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Measurements are reported of the optical activity of bismuth vapor due to parity nonconservation
in weak interactions between atomic electrons and nucleons of the nucleus in the

6p® *S;,, — 6p® 2Ds 5, A = 648 nm transition. The constant R = Im(E 1/M 1) characterizes the
size of the effect, and its value is found to be (— 7.8 + 1.8)x 107%,

INTRODUCTION

This paper reports an experimental search for the opti-
cal activity of the vapor of atomic bismuth. This effect is
predicted by the Weinberg-Salam theory of electroweak in-
teractions and arises from the parity-conserving weak inter-
action between atomic electrons and the nucleus (we shall
refer to it as the PNC effect; see, for example, Refs. 1-6).

The measurements were performed on the
F = 6>F' = 7 hyperfine-structure component of the mag-
netic dipole transition 6p* *S;,, — 6p* ?Ds,,, A = 648 nm.
The PNC effect is characterized by the constant

R=Im(E1/M1), (1)

where M 1 is the magnetic-dipole matrix element, E 1 is the
matrix element of the electric dipole due to the mixing of the
odd 65%6p° state with even states of the form 6s*6p°ns, 6s6p*,
and so on.

Our first measurements’® showed that

R=(—24%1.3) 10,

where the term 1.3 107® is the estimated standard devi-
ation. Reduction of our data using the y ? criterion showed
the average value D = + 2.5X 1078 lay within the 90%
confidence interval and that the statistics deviate consider-
ably from Gaussian. As noted in Ref. 8, the measurements
were subject to instrumental uncertainties that were rela-
tively slowly-varying functions of time.

A detailed study of possible instrumental uncertainties
was undertaken in subsequent experiments, and a number of
measures was taken to remove these uncertainties. New and
much more extensive measurements were also carried out.

EXPERIMENTAL TECHNIQUE AND APPARATUS

The rotation of the plane of polarization associated with
the F= 6 — F' = 7 transition due to the PNC effect is relat-
ed to the constant R in (1) by

@ene=—0.89 (4rt/A) (n—1)RL, (2)

where L is the length of the column of bismuth vapor, » is the
refractive index, the coefficient 0.89 is due to the fact that
@pne « (M 1)?R, and the absorption and dispersion include
contributions of not only M 1 but also of the electric-quadru-
pole matrix element E 2 (we used the ratio £2/M 1 = 0.60,
taken from Ref. 9, to calculate this coefficient).

Like the dispersion n — 1, the angle @pyc vanishes at
the center of the line and has a maximum and a minimum at

442 Sov. Phys. JETP 60 (3), September 1984

0038-5646/84/090442-08$04.00

the same points as the function n(w), i.e., at approximately
the half-width of the profile. The total difference between
rotations at the points of maximum and minimum can be
expressed in terms of the absorption coefficient x (in cm ™)
at the center of the transition as follows:

Agpnc=—0.89 (41t/A) (Rmax—Pmin) RL=—0.89ERx L. (3)

The coefficient £ depends on the ratio ¥/24w,,, where ¥ is
the collisional width and Aw, is the Doppler width. It turns
outthat £ = 1and & = 1.22 for the Lorentz and Dopper pro-
files, respectively.

Direct measurements of xL and y/24w,, are difficult in
the case of the 648-nm transition because the absorption
spectrum of atomic bismuth has superimposed upon it the
absorption spectrum of bismuth molecules, which has
roughly the same intensity. In our measurements, xL was
determined from the bismuth-vapor Faraday rotation
orlw, H.) = y(w)LH, for which the contribution of molecu-
lar lines is negligible in a given magnetic field H, . The func-
tion @ (w, H,) has a maximum at the center of the line (near
the absorption maximum and zero @pnc), and vanishes at
the points w ,, @ _) which are practically coincident with the
maximum and minimum of @pyc. The absorption coeffi-
cient at the line center is related to the Faraday rotation at
the maximum by

xL=¢r  /aH.. (4)
The constant a is determined by the Landé factors of the
levels under consideration, the line profile, and the ratio E 2/
M 1 (see, for example, Ref. 6). The necessary Landé factors
were taken from Ref. 10 and the ratio £2/M 1 = 0.60 was
adopted in accordance with Ref. 9.

