emitted in the direction of R; an elliptically polarized
wave with ellipticity that depends on the angle 9, and a
plane polarized wave with polarization parallel to the z
axis. The magnetic field of the wave is determined in
the same way as in the preceding case, and the Poynt-
ing vector is equal to

< 20F\? | .
S =—-(7) sin’ ¢ {cos® 9+ (cos* 8 +*/ssin® §)*

X

cos® 84/ sin #)*—cos® @ Jcos 4w (:—R/c)}.

In this case, the magneto-gravitational radiation is very
different from the magnetic dipole radiation as regards
the frequency of the emitted waves, the angular distri-
bution, the intensity of the radiation, and its dependence
on the angular velocity of rotation. :

This effect is important in the case of rapid rotation
and in the presence of strong magnetic and gravitational
fields. Inaccordance with the classical theory, rapid
rotation leads to a departure from spherical shape of the
rotating body and to its replacement by a Maclaurin el-
lipsoid of revolution and a triaxial Jacobi ellipsoid. It
is this second case that we consider in model b). At
even higher angular velocities, one can have more com-
plicated equilibrium figures, ! However, small devia-
tions from these classical figures are unstable. Inm,
Tsygan made the assumption that for sufficiently large
velocities the deviations increase and may become

stable. If this is true (though it should be noted that it
has not yet been proved), the rotation of such a body, in
which the radius vector of its surface as a function of
the direction is characterized by the spherical function
Y;.(9, ¢), must lead to an increase in the frequency of
the radiation in model b) in proportion to the quantum
number m and of the intensity of the electromagnetic
radiation by a factor m®.
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Optical activity of heavy-metal vapors—a manifestation of
the weak interaction of electrons and nucleons

V. N. Novikov, O. P. Sushkov, and I. B. Khriplovich

Nuclear Physics Institute, Siberian Division, USSR Academy of Sciences

(Submitted October 31, 1975; resubmitted June 25, 1976)
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The feasibility of detecting parity nonconservation in atomic transitions by observing the rotation of the
plane of polarization of light in heavy-metal vapors is discussed. The angle of rotation of the plane of
polarization when the vapor temperature is 1200°C is ~10~° rad/m in thallium and lead and

10~7-10"¢ rad/m for various transitions in bismuth.

PACS numbers: 32.10.Dk

1. INTRODUCTION

It has been noted recently that there is a fairly real
possibility of detecting the weak interaction of electrons
with nucleons by observing parity-nonconservation ef-
fects in atomic transitions. The first to draw attention
to these effects was Zel’dovich as long ago as 1959, i
and since then they have been discussed repeatedly by
theorists®=5? (cf. also'®™), An extremely important
step was taken by Bouchiat and Bouchiat who pointed out
in their note®’ that parity-nonconservation effects are
enhanced in heavy atoms to the extent that their observa-
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tion in induced doubly-forbidden M1 transitions lies on
the borders of the possible,

It was recently pointed out that it is feasible to detect
parity nonconservation in atomic transitions by the ro-
tation of the plane of polarization of light! in heavy-
metal vapors'-19 (see also the note'!!), in which the
analogous effect in the radio-frequency region is dis-
cussed). In the present paper we consider the question
of near which transitions and in which chemical elements
‘we must look for optical activity. We then calculate the
effect in the elements that appear to be the most suit-
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able: thallium, lead and bismuth. The original results
were obtained by us in the summer of 1975 and are con-
tained in the review!?), In the autumn of the same year
we became acquainted with the note*®’, which gave re-
sults of a numerical calculation of the degree of circu-
lar polarization in bismuth that differed substantially
from ours, In view of this, together with V. V. Flam-
baum we carried out careful numerical calculations,
which led to a certain improvement in the accuracy of
the original results. However, an appreciable discrep-
ancy with the work of""*? remained. A discussion of the
accuracy of our calculations and a comparison with the
article™® (and also with the recent paper™*!) are con-
tained in Sec, 6 of our article. In the last section we
discuss the present-day experimental possibilities and
indicate the limits on external magnetic fields, which
imitate the effect.

The calculations performed, while rather cumbersome
and laborious, are entirely worthwhile, since searches
for the optical activity under discussion are already
being carried out by several experimental groups at the
present time, t1516:431

2. IN WHICH ATOMS AND TRANSITIONS IS IT
PROFITABLE TO LOOK FOR OPTICAL ACTIVITY?

We write the refractive index for right- and left-po-
larized quanta near a resonance at frequency w, in the
form

2.1)

n =

2aNIM* v
1—-— < Q+zl/7> Q~m—wn——cmm

Here N is the density of atoms of the medium, and I is
the width of the excited level, For dipole transitions the
operator 1171t is equal to the corresponding projection of
the dipole moment. The bar on top denotes summation
of the square of the matrix element over the final polar-
izations and averaging over the initial polarizations of
the atoms. The angular brackets denote averaging over
v, the projection of the velocity of the atom on the direc-
tion of the light ray.

