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Optical activity of thallium and lead vapors near 
suppressed MI transitions 

0. P. Sushkov, V. V. Flambaum, and 1. 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,,,+7p3,, 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 6 p  3P0-+6p7p 'D', transition in lead. 

PACS numbers: 32.70. -n 

Several groups of investigators are  currently search- 
ing for parity nonconservation in atomic transitions."-51 
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 i s  the search for an 
optical activity in heavy metal vapors, ["*I 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,12--6p3,2 transitions in thallium, between 
the levels of the 6p2 configuration in lead, and those of 
the 6p3 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,,,-- transition 

7p3/&1 of the MI 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 i s  quite 
realistic. We shall also give the results of a calculation 
of an optical activity in a similar transition in lead. 

We shall begin with the amplitude of the M1 6pl12 - 
7p3/, transition in thallium. A numerical calculationc61 
shows that, in spite of the difference between the prin- 
cipal quantum number of the initial and final states, this 
amplitude i s  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: 

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 g,., .: 

(g6,6b,.,)112 (we a re  assuming that all the radial functions 
are positive in the limit Y-0).  Hence, using the experi- 
mental values of the energies of the relevant states, we 
obtain 

The absolute value of the matrix elements i s  in agree- 
ment with the value given in the cited calculationr61 but 
the results differ in respect of the sign. 

The 6p112-7p,1, transition in thallium can also be of 
electric quadrupole nature. A numerical calculation 
gives r216plI2)=-6"7a~.[61 Consequently, the 
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reduced matrix element of the operator 

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 isC7] 

where G = 10'5/m: is the Fermi constant, v, and v,l/2 
are the effective principal quantum numbers of elec- 
trons, R is  the relativistic factor (R , = 8.5, Rpb = 8.9), 
q is a dimensionless constant, which should be found ex- 
perimentally. To be specific, we shall use the Wein- 
berg model with sin20 = 0.32, i.e., we shall assumec71 

q-1-A/2Z-2 sin' 0 ~ - 0 . 9 .  

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

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 

for the 6plI2 -7P3,, transition in thallium is -1.4 x 
In this case the large contribution of the electric quad- 
rupole makes the value of Po generally different from 
the degree of the circular polarization P of photons 

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

In view of the small hyperfine splitting of the 7p3/, lwel  
the resolution of its hyperfine structure may be impos- 
sible. In this case, for any value of F we find that 

It should be noted that, in spite of the fact that our 

values of (Mi, { 0 2 ,  and { r 2 )  agree with those repor- 
ted by Neuffer and Commin~[~]  (at least apart from the 
sign), the values of P from Eqs. (7) and (8) differ great- 
ly from the value predicted by these authorsL6': 
P= -1.67 X 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 Comrnin~.[~] 

In addition to the 6p1,2-7psh transition, there is  some 
interest in an optical activity in 6~112-8P,12 ,9p3/2 
transitions. The degree of circular polarization in such 
transitions is roughly of the same order as that in the 
6p112--7p312 transition, because the values of {M), (D), 
and {Q) decrease in approximately the same way with in- 
crease in the principal quantum number of the upper 
lwel. 

In the absence of the quadrupole absorption, the sup- 
pressed 6p2 3P01-6p7p3D: transition of the M1 type in 
lead has some advantages over the above transitions in 
thallium. (In our  investigation^^^*^^ this transition is  
identified wrongly as strongly forbidden.) For this 
transition, using the wave function of the ground state 
6fl2 3P,' from our earlier paperc7] and assuming the 
states =D: to be pure jj(6pl,2 7p312), , exactly as in thal- 
lium, we find 

The matrix element of the admixed E l  transition was 
found by us earlierc8] : 

The degree of the circular polarization of the radiation 
is then 

We shall now consider the optical activity of thallium 
and lead vapors. For light of frequency w near a line of 
frequency wo the absorption coefficient a and the angle 
of rotation of the plane of polarization per unit length $ 
are given by 

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, AD = ( 2 k ~ / r n , c ~ ) ~ / ~ ~ ,  u = (w - w ~ ) / A ~ ,  is the de- 
tuning v= r/2A,, I' is the line width, and, finally, 
f (u, v) and g(u, v) are  dimensionless functions which de- 
scribe the Doppler line broadening: 

We can easily find, with the aid of Eq. (12), that at 
1200°C (thallium vapor pressure 100 Torr,  lead vapor 
pressure 17 Torrclol) the angles of rotation of the plane 
of polarization may reach lom6 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 
-10'4G in thallium and -l(r3G 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 -lom8 rad/m. Therefore, in a situation 
when the search for parity nonconservation in  the 
strongly forbidden MI 6p, l , -7p, l ,  transition in thallium 
is already under way,t21 the proposed experimental de- 
tection of an optical activity of thallium vapor in the 
same frequency range seems realistic. 
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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 modtikition of the 
reflection d ~ c i e n t  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. 

INTRODUCTION 

Open optical resonators shape the spatial structure 
and the directivity pattern of laser  radiation. The laser  
fields a r e  natural modes of the resonator oscillations, 
and the configuration of these modes is determined by 
the resonator geometry. A resonator with plane-paral- 
lel mirrorsc1] has made it possible to obtain for the 
first  time coherent emission in the optical band. The 
mode fields of stable  resonator^^^'^] a re  concentrated in 
a limited volume, s o  that the diffractive divergence of 
the modes is determined by small  apertures 2a - (XL)lf2, 
where X 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, s o  that an important prob- 
lem is to generate oscillation modes whose fields occupy 

the entire exit aperture. From this point of view, de- 
finite advantages a r e  offered by unstable resonatorsc4] 
such a s  the telescopic one.c51 

A new interesting possibility is uncovered by optical 
resonators in which a t  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.c61 It was shown 
that these resonators ensure good filling of the active 
medium, and the divergences of the individual light 
spots in the f a r  zone can reach the diffraction value over 
the total aperture of the reticular mirror .  These fea- 
tures of such systems were not noted in earl ier  experi- 
ments .C7-91 

It was indicatedt8191 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 r n e t h o d ~ . ~ ' ~ * ~ ~  One 
studyC12] enhanced the interest in the study of such sys- 
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