'Z3R
η ~ (16)

The characteristic magnitude of the £1-amplitude is

(17)

The order of magnitude of the usual Ml-transition is
that of the Bohr magneton:

A(tH)~-L. (18)

Thus, for these transitions, the degree of circular po-
larization is

Gm*aZ'R (19)

which constitutes a quantity of the order ~10"7 for Ζ
«80.

Bouchiat's initial suggestion13 referred to the strongly
forbidden Ml-transition 6s 1 / 2 -7s 1 / 2 in cesium. For an
amplitude A (Ml)~ 10"* elm, we can expect a circular
polarization Ρ~ 10"4. It was then noted17·l8 that for
similar transitions in thallium, due to the large value of
Zt the circular polarization must be approximately an
order of magnitude greater. Experiments appropriate
for cesium and thallium are being carried out in France
and the USA.

Another direction for the investigations was suggested
in Refs. 19-21. We are talking about studying the opti-
cal activity of heavy metal vapors in the vicinity of the
usual Ml-transitions. It was in such an experiment in-
volving bismuth1 that the parity-nonconserving weak in-
teraction of an electron and a nucleus was discovered.

The appearance of optical activity due to the weak in-
teraction^ becomes obvious if we recall the spin ringlet
discussed above. It is completely obvious that a gas of
atoms that has such a structure rotates the plane of po-
larization of light in a manner similar to a sugar solu-
tion, the molecules in which are themselves shaped
like spirals. But there is an essential difference be-
tween them: sugar molecules have two modifications,
left and right, while atoms have only one modification.

2)The fact that parity nonconservation leads to the appearance
of optical activity was first noted by Ya. B. Zel'dovich.12
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We note that the natural optical activity that we are
discussing is a coherent22 macroscopic manifestation
of parity nonconservation. Indeed, the effect arises due
to the difference in the refractive indices n+ and n. for
right- and left-handed quanta, while the presence of a
refractive index, more precisely, its deviation from
unity, stems from the coherent forward scattering of
light in atomic media. (The relation between the index
of refraction and the forward scattering amplitude is
derived, for example, in Ref. 16,§ 142.) This differ-
ence in the refractive indices leads to a phase differ-

.ence in the right- and left-handed components of a lin-
early polarized wave, and in addition, the angle of ro-
tation of the plane of polarization is proportional to this
phase shift, increasing linearly with increasing path
length. The fact that the effect increases linearly with
increasing dimensions of the system is what determines
its macroscopic nature.

Let us express the magnitude of the optical activity
of a substance in terms of the degree of circular po-
larization of radiation. An elementary analysis shows
that the angle of rotation of the plane of polarization of
light with wavelength λ along a path Ζ is given by

* = -^-Re(n+-n.). (20)

We use the conventional definition adopted in optics,
according to which the rotation is considered to be posi-
tive if the plane of polarization rotates in a clockwise
direction from the point of view of an observer viewing
the source. Since the degree of circular polarization
Ρ is nothing more than the relative difference in the in-
teraction of left- and right-handed quanta with matter,
it can be represented in the form

1 R e K — n.)
2 Re(n—1) (21)

Substituting (21) into (20), we obtain the relation sought:

ψ=2πγΡΗβ(η-1). (22)

At first glance, formula (22) suggests that the effect
could be made arbitrarily large by increasing I. How-
ever, in reality, this cannot happen^ue to light
absorption. In order to estimate the optimum conditions
for measurements, it is useful to represent the angle of
rotation φ as follows:

1 ί „ Ro(n—1)
Imn (23)

where the absorption length L is defined by the formula

L-l = l£-lmn. (24)

The index of refraction and, as a result of relation (22),
the optical activity as well attain maxima in the vicinity
of an absorption line. In this region, the quantities
Re(n - 1) and Im η are comparable and

ψ-P-L. (25)

As already noted,the angle ψ is determined by the phase
difference for right- and left-handed components of a
plane polarized wave. For this reason, the fluctuation
Δψ is related to the fluctuation in the number of photons
detected ΔΝ ~ JN by the familiar uncertainty relation

Since the number of photons passing through the speci-
men being studied depends on its length I according to
the law N = N<£~llL, the statistical uncertainty in the
magnitude of the degree of circular polarization, ac-
cording to the relations presented above, amounts to

-ei'-21 • (26)

From here, it is easy to see that the minimum random
error in measuring the effect is attained at / ~L (more
precisely, 1 — 2L). Under these conditions, forRe(w-l)

For normal Ml-transitions, lying in the optical re-
gion, it is easy to obtain a ratio l/L close to unity under
real conditions. Thus, in these transitions, ψ~Ρ~10"7.
For strongly forbidden Ml-transitions, what we gain in
the degree of circular polarization Ρ in direct propor-
tion to the dgree of forbiddenness, we lose quadratically
in the absorption coefficient L'1 with other conditions
remaining the same. For this reason, here, we lose
a great deal as to the magnitude of the angle of rota-
tion φ.

We note that in an allowed £1-transition, the degree
of circular polarization is negligibly small, since in
expression (11) the amplitudes A (El) and A (Ml) ex-
change places, so that Ρ turns out to be a factor of
a"1 =137 smaller, and not greater, than the mixing
coefficient η. And, inasmuch as it is not possible to
gain a noticeable advantage in the factor l/L, here,
the angle of rotation φ is also negligibly small. The
optical activity is also extremely small in the vicinity
of electrical quadrupole (£2)-transitions, inasmuch as
in this case also the ratio of the added magnetic quad-
rupole (M2) amplitude to the principal amplitude A (M2)/
A {E2)~a, and not a'1. Thus, normal.Ml-transitions
are optimum transitions in the search for optical activity
related to parity nonconservation.

d) Choice of objects in searching for optical activity

Let us begin with the requirements imposed on the
light source. It is easy to show with the help of formula
(26) that the light source must have sufficiently high
intensity. Then, since the effect has a resonance char-
acter, this intensity must be concentrated in a band
comparable in width with the absorption line. Finally,
the light source must be tunable, in order to pick out
the given line. (A more detailed discussion of these
conditions is given in the next section.) Due to these
requirements, tunable lasers are the most suitable light
sources.3'

"in this connection, we emphasize the fact that the study of
the weak interaction of elementary particles in the optical ex-
periments being discussed here was actually made possible
by the vigorous development of laser technology in recent
years.
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The choice of suitable elements in searching for opti-
cal activity is determined by the presence in these ele-
ments of the usual Ml-transitions from the ground
state, lying in the visible part of the spectrum or near
it, where tunable lasers operate, under conditions of
large values of Ζ, and finally, appreciable vapor pres-
sure at reasonable temperatures. These conditions are
satisfied by thallium, lead, and bismuth (Z = 81, 82,83,
respectively). In a real situation, the ratio Re(n -1)/
Im η is of the order of unity in bismuth and can attain
60-70 in thallium and lead. Since the circular polar-
ization attains P~ 10'7 in these elements, the angles of
rotation attain magnitudes of ~10"7 rad in bismuth and
-ΙΟ"5 rad in thallium and lead. However, from the point
of view of suitable light sources, thallium and lead, in
which the wavelength corresponding to the transitions
discussed is λ =1.3 μΐη, are less suitable for the time
being.

e) Faraday effect

In concluding this section, we consider the serious
problem presented by magnetic fields, which, as is
well-known, also rotate the plane of polarization of
light. If the rotation, caused by the parity nonconser-
vation, arises due to the dependence of the refractive
index η on the helicity of the photon, i.e., on its spin
projection along the momentum, then magnetic rota-
tion—the Faraday effect—arises due to the dependence
of η on the projection of the photon spin on the direction
of the magnetic field H. Since Η is an axial vector,
such a correlation, in contrast to the helicity, is a true
scalar.

There are several mechanisms for the Faraday effect.
We shall point out two such mechanisms that give the
main contribution under real conditions. First, due to
the Zeeman splitting of levels in a magnetic field, a
difference arises in the resonant frequencies for right-
and left-polarized quanta. The longitudinal magnetic
field H, which in this manner imitates the effect of
parity nonconservation, is estimated from the obvious
relation (e/m)H/&< pt where Δ=ω-ω0 is the dis-
placement of the frequency of the light ω from the reson-
ant frequency ω0, while Ρ is the degree of circular polar-
ization from this, for P~ 10"7. The requirement Η
< ΙΟ^-ΙΟ"* G. The other, not so well-known, mechan-
ism occurs in the presence of a nucleus with nonzero
spin. In this case, the magnetic field mixes atomic
hyperfine states with different total angular momenta
•F, but with the same value of Fg. The limit on the
field, following from the relation {e/m)H/^U¥< P, where
AOT is the hyperfine splitting, is as follows: Η< 10"3 G.
We note that similar to the rotation arising from parity
nonconservation, and in contrast to Zeeman rotation,
this effect is an odd function of the detuning Δ.