If parity is not conserved the matrix elements of J\7[*
are not equal to each other and can be represented in
the form

M. =M=<FM =M (1=P/2), (2.2)
where F is a dimensionless small parameter, M, is the
admixed matrix element of the wrong parity, and P is
the degree of circular polarization of the radiation, re-
lated as follows to the probabilities w, of emission of
right- and left-polarized quanta:

po ez MM, My
witw_

2.3)

The plane of polarization of the light is rotated over
a length [ through the angle

2nN ®

[0)
= —_n_)=— M R
v=—IRe(n,—n.) IF (M +MM.)<Q+F2/4>
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2nNo
- )
he UM Q*+T%/4

In addition, the absorption coefficients for right- and
left-polarized quanta are also found to be different:

(2.4)

baNo —— —— g T/2
© I, = 3(|M|Zi1«‘MM ) <_——>
c 14

/m No —

- % il’< >
WP rrrs

Therefore, the polarization of the light changes from
linear to elliptical, The ratio of the small semi-axis of
the ellipse to the large semi-axis is

ot=2—

(2.5)

(2.6)

X=‘;§0—l Im(n,—n_)=l(a,—a )/4
1

We emphasize that the quantities y and x characteriz-
ing the parity-nonconservation effects in the given case
are, unlike the degree of circular polarization P, pro-
portional not to the ratio but to the product of the prin-
cipal and admixed matrix elements, Therefore, unlike
in the experiment proposed by Bouchiat and Bouchiat®’
to observe the circular polarization, it is not profitable
to look for optical activity in the vicinity of a strongly
forbidden M1 transition, Also unfavorable is the situa-
tion when the principal transition is allowed. For al-
lowed transitions the absorption coefficient « is very
large and, since the path length [ cannot appreciably ex-
ceed a™, the obtainable rotation angle ¢ and ellipticity
X turn out to be extremely small,

It is natural, therefore, to turn to the case in which
the principal transition is an M1 transition and the ad-
mixture is E1. As is well-known, an M1 transition oc-
curs without additional suppression only between terms
belonging to the same electron configuration. To ob-
serve the small optical-activity effects it is also highly
desirable that this transition from the ground state be
in or near the visible part of the spectrum. Such a sit-
uation obtains in the heavy elements, Finally, the sub-
stance should have appreciable vapor pressure at a rea-
sonable temperature., If, somewhat arbitrarily, we re-
gard a pressure of ~10 mm as “appreciable” and a tem-
perature of ~1200 °C as “reasonable, "’ the range of suit-
able elements is narrowed to tellurium, iodine, europi-
um, thallium, lead, bismuth and polonium,

Of all the elements listed, tellurium has the lowest
nuclear charge (Z =52) and, therefore, we should ex-
pect the smallest effect in it, This shortcoming is not
compensated by any advantages. In tellurium the tran-
sitions under discussion lie in the infrared region (x
=21,048; 9,471 A). Moreover, in the vapor of this ele-
ment there are incomparably more Te, molecules than
free tellurium atoms. Absorption of light on account of
the molecular component in tellurium vapor may turn
out to be an additional complication.? Analogous con-
siderations also apply to iodine (Z =53, A=13,152 A).

With regard to europium, the energies of the states
belonging to the same electronic configuration as its
ground state are not yet known,

Finally, polonium (Z =84, x=4,613; 5,941 A) pos-
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sesses high radioactivity, which makes it very difficult
to work with, This circumstance is made all the more
annoying by the fact that, for polonium, the problem of
a sufficiently powerful monochromatic light source is
evidently solved (see below), since the second of the
lines indicated above almost coincides with one of the
lines of the helium-neon laser,

Thus, at the present time, the most suitable elements
for the experiments under discussion are thallium (Z
=81, 1=12,833 A), lead (Z=82, r»=12, 789 A) and bis-
muth (Z=83, x=8,1757; 6,477; 4,616; 3,015 A).

We shall discuss now the requirements to be imposed
on the stability of the frequency and on the linewidth of
the light source, We shall be interested in the situation
in which the upper-level width I" (arising from the reso-
nant transfer of excitation in collisions with atoms in
the ground state) is much smaller than the Doppler
broadening Ap = wy(2kT/Mc?)''? (M is the mass of the
atom)., In order that ¥, the angle of rotation of the plane
of polarization, be not too small, the detuning A=w —w,
should be comparable with A,, But since ¢ is an odd
function of the detuning, the stability of the frequency
and the linewidth of the source should also be at least
comparable with the Doppler broadening, which in our
case amounts to about 10~® w,, This quantity is smaller
than the hyperfine splitting, so that a transition will oc-
cur only between particular components of the hyperfine
structure of the levels.

We note that the rotation angle ¥ can be represented
in the following form:

+=alPg/2],

1
o= —q(a++a_) ~a,, gtif=

AD

Q+il/2 > 2.7)
Since the quantity al clearly cannot be much greater
than unity, the angle ¢ differs from the degree of circu-
lar polarization P by only a numerical factor g/f. But
the principal advantage of the experiment proposed is
that it is incomparably easier, evidently, to measure
small angles of rotation of the plane of polarization than
to measure a small degree of circular polarization. An
additional advantage for thallium and lead is that the fac-
tor g/f for them can amount to 50-170 in realizable con-
ditions (see below).

We turn now to the calculation of the optical activity
of vapors of thallium, lead and bismuth,

3. THALLIUM

The ground state of thallium is 6s26p,,,. It is ele-
mentary to find the amplitude of the 6p,,,—6p;,, transi-
tion of interest to us. Its square, averaged over the
polarizations of the lower state and summed over the
polarizations of the upper state, is equal to

{A]*=2u2/9=0.222y", (8.1)

where p is the Bohr magneton.