This determination of xL from the Faraday rotation
has an important advantage. The precision with which the
constant R in (3) can be determined is actually independent
of the absolute calibration of the measured angles because

R (Agenc/gr ) He. (5)
All that is required is to have an absolute calibration of the
field H,. The magnetic field is balanced out to zero during
the measurements of Agpnc. The quantities Agpyc and
@F** (in the residual field) are found from measurements of
rotation at three spectral points, @, @ _, and oy, i.e., the
zeros and the maximum of the Faraday rotation. This yields

A@enc=0¢+—¢-, (P:m ="/s[ (@o—4) + (o—0-) 1. (6)

max

Measurements of @7** simultaneously with Agpyc enable us
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to monitor the residual magnetic field in the system.

Measurements of the rotation ¢ of the plane of polariza-
tion of the light wave are performed by a null method and by
the classical modulation technique. The Faraday cell is
placed between crossed polarizer and analyzer, and an alter-
nating magnetic field of frequency £ /27 = 1107 Hz is ap-
plied to it together with an additional controlling field pro-
duced by the current / in a coil surrounding it, which gives
rise to an additional rotation @,, cos £2¢ + &(i). The result of
this is that the plane of polarization of the light wave rotates
through the angle

W =@p+@m cos Qt+6(i). (7)

The amplitude of the signal wave at exit from the polari-
meter is E, < ¥ and the intensity is proportional to ¥ 2. The
signal at the frequency {2 is proportional to ¢,, [p + 6(i)].
This signal is isolated and is balanced out by a negative feed-
back loop carrying the signal produced by the controlling
magnetic field. We then have

o=—0(). 8
The measurement of ¢ is thus reduced to the measurement of
the current /.

A block diagram of the apparatus is shown in Fig. 1.
The principal components of its optical part are the single-
frequency laser, the polarimeter, and the furnace containing
the bismuth vapor.

We employed the Spectra Physics 580 A laser using a
solution of the AZhN 650 dye." The standard frequency-
tuning system was augmented by a comparison system
whereby the laser frequency was tied to external reference
points, i.e.,, the maxima of the absorption spectrum, the
maxima and zeros of the Faraday rotation profile, and the
transmission peak of the inertial interferometer. The ar-

FIG. 1. Block diagram of the spectropolarimeter: 1—single-mode light
guide (external diameter 120 xm, internal diameter 4.5 um, / = 1.6 m,
Aerie = 0.58 um); 2, 3, 4—calcite prisms (prism 2 is used to compensate the
angular dispersion of the polarizer 3); 5—dispersing prism used to prevent
the illumination of the photomultipler by radiation from the furnace and
to compensate the angular magnification of the analyzer 4; 6, 7—analog
dividers used to normalize rotation and absorption signals; 8—Ar™ laser;
9—dye laser; 10—control of w; 12—control of magnetic field; 13—con-
trol of absorption; 14—control of intensity; 15—balancing of rotation;
16—furnace supplies; 17—control of rotation; 18—control system and
analysis of data; PD1 and PD2—photodiodes.
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rangement enables us to transfer from a given reference
point to another in accordance with a preset program, and to
detune from the reference point by a given frequency inter-
val.

The furnace is so designed that the bismuth vapor can
be introduced into the polarimeter without the use of divid-
ing windows (in way similar to that employed in heat pipes).
The internal volume of the polarimeter is filled with helium,
and a constant stream of helium flows through the volume at
a rate ensuring that the total amount of helium is replaced
every few hours. The bismuth vapor is held in a corundum
tube, heated to a temperature of about 1200 K by a coaxial
niobium heater. A number of reflecting screens are intro-
duced in order to reduce heat transfer by radiation and con-
vection. Metallic bismuth is distributed continuously on the
bottom of the corundum tube over a length of about 80 cm.
The open ends of the tube are coiled to ensure that the bis-
muth vapor is condensed, and continuous circulation of the
vapor is maintained between the center and the ends, and
back again in the liquid form. The furnace is made of copper
and is surrounded by a permalloy magnetic screen which
reduces the transverse magnetic field down to <0.002 G. A
special coil is placed inside the screen to cancel the Faraday
rotation by bismuth vapor in the residual longitudinal field.
This coil is also used to produce the calibrated longitudinal
magnetic field H, . The coil configuration is such as to ensure
that H, remains constant to within at least 7% along the
entire length of the chamber containing the bismuth vapor.
The thermal inertia of the furnace enables us to work for <10
s with the heater current turned off without affecting xL, so
that the magnetic field due to the heater is eliminated during
the measurements.