4. EXPERIMENTAL INVESTIGATION OF THE WEAK
INTERACTION OF ELECTRONS AND NUCLEONS

a) Brief overview of experiments

Although the first realistic suggestions for searching
for parity nonconservation effects in atoms involved
measuring circular polarization in strongly forbidden

Ml-transitions, experiments involving cesium and
thallium have not yet achieved the required precision.
Up to now, these experiments, carried out in France
and in the USA, yielded the amplitudes of the transi-
tions themselves.23'24 As far as the degree of circular
polarization is concerned, the results of the experi-
ments in thallium25 do not contradict theoretical pre-
dictions ,2 9'3 0 but the random error in these experiments
is of the same order of magnitude as these predictions.
According to the situation in September 1979, the stat-
istical error in the experiment with cesium28 also
equals the theoretical predictions.27·28 However, the
authors have not as yet presented the results of the
measurements.

Experiments searching for the effects of parity non-
conservation in atomic hydrogen and deuterium are at
present being undertaken by several groups. These ex-
periments are extremely difficult. We will not stop to
consider them, but refer the reader to the original
work.31"35

Experiments searching for natural optical activity
were proposed almost simultaneously at the Institute
of Nuclear Physics (Novosibirsk, USSR),19 Oxford Uni-
versity (Oxford, England)20 and at the University of
Washington (Seattle, USA).21 In Novosibirsk, prepara-
tions for the experiment began during the summer of
1974. Preparations were undertaken in Seattle and Ox-
ford at approximately the same time. Bismuth was
chosen for the experiments in all laboratories.

The ground state of the bismuth atom belongs to the
configuration 6/>3, i.e., it has three external />-electrons
outside filled shells. The normal Ml-transitions are
possible only between levels belonging to the same elec-
tronic configuration. The diagram of such transitions
out of the ground state of bismuth is shown in Fig. 2.

The results of calculations of the degree of circular
polarization of radiation emitted in these transitions are
displayed in Table I. For completeness, the values of
this quantity for the normal Ml-transitions in thallium
and lead are also given in the Table.

In Novosibirsk and Oxford, the red line of bismuth
(λ=648 nm) was chosen for the experiment due to the
fact that a reliable tunable continuous dye laser with a
quite narrow line is available as a light source at this
frequency. The disadvantage of this transition is that it
lies in a region overlapped by the quite dense spectrum
of molecular bismuth (the partial pressures of the atom-
ic and molecular bismuth vapors are approximately
equal). This disadvantage is absent for the infrared line
(λ= 876 nm), near which the molecular spectrum is very

FIG. 2. Diagram of ΛΠ-
transitions in atomic bis-
muth.
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TABLE I. Circular polarization of radiation
for thallium, lead and bismuth (all numbers
are presented for sin20 = 0. 25).

λ, nm

/>•№

T l

1283

3.4

2.8

4.3

P b

1279

2.4

Bi

8Τβ

2.9
3.6
2.4

2.4

3,8

2,8

«62

6.5

301

8.3

Reference

3β, 37

38

30

30

to

weak. For this reason, this line was chosen for the
work in Seattle,41 in spite of the fact that it was neces-
sary to use a pulsed laser with a fairly broad line (pa-
rametric oscillator).

Experiments searching for optical activity are also
being carried out at the Lebedev Physical Institute in
Moscow.42

b) Scheme for measuring small angles

How can negligibly small angles of rotation of the
plane of polarization, of the order of 10'7 rad, be mea-
sured? It would seem that it is enough to place the
specimen under study between crossed polarizer and
analyzer and then determine this angle from the inten-
sity of the transmitted light as follows

/' = / sin» if sa /ψ2,

where / is the intensity of light incident on the analyzer.
However, under real conditions, the situation is not so
simple. The problem is that with crossed polarizer
and analyzer the intensity of the transmitted light does
not exactly equal zero, but is diminished by only a fac-
tor of 107 at best. Evidently, under such conditions, it
is practically impossible to record the negligibly small
change in the intensity of light caused by the rotation
of the plane of polarization by an angle ~10'7 rad.
Moreover, since the observation of such angles in-
volves a long signal accumulation time, all the possible
displacements in the optical elements and electronics
also make such measurements practically impossible.

Schemes that actually measure small angles make
use of the modulation technique. In this method, a
reference angle θ is added to the angle φ, so that the in-
tensity of the transmitted light equals

/' = / [sin2 (Θ + ψ) + 621 « / (Θ2 + 2θψ + δ2), (27)

where /δ2 is the intensity of the light transmitted through
crossed polarizer and analyzer.

In the standard procedure, the reference angle is
modulated with the help of a Faraday cell. The light
from the source passes through the polarizer, Faraday
cell, specimen being studied, and analyzer; the latter
transmits light with polarization orthogonal to the po-
larizer, which is then detected by a photodetector. The
Faraday cell consists of a transparent (to the light) sub-
stance with a quite high Verdet constant (heavy flint glass
distilled water, and so on), placed in an alternating lon-
gitudinal magnetic field. The frequency of the alternat-
ing magnetic field used usually lies in the.range from 0.1

to 1 kHz. Thus, the signal from the photodetector is
proportional to

V ~ Ι (Θ2 sin2 Ωί + 2θψ sin Ωί + 6s), (28)

where Ω is the frequency of modulation of the reference
angle. The fundamental of this frequency in the signal
from the photodetector, proportional to the measured
signal, is recorded with a synchronous detector.

In order to study optical activity resulting from parity
nonconservation, a new frequency-modulation measure-
ment technique was developed to Novosibirsk.43'44 In
this scheme, the wavelength of the light is modulated,
so that if parity is not conserved, then, as the wave
passes through resonance, the angle of rotation of the
plane of polarization ψρΜ0 changes sharply (Fig. 3).
In the scan of the wave symmetrically relative to the
absorption line center, the intensity of light transmit-
ted through the analyzer

(29)

contains the fundamental (more precisely, odd harmon-
ics) only in the presence of parity nonconservation,
since /(/) has only even harmonics. For small scan-
ning amplitudes, the signal of the fundamental is pro-
portional to 9^PNC/3X. Thus, in contrast to the usual
schemes for measuring small angles of rotation of the
plane of polarization, the scheme proposed here actual-
ly measures the derivative of these angles with respect
to wavelength.

In the preceding discussion, it was tacitly assumed
that the angle θ between the polarizer and analyzer
axes is small. In order to choose an optimum value for
this angle, let us consider how the effective signal-to-
noise ratio depends on this angle. Assuming that the
noise is purely random in nature, while the optical
system is an ideal system, this ratio does not depend
on the angle Θ, since both the effective signal Ιθφ and
the random noise V7P are proportional to Θ. However,
as mentioned above, due to the nonideal nature of the
polarizer and analyzer, the intensity of the light trans-
mitted through them for Θ — 0 is /δ2. For this reason,
the use of angles θ less than δ degrades the effective
signal-to-noise ratio. On the other hand, for angles
θ greater than δ, the relative magnitude of the effective
signal in the measuring channel decreases and this im-
poses stricter requirements on the electronics and on
the tolerable magnitude of various spurious effects.
Starting with these considerations, angles θ lying in the
range from 10"3 to 4 · 10'3 rad were used in the experi-

lui/r

FIG. 3. Expected wavelength dependence of the angle of rota-
tion of the plane of polarization and of the absorption of light
in the vicinity of aMl-transition.
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ment. The scheme of the experiment for measuring the
optical activity of bismuth vapor is shown in Fig. 4.
The light source consisted of a model 375 Spectra Phy-
sics tunable dye laser. This laser has a line width of
about 0.1 A and does not allow for rapid wavelength
scanning. In order to use the technique proposed above,
it was necessary to tune the laser wavelength rapidly
and to have a much narrower line. For this purpose,
a new method was proposed and realized for selecting
longitudinal laser modes.4 5 An additional element was
introduced into the laser: a selector that provided a
single-frequency tuning regime with output beam power
of 15 mW. The use of the selector permitted discrete
wavelength scanning with a step size of 0.006 A scanning
frequency up to several kHz, and scanning amplitude up
to lODoppler line widths. Actually, in the experiment, the
scanning frequency was chosen as 1 kHz, while the ampli-
tude was chosen as 1 to 2 Doppler widths. The light, modu-
lated according to wavelengths with a frequency 1 kHz, pas-
sed through the polarizer, the cell with the bismuth vapor,
and the analyzer. The polarizer and analyzer consisted of
prisms made of Icelandic spar with an apex angle of 12°.
The axes of the polarizer and analyzer were positioned at
an angle of θ to one another. A special mechanical system
permitted changing the sign of the angle Θ.