In the situation of interest to us, when the hyperfine
structure of the line is resolved, it is well-known that
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the probability is a maximum for the transition between
the states with the largest values of the total angular
momentum F of the atom. The optical activity is also
found to be at its greatest at the same time, and, there-
fore, we shall confine ourselves to treating just this
transition, For thallium, for which the nuclear spin
i=1 for both the stable isotopes TI?%® and TI?%, we are
concerned with the transition F=1-F’=2, The result
of summing the square of the amplitude over the pro-
jections of F and F' and dividing by the total number of
initial states, i.e., the quantity by which we must re-
place [M|? in formula (2.1), is written in the form
| BT |2=%/s [MT*=5u2/36=0.139p". (3.2)

We note that the above transition in thallium can also
occur as an electric-quadrupole transition, and this
leads to additional absorption of light. A numerical
calculation gives the following value of the matrix
element of the square of the valence-electron radius:
(P35 | 721 Pyjp) =19a? (a is the Bohr radius), From this
it is not difficult to obtain that the quadrupole absorp-
tion in thallium amounts to only 6%.

At a temperature of 1200 °C the vapor pressure of
thallium is 100 mm., %7’ We select the detuning A in
such a way that in these conditions the absorption coef-
ficient @=1 m™, If, for definiteness, we take it that
the thallium~thallium scattering cross-section o, lead-
ing to the broadening of the line, is 0.5x10™* cm? (ac-
cording to the experimental data of'®!, ¢<10"'* cm?),
this value of « is attained with A=5,34,.

We pass now to the calculation of the circular polar-
ization that is induced by the weak, parity-nonconserv-
ing interaction of the electrons with the nucleons. As-
suming infinitely heavy nucleons and a point nucleus, we
write the Hamiltonian of the P-odd interaction of a rela-
tivistic electron with the nucleus in the form

GHr®
H= —ﬁ—Can(r)y,. (3.3)
Here G =107%/m? is the Fermi weak-interaction constant
and m, is the proton mass. The quantity ¢ is related in
the following way to the coupling constants G, and G, of
the electron axial current with the proton and neutron
vector currents:

GZq=2ZG,+(A—2Z)G,, (3.4)
where Z and A are the charge and atomic number of the
nucleus, The value of ¢ depends on the choice of model;
in the final analysis, it is this quantity which should be
found in the experiment under discussion. For definite-
ness we shall use Weinberg’'s model™® in the calcula-

tion. In this,
q=1—A/2Z—25in* 6, (3.5)
where the mixing angle 6 is a free parameter. An anal-

ysis, in the framework of this modeliz of the neutrino
experiment to study neutral currents®®%2!! gives sin?0
=0,32. In this case, for thallium, lead and bismuth,
g~-0.9.
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Because the interaction (3. 3) is local, i.e., because
of the presence of the 6-function in it, it leads to mix-
ing of one-electron states sy, and p,,, only. The cor-
responding matrix element is equal to®

. Gm*&*Z*Rq me*

(sl H py) =i ————(vivp )~ —.
WP n¥2 i

™ (3.6)

Here m is the electron mass and a is the fine-structure
constant, We eliminate the divergence that arises in the
calculation of the matrix element of 6(r) with relativistic
wavefunctions by introducing a finite nuclear radius 7,
=1.2x10"% A3 ¢m, In this case the relativistic en-
hancement factor R is equal to

R=4(2Zr./a)?-*[T (2y+1) |2, y=(1—Z%?) . 3.7
It can be shown that more accurate allowance for the
finite size of the nucleus has little effect on the quantity
R. This enhancement factor increases rapidly at large
Z and amounts to 8.5 for thallium,

The effective principal quantuin numbers v of the s
and p states of the valence electron are determined from
the spectrum of thallium®®’; =1.49; vy5=2.19; vy,
=3.22; vy, =4.24; vy, =5.26. '

A simple calculation leads to the following result for
' the ground-state wavefunction containing an admixture
of nsllz states:

VGPI /2

|6pu.>+i-10-1°[1.10] 7s,,>+0.42 | 854> +0.25 | 9s,>+0.44| 105y, >+ . .. ].

(3.8)

In order to determine the contribution of these states
to the circular polarization it remains to find the ampli-
tudes of the E1 transitions #ns;,,—6ps/;. Their moduli
can be determined from the experimental data on the
oscillator strengths in thallium, ?#25! similar values
- are also given by a numerical calculation, from which
the signs of these amplitudes can also be determined. tz61
The radial integrals found in this way

pu= [ drP*RosRies,,
o

are p;=2,82a, pg=0.66a, py=0.36a and p,;=0.28a.

By an elementary calculation we find that the contri-
bution of the indicated states to the circular polarization
of the radiation in the 6p,,,~6p3/; transition amounts to
1.9%x107. A numerical calculation shows that the higher
states of the discrete spectrum can be neglected, but the
contribution of the continuous spectrum is found to be
equal to 0.5x 107, Thus, the total contribution of ex-
citations of the 6p electron to the circular polarization
is P'=2.4x10".