A single-mode light guide is mounted between the laser
and the polarimeter to ensure spatial stabilization of the
light beam. The analyzing prism of the polarimeter produces
spatial separation of the reference and signal beams in such a
way that their amplitudes are

E,=eE, E=ekE, E=VYE, 9)

where e, and e, are the polarization unit vectors; it is as-
sumed that ¥«<11in (7) and (9). The signal beam is intercepted
by a photomultiplier and the reference beam by a photo-
diode.

In principle, the null method of measurement is insensi-
tive to variations in the density I, « |E,y|% the modulation
amplitude ¢,,, the gains in the negative feedback loop, the
photocathode sensitivity, and so on. However, rapid intensi-
ty fluctuations may produce some additional noise. The
noise is suppressed by the analog divider 6 which generates a
signal proportional to |E, |?/|E,|* and used to balance out
the rotation ¢ + & (i). The negative feedback loop incorpo-
rates the following main elements: a narrow-band amplifier,
a synchronous detector, an integrator, and a dc amplifier.
The current from the amplifier is fed into the control coil of
the Faraday modulator. The current is measured by a digital
ammeter (so that a long signal-integration time can be used)
and is also plotted by a strip charge recorder with a time
constant of about 1 s.

The signal from the second divider 7, which is propor-
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tional to the transmission of the bismuth vapor, is used to
record the absorption spectrum, to monitor the operation of
the furnace, and so on. The control system and the analysis
of the data rely on a completely automatic measurement of
the rotations ¢ ., @ _, @, in accordance with a preset pro-
gram. This program monitors the frequency criteria, turns
on and off the calibrated magnetic field and the furnace sup-
plies, and performs other calibrations and checks. It also
analyzes the results.

INSTRUMENTAL ERRORS

Detailed examination of possible sources of instrumen-
tal errors shows that the principal source of difficulty in
measuring A@pnc can be traced to two types of effect, name-
ly, achange in the spatial distribution of intensity in the light
beam when the laser frequency is altered, and the interfer-
ence between the signal beam and scattered light (reflections,
flashes, and scattering by surfaces and by defects of the opti-
cal elements).

The orientation of the polarization unit vectors of the
ordinary and extraordinary waves in the crystal depends on
the direction of the wave vector k. A change in the direction
of k by Ad leads to a spurious rotation A¢g. It can be shown'!
that the rotation Ag is a minimum when the vector k is near-
ly perpendicular to the exit face of the polarizer prism and
the entrance face of the analyzer prism. It turns out that

Ag=ApAS+B(AD)?, (10)

where @ is the angle between the axis of the polarizer crystal
and its exit face (for the analyzer—the entrance face), and 4,
B are coefficients of the order of unity. To reduce 4g, it is
desirable to use prisms with minimum ¢ S A4+}. Spurious ro-
tation is also produced by any laser-beam displacement and
intensity redistribution.

A single-mode light guide is used in the system for the
spatial stabilization of the laser beam and to decouple the
laser from the polarimeter. The light guide ensures a stan-
dard intensity distribution in the emerging beam, which is
independent of any changes in the spatial intensity distribu-
tion at exit of the light guide.

Figure 2 shows the effect of spatial instability of the
laser beam, the dependence of A¢ on ¥, and the role of the
light guide. It also shows to the same scale, the rotation sig-
nal in the absence of the bismuth vapor. Figures 2a and b
show the rotation at constant wavelength (2a—prisms with
¥ of the order of a few degrees, 2b—~ 10~*). Figure 2¢
corresponds to prisms with ¥y~ 10~* and a periodic linear
laser-frequency ramp (repetition frequency 3 GHz) turned
on at time #,. The results are substantially improved when
the light guide is introduced (Figs. 2d, e, f). The null drift at
constant laser frequency corresponds to the expected level of
shot noise. However, instrumental rotation effects (Fig. 2e)
occasionally appear when the frequency is retuned. They can
be eliminated by adjusting the polarimeter (Fig. 2f), but
eventually reappear again. They are usually much smaller
than those shown in Fig. 2e and can only be recorded under
signal integration conditions.