The analyzer splits the beam into two beams with
mutually orthogonal polarizations, one of which is a
factor of β"2 weaker than the other. Each of the two
beams was detected by a FEU-79 photomultiplier (quan-
tum yield of 5% at λ = 648 nm). Special cavities were
placed in front of the photomultipliers for diffuse scat-
tering of light. Without them, the nonuniformity of the
photocathodes, together with variations in the structure
and displacement of the laser beam accompanying the
wavelength tuning, cause large spurious effects. A
gray filter with an attenuation coefficient =103 was
placed in front of the FEU-1 photocathode, which re-
corded the bright beam, in order to partially smooth
out the intensities.

The signals from the photomultipliers depend on θ and
as follows:

V, (t) ~ / (i) cos» (Θ + t|>pNc (t)) « / (t),

Fa (t) ~ / (() sin* (Θ + ψρΝ 0 («)) » / (t) θ* (1 +

(30a)

). (30b)

Since the signal from the FEU-1 does not depend on the

Own and call containing Bl vapor

uitlptw I ane|Vzer ° " τ = ^ = = = τ " " ' 1 polarizer'

effect being measured when scanning the laser sym-
metrically relative to the center of the line, the signal
must only contain even harmonics of the scanning fre-
quency. Since the optical length of the bismuth vapor
in the experiment equals several absorption lengths,
Vx depends very strongly on time. For this reason,
with imprecise tuning on the center of the absorption
line, the fundamental of the scanning frequency appears
in the signal Vx. Depending on which side of line center
the shift occurred, the phase of the fundamental of the
signal changes by 180°. The signal Vx was synchron-
ously detected at the fundamental of the scanning fre-
quency, amplified, and fed into the laser selector for
automatic tuning of the wavelength. This feedback en-
sured the absence of the fundamental in I{t) to a level
not exceeding 10'3.

The voltage on the photomultipliers was chosen so that
the signals V1 and V2 would be practically equal to one
another. These signals were fed into a subtracting cir-
cuit. In the case that the signals are equal, the differ-
ence signal ν~/(ί)θ9ψΡΝΟ/3λ can contain the fundamen-
tal only through the wavelength dependence of ψ ^ . In
order to maintain high precision in subtracting Vx and
V2, we used the fact that if they are unequal, the am-
plitude of the second harmonic, the phase of which de-
pends on which the signals Vl or V2 is greater, appears
in the signal V with a large amplitude. The difference
signal V was synchronously detected at the second har-
monic of the scanning frequency; it controlled the volt-
age supply to the FEU-1 photomultiplier. This feed-
back provided better than 10"3 precision in subtracting.

As a result of the use of both types of feedback, the
spurious signal at the fundamental must correspond to
an effective rotation angle 2ψβί(/θ «10~6 [see formula
(30)], which for angles θ used constituted ψ,,, «10"9

rad.

However, in the experiment, the level of the funda-
mental in the signal was determined with other methods
besides electronic methods, as will be seen from what
follows. For additional suppression of spurious signals,
the measurements were performed alternately for two
values, +Θ and -Θ, of the reference angle. The dif-
ference of the average values 7 + and V. for these two
cases serve as a measure of parity nonconservation.
The angle of rotation was determined from the relation
ψΜΪ = (3ί|)/9λ)Δλ and related to the results of the mea-
surements as follows:

FIG. 4. Block diagram of the experiment.
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where K is the amplification factor of the subtraction
circuit and the synchronous detector at the fundamental.

c) Description of setup

An oven, the construction of which is shown in Fig.
5, was used to obtain bismuth vapor. The oven opera-
ted on the heat pipe principle. A cell with bismuth va-
por was connected to a large ballast volume, filled with
helium. As the oven was heated, when the temperature
in the cell attained a value at which the pressure of the
saturated bismuth vapor equalled the helium pressure
in the system, helium was pushed out and only bismuth
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FIG. 5. Oven and cell with bismuth vapor 1—analyzer prism;
2—helium inlet; 3—moving seal; 4—coil; 5—steel housing;
6—heater; 7—cooler; 8—sectioned coil; 9—thermal insula-
tion; 10—ceramic cell; Π—magnetic screens; 12—collima-
tor; 13—polarizer prism.

vapor remained in the center of the cell. In such a sys-
tem, when the power input is changed, the temperature
and the corresponding vapor pressure do not change,
only the length of the region occupied by vapor changes.
The polarizer and analyzer prisms served as the input
and output windows of the cell. Cold helium at the ends
of the cell protected them from bismuth deposits.

To avoid creating a constant magnetic field, which ro-
tates the plane of polarization and can imitate the parity
nonconservation effect, a 50 Hz alternating current was
fed to the heater. In order that the alternating field in
the system be small as well, the heater was shaped in
the form of a double spiral. To suppress external mag-
netic fields, the oven and cell were placed in a double
magnetic screen consistingof annealed Permalloy, which
reduced the magnetic field at the center of the cell to
less than 2 • 10"5 G. The use of correcting coils, posi-
tioned at the ends of the external screen, ensured a field
with this value along a length of up to 60 cm. The mag-
netic field was measured by ferromagnetic probe sen-
sors . 4 6

In the construction of the setup, measures were taken
to avoid contacts with different metals, which eliminated
magnetic fields due to thermoelectromotive forces not
otherwise would have arisen with heating of the oven.
The final criterion ensuring a small residual field in
the heated cell was the absence of magnetic rotation for
measurements with those atomic lines for which Faraday
rotation exists, while the effect stemming from parity
nonconservation is known to be absent.

An additional coil, consisting of seven sections, which
was used to measure the bismuth vapor density distri-
bution along the cell axis, was placed inside the screen.
For this purpose, in the case of alternate switching in
of the coil sections, the Faraday rotation was measured
for lines in which this rotation is large.

The electronic part of the apparatus contains a series
of specially developed devices.45 The blocks indicated
in Fig. 4 as synchronous detectors include narrow band
amplifiers at frequencies 1043 and 2086 Hz, respec-
tively. The integration time of the synchronous detec-
tors and the total amplification factor of the effective
signal at the fundamental from the FEU-2, allowed for
in the circuit, were often adjusted in discrete steps
at the early, most difficult, stages of the experiment.

In later measurements, an automatic system was used
for control, monitoring, data collection, and data pro-
cessing, realized in the KAMAK format and fed into a

M-6000 computer. A signal from the synchronous de-
tector at the fundamental, proportional to the effect
being measured, and the intensities of the incident and
transmitted light were fed through an analog-digital
converter (ADC) into the computer memory. A special
rapid ADC block47 recorded the information concerning
the shape of the absorption line. The block containing
the control switches was programmed to change the
angle of the analyzer prism +θ —-Θ and also controlled
the circuits that changed the phase at which the heating
element of the oven was fed by 180° synchronously with
the change in the angle Θ. The phase of the heater was chan-
ged for the following reasons. The heating element creat-
eda small alternating magnetic field with a frequency 50
Hz along the axis of the cell containing the bis muth vapor.
The 1 kHz carrier frequency also is slightly modulated at a
frequency of 50 Hz. As a result, this alternating Faraday
rotation in bismuth vapor can be recorded as an effect. Spe-
cial measures were adopted for revealing and suppressing
this pickup. Since the difference of the first harmonic for
the + θ and -Θ positions of the reference angle serves as the
effective signal, the synchronous change in phase in
feeding the heater and angle automatically subtracts out
the spurious signal indicated. The program allowed for
operation in a regime in which both the parity noncon-
servation effect and the Faraday rotation were mea-
sured. The programs were triggered and the required
parameters were input from a videotron.

d) Measurements and analysis of results

Although the work was begun during the summer of
1974, the dye laser was not delivered until April 1976.
By then, the electronic equipment, oven, and system of
magnetic screens were prepared. By the end of 1976,
the laser was significantly modified and it was put into
a single-frequency tunable lasing regime. After this,
the absorption spectrum of bismuth vapor was mea-
sured in the region of several angstroms, where the
lines of the hyperfine structure for the transition at
648 nm should be observed.