A large contribution to the effect is given by the states
that belong to the configuration 6s6p?, which arise on
excitation of a 6s electron. All these, apart from one,
possess positive energy and thus are resonances in the

. continuous spectrum,

The wavefunctions of these states are calculated in
the intermediate-coupling approximation. The matrix
elements of the spin-orbit interaction and of the non-
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spherical Coulomb interaction between the electrons for
the configuration sp? are given, in particular, in the
book by Condon and Shortley. 27 Solving the corre-
sponding secular equations and then comparing with the
experimentally known spectrum of these states!?* 28]
leads to the following values of the Slater integrals
F2%(1,1) and G*(0, 1) and of the spin-orbit interaction pa-
rameter ¢ (the notation from®™"! is used):

£=>5500 cm™'.

3.9)
The expansions of the exact wavefunctions in the Rus-
sell-Saunders wavefunctions have the following appear-
ance:

1/, (1.1)=2100 cm~, !/sG*(0.1) =8800 cm™*,

|28,,>"=0.444|%S.,> +0.894|*P,,>~0.056 | *P.,,>, 76 804 cm™*,
|2P,>'=0.846|%S,.>~0.439|*P,,>—0.302|*P,,>, 67 150 cm™,
|*P,,>"=0.295|%S,,>—0.087|*P,,>+0.952| ‘P,,>, 45 220 cm-!,

[2P4>'=0.977 |*P+.>—0.075| ‘P> +0.201 |*Ds/,>, 81 120 cm,

[*P:.>'=0.055|2P;.>+0.993| *P;.>+0.103 |*Ds,,>, 49 826 cm~*,
|2Dy.>"=—0.207 [*P;,>—0.089 | *P.>+0.974|2Dy>, 62 000 cm",
|*Ps>"=0.933]"P:,,>—0.359|*Ds,,>, 53 050 cm-",
|2D:,,>"=0.359|*P:,>+0.933|2D:,,>, 64 740 e, (3.10)
Alongside the wavefunction we indicate the energy of the
corresponding term, reckoned from the ground state,
The positions of the terms 2P},, and 2D},, are not known
experimentally; and calculated values of the energies
are given for these. The center of the 6s6p? band (i.e.,
the position of the terms under consideration when
F%Q,1)=G'(0,1)=¢=0) is E=71,500 cm™,

The effective principal quantum numbers of a 6p,,,
electron in the configuration 6s6p® (v, ,,) and of a 6s
electron in the configuration Gszﬁp (Vess;‘ which are nec-
essary for the calculation of the mixing, can be deter-
mined by regarding the corresponding electron as added
to the TIII ion in the 6s6p state, Using the positions of
the centers of the corresponding bands (the intermedi-
ate-coupling approximation for the configuration sp is
considered in®") and the magnitude of the fine-splitting
parameter ¢, we find v, ,=1.49 and vg=1.00. The
fact that v for a 6p electron is the same in the 6s%6p
(see above) and 6s6p? states is entirely natural, since
the screening properties of the ns and np electrons are,
crudely speaking, the same.

The radial integral pg, which determines the ampli-
tudes of the E1 transitions 6s26p~6s6p?, is found from
the experimental data on the photo-ionization of thallium
in the neighborhood of the resonance level 2Dj,,, %3014
It is equal to pg=—1.8a. We note that the numerical
calculation of'?8! leads to an appreciably larger value of
lpgl (pg=—2.9a). However, since it also overestimates
Vgs (1.08 instead of the experimental 1,00), and the
quantity |pgl increases rapidly with vg,, we prefer to
rely upon the experimental data, taking from the numer-
ical calculation only the sign of the matrix element,

The subsequent calculation of the contribution of the
6s sz states to the circular polarization does not contain
difficulties of principle but is extremely cumbersome if
one proceeds directly. Therefore, we shall apply a
comparatively compact method, using the formalism of
second quantization. We introduce creation and annihi-
lation operators a*, a, b*, b, ¢*, c for the 6sy/5, 6py/s
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and 6p;,, electrons. The mixing operator and the op-
erator for the E1 transition with AJ,=1 have the follow-
ing appearance:

H={sy|H|py>[a,*by+a,*b,—b,*a,—b,%a,], 3.11)
~ ie 1 1
D =——:[ (c:‘:a +-—cra,—a Yoy ——a,t _.,)
M1 A S T Rt st
+5(/s) " (by*a,ta, b)) ] (3.12)

The contribution of the 6s6p? states to the admixture
matrix element of the E1 transition can be written, ob-
viously, as follows:

E { (B5°6py | HInd n1D, 165%6py,> . (65°6p4) D, 1n><n| H|6s6p,,>

E(85%6py) —E. -E, } ’

(3.13)

Since the spacing between the terms of this configura-
tion is much smaller than the average spacing between
the 6s6p° and 6s%6p configurations we can take the en-
ergy denominators outside the summation, having re-
placed E, by a certain average value. Then, if we make
use of the completeness condition, the expression (3.13)
is brought to the form

<65°6py| HD., 165°6py,> . 65°6py|D H165°6p,
E (65°6py,) —En, —E, )

(3.14)

The states of 6s26p are written, obviously, as follows
(we confine ourselves to the values J,=+% and J,=+3):

|85%6p, J.=Y2>=by*a,*a,;*|0>, |6s*6py, J.="/2>=cy*a,*a,* 0.