These effects can be interpreted as follows. When the
reference beam E, is reflected twice or is scattered by optical

444 Sov. Phys. JETP 60 (3), September 1984

”
"
—
4
’
II ‘ b c
p ,
e o
1 4 el |
<
7 e | J GHz
NI
N%
d e A It YA
A=CONSt wemtmbctappbiminhbesiosnyiod
Day Night
JGHz J GHz

M m
FIG. 2. Recording of spectropolarimeter zero under different conditions.

The recording time constant (71 s) and the vertical scale (rotation of the
plane of polarizauon) are the same in all cases.

elements separated by a distance / from one another, the
amplitude of E, acquires the additional term

eoanezikl’

where a is the product of two amplitude reflection coeffi-
cients (scattering coefficients). If partial depolarization is
produced, an analogous term appears in the signal compo-
nent and produces an instrumental rotation

@4=B cos 2kl (11)

When angles in the range ¢ ~ 10~® — 10~ 7 are measured, it
is important to take into account possible instrumental er-
rors corresponding to relative intensities of depolarized scat-
tered light of 10~'%~107 %, The phase of the function in (11),
i.e., 2wl /c = 4wl /A, changes as the laser frequency w is re-
turned, and the period 4f (Hz) of the variation in ¢, on the
frequency scale is related to the interference baselength / by
Af = c/2l. The frequency-dependent instrumental rotation
in Fig. 2b corresponds to a path difference 2/ (or 2/n) of the
order of a few centimeters.

In general, we may have a sum of terms such as (11) with
different amplitudes, periods, and phases. The origin of each
of these terms can be identified in accordance with its period,
i.e., the characteristic interference baselength.

The following steps were taken to suppress possible in-
terference effects. In the fabrication of the optical compo-
nents, especially the prisms and the Faraday modulator, the
quality of the calcite and fused-quartz crystals was carefully
controlled. Particular attention was paid to the quality of the
surfaces. Surfaces of the optical components were coated to
transmit at A = 648 nm and were cut in such a way that there
were no pairs of parallel faces. Moreover, the polarizer and
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analyzer could be displaced by piezoceramic elements, so
that the separation / between the optical components of the
polarimeter could be modulated, thus averaging out the cor-
responding interference effects. The modulator was held in a
thermostat, so that its optical length could be stabilized ei-
ther or be varied by varying the temperature.

Our first measurements of A@pyc Were performed”® at
this stage of elimination of possible instrumental errors. Sub-
sequently, most of the attention was devoted to prisms and
the Faraday cell, since the path differences corresponding to
interference bands within these elements could not be modu-
lated by simple means.

Examination of interference effects introduced by po-
larimeter prisms shows that the largest errors are due to fab-
rication defects on the hypotenuse faces of the prisms. For
example, a path difference, kA/n is produced in the analyzer
prism when the waves E,, E; propagate through it, where An
is the difference between the refractive indices for the ordi-
nary and extraordinary waves. Scattering of the wave E, by
defects on the exit face produces additional waves that prop-
agatein the direction of the signal wave and back again to the
entrance face of the prism. After reflection from the entrance
face, the latter waves are also added to the signal wave with
the additional phase shift 2k/n. It is therefore clear that the
detector receives both the signal wave E; = e, E; and the
waves

(eo0iFe.B,) e™om+ (e,aate.B,) e hinthian) | (12)

where the coefficients S3,, 3, differ from «a,, a, by the de-
polarization factor (corresponding to a reflection or scatter-
ing). The result of this is an instrumental rotation

Pa=Qa1TPaz,
(13)

Qas=Bs cos (klAn),  @i=pB;cos (2kin+klAn).