The transition 4S3 / 2 - 2 O 5 / 2 , for which the parity noncon-
servation measurements were made, can proceed as
a magnetic dipole and as an electric quadrupole transi-
tion. Since the spin of the bismuth nucleus equals f-,
the hyperfine structure of this transition consists of
12 lines with Δ.Ρ=0, ±1 and 6 lines with AF=±2. The
lines with AF=0, ±1 correspond to magnetic dipole
transitions with a mixture of quadrupole transitions.
The parity nonconservation effect was measured for
these transitions. Transitions with Δ.Ρ = ±2 are purely
quadrupole transitions, so that the effects of parity
nonconservation are approximately a factor of a2~10~4

less here. These effects are also strongly suppressed
in the molecular lines of bismuth, for which the partial
vapor pressure at temperatures «1200°C is approxi-
mately equal to the pressure of atomic bismuth.

Figure 6 shows the absorption curve for bismuth
vapor measured in the vicinity of the 4S3 / 2 -2Ds/2 transi-
tion. As evident from the figure, the hyperfine struc-
ture is masked by the strong absorption spectrum of
molecular bismuth, so that it is impossible to find the
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FIG. 6. Faraday rotation and absorption spectrum of bismuth
vapor in the vicinity of the λ= 649 nm transition.

position of the atomic lines from the known spacing be-
tween the hyperfine components, first measured in
1942 and 1946 by Mrozovski.48 They were identified
by measuring the Faraday effect in this region of the
spectrum.

The standard scheme was used to measure the wave-
length dependence of the Faraday rotation. The advan-
tage of this scheme lies in the fact that in contrast to the
frequency modulation technique, it permits making
measurements at points other than the maxima and
minima in the intensity of the transmitted light. Since
we are concerned here about measuring angles ~10"4

rad, in this case a serious disadvantage of the standard
scheme is not important, namely, the presence of an
additional substance between the polarizer and the analy-
zer, at least a Faraday cell, which can cause various
spurious effects. The setup was restructured in accord-
ance with the change in the experimental scheme. A
Faraday cell, which modulated the reference angle at
a frequency of 1 kHz, was placed between the polarizer
and the cell containing the vapor. In addition, the laser
wavelength was scanned at a frequency of 0.01 Hz.

Figure 6 shows the results of measurements of the
Faraday rotation for the atomic transition *S3/2 -2DS/Z.
The figure also shows the curve of the effect computed
by O. P. Suchkov and V. V. Flambaum based on Refs.
49 and 37. For the calculations, the reduced amplitude
of the Ml-transition was taken as equal to 0.55 e/2m,
as obtained in Ref. 37; the error in this number does
not exceed 2%. The partial pressure of the atomic
bismuth vapor was determined by comparing the mea-
sured and computed Faraday angles; the value obtained
agrees within the 5-10% precision of the measurements
with the handbook value.111

Comparison of the theoretical and experimental results
gives the following values for the free parameters of the
calculation: the impact broadening of the lines does
not exceed several percent of the Doppler width; the
radial integral for the amplitude of the £2-transition

(y2)=(9.0±0.6)rf, and the constants for the magnetic
dipole and quadrupole hyperfine splitting of the 2Dst2

level are A*2503.8±1.6 MHz and B = 2±23 MHz. The
indicated value of (r2) agrees with results obtained at
Oxford50 from measurements of the Faraday effect under
conditions of large impact broadening. Somewhat better
precision in determining the constant Β was obtained in
the recent work described in Ref. 51: fi = 14± 11 MHz.
The computed value of this constant52 is S = 8.5±7 MHz.

We shall consider the data obtained from the analysis
of the Faraday effect in detail because of the fact that
they are used for quantitative interpretation of the
results of the parity nonconservation measurements.
These data on the Faraday effect were obtained with the
use of the automated data collecting and processing sys-
tem.

The first curves of the Faraday rotation were obtained
with a less perfected setup. However, even these
curves permitted establishing reliably and uniquely the
position of the hyperfine structure lines of atomic bis-
muth relative to the absorption spectra and to go on
immediately to a study of parity nonconservation. The
measurements were begun on the control molecular lines.
In the setup of that time, the input and output windows
of the cell consisted of glass, Franck-Ritter prisms
were used for the analyzer and polarizer, in which one
of the polarization components of the light was extin-
guished, and beam splitting plates and mirrors were
used to obtain an intense light beam incident on the
FEU-1. A Faraday cell was used to change the angle
+ θ— -Θ. There were no light diffusers in front of the
photomultipliers. The first measurements with the
control molecular lines gave signals, imitating parity
nonconservation, at levels approximately a factor of
103-104 greater than expected for the working lines.
Microscopic displacements of any element in the setup
changed the sign of the signals. After a while it was
clear what caused the observed phenomena. When the
wavelength is scanned, the spatial structure of the
laser beam is restructured synchronously. When the
modulated light reaches the photomultipliers, the non-
uniformity of the photocathodes generates the funda-
mental. In order to suppress this effect, cavities,
which were painted inside with a diffusely scattering
paint, were positioned in front of each photomultiplier.
The cavities had two openings, one for letting in the
laser beam and the other for letting out the diffusely
scattered light toward the photocathode. The cavities
mixed the light well, so that even with significant
displacements of the photomultiplier with the diffuser
relative to the laser beam, no changes were observed
in the signal at the fundamental. The use of the diffusers
reduced the signal at the fundamental by 3 to 4 orders
of magnitude, but effects comparable with those ex-
pected for the working lines were still observed with
the control lines. The remaining spurious effects still
stemmed from the synchronous restructuring of the
beam. The problem is that all optical elements create
ellipticity, which is nonuniform across the surface,
and as a result with synchronous tuning of the beam,
a fundamental signal, which, moreover, changes in
time as the beam drifts smoothly or the beam struc-
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ture is altered. Plane parallel glass, positioned along
the beam axis, also created big problems. Thus, for
example, an attempt was made to use interference light
filters in order to suppress light from the oven. In
doing so, a smooth variation with a period of about one
hour was observed in the signal at the fundamental. It
turned out that it was caused by a slow displacement of
the light filter, fixed in place with the help of modeling
clay. Reflected light entering the laser was especially
dangerous; even when the reflected light was attentuated
by a factor of 105, uncontrollable feedback coupling
could not be avoided in the system. Further work
primarily consisted of simplifying the optical scheme.
As a result, nothing was left between the polarizer and
analyzer besides the bismuth vapor and helium.

Preparations of the apparatus for a run of measure-
ments began with work on the molecular line with the
greatest width. This permitted increasing the scanning
amplitude by a factor of 4-5 in comparison with the
normal operation. This increased the effects related to
synchronous restructuring of the laser beam. The inten-
sity of the laser light also increased in comparison with
the working intensity approximately by an order of mag-
nitude (at the same time, laser generation occurred at
several longitudinal modes). All this permitted a de-
crease in the time required for the observations. Under
such conditions, by displacing the polarization prisms,
we achieved minimal spurious effects. After this, the
prisms, lenses, diaphragms, and so on were not dis-
placed in any way during the run. During the run, mea-
surements at the working and control lines were alterna-
ted. At the end of each measurement, a magnetic field
of ~10"2 G was switched on. The value of the angle of
rotation of the plane of polarization with the magnetic
field switched on, measured by the same frequency
modulation method, served as a check on the operation
of the apparatus and was used to normalize the parity
nonconservation effect. Such alternating measurements
on a group of working and control lines constituted a
single run. In preparing for the first three runs, the
amplitude of the fundamental in the difference signal
was not always stable in time. As a result, prepara-
tion for a run sometimes took about one month.

In all, three series of measurements were carried
out. The first series consisted of a single run, and the
second and third consisted of two runs each. Between
the series of measurements, the setup was repeatedly
modified. In doing so, at least two goals were pursued:
the first goal was to achieve stable operation or at
least to increase the time over which the system be-
haved smoothly; the second was to eliminate possible
systematic errors. For example, in the first series of
measurements, the polarizer was rotated by an angle
±θ; the polarizer was made in such a way that when it
was rotated the position of the light beam on the photo-
multipliers did not change. In the second series, the
analyzer was rotated, and the photomultipliers were
stationary. In the third series of measurements, the
photomultipliers were rotated instead of the analyzers
so that the relative position of the light beams and the
photomultipliers did not change. The axis of rotation
of the photomultipliers and the analyzer prisms coin-

cided with the axis of the laser beam inside the cell so
that rotation of the analyzer prism did not cause a dis-
placement of the light beam across the prism. As
already mentioned, the third series of measurements
was automated. During the operation of the system,
the system of diaphragms, their dimensions, and their
mutual positioning were changed significantly. Suc-
cessive improvements in the system resulted in the fact
that in the last measurments no instability was observed
in the signal at the fundamental.