(3.15)
The calculation of the amplitude (3.14) is carried out
trivially using (3.11), (3.12) and (3.15) and leads to the
result

iepay—% {Bs.,| Hi6py,> (3.16)

E(65%6py)—Ev,

The second term in (3.14) vanishes. In other words,
the states of 6s6p? with total angular momentum £ do
not give a contribution to the circular polarization, if
we neglect their splitting, Using angular-momentum
coupling in the jj-scheme, we can convince ourselves of
this without second quantization, and even with almost
no calculations. Taking for Ej,, the arithmetic-mean
value 64, 350 cm™, we find the contribution of the 8s6p?
states to the circular polarization: P''=1,7x10"7, The
contribution of excitations of an electron from deeper
shells amounts to less than one per cent, according to
numerical calculations,

Thus, the total circular polarization of the radiation
in the 6p,,5—6ps/p transition in thallium is equal to

Pr=P'+P"—=4.1-10-". (3.17)

Using formula (2.7) it is now not difficult to obtain that,
for a detuning A=5.34A,, the rotation of the plane of po-
larization in thallium is

$/1=1.04-10-* rad/m . (3.18)
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4. LEAD

The ground state and first excited state of lead belong
to the configuration 6s26p? and possess total angular mo-
menta 0 and 1, respectively. The calculation of the p?
configuration in the intermediate-coupling approximation
is well-known, ©2%31=34 3 nq we shall not dwell on it.

The square of the amplitude of the 3PP, transition
of interest to us, summed over the polarizations of the
upper level, is equal to

| #7]|2=0.572 pe. (4.1)

We shall confine ourselves to examining an even iso-

tope of lead, e.g., Pb®%, in which, because of the ab-

sence of hyperfine structure, the rotation of the plane
of polarization will be greatest.

The vapor pressure of lead at temperature 1200 °C is
17 mm, "’ We do not know of experimental data on col-
lisional line-broadening for lead. If, for definiteness,
we assume that the lead-lead scattering cross-section
giving rise to the line-broadening is, as in thallium,
equal to 0.5x107'* cm?, the absorption coefficient @ is
1 m™ when the detuning A=2,64,.

The calculation of the admixture of states belonging
to the 6p7s and 6p8s configurations does not give rise to
difficulties, since they are all well described by the jj-
coupling approximation, The necessary effective prin-
cipal quantum numbers are as follows: v, ,, =1.35;

Vg, =2.11; vg,=3.13. When these states are admixed,
the wavefunctions of interest to us are the following:

(652, *Pp> +i-10-°[ —1.52|6p7s, *P,>—0.61|6p8s, Py,

|6p%, *P>+i-107'°[0.93|6p7s, ‘P >+0.39|6p8s, 'P.>]. (4.2)

The radial integrals needed for the calculation are
found numerically®®’: p,=2.6a; py=0.9a. These val-
ues agree well with the experimental data on the oscilla-
tor strengths, ©3%’

The total contribution from the admixture of 6p7s and
6p8s states to the circular polarization of the radiation
in the 6p%, *P)—6p2, P, transition is equal to 1.3x 107,
According to numerical calculations the contribution of
higher excitations of a 6p electron is equal to 0.5x1077
(and is due, principally, to the continuous spectrum).
Thus, the total contribution of excitations of a 6p elec-
tron to the circular polarization is P’ =1.8x107,

We turn now to the estimate of the contribution of the
states belonging to the 6s6p® configuration, which have
not been observed experimentally at all. We shall take
the effective quantum number of a 6p electron in this
configuration to be the same as in the 6s26p? configura-
tion (vg,, ,, =1.35), just as is the case in thallium. We
find vg, for a 6s electron in the 6s%6p? configuration by
regarding it as added to the PbII ion in the state 6s6p?.
The center of the 6s6p? band of the PbII ion is E,
=93,550 cm™ (measured from the ground state of the
ion). Then v, =0.89.

For the corresponding radial integral a numerical
calculation gives the value — 2, 6a, thus overestimating
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+ vy, (0.98 instead of the experimental 0. 89). Inasmuch
as the analogous calculation in thallium overestimated
the quantity | pgl by a factor of 1,6 compared with the
experimental value, it seems reasonable to us to re-
duce the calculated value correspondingly in this case
also. We shall take pg/a=-2.6/1.6=-1.6,

Now, using the second-quantization formalism, just
as was done for thallium, it is not difficult to show that
the contribution of the 6s6p® states to the circular po-
larization amounts to P*' =1.3x 107",

Thus, the total circular polarization in the 6p%,3P}-
6p%, 3P, transition in lead is equal to
Pp,=P'+P"=31-10"". (4.3)

With detuning A=2,64,, the rotation of the plane of po-
larization in an even isotope of lead is

W/1=1.45-10-* rad/m. . 4.4)

5. BISMUTH

The ground state and first excited states of bismuth
belong to the configuration 6s26p®, Their scheme is
presented in Fig. 1. From the ground state an M1 tran-
sition is possible to each of the four excited states. The

" calculation of the configuration p® in the intermediate-
coupling approximation is also well known, (27313236

For a transition between given components of the hy-
perfine structure, the square of the amplitude, summed
over the projections of F and F'’ and divided by the total
number of initial states, has the form

|47 =

(2F+1) (2F'+1) { iJ F }’Ile G.1)

2i+1 1F T

The curly brackets here denote a 6j-symbol. The nu-
clear spin of bismuth is i=2, As before, we shall be in-
terested in transitions between states with the maximum
va_.'lues of Fand F', For these transitions the quantities
| M2 are®

{ —
T AR =% (M=0.056p2, F=F'—=86,

| /,]* = % |M,|*=0.007p?, F=6, F'=7,

5 (5.2)
|B1,1* =5 I Ma*=0010p,  F=6, F'=5,

9 —
lﬂa|’=mlM‘|2=0.0007uz, F=F'=6.