More precisely, we have a sum of terms such as (13) with
somewhat different values of / for each of the scattering
centers. A typical record of the instrumental rotation ¢, , is
shown in Fig. 3a. For the calcite prism, 4n = 0.17; the path
length / was 0.7 cm, so that the period 250 GHz is in good
agreement with the expected value Af, = ¢/IAn. The dis-
placement of the laser beam over the prism produces
changes in the amplitude, period, and phase of ¢,,. The
amplitude of @, is of the order of 10~° rad, which corre-
sponds to a scattered intensity within the solid angle of the
signal beam amounting to about 10~ '2/,,. This quantity is a
measure of the achieved quality of the prisms. The resultant
phase of ¢ ., can be adjusted relatively easily by adjusting
the polarimeter or by varying the temperature so that the
maximum or minimum of @ ,, occurs at the frequency of the
transition under investigation. During this adjustment, the
change in ¢, over the 1-GHz interval (separation between
maximum and minimum @pyc ) does not exceed 10~ rad. It
is also found that the rotation ¢ 4, is quite stable: the charac-
teristic time of variation of the amplitude and phase of this
angle is a few hours. This means that the instrumental rota-
tion ¢, , imposes practically no restriction on the precisions
with which A@pyc is measured when the above precautions
are taken.
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FIG. 3. Instrumental rotation due to interference with the base in the
interior of the polarizing (analyzing) prisms: a—spectral dependence of
the polarimeter zero in the case of @, ,; b—simultaneous recording of
rotation specially enhanced (by suitable adjustment via interference
between beams reflected in the interior of the prism) and of the absorption
spectrum of bismuth vapor at xL~0.1.

The instrumental effect @, is characterized by the
much shorter period 4f,~c/2nl~15 GHz. It may be ex-
pected that 8, S 0.15 (one additional reflection and, further-
more, backward rather than forward scattering). The effect
@.4» could not be isolated from noise by a procedure similar
to that used for ¢, , but the possibility that it was present
could not beignored. Steps were taken to suppress ¢ ., when
new prisms were fabricated (see below).

Other interference effects can also appear in the prisms
due to multiple reflection and scattering with periods 4/~ 1
GHz, which is particularly hazardous from our standpoint.
Figure 3b shows an example of this type of instrumental
effect (specially enhanced). Its period is Af~5 GHz.

The following device was adopted to reveal such inter-
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FIG. 4. Different prism (analyzer) designs: 1—optical components made
from fused quartz (n = 1.46); 2—glycerol immersion (n = 1.47); 3—cal-
cite prisms (n, = 1.66; n, = 1.48), refracting angle 30°, optical axis per-
pendicular to the plane of the drawing and making the angle ¢ < 10~* rad
with the entrance face of the prism.

ferences. Waves with polarization e, in (12) do not interfere
with the signal wave E; = e, E, during detection. If, how-
ever, a polarizer with polarization plane at 77/4 to e, is intro-
duced into the beam, an instrumental rotation ¢, = la
cos(. . .) is artificially produced. The coefficient a is much
greater than the corresponding 3. This method was used to
amplify and exhibit a number of interference effects and
hence trace them back to their sources by determining the
interference baselengths.

We have fabricated several sets of prisms and have in-
vestigated instrumental rotation due to interference effects
in each of them. The design of these prisms is illustrated in
Fig. 4. The geometry of the prism shown in Fig. 4a was cho-
sen so as to reduce interference due to multiple reflections.
The design of Fig. 4b involves the oil immersion of the prism
between two fused-quartz blocks. The aim is to reduce scat-
tering by the hypotenuse and reflection by the entrance faces
of the prism. The quartz block has sufficient length to ensure
that the signal and reference beams leaving the system are
spatially separated. The design of Fig. 4c enables us to
achieve a substantial reduction in reflection from the en-
trance face which carries a thin quartz plate with a high-
quality antireflection coating in the form of a glycerol inter-
layer. High-quality fabrication and transmission of this
order could not be achieved for the calcite crystals.

It was found that immersion of the form illustrated in
Fig. 4b did not result in a substantial reduction in the ampli-
tude of ¢, with the period of 250 GHz. The best results
were obtained with prisms of the form shown in Fig. 4c, and
these prisms were subsequently used in all measurements.