In the first series, measurements were carried out
on seven lines.1 Rotation of the plane of polarization
of light could be expected for four of these (lines 1, 3,
7, and 12 in Fig. 6). Three lines (two molecular and
one quadrupole, A, C, and 10 in Fig. 6, respectively)
serve to check the operation of the apparatus. In this
series of measurements, the polarizer was rotated by
an angle ±1 · 10~3 rad. The sign of the angle was
changed every 200 s, and in doing so, in order to
eliminate transient processes, the first 50 s following
the switchover of the polarizer were not used in the
analysis of the results. The integration time of the
synchronous detectors in this session was equal to
15 s. Ten measurements were performed for each
line for each position of the polarizer. The total
amount of time for the measurements per line, includ-
ing the measurements with the magnetic field switched
on, constituted about 1.5 hours. The signals that are
proportional to the measured effect, the intensities of
the incident and transmitted light, as well as the feed-
back signals were recorded on a five-channel auto-
matic plotter. In the first series of measurements,
the average angle of rotation for lines corresponding
to the Ml-transitions Δί"=0, ±1 constituted (-6.7±1.6)
• 10"8 rad, while the average angle of rotation for the
control lines equalled (2.1 ± 1.5)· 10"8 rad. This result
demonstrates uniquely parity nonconservation in atoms,
since the average angle of rotation for the working lines
differs from zero by more than four standard deviations.

In carrying out this series of measurements, there
was no sectioned coil inside the magnetic screen, which
did not permit determining the length of the region
occupied by the vapor from the Faraday rotation. This
length was roughly estimated according to the position
of the locations at which condensation of bismuth occur-
red. It was also impossible to normalize sufficiently
well the measured effect from the magnetic measure-
ments. The problem is that Faraday rotation is very
sensitive to the position of the modes generated by the
laser relative to the atomic bismuth lines, which was
not known with sufficient precision in this series of
measurements. Taking these circumstances into ac-
count, when comparing the result obtained with the
predictions based on the Weinberg-Salam model, an
additional factor K, which took into account the uncer-
tainty in the normalization of the effect and in order of
magnitude fell into the range 0.5 to 1.5, was introduced.
The average value of the ratio of the measured angles
to the angles computed on the basis of Ref. 36, accord-
ing to the results of this series of measurements,
constituted
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(31)

In the second series,2 the measurements were per-
formed with the working lines 1, 3, 7, 12, and 18,
while measurements with lines 2, A, B, D, and 17 (see
Fig. 6) served as a check. In this series of measure-
ments, the analyzer was rotated by an angle ±2.5.10"3

rad, somewhat greater than the rotation of the polarizer
in the first series. A sectioned coil, with the help of
which the density distribution of atomic bismuth vapor
along the cell axis was measured from the magnetic
rotation, was placed inside the magnetic screen. The
procedure for making the measurements in this series
was the same as in the first series, but the shapes of the
absorption lines in the bismuth vapor were determined
more carefully.

Coefficients transforming the results from one
series of measurements to the other were computed by
comparing the measured magnetic rotation angles for
the same lines in the first and second series. It should
be noted that the wavelength scanning amplitude, which
changes the magnitude of the effect expected, was greater
in the second series than in the first. Data from the
first series, referred to the conditions of the second
series of measurements, were added to the results of
the second series and were processed simultaneously.
As a result, the average rotation angle at the working
lines consituted(-3.1±0.5)·10"βrad,and(1.0±0.5)·10"8

rad at the control lines. As can be seen from Fig. 7,
due to the contribution of the wings of Ml-transitions, a
small effect should also be observed with the control
lines, and with opposite sign, since the regions of
anomalous and normal dispersion have opposite signs.
The average expected angle of rotation for the control
lines constitutes about 0.2· 10"a rad. The line-averaged
value of Ψβχρ/ΨιΐιβοΓ. obtained from these measurements,
turned out to equal

= 1.04 ±0,28. (32)

This number differs by 6% from that presented in Ref.
2, which is connected with the fact that here, in calcula-
ting i/»tbeor> the more precise value37 (0.55 e/2m) was
used for the reduced amplitude of the ΜI-transition.

The relative error in (3 2) is somewhat greater than in the
value of the average angle of rotation for the working
lines, since the expected result includes not only
random errors, but also errors related to the remain-
ing uncertainty in the position of the generated laser
modes relative to the atomic lines of bismuth.

Before the third series of measurements,53 the setup
was greatly altered. This series of measurements
made use of an automatic system for controlling the
experiment and for collecting information. An electro-
mechanical system was installed for switching the
analyzer angle, the magnitude of which was increased
to 4 · 10"3 rad. The photomultipliers were turned to-
gether with the analyzer. In this series, the integra-
tion time was decreased to 1 s and the signals from the
output of the synchronous detector and the integrated
signals of the incident and transmitted light intensity
were measured and recorded in computer memory
every 0.1 s with the help of the ADC. The block
containing the special rapid ADC recorded, synchron-
ously with the frequency of wavelength scanning, the
instantaneous values of the transmitted light intensity
at 256 points with a step of 5 μβ. These measurements
were repeated 400 times at intervals of 0.1 s and after
this, the sign of the angle θ was automatically changed.
In order to eliminate the influence of transient processes,
the first 100 measurements after the angle was switched
were excluded from the data analysis. In all, for each
measurement on a line, the analyzer angle was switched
20 times (20 pairs), after which measurements per-
formed with a magnetic field of ilO"2 G switched on.
Twenty six such measurements, alternating between
the working and control lines were made on the lines
1, 2, and A, and 13 measurements on line 3, in the
third series of experiments.

The data obtained in this manner were analyzed
together with the results of the measurements of the
Faraday curve and the absorption spectrum, similar
to data obtained in the region of the first two groups of
hyperfine structure lines for the transition 4S3/2 -

 2D5/2

(see Figs. 7a and b). As a result, the positions of the
generated laser modes relative to the atomic lines and
the intensity of the transmitted light for fixed wavelengths

rad/G · m
,9-iTorrlH 1-SmJi

FIG. 7. a) Dashed curve—theoretical prediction of the optical
activity of bismuth vapor; solid curve—calculated Faraday ro-
tation, b) Calculated curve 8ψΡΝα /δλ and the results of the
last series of measurements.
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were determined with sufficient precision. The expec-
ted values of the angles were compared from theoretical
curves of the expected effect and of the Faraday rotation
for each laser mode generated. The results were fur-
ther processed with these values and values of fep
were obtained.

The results of the measurements performed in this
series are shown in Fig. 7c. As can be seen from the
figure, the measurements on the control lines indicate
the absence of systematic errors, in particular, those
related to residual magnetic fields. Measurements on
the working lines yielded the following result:

/ ?«? \
\ *theor/

•1.09 ±0.17. (33)

This time, the error shown is purely random. As far
as the first two series of measurements are concerned,
we emphasize once again that although their errors
exceed the random errors, this difference stems only
from the normalization of the results of the measure-
ments and not from spurious signals that could imitate
parity nonconservation.

As evident from the data presented, the results ob-
tained in the entire series of measurements agree well
with each other. It should once again be emphasized that
in all the series of measurements, the measurements
were performed under different conditions, in particular,
different polarizers and analyzers were used in different
series. This permits considering the results obtained
in the three series independently. Averaging the results
obtained in the three series of measurements, we obtain

1>theor/
= 1.07 ±0.14, (34)

or, using the notation most often encountered in the
literature, R = -P/2,

Λ = (-20.2 ± 2.7)-ΙΟ"'. (35)

Thus, the results obtained at the Institute of Nuclear
Physics in Novosibirsk prove that parity is not con-
served in atomic transitions and these results quanti-
tatively confirm the Weinberg-Salam model.

It is well-known that the results obtained in Novosi-
birsk contradicted the Oxford54·55 and Seattle5 4·5 6·5 7 data
published up to that time. Since then, the situation has
changed. At the present time, the Oxford group definite-
ly sees an effect at the level predicted by the Weinberg-
Salam model. Their new apparatus eliminates a series
of possible systematic errors, which could have effec-
ted the previous results. The investigation of systematic
errors continues. The most recent result of the Ox-
ford group58 is R =-(10±2)· 10"8. In Seattle, new mea-
surements of optical activity of bismuth vapor were per-
formed on the infrared line λ =876 nm using semicon-
ducting lasers. The results of those measurements have
been reported59: R =-(10± 1)· 10"8, which does not con-
tradict the Weinberg-Salam model (see above, Table I).
However, as pointed out by the authors, the measure-
ments still contain some systematic errors. The most
recent result of this group113 is R = -(9.5± 1.2) • 10"s.