The small value of the amplitude of the last transition
arises from the mutual cancellation of comparatively
large terms, each of which is not very accurately cal-
culated, Therefore, it is most likely that all the re-

Zp’
4 4 0 pJ/z
3075 &
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sults for the fourth transition are true only in order of
magnitude.,

All the transitions under consideration in bismuth can
also occur as electric-quadrupole transitions. Using
the calculated value (r2)=114%, we can show that the
quadrupole absorption is negligibly small in all transi-
tions except the second, in which, for F=6 and F’ =1,
it amounts to 20% of the magnetic-dipole absorption.

According to the handbook' ", the partial vapor pres-
sure of atomic bismuth at temperature 1200 °C is 23
mm, (According to the same data, the partial pressure
of Bi, and more complicated molecules is equal to 24
mm at this temperature.) If, being guided by the ex-
perimental data on thallium, ***? we take for bismuth o
$107* cm?, the absorption coefficient =1 m™ at de-
tunings A; =2.04p,, A;=1,44,, A;=1,.5A,. But for the
fourth transition, even for A =0 the absorption coeffi-
cient is 0.5 m™, so that here it is advantageous to take
A=0,94,; at this point the rotation angle y, is a max-
imum,

We proceed to the calculation of the circular polar-
ization, The closest levels of opposite parity belong to
the configuration 6p?7s. They can be calculated in the
intermediate-coupling approximation (cf., e.g., l:3'”).
A simpler method of calculation, leading to similar re-
sults, is based on the assumption that the 7s electron
is added to the 6p? configuration of the Bill ion without
changing the state of the latter. The effective quantum
numbers of the 6p and 7s electrons are vg,, , =1.23, vy,
=2.00. With admixture of 6p*7s states, the wavefunc-
tions of the 6p°® configuration are as follows:

1483,>~i-10-1°[ 1.04|*Py>+1.0012P,>—0.0912D5 1,
12Dy —i-10"°[ 0.42]*P1.>+0.2212P;,>+0.90 12D} ],

2 2 10-10 ip! :p,’
12Ds,,>+i-10-*°[0.33]“Ps,,> +0.9412Ds,,> 1. (5- 3)

12Py>—1-10-°[0.85|*P,,>—0.9512S 51,
12Py>+i-10-'°[0.63]*P},>+0.50|2P1,>—0.1312D5> ].

In bismuth, unlike thallium and lead, to calculate the
effect it is necessary to know not only the radial inte-
gral

pr= J. drrzR-uRep ¥
0

but also the quantity

= Jdrr’R1.R5,,!‘ .

A numerical calculation™8’ leads to the values p,=2.2q,
p;=1.5a, which agree with the experimental data on the
lifetimes of the excited states of bismuth, [%3%1

The contribution of the admixture of 6p*7s states to
the circular polarization of the radiation for the M1
transitions being discussed is as follows (in the order of
the positions of the levels): 1,1x10""; 1.0x107; 3.1
x10"7; 4,2x10”", For the contribution of higher excita-
tions of a 6p electron, including the continuous spec-
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trum, a numerical calculation gives 0.7x10~"; 0.8x10~;
1.3x107"; 2,1x107,

Thus, the total contribution of excitations of a 6p elec-
tron to the circular polarization is

P,/'=1.8-10"", P,’=1.8-10", Py’=4.4-10", P./=6.3-10"".

The states corresponding to excitation of a 6s elec-
tron and belonging to the configuration 6s6p?, like the
analogous states in lead, have never been observed in
bismuth, However, it turns out to be possible to take
them into account, For a 6p electron in this configura-
tion we shall take the same value of v as in the 6s26p3
configuration: v, ,=1.23. The experimental data on
the spectrum of Bill are insufficient for an unambiguous
determination of vg,. Therefore, we shall use the cal-
culated value 0.9, incorporating the same correction
—0.09 as in lead: v4=0.81. Finally, we estimate p;
by incorporating the correction factor 0,62 into the cal-
culated value —2,41a (as in thallium and lead): p,
=-1.5a. Now it is already straightforward to calculate
the contribution of the states of 6s6p*. For the different
transitions it is equal to

P/'=1.5-10"", P,”’=2.4-10"7, P,”=3.1-10"7, P,”’=5.3-10-".

The final results for the circular polarization of the
radiation in the transitions discussed and for the optical
activity of bismuth vapor are presented in Table I, In
it we also give the analogous data (see above) for thal-
lium and lead.

