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Optical activity of thallium and lead vapors near

suppressed M1 transitions

O. P. Sushkov, V. V. Flambaum, and I. B. Khriplovich
Institute of Nuclear Physics, Siberian Branch of the USSR Academy of Sciences

(Submitted 14 October 1977)
Zh. Eksp. Teor. Fiz. 74, 868-871 (March 1978)

The magnitude of parity nonconservation effects in the 6p,,,—7p;,, transition in thallium is calculated and
the feasibility of an experimental search for an optical activity is pointed out. A similar calculation is

carried out for the 6p > *P’c—6p7p D', transition in lead.

PACS numbers: 32.70.—n

Several groups of investigators are currently search-
ing for parity nonconservation in atomic transitions."%’
These experiments are attracting considerable interest
because the results will be critical in checking theoret-
ical schemes describing in a unified manner both elec-
tromagnetic and weak interactions of elementary parti-
cles. The most promising approach is the search for an
optical activity in heavy metal vapors, 157 which has al-
ready resulted in considerable narrowing of the possible
ranges of the parameters of such schemes.

So far, discussions of the possibility of finding an op-
tical activity have always been concerned with the usual
M1 transitions between the levels in the same configura-
tion. These discussions have been concerned specifical-
ly with the 6p,,,—~6p;,, transitions in thallium, between
the levels of the 6p? configuration in lead, and those of
the 6p% configuration in bismuth. All the experiments
have been carried out so far on bismuth.

The possibility, in principle, of searching for an op-
tical activity near the suppressed 6p,,, —~7p;,, transition
of the M1 type in thallium was pointed out in (¢}, How-
ever, a pessimistic view was taken there of the chance of
detecting this activity. We shall report a calculation of
the degree of circular polarization of photons in this
transition, and of the corresponding angles of rotation
of the plane of polarization of light in thallium vapor. In
our view, these results indicate that the chance of ob-
serving an optical activity near this transition is quite
realistic. We shall also give the results of a calculation
of an optical activity in a similar transition in lead.
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We shall begin with the amplitude of the M1 6p,,, —
Tps,, transition in thallium. A numerical calculationt®!
shows that, in spite of the difference between the prin-
cipal quantum number of the initial and final states, this
amplitude is suppressed only by an order of magnitude.
Its value can easily be found also analytically. The spin-
orbit interaction mixes the 6p and 7p states:

1 Ce.
17pwY’ =1Tpyd + — ——221 _|6py),
P =1TPd % 5 po) —EGpn) P @

B 17p5).

16p4,> =16py,> — ————
P T E6p,,) ~ECing)

Here, ¢, . is the radial matrix element of the spin-or-
bit interaction. Since the main contribution to this ele-
ment comes from the region of short distances from the
nucleus, where the 6p and 7p wave functions differ only
in respect of the normalization, it follows that ¢, ,=
(Le.6t7.7)""? (we are assuming that all the radial functions
are positive in the limit »—~0). Hence, using the experi-
mental values of the energies of the relevant states, we
obtain

( pwio =1, I6p o=t )= 22 008lug @)

The absolute value of the matrix elements is in agree-
ment with the value given in the cited calculation®’ but
the results differ in respect of the sign.

The 6p,,,—=Tp;,, transition in thallium can also be of
electric quadrupole nature. A numerical calculation
gives (71’3/2' 1'2|6p1,2)= '6'7‘13-[6] Consequently, the
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reduced matrix element of the operator

7
Ous= 34:0

(rv=g78a)

is
(0]
<7psliQlI6p,> =— ——11,5_(7pq.|r‘|6pq.)=-—0.55|p,l. (3)
(4

A calculation of the parity nonconservation effects in
this transition is a relatively simple matter. The ma-
trix element of the P-odd weak interaction of an electron
with a nucleus ist”?

Gm,a’Z’R 1 m,e (4)

CswlHlpy>=ig w72 (yvs )" 20 .

where G=10"°/m} is the Fermi constant, v, and v, ,

are the effective principal quantum numbers of elec-
trons, R is the relativistic factor (R, =8.5, Ry, =8.9),

q is a dimensionless constant, which should be found ex-
perimentally. To be specific, we shall use the Wein-
berg model with sin? =0.32, i.e., we shall assumel”?

g=1-A/2Z-2 sin* B~—0.9.