Recently, the first reports of the measurement of
optical activity of bismuth vapor in the red line, carried

c - 3
α - if
X - S

ν - S

"ΤΤ£ - i -
rS7s 1180 ' ,< year.

FIG. 8. Chronological sequence of the results of measure-
ments of the parity nonconserving interaction of electrons with
nucleons. Ran is a parameter characterizing parity noncon-
servation; RtiM0T is the value expected from the Weinberg-Sa-
lam model with 8ϊη2σ= 0.25. 1—Seattle56·67·58·112, 2—Ox-
ford55'58, 3—Novosibirsk1·2·53, 4—Stanford5·112, 5-Berkeley25,
β—Moscow" 4 ' 1 1 5 .

out at the P. N. Lebedev Physical Institute in Moscow,
were published. The technique here is very similar to
the one used in Oxford and Seattle. The first result of
this group was114 R =(0.4± 1.8) · 10"8. Subsequent mea-
surements gave115 Λ =-(4.0 ± 1.8)· 10"8 and Λ =-(4.1
± 1.4)· 10"e. Averaging these three results, the authors
obtain115 R =-(2.3± 1.3)· 10~8, sharply contradicting the
Novosibirsk data and the predictions based on the Wein-
berg-Salam model. Our confidence in the correctness
of the Novosibirsk results is based on the fact that the
technique that we used to perform the measurements has
many advantages from the point of view of revealing sys-
tematic errors in the experiment. In particular, it per-
mitted studying a large number of lines, both working
and control lines.

Figure 8 shows in chronological order the results of
measurements of parity nonconservation in the inter-
action of electrons and nucleons, obtained in different
laboratories. The veritical scale shows the parameter
that characterizes the ratio of the degree to which parity
is not conserved and the predictions of the Weinberg-
Salam model for sin20 =0.25.

5. CALCULATION OF OPTICAL ACTIVITY OF
THALLIUM, LEAD, AND BISMUTH VAPORS

Now that the optical activity of bismuth vapor has
been measured with sufficiently high precision (~15%),53

there arises the obvious question as to whether or not
it is possible to extract quantitative information from
these experiments concerning the interaction of elemen-
tary particles, or, in other words, how accurately is
the degree of circular polarization in an atomic transi-
tion known, if weak interaction of electron and nucleus
is assumed. Such considerations are all the more nec-
essary since it is still widely believed that the reli-
ability of all present calculations of the effects of parity
nonconservation in atoms as complicated as bismuth is
too low to obtain such information.

In order to demonstrate that such pessimism is
groundless, we will consider the calculations carried
out in Novosibirsk.36'37 The idea of these calculations
is to demonstrate the reliability of the results, without
striving to achieve mathematical elegance, making use
of the maximum possible number of experimental values
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of atomic parameters. It is such a phenomenological
approach, and not an ab initio calculation from first
principles, that has allowed insisting that the precision
of the Novosibirsk calculations is not worse than 20%,
as far back as 1976, when the predictions of the other
groups were greater than ours by a factor of 2.

As can be seen from expression (11), the calculation
of circular polarization can be reduced to the calculation
of the mixing coefficients TJB and amplitudes A,, (£1) and
A (Ml). The calculations were performed for thallium,
lead, and bismuth. The ground states of these atoms be-
long to the configurations 6p, 6/>2, and 6/>3, respectively.
The states βρ*"1 ns with η * 7, including the continuous
spectrum, and states of the type 6s 6p"+1 involving excita-
tion of the 6s2 subshell were taken into account as ad-
mixtures with opposite parity to the state 6/)*.

For excitations of the type 6/)*"1 ns, the situation in
all three atoms is comparatively s imple. In or der to find
the appropriate wave functions, we used the following
spherically symmetrical effective potential60

U(r)=—i (36)

in which the parameters Η and d were chosen so that
the position of the levels of the configurations ftp* and
6/)*"1 ns, including the fine structure, were correctly
reproduced:

Tl Pb Bi
Ζ = 81 Ζ = 82 Ζ = 83
Η = 15.04 Η = 14.04 Η = 12,05
d = 1.58a d = 1.54a d = 1.40a

(37)

The behavior of the wave functions near the nucleus,
which is important for calculating the matrix element
of the weak interaction, i.e., the mixing coefficient ηη,
was checked by calculating the hyperfine structure
constant (HFS). The results of this calculation for
magnetic dipole HF splitting of the levels of the bp3

configuration in bismuth12 are displayed in Table II.
The final theoretical values of the constants indicated

TABLE Π. Values of the A constant for the
per fine splitting (MHz) in bismuth.

Experiment
e i

«a
et

•3

6 4

« I

β β

β ?

«8

β β

70

Bl

71

Calculation ne-
glecting config-
uration mixing7*

Final theoretical
result"

«3/2

—447

—456
—446.937(1)

321

—448.5

™>S/2

—1218
—1230

—1232 (6)
—1217

—1229(60)
—1227.7(2,1)

—1230,17(15)

—770

—1070

!t>5/2

2503

2491

2501.8(4.5)
2503.3(1.5)

2502.86(56)
2503.8(1.6)

2640

2392

magnetic

«Ί/2

11310

11272(18)

11269 (6)

11268(2)

10200

10610

dipole hy

«"3/2

474

491.026(1)

785

474

in the table represent a single-parameter fit, and in
addition, the free parameter χ characterizes the ad-
mixture of the configuration 6S&P3 ns to βέβρ3. This
calculation also shows that the magnitude of this ad-
mixture does not exceed 3-4%. We note the fact that,
as can be seen from Table II, the computed values of
HF constants for the levels of the 6p" configuration
are very sensitive not only to the behavior of the wave
function of the %p -electron at the origin, but also to the
magnitude of this small admixture of states with an
unpaired 6s-electron, a fact that was even noted by
Fermi and Segre73; there is no such strong dependence
in the matrix elements of the weak interaction on this
admixture. Similar results were obtained in Ref. 72
for thallium and lead.

The results of calculations52 of quadrupole and mag-
netic octupole HF constants for levels of the 6p3 con-
figuration in bismuth displayed in Tables ΙΠ and IV also
agree well with experiments. In contrast to magnetic
dipole constants, these constants depend very weakly on
admixtures of other configurations. Only the quadrupole
constant Β of the D5 / 2 state, which remains a pure state
in both the LS- and in the jj-schemes, is an exception.
Since the hyperfine quadrupole interaction has a differ-
ent sign for electrons and holes, in the case of a pre-
cisely half-filled shell, the constant Β vanishes for a
pure state. Indeed, this small constant differs from
zero only due to the admixture of the 6/r2 np configuration
with η * 7, as well as due to the second order contribu-
tion from magnetic dipole HF interactions. For this
reason, it is not calculated too reliably. The computed
values of the remaining constants Β remain adjustable
parameters for the corresponding three experimental
values, and in addition, the quadrupole moment of the
Bi209 nucleus is a free parameter. Computed in this
manner, it turns out to be equal to

<?(BiM·) =-0.41 barns. (38)

This value of Q was then used for calculating Β (2D5/2).

The magnetic octupole moment of the Bi209 nucleus

Ω (BiM») = 0.56 J^-barns (39)

was found by a single parameter fit of the computed

TABLE ΙΠ. Values of the constant Β for the electric quadru-
pole hyperfine splitting (MHz) in bismuth.

Experiment

4

β

β

6

Η

β

β

β

•3

6

j

71

Theory"

*33/2

—303

- 2 8 8
—304,654 (2)

—314

•Taken from ref. 70.

-3,2

—657

—600(60)
—681 »)

—678 (60)
—630 (15)

—652.5(3.0)

—647

• !°5/2

306

387

60(120)
—90 (60)

14(11)
2(23)

8.5(7.0)

- 3 / 2

1145

978.569(9)

961
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TABLE IV. Values of the constant C for magnetic oct-
upole hyperfine splitting (MHz) in bismuth.

Experiment
m
ββ

Theory"

0.0165(1)

0,0170

«3/2

—0.0124

•D5/2

—0.0419

2Pj/2

0.0207(5)

0.0205

values of the constants C to the two available experi-
mental numbers.