Special studies of instrumental uncertainties intro-
duced by the fused quartz rod in the Faraday cell showed
that these uncertainties did not exceed 10™® rad when the
necessary precautions were taken (choice of material, treat-
ment of ends, inclination of end surfaces, antireflection coat-
ing, and thermostating). The uncertainties were simply un-
detectable. We note that, for our prisms with ¥ S 10™* rad,
possible refraction effects in the bismuth vapor cannot pro-
duce rotations in excess of 1078 rad.

The frequency-independent instrumental rotation ¢,
should not contribute to Agpne =@, — @_. If, however,
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FIG. 5. Histograms of measured values. The rotation of the plane of polar-
ization in units of 10~ ® rad is shown along the horizontal axis. The vertical
axes (all in the same scale) show the number of cycles in which the angle
falls into the interval of 2 X 10~ ® rad. a—Instrumental zero (xL = 0), total
number of cycles Zn; = 1308; b—xL = 0.13, Zn, = 483; c—xL = 0.47,
Zn; = 2245; d—xL =0.73, Zn;, = 1441; e—xL = 0.91, Zn, = 1723.

¥, varies with time, the difference A@pnc may be subject to
the uncertainty 8¢ = ¢, (t) — @4 (¢t + 7), where 7 is the time
between measurements of @ , and ¢ _. To eliminate the prin-
cipal part of this uncertainty (dg, /9t ), which is linear in
time, the angles @ ,, ¢ _, ¢, were measured in the following
sequence: @o, @+, @ —; Por —» P +; Po» P+» P —; - - - - More-
over, the measurements were performed for 7 < 15 s, which
was sufficiently short. The integrating measurements of ro-
tation were made in parallel with plots of the rotation on a
strip-charge recorder, so that the instrumental zero drift
could be monitored at all times.

We shall not pause here to consider checks made on
many other factors such as electrical and magnetic pickup,
coupling between control and measuring circuits, shielding
of bismuth vapor from magnetic fields at 50, 100, and 1107
Hz, variations in the laser beam intensity, including those
that were synchronous with wavelength tuning, and so on.

The final checks on the operation of the system were
performed in the integrating mode as follows. The rotation
was measured at the three frequency points w,, w,, @;, sepa-
rated by 0.5 GHz and roughly corresponding to the differ-
ences W, — gy, ®y, — @ _. The quantity Ap, = ¢, — @5 was
determined. The same procedure was thus adopted as in the
measurements of A@pnce. The measurements were per-
formed in the absence of the bismuth vapor within the fre-
quency interval containing the working transition. A set of
measurements was also made at reduced bismuth density
xL ~0.1. This was done with reference to the Faraday-rota-
tion zerosw, = w ,,0; =w_.

Figure 5a shows the measured values of Ag, for bis-
muth. It was found that Ap, = — 0.6-10~* rad. Figure 5b
shows a histogram constructed from 483 measurements on
the bismuth vapor for »L =0.13. It was found that
A@pne = — 0.4-107%. The results of a statistical analysis of
these measurements will be given below together with mea-
surements of Appyc for larger values of L.
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MEASUREMENTS OF Ag@pyc

One cycle of these measurements involves the determin-
ation of rotation at the points wg, @, @_. The sequence of
the points w,, @ _ is altered in each successive cycle. The
measurements were performed in accordance with the fol-
lowing program imposed by the control system: laser fre-
quency adjustment—time T',, pause—time T,, measurement
of rotation—time 7. During the time T, the alternating
magnetic field (used to adjust the frequency to the corre-
sponding point on the Faraday profile) and the adjustment
system and the furnace supplies are turned on and the nega-
tive feedback loop in the measurement channel is turned off.
During the pause T,, the adjustment system, the alternating
magnetic field, and the furnace supplies are turned off and
the negative feedback loop in the measurement channel is
turned on. The measured values are accumulated during the
time 7. The times T',, T,, T, could be varied within broad
ranges. The difference A@pyc Was measured for 7| =6,
T,= 1.5, and T; = 6 s. These values were dictated by the
rate of cooling of the furnace when the supplies were turned
off. To reduce the time necessary to adjust the laser frequen-
cy to the zeros of the Faraday rotation, the frequency was
tuned in two stages. First, the data stored in the memory
were used to generate a signal for the laser frequency control
unit that corresponded to the frequency w_ (w_) in the pre-
ceding cycle, and this was followed by fine tuning.