A calculation of the admixed E1 amplitudes is carried
out in the standard way."’ The final value of the matrix
element of the operator for a El transition is

(7m;=%| D,| quj.=%) =i '3—5 2340l elap.- (5)

It should be pointed out that in the calculation of the ma-
trix elements D, the contributions of the various impur-
ity states largely balance out so that the error in the
calculations can be quite large.

The quantity

<D,>
P.==-2 Im '(MT

for the 6p,,,—~Tp,,, transition in thallium is -1.4x107°,
In this case the large contribution of the electric quad-
rupole makes the value of P, generally different from
the degree of the circular polarization P of photons

Y F' | M| F>*

PP TR F /TP ©)

and it varies from one hyperfine transition to another.
Using Eqgs. (2) and (3), we find that

P(0-+1)=P,=—1.4-10"°,
P(4—1)="/ysPo=—2.5-10"",

P(0-+2)=0,
P(1—2) ="/ P;=—12-10"". (7)

In view of the small hyperfine splitting of the 7p,,, level
the resolution of its hyperfine structure may be impos-
sible. In this case, for any value of F we find that

P="/,Py=—0.74-10"". (8)

It should be noted that, in spite of the fact that our
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values of (M), (D)), and ( r?) agree with those repor-
ted by Neuffer and Commins!®! (at least apart from the
sign), the values of P from Egs. (7) and (8) differ great-
ly from the value predicted by these authorste;
P=-1.67x10"%, It may be that this underestimate of the
degree of the circular polarization accounts for the pes-
simistic estimate of the possibility of the relevant ex-
periments given by Neuffer and Commins. ¢’

In addition to the 6p,,,—7p;,, transition, there is some
interest in an optical activity in 6p,,,—~8p;,,,9;,,
transitions. The degree of circular polarization in such
transitions is roughly of the same order as that in the
6p,,,—Tp,,, transition, because the values of (M), (D),
and (@) decrease in approximately the same way with in-
crease in the principal quantum number of the upper
level.

In the absence of the quadrupole absorption, the sup-
pressed 6p® SP! —6pT7p°D,' transition of the M1 type in
lead has some advantages over the above transitions in
thallium. (In our investigations®! this transition is
identified wrongly as strongly forbidden.) For this
transition, using the wave function of the ground state
6p? 3P from our earlier paper!”’ and assuming the
states *D/ to be pure jj(°p,,, "Ps,,),, €xactly as in thal-
lium, we find

<6pTp D, | M, |6p* *Py'>=—/5-0.085| . 9)

The matrix element of the admixed E1 transition was
found by us earlierf®!;

<6pTp°D/|D,|6p* P> =—i-*/,-1.9-10"*|e|ap - (10)

The degree of the circular polarization of the radiation
is then

P=—12.10" (11)
We shall now consider the optical activity of thallium
and lead vapors. For light of frequency w near a line of
frequency w, the absorption coefficient @ and the angle
of rotation of the plane of polarization per unit length 3

are given by )

4“ N w 1 "’ 37 2 1_ 4 2
iy [§—<F VIMIFD'+ 2P TIQIFD ] H@, ),
-2 N ___ o prunrneewy,  (12)

he (21+1) (27+1) Ap 3

where I is the moment of a nucleus, J and J' are the
initial and final moments of electrons, F and F’ are the
initial and final moment of an atom, N is the density of
atoms, Ap=(2kT/m,c?)"?w, u=(w=-w,)/Ap, is the de-
tuning v=T/24,, T is the line width, and, finally,
f(u,v) and g(u, v) are dimensionless functions which de-
scribe the Doppler line broadening:

("‘%‘ﬂ) =g (,0)—if (u,v).

0—wyt (13)
We can easily find, with the aid of Eq. (12), that at
1200°C (thallium vapor pressure 100 Torr, lead vapor
pressure 17 Torrf!®)) the angles of rotation of the plane

of polarization may reach 1076 rad/m in the wing of a
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line when the absorption length is 1 m. A random mag-
netic field simulating this effect should not exceed
~107*G in thallium and ~10°3G in lead. We shall con-
clude by pointing out that the precision achieved in the
experiments on bismuth is quite sufficient to measure
rotation angles ~10°® rad/m. Therefore, in a situation
when the search for parity nonconservation in the
strongly forbidden M1 6p,,,—7p,,, transition in thallium
is already under way,'®’ the proposed experimental de-
tection of an optical activity of thallium vapor in the
same frequency range seems realistic.