The values of the multipole moments of the bismuth
nucleus presented above, (38) and (39), agree with those
indicated in Ref. 66, but obtained using a smaller number
of adjustable parameters.

It should be emphasized that these checks, with the
help of the analysis of the constants A, B, and C, do
not duplicate, but rather supplement, each other, since
the matrix elements of the magnetic dipole and electric
quadrupole HF interaction depend differently on the
upper and lower components of the Dirac wave functions
of the external electrons. Further, the same product
of Dirac radial wave functions in the magnetic dipole and
octupole matrix elements is multiplied by different
negative powers of r (we refer everywhere to relatives -
tic calculations).

Thus, the HFS analysis shows that the potential (36)
with the parameters (37) describes well the behavior of
the wave function of the 6p-electron at small distances.
The precision with which the matrix elements of the
weak interaction are calculated, in any case, is not
nearly so small as the HFS constants. And not only
because these matrix elements are much more sensi-
tive to configuration mixing than the constants A. The
point is that the weak interaction, in contrast to the
hyperfine interaction, is proportional not to r~", but
5(r). For this reason, it is completely determined by
the behavior of the wave function near the nucleus,
where this function is well-known to be hydrogen-like
to within the normalization. And, in heavy atoms,
where the motion of the external electron is primarily
quasiclassical, this normalizing factor is expressed
in terms of the spectrum of the electron,73 which in its
turn is reproduced well by the effective potential used.

Of course, these considerations, generally speaking,
are not applicable to light atoms, where the motion of
the external electron is far from quasiclassical. For
this reason, the low precision of the calculation of the

TABLE V. Lifetimes of excited states in bismuth, ns.

Experiment
7

β

9

0
I

Theory76

6p27s«P!/2

5.9(2)

4.7(1.0)
4.3(2)

5.(i5

6p26d=D3/2

28(2)
27(3)

27.6(5)

2 /. 2

6p27slPi/2

7(2)
4.3(4)
7.0(2)

4.75

6p:7sSP3 / 2

4.8(4)
5.3(2)

5.18(2")

4.5

6p26d2D5/2

1.0—2,5
3.8(1.0)
3.4(2)

2.95

6p!7eiP5/2

4.90(25)
5.5(5)
5.1(3)

4.8

matrix elements of weak interaction in helium, discover-
ed in Ref. 116, despite the opinion of the authors of that
article, can by no means cast doubt on the precision of
calculations based on the effective potential in heavy
atoms. We also note that the effective potential in
heavy atoms correctly reproduces in the Thomas -
Fermi approximation the field created by the internal
electrons. Calculations in helium with the help of
such a potential110 are, first of all, not justified physic-
ally. And finally, in contrast to the calculation in Ref.
116, the calculations36 in heavy atoms are quite stable
relative to variations of the potential parameters.

Let us now proceed to a discussion of the amplitudes
of the .El-transitions 6p-ns, η * 7. In thallium, the
experimental values74·75 of the radial integrals for the
£1-amplitudes were used directly for 6/>-7s, 8s, and
9s transitions. The calculation using the effective po-
tential (36) gives results somewhat greater than these
amplitudes. For this reason, at higher excitations of
the 6/>-electron, for which the oscillator strengths are
not known experimentally, correction factors, obtained
by extrapolation of the corresponding corrections for
lower excitations, were introduced into the calcula-
tion of the radial integrals. However, since the con-
tribution of the high excitations of 6/>-electrons to
circular polarization of radiation is in itself not large,
the correction mentioned above to these amplitudes is
generally not very significant.

In lead and bismuth, the values of the radial integrals
for the El -transitions 6/>-ns, η ? 7, were obtained from
the results of a numerical calculation by introducing the
same correction factors that were necessary for the
corresponding transitions in thallium. These values of
the radial integrals were checked76 by calculating the
lifetimes of the excited states of lead and bismuth. The
results of this check for bismuth are displayed in Table
V. We note that, as the analysis carried out in Ref. 76
showed, mixing between levels belonging to the configu-
rations β/τΊδ and 6/>2&2 in bismuth is by no means
always small. The reason for this lies in the fact that
some of these levels are situated so close to each other
that the spacing between them is comparable with the
residual, nonspherically symmetrical, interaction be-
tween electrons. It is easy to show, however, that the
contribution of this mixing to parity nonconservation
effects is determined by the ratio of the residual inter-
action not to the spacing between the levels that are
mixed as a result of it, but to the much greater spacing
between levels with opposite parity. For this reason,
this mixing has a small effect on the magnitude of the
circular polarization, changing it by not more than
5-7%. A similar conclusion was reached in Ref. 38.

Let us go on to excitations of the type 6s6p*+1. The
behavior of the wave function of the 6s-electron as
r~ 0 can be computed quite well with the help of the
effective potential used above. This is supported by
the fact that in thallium, where one of the levels with
the excited 6s-electron 6s6p2 lies in the discrete spec-
trum, such a calculation of the HF structure of this
level agrees well with experimental values.82

As far as the amplitude of the El -transition 6s-6p
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is concerned, its value in thallium, as follows from an
analysis of the experimental data,8 3·8 4 is much less than
that which is obtained by calculations with the effective
potential or by using the Hartree-Fock method. In lead
and bismuth, this quantity is not known experimentally.
The correctness of the numerical values of these quan-
tities for lead and bismuth, as adopted in Bef. 36, is
supported by the fact that these numbers serve as a
direct extrapolation of the corresponding values obtained
from an analysis78 of the experimental data for neighbor -
ingelements: gold, mercury, and thallium,83"87 as shown
in Table VI. We note that the near equality of the values
as shown in the table indicates the smallness oi the ad-
mixture of the 6p"+2 configurations to β^βρ8,7 8 since in
gold such mixing is undoubtedly absent. Estimates show
that taking admixtures of the 6/>5 configuration to β^δ/)3

in bismuth into account can change the computed magni-
tude of the circular polarization by several percent.
The same conclusion was reached in Ref. 38.

And, finally, in order to calculate the contribution of
6s6p*+1 excitations to circular polarization, it is nec-
essary to know the energy of the 6s-electron. In thal-
lium and lead, this energy can be extracted from the
experimental spectral data, and in addition, this quan-
tity turns out to be noticeably less than that found by
computations usingthe effective potential or the Hartree-
Fock method. In this situation, the authors of Ref. 36
used the experimental values of the energies of the 6s-
electron in thallium and lead, while in bismuth, they
used a value that was obtained by extrapolation of the
data for thallium and lead and that is also much less
than the computed value. It is the magnitude of the con-
tribution of the 6s6/>*+1 contribution that was the basic
reason for the disagreement between the results of
the calculations performed by different groups as men-
tioned above. According to recent theoretical studies3 8"4 0

in Seattle and Oxford, account of the polarization of
closed shells decreases the computed value of the am-
plitude of the El-transition 6s—&p significantly. The
results of these new calculations are close to those
obtained in Novosibirsk (see Table I).

Numerical calculations show that the correction to
the degree of circular polarization, arising from the
excitation of electrons from inner shells that are deeper
than the 6s2 shell, are of the order of 3-4%. The con-
clusion that this contribution is small is also reached in
Ref. 88. An estimate of this effect, given in Refs. 89
and 90, according to which its magnitude amounts to

6, is too high, at least, if we are talking about a

TABLE VI. Radial integrals.

p (6s, 6p) = i- j dr r> /?,s (r) B№ (r)

Ζ
Ρ

Au

79
—2.2»

80
—1.9»

Tl

81
-1.75»

P b

82
- 1 . 6 b

Bi

83
—1.5 b

a) Experimental values; b) values adopted in ref. 36.

correction to our calculation. The point is that by far
the largest part of the contribution mentioned arises
in Refs. 89 and 90 due to the residual spherically sym-
metrical interaction between electrons, which does not
have to be taken into account in the same manner, since
it is already included in the initial spherically symmet-
rical effective potential when this potential is chosen
correctly. Another serious argument that supports this
fact is the good agreement of the computed values of
the tensor polarizability of the 6plf2 level in thallium
with the experimental values (see below).