The substantially smaller angles of rotation in bis-
muth vapor are due to the lower vapor pressure (as
compared with thallium), the smaller transition ampli-
tudes (as compared with lead), and, finally, the larger
spin of the bismuth nucleus, which leads to the compli-
cated hyperfine structure.

6. DISCUSSION OF THE ACCURACY OF THE
CALCULATION. COMPARISON WITH OTHER
RESULTS

The results of different calculations of the effect dif-
fer appreciably from each other. For convenience of
comparison, they are brought together in Table II.

The appreciable difference between the results of the
present work and our original results arises, primarily,
for the following reasons. First, the numerical calcu-
lations have made it possible to take into account the
contribution of high excitations of a 6p electron includ-
ing the continuous spectrum, Secondly, they have shown
that for the effective principal quantum number of a 6p,,,
electron in formula (3.6) we must use Vesy 2 directly,

TABLE 1.
~ . ) /107,
Atom| 7 F v F nA 3w | Paer “c::’,' A/Ap "’m:l/m
Tl Yy 1 3/2 2 12832.8 0.139 41 0.5 5.3 104
Ph20s ] Q 1 1 1278893 0.372 31 0.5 2.6 115
Bi 3/y 6 3/y 6 8757.45 0.056 33 <1 2.0 26
5/ 7 6477.23 0.007 4.2 <1 1.4 6
N 3 4516.39 0.010 75 <1 1.5 15
3/y 6 3015.22 0.0007 116 <1 0.9 2
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TABLE II. Results of the calculations
of the circular polarization P «107 in
various papers.

This Our ar.
original | original
Atom paper resultl12) msi’:ns,. [14]*
Tl 44 31 ~5.1
Pb 34 24
Bi 33 2.0 7.0 6.9
4.2 2.3 9.2
75 4.5 —12.4
11.6 7 19.2

*Quantities equal to P/2 were used in the
papers!* >

and not the value of vy, obtained after averaging over the
fine structure, as was done previously.

The numerical solution of the Dirac equation, by
means of which our results were obtained, was carried
out with the two-parameter potential

14%)
2 Z—1
- ”T{H(eﬂd—1)+1 * 1} '

(6.1)
proposed in"!? (Z is the nuclear charge). Starting from
the requirement that we have the best fit for the terms
of the ground configuration 6s%6p*, including the fine
structure, and also for the configuration 6s26p*ns, the
following parameter values were chosen:

Hn=15.041; Hep=14.045; Hp,=12.049; dr1=1.580; dp»,—1.538; ds;=1.401.

(6.2)
With these values, as already noted above, the calcu-
lated values of the radial integrals for the excitations of
a 6p electron agree well with the available experimental
data. This means that the valence-electron functions
obtained behave correctly at large distances. The be-
havior of the wavefunctions at short distances has been
checked by a calculation™!? of the hyperfine structure of
thallium, lead and bismuth with allowance for mixing of
configurations, These calculations also lead to good
agreement with experiment, Somewhat less reliable is
the calculation of the contribution to the effect from the
6s6p™! configuration, inasmuch as we have chosen the
values of the radial integrals pg on the basis of a single
experiment on thallium, 239 and the numerical calcu-
lations are not in agreement with this experiment. From
our point of view, the question of the magnitude of these
integrals can only be resolved convincingly by experi-
ment, e.g., by an exact measurement of the polariz-
ability of the atoms of thallium, lead and bismuth (cf.
the calculation in‘%#?) or by a direct determination of the
oscillator strengths., We note that if the values obtained
by the numerical calculation for the radial integrals
turned out to be correct, our predictions for the effect
would increase by 30-40%.

An indubitable source of error in our calculation (and,
incidentally, in the calculations of’%!4)) is the use of
the single-particle approximation. However, as esti-
mates based on a calculation of the hyperfine structure
show, 41 3]1owance for mixing of configurations can
hardly change the answer by more than 15-20%.

Novikov et al. 878



As regards the discrepancies between our results
and the results of"'%*! we find it difficult to point to
their origin because of the absence of a sufficiently de-
tailed account of the numerical calculations in the indi-
cated articles. We note only that the procedure used in
these papers assumes the same effective potential for
the electrons both in the normal configurations (6s%6p*
and 6s26p*"ns) and in the configuration 6s6p**!. How-
ever, the possibility of describing these states by means
of a single effective potential is by no means obvious.
In any case, using the potential (6.1) (the same form of
potential was taken in“'*!) we have not been able to fit
simultaneously all the energy levels, including the fine
structure, needed for the calculation. In conclusion,
we remark that we have no doubts about the correctness
of our results for the signs of the effect (see Table II)
for all the transitions.

7. EXPERIMENTAL POSSIBILITIES. BOUNDS ON
STRAY EXTERNAL MAGNETIC FIELDS

Experiments with bismuth are already being per-
formed at the present time, ®5143) 15 view of this we
should like to draw attention to the fact that, under rea-
sonable conditions, the angle of rotation in thallium and
lead vapors can be substantially greater than in bismuth,

" despite the fact that the degrees of circular polarization
for these three atoms are close (see Table I). The cor-
responding transitions lie in a range that can be covered
by tunable parametric generators.