IM. A. Bouchiat and L. Pottier, Phys. Lett. B 62, 327 (1976).

%5, Chu, E. D. Commins, and R. Conti, Phys. Lett. A 60, 96
(1977).

L. L. Lewis, J. H. Hollister, D. C. Soreide, E. G. Lindahl,
and E. N. Fortson, Phys. Rev. Lett. 39, 795 (1977).

P. E. G. Baird, M. W. S. M. Brimicombe, R. G. Hunt, G. J.
Roberts, P. G. H. Sandars, and D. N, Stacey, Phys. Rev.
Lett. 39, 768 (1977).

L. M. Barkoy and M. S. Zolotorev, Doklad na V Vsesoyuzno'f
Vavilovskoi konferentsii po nelineinot optike (Paper pre-
sented at Fifth All-Union Vavilov Conference on Nonlinear
Optics), Novosibirsk, 1977.

®D. V. Neuffer and E. D. Commins, Preprint LBL 6043, 1977.

V. N. Novikov, O. P. Sushkov, and I. B. Khriplovich, Zh.Eksp.
Teor. Fiz. 71, 1665 (1976) [Sov. Phys. JETP 44, 872 (1976)].

%0. P. Sushkov, V. V. Flambaum, and I. B. Khriplovich,
Pis’ma Zh. Eksp. Teor. Fiz. 24, 502 (1976) [JETP Lett. 24,
481 (1976)].

V. N. Novikov, O. P. Sushkov, V. V. Flambaum, and L B.
Khriplovich, Zh. Eksp. Teor. Fiz. 73, 802 (1977) (Sov. Phys.
JETP 46, 420 (1977)].

OR. Hultgren, R. L. Orr, P. D. Anderson, and K. K. Kelley,
Selected Values of the Thermodynamic Properties of the
Elements, American Society for Metals, Metals Park, Ohio
(1973).

Translated by A. Tybulewicz
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Results are presented of theoretical and experimental investigations of optical resonators with periodic
boundaries (ORPB). The natural oscillations for various periodic structures are obtained by solving a
parabolic equation. It is shown that at definite resonator lengths there exist singular types of natural
oscillations—periodic modes. The spatial distributions of the fields in the near and far zones are analyzed.
Results are presented of an experimental investigation of a resonator with periodic modulation of the
reflection coefficient in a neodymium-glass laser; these results are in satisfactory agreement with the
theory. It is shown that ORPB make possible the shaping of extremely narrow directivity patterns.

PACS numbers: 42.60.Da

INTRODUCTION

Open optical resonators shape the spatial structure
and the directivity pattern of laser radiation. The laser
fields are natural modes of the resonator oscillations,
and the configuration of these modes is determined by
the resonator geometry. A resonator with plane-paral-
lel mirrors™? has made it possible to obtain for the
first time coherent emission in the optical band. The
mode fields of stable resonators'2! are concentrated in
a limited volume, so that the diffractive divergence of
the modes is determined by small apertures 2a~(AL)*/2,
where ) is the wavelength and L is the resonator length.
This is why multimode lasing, which affects the direc-
tivity pattern adversely, takes place in lasers with large
apertures.

From the energy point of view it is preferable to have
large-volume laser media, so that an important prob-
lem is to generate oscillation modes whose fields occupy
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the entire exit aperture. From this point of view, de-
finite advantages are offered by unstable resonators®?
such as the telescopic one.!5’

A new interesting possibility is uncovered by optical
resonators in which at least one of the mirrors is a
two-dimensional grid with periodically varying reflec-
tion coefficient. The first results of the investigation of
such resonators were reported recently.’®? It was shown
that these resonators ensure good filling of the active
medium, and the divergences of the individual light
spots in the far zone can reach the diffraction value over
the total aperture of the reticular mirror. These fea-
tures of such systems were not noted in earlier experi-
ments.[7-%?

It was indicated!®'°! that the theoretical investigation
of diffraction resonators is a complex task. This is ap-
parently the reason why these resonators were treated
in some papers by simplified methods.!'%!1 One
study'2? enhanced the interest in the study of such sys-
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