We note that an important factor in the reliability of
the calculation is the fact that for each of the Ml-trans-
itions examined in thallium, lead, and bismuth, the
contribution of all excitations to the circular polariza-
tion have the same sign. Moreover, the contributions
of the excitations 6p-Ts and 6s~6/>, for which we have
direct or at least indirect experimental information,
dominate the answer. However, as noted in Ref. 88, if
the J£l-transition operators are not expressed in the
r-form, —ex, as done in Refs. 36-40, but in the i>-form,
{ίβ/ω)α, then not only do the different contributions to
the circular polarization turn out to have opposite
signs, but the contribution of the transition 6/>-ns with
«> 7 becomes very important, especially for the con-
tinuous spectrum, which has been studied experiment-
ally much less well. For this reason, it is clear
that the calculation of circular polarization using the
u-form of the £1-transition operator is unstable rela-
tive to comparatively small errors in the magnitude of
separate contributions. The large deviation of the
results of such a calculation from the result in Refs.
36-40, as discovered in Ref. 91, serves only as an
additional illustration of this instability (see the analy-
sis in Ref. 88) and by no means does it cast any doubt
on the results obtained in Refs. 36-40 with the use of
the r-form.

An important check on the precision of the Novosibirsk
calculations is the good agreement with the experi-
mental values of the polarizability of lead78 and the
tensor polarizability of the 6pl/2- and 6/>s/2-states of
thallium,92 based on the same approach. They are
presented in Table VH. Especially revealing is the
agreement in the tensor polarizability of the 6/>1/2-level
of thallium, where the effect arises only for F = l due
to the HF interaction and for this reason the behavior of
the wave function is checked simultaneously at large and
small distances.

The results, enumerated here, of the numerous
checks of the computational technique by comparing the
computed atomic properties with the experimental data
provide the basis for considering the precision of the
Novosibirsk predictions,36·37 presented in Table I, for

TABLE VII. Polarteability of lead and tensor polari-
zability of thallium.

Experiment
Theory

αρ1)/λ=β33ηΓΠ. a3

49.4(8)»»
52"

(4T <6Pl/2>.
Hz/(V/cm>)

—3.74(9) i n - · "
—3.7 ΙΟ"8 ·»

4 ? <"P3/2>.
Hz/CV/cm1)

—6.04 (8)· 10-»»
—5.85 10-' ·«

728 Sov. Phys. Usp. 23(11), Nov. 1980 Barkov et al. 728



the circular polarization of radiation in normal Ml-tran-
sitions in thallium, lead, and bismuth, in any case, as
not worse than 15-20%. Despite widespread opinion,
this precision is comparable with the precision of
calculations of parity nonconservation effects in deep
inelastic scattering of electrons, which, according to
Refs. 95 and 96, constitutes 5-10%.

The numbers presented in Table I for Novosibirsk dif-
fer from those obtained in Ref. 36 (if trivial modifica-
tions relating to the fact that the value 0.25 is used for
sin20 instead of 0.32 are neglected) only by several
percent due to some theoretical refinement of the ΛΠ-
amplitudes, carried out in Ref. 37. First of all, in
calculating these amplitudes, the difference between
the radial wave functions of the 6/>1/2- and 6/>3,2 -electrons
was now taken into account in all three elements.
Second, in lead and bismuth, the coefficients in the
expansion of the wave functions in terms of pure jj-
states were chosen so as to reproduce best the experi-
mental values of the ^-factors of the 6p2 states with total
angular momentum ,7 = 2 in lead9 7·9 8 and the 6p3 states
with J = | in bismuth.β2-ββ The advantage of this compu-
tational method lies in the fact that, as is well-
known,17 > I 8 · 9 9 · 1 0 0 the ^--factor, just as the Ml-amplitudes,
is much less sensitive to admixtures of other configura-
tions than the position of the energy levels, the fitting of
which leads to the standard intermediate coupling expan-
sion coefficients mentioned above. The values of the
reduced amplitudes of the Ml -transitions in bismuth,
obtained in this manner,37 are presented in Table Vin.
The errors indicated in the Table correspond to a
scatter of the intermediate coupling coefficients for
which the computed values of the ^-factors differ from
the experimental values by not more than 10"3. The
best precision in fitting the ^-factors by varying the
coefficients is meaningless since relativistic correc-
tions and configuration mixing effects together with
spin orbital interaction make a contribution of approxi-
mately the same size, 10~4-10~3, to these coefficients.
Unfortunately, two independent ^-factors of states with
J = \ do not permit finding uniquely three parameters
with which the expansion coefficients can be deter-
mined. For this reason, the errors in the amplitudes
(1-2)· 10"2 noticeably exceed the allowed deviation from
the experimental values of the ^-factors, 10"3. There
is every basis to believe that the values of the M\-
amplitudes found in this manner coincide with the true
values within the indicated errors. For comparison,
the same Table displays the results of a calculation
based on the standard values of the intermediate coupling
coefficients66 and not taking into account the difference
of the 6p1/2 and 6/>3/2 radial wave functions; it is these

TABLE Vm. Reduced Ml -amplitudes A (Ml )/μ Β for
bismuth.

λ, nm

New values37

Standard

values"

876

-1.67(2)

—1.72

648

—0.55(1)

—0.58

462

—0.60(1)

—0.62

301

0.22(2)

0.19

quantities that were used in previous calculations of
P-odd effects in bismuth.3 6·3 8 ' 4 0

Further increase in the precision of the calculation
in bismuth could be achieved by a more detailed, and
not average, analysis of the excitations involving the
6s6p4 configuration. Unfortunately, the experimental
data, with the help of which this could be done compara-
tively easily, are not currently available.4' From esti-
mates obtained for the transition 4 S 3 / 2 - 2 D 5 / 2 , the most
probable result of such a refinement is an increase in
the computed magnitude of the effect by several per-
cent. It is also quite feasible to take into account
quantitatively the mixing of the states epPls and βρΡδά.
Apparently, the effect of mixing of 6s*6p3 with 6/>5 can
also be analyzed quantitatively. These theoretical
investigations are currently being carried out in
Novosibirsk.

6. PROSPECTS FOR FURTHER INVESTIGATION OF
THE STRUCTURE OF WEAK INTERACTIONS IN
EXPERIMENTS WITH HEAVY ATOMS

The investigation of weak interactions in atomic experi-
ments is only beginning. Only the total "weak charge"
of the bismuth nucleus has been measured. However, it
is extremely important to know the "weak changes" of
the neutron and proton separately. Unfortunately, due
to the lack of precision in atomic calculations it is
difficult to expect that such information can be extracted
by comparing P-odd effects in atoms of different heavy
elements even with high experimental precision; we note
that in making the transition from cesium to bismuth the
constant q [see (3)] changes by only several percent. It
would probably be more promising from this point of
view, to compare the optical activity of the vapors of
different isotopes of thallium and lead (unfortunately,
bismuth does not have stable isotopes). And although
the expected magnitude of this difference is small,
~\/Z, this experiment will no longer be considered as
fantastic.

At the present time, experiments involving the effects
of parity nonconservation in heavy atoms that depend
on the spin of the nucleus are completely feasible. As a
result of this dependence, there is a small difference
in the optical activity for different HF components of
transitions in bismuth.101 The effect arises due to the
interaction of the weak vector current of the electrons
with the axial current of the nucleons. With the appro-
priate dimensionless constant κ2~ 1 [see (1)], its rela-
tive magnitude attains several percent.101 However, in
the Weinberg-Salam model with sin20 close to {, the
constants κ 2 ί ι η are very small. At the same time, in
the effect being discussed, the contribution of the κ3

term to the Hamiltonian (1) increased proportionately102

which could be referred to as the neutral weak magnetism.
This contribution is enhanced by the presence of the
spatial derivative and in bismuth constitutes about

4)In this connection, we would like to draw the attention of ex-
perimentalists to the study of auto ionized states, involving
the configuration 6s6/>:f in lead and 6s(jp4 in bismuth.
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of the contribution of the interaction with vi2 for sin20
= 0.23.

The contribution of radiative corrections to eiV-scat-
tering to this effect is somewhat smaller than that of
neutral magnetism.103"105

The contribution of nuclear forces that do not con-
serve parity, and thanks to which the P-odd electro-
magnetic interaction of electrons with the nucleus
arises , l o e are entirely comparable with the interaction
depending on >t2 (see also Ref. 107). Thus, atomic ex-
periments can provide valuable information concerning
the violation of parity conservation in the nucleus.

It turns out that the effects of weak interaction of the
electron and the nuclear spin are enhanced in molecules
consisting of two different atoms, due to the very small
distance between the levels with opposite parity.1 0 8"1 1 0

Experiments searching for optical activity of heavy
diatomic molecules, suggested in Ref. 109, are very
promising.

These investigations will provide detailed information

concerning the structure of parity-nonconserving weak

interaction of electrons and nucleons, the existence of

which is now reliably established.
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