Moreover, unlike bismuth, thallium and lead have
stable isotopes. By comparing the effect in different
isotopes (the corresponding difference is small ~1/Z),
one could in principle determine not only the quantity ¢,
which is the result of averaging the weak interaction
over all the nucleons of the nucleus, but also the neutron
and proton weak~interaction constants G, and G, them-
selves (cf. (3.4)). Obviously, the inaccuracy of the
atomic calculations does not impede the extraction of
such information from experiments with isotopes of one
element,

Finally, by comparing the effect in transitions between
different hyperfine components (these differences are
also relatively small: ~1/Z, cf,"%!2%) one could in
principle determine also the coupling constants of the
electron vector current with the proton and neutron axial
currents by using, respectively, thallium and an odd
isotope of lead.

We now turn our attention to the rather complicated
problem of how to eliminate a stray external magnetic
field, which, as is well known, also leads to rotation of
the plane of polarization of light., There exist several
mechanisms by which a magnetic field induces optical
activity., We shall discuss the two most dangerous,

First, an external magnetic field leads to mixing of
different hyperfine states. Owing to this effect, the
quantities 177,12 acquire the following factors:

Thallium:

1FguH/4AE, AE=0.018 cni, g=*/,. (7.1)
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The field sufficient to imitate the effect is found from
the condition g uH/4AE =P and is H; =0.5x 10" G.

Bismuth:

1) 1+ (g/AEo—g/AE) uH, H,=08-10- G;
2) AF9g.uH/14AE,¥0.34g.,uH/AE,, H=1.6-10"° G;
3) 1x3g.unHl/4AE,, H,=1.3-10"* G;

4) 12, (g/ ABo—g /AE) uH, H,=1.2-10~° G;
AE,=—040cm™; AE,=—0.26cm™; AE.=0.59 cm™;
AE=012cm!; g,=1.63; g,=1.24; g,=1.20; g.=1.26.

(7.2)

In these formulas the quantities A E; are the hyperfine-
structure intervals between the components being mixed,
and their values are taken from™23!; ; is the label of
the electronic term in bismuth (see Fig, 1); g; is

the gyromagnetic ratio for this term. In the second
transition in bismuth the electric-quadrupole contributior
has been taken into account, The point is not only that
it is appreciable in itself (20%), but that in it the mag-
netic-field correction is enhanced in comparison with
the same correction in the M1 transition, inasmuch as
|AEy| <|AE,|l. Inan even isotope of lead there is no
hyperfine structure, and mixing of fine-structure com-
ponents leads to weak restrictions and imitates the ef-
fect only at fields of the order of several gauss.

Secondly, a mechanism that leads to more stringent
restrictions on the magnetic field is the difference in
the resonance frequencies for right- and left-polarized
quanta that arises because of the Zeeman splitting of
the lines by a longitudinal field. The extra factors ap-
pearing in |17,12 on account of the Zeeman effect are as
follows.

Thallium:

l=gulle/Ap, e=e(A)=Ap0 In g(A)/dA. (7.3)
The function g(A) is defined in formula (2.7). The field

sufficient to imitate the effect is H,=5.9%x107/¢ G.

Lead:
ltgute/Ay, g="s, H.=4.0-10"/¢G. (7.4)
Bismuth:
1 wil
1) 1+—(gstg)—c¢, ,=28-10"%/¢ G,
) Ao
‘ 10 3 H
2) 12 (Fa-a)t=e H,=3310""/¢ G,
7 4 Ap
7 1 H ,
3) 1= (—ggov—jg;)—%e, H.=32-10-"/e G, g:=0.67,
1 H
4) 1i—8—(go+g.)‘:—a, ,=270-10~%/¢ G.
o (7.5)

We note that, unlike the rotation that arises because of
parity nonconservation, the rotation of the plane of po-
larization in a magnetic field as a result of the second
mechanism is an even function of the detuning A. This
fact can be used effectively in efforts to control this
background field.

We are deeply grateful to L. M. Barkov and M, S.
Zolotorev for their constant interest in the work and for
valuable stimulating discussions, and also to V. V.
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Flambaum, with whom we carried out the numerical cal-
culations, We are sincerely grateful to W. K, Martin
and E. Schreider for information on the spectra of the
rare-earth elements, E. Schreider also drew our at-
tention to the theoretical possibility of using polonium

in the experiments discussed.

Dhe fact that parity nonconservation leads to the appearance
of optical activity was first noted by Zel’dovich. [

1t should be noted that searches for parity nonconservation in
the electronic spectra of molecules containing heavy atoms
are also of great interest. However, reliable estimation of
the effect here is extremely difficult. Therefore, we do not
consider the question of parity nonconservation in molecular
transitions.

$The derivation of formula (3.6) is described in'2:12], and in
the second of these papers a comparatively simple qualitative
explanation of the rapid growth of the mixing with nuclear
charge Z is also given.

Ywe have not been able to establish correspondence between
the values given in™? for the oscillator strength f and the
radial integral. We shall use the value f=0.39, which cer-
tainly corresponds to the cross-section data given in?1 when
the correction indicated in®™! is made for the error in the
determination of the density.

S We note that, at least in the Russian translation of the
articleP!] (we have not been able to acquaint ourselves with
the original), the lower halves of certain columns (for x >1)
in the table for the total strengths of the transitions between
terms of the 6p® configuration are interchanged, making this
table useless for calculating the transitions of interest to us.
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