The stability of the laser frequency during the time 77
was 35 MHz per cycle and of the order of 8 MHz over 50
cycles. The corresponding uncertainty in the measured
A@pne =@, — @_ did not therefore exceed 0.05¢F** per
cycle or 0.01pF** per 50 cycles, where @z** is the maximum
Faraday rotation (at the frequency w,) in the residual mag-
netic field. This field was reduced to values corresponding to
@F** <107 and was monitored in each cycle.

The difference Agpnc Was measured between June and
December 1983 without any modification of the system at
three different bismuth vapor pressures corresponding to
»xL =0.91, 2L =0.73, »L = 0.47. Control measurements
were performed at reduced pressure corresponding to
»L = 0.13 before each run.

The relatively long furnace enabled us to work at low
pressures for which the absorption-line profile was close to
the pure Doppler profile. For example, for »L = 0.91, the
total pressure was 15 Torr and y/24w, <0.08. For other
values of %L, the pressure was lower still. The coefficient @ in
(4) could be determined under these conditions with suffi-
cient precision from the separation between the zeros of the
Faraday-rotation profilew , — w_ and § = 1.21. The differ-

TABLE I. Measurements of A@pnc and their analysis.

ence w_, — o _ was measured to within 1.5-2%. The preci-
sion of @ was largely determined by the precision with which
theratio £ 2/M 1 could be determined, and may be estimated
at 4-5%.

The calibrated magnetic field H, necessary to deter-
mine xL and to calculate R from Agpyc [see (3)-(5)] was
determined by comparing the Faraday rotation in the quartz
rod in a known magnetic field (produced by the long sole-
noid) and in the field H.. A check was also made to verify
that H_ remained constant along the length of the furnace.
The resultant error in all the calibrations, referred to R, does
not exceed 10%. Figure 5 shows histograms of the measured
A@pne for xL =0.91, 0.73, and 0.47.

Table I lists the results of a y ? analysis of the measure-
ments of Appync together with the values of w . — @ _ and of
the constant a in (4). We calculated the quantity

% =Z’ (ni—r)*/ry,

where n; is the number of measurements in the ith interval of
values of Appnc, 7; is the theoretical number for this interval
in the case of a Gaussian distribution with parameters
A pne and o, and m is the number of intervals. The value of
x 2 given by (14) was minimized with respect to A@pnc and
o. The confidence interval was estimated by using the y >
distribution with the number of degrees of freedom
v = m — 3. The confidence interval D at the 90% level was
determined from the condition (see Ref. 12).

x* (A@enctD, ) =Ymint+4,61.

(14)

It is clear from the values of y 2. /v, in Table I and from the
shape of the histograms that the distributions of the mea-
sured values of A@jnc do not exhibit large deviations from
Gaussian statistics.

Measurements corresponding to different »xL were per-
formed for different laser-beam intensities so that the inten-
sity at exit from the polarimeter, after it had been reduced by
absorption in bismuth vapor, was roughly at the same level
and amounted to a fraction of a milliwatt. The value of o
listed in Table I exceed the values determined by the shot-
noise level by not more than factors of 2 or 3.

We may conclude from the data of Table I that our
measurements were subject to a small residual instrumental
rotation. In some cases, this is found by analyzing the time
variation of the measured A@pync. As an example, Fig. 6
shows four series of measurements for xL = 0.47. Each
point corresponds to 25 cycles. It is clear that the instrumen-
tal rotation oscillates with an amplitude of not more than

. . Confidence in-
Coefficient a in | Agpnc,  |terval D (90%) - L
“* mM+I;;’ —’ %’-lﬂnra:%s of| 10 rad in units of 107 | @ 107" rad min/
rad
091 945 0,78 7,70 +0,55 217,5/39
0,73 933 0,81 4,65 +0,70 30/45
0,47 924 0,84 3,15 +0,35 5 25,8/32
0.13 900 0,86 0,40 +0,80 0 18/26
0,0 - - 0,60 +0,35 0 24/26
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FIG. 6. Chronological sequence of measurements of

A@pnc in series of 25 cycles, each with xL = 0.47. The
indicated errors correspond to one standard deviation.

g
’ }
|- ty g H& d+ +H
T H i RN Y ﬂ i
:5 6-7.1X.63 6-9. 1. §3 12-13.1X.63 15-16.1X. 83
3 1078 rad and characteristic times of the order of a few

tens of minutes. Analysis of these results shows that these
oscillations average out to a level <1078 rad over 500 cycles.
Similar conclusions may be drawn from measurements of
A, (xL = 0) and A@pyc for xL = 0.13 (see Table I).

It follows from the foregoing that, under the conditions
prevailing in our experiments, the coefficient & in (3) was
equal to 1.21 and A@pnc = — 1.08RxL. The values of
A@pnc(xL) deduced from our measurements will be ap-
proximated by the following linear formula:

Agenc(xL) =e—1.08RxL, (15)
where ¢ is the residual instrumental rotation. To estimate ¢,
we shall use measurements of A@pync for different xL and
measurements of Agp, for xL = O (without the bismuth va-
por).

The uncertainty SR, in R can be estimated as follows. It
is clear that the uncertainty ¢ affects R to a lesser extent for
larger xL. The value of R deduced from measurements for
xL = 0.91, assuming ¢ =0, is

R=(—17,8+0,55) -10%. (16)
If we now perform a least-squares determination of R and ¢
in (15), i.e., minimize the quantity

N
M=Y" (Apma—e+1.08RxL) oy 1)

using all the measurement cycles at the points xL = 0.13,
0.47,0.73, and 0.91, we obtain

R=(—8.55+0.35)-10~%, e=—1,15-10"". (18)
If the sum over in (17) includes measurements of the instru-
mental zero A¢/ (xL = 0), we find that

R=(—7.15=+0.15) -10-%, e¢=-—0.05-10"*. (19)
Itis clear that, in this case, the linee — 1.08 RxL passes prac-
tically through zero.

The quantity §R, can be estimated as the maximum

deviation of the values of R in (16), (18), and (19) from the
average, i.e., SR, = + 0.8.107%,

The final result for R obtained in the present work may
be taken to be the average of the values given by (16), (18),
and (19):

R=(—7.8+1.8)-10". (20)

The indicated uncertainty of + 1.8 (in units of 1078)
consists of the statistical uncertainty of 0.2 (1.64 standard
deviations for R), the instrumental uncertainty
SR, = + 0.8, and possible resultant uncertainty of all the
calibrations (<10%) 6R = + 0.8.

DISCUSSION OF RESULTS

Table II is a summary of all the experimental data on
the optical activity of atomic bismuth for the “S;,, — *Ds 5,
A = 648 nm transition.

There are several calculations of the constant R. Se-
miempirical calculations yield

=—18-10"% [Refs. 19, 6]; R=—16-10"° [Ref. 20].
Hartree-Fock calculations with allowahce for electron
correlations, yield
—14-10-* [Refs. 21, 22]; R=—11-10"% [Ref. 23].
It is clear that our latest results and the results of the

Oxford group are in sufficient agreement with one another
and with the results of the most detailed calculations.?

The latest measurements obtained for the *S;,, — 2D;,,,
A =2876 nm transition in bismuth are
R, =(— 104+ 1.7)107® (Refs. 24 and 25) whereas
R, ... = — 8.3X 1078 (Ref. 23). Successful measurements

have recently been reported of optical dichroism due to par-
ity nonconservation in thallium?® and cesium,?’ and of the
optical activity of lead.?®

I am greatly indebted to N. G. Basovand M. A. Markov
for their attention and support, to E. M. Dianov for provid-
ing us with the single-mode light guide, to N. V. Zavaritskii

TABLE I1. Measurements of R for the 648-nm line of bismuth by different groups.

Group year R, 10-* Reference
Oxford 1977 +2,7+£4,7 [13]
Novosibirsk 1978 —19%5 [14]

1980 -20,2+2,7 [15, 16]
Moscow 1980 —2,41 1,3 [8,17]
Oxford 1981 —9%2 [18]
Moscow 1984 -7,8+1,8 Present work
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for supplying the magnetic screen, and to T. F. Novikova for
her major efforts in fabricating the polarizing prisms.

DThe active AZhN-650 liquid was developed and produced at the Re-
search Institute of Organic Intermediate Products and Dyes.
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