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Refined observations of parity nonconservation in the 6 R~/2 —7 P~/2 transition in
' 8~Tl are reported. Absorption of circularly polarized 293-nm photons by 6 P~g2 atoms

in an E field results in polarization of the 7 P~g2 state, through interference of the Stark
El amplitude with ~1 and parity-nonconserving E1 amplitudes. Detection of this polari-
zation yields the circular dichroism b =+(2.8+ 0' eI && 10, which agrees with theoretical
estimates based on the Weinberg-Salam model, for sin 0~=0.23.

PACS numbers: 32.90.+ a, 11.30.Er, 12.30.Cx

We report new observations of parity noncon-
servation (PNC) in the 6'P„, 7'P», tra-nsition in
atomic thallium (see Fig. 1). The transition am-
plitude is forbidden M1 with measured amplitude
3II = (-2.1+0.3)x 10 '~eK/2 net~.

' Parity noncon-
servation causes the 6 Pzg2 and V Pz(2 states to be
admixed with Szg2 states; thus the transition am-
plitude contains an additional E1 component B~.
This results in circular dichroism, defined by
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where cr, are the cross sections for absorption of
293-nm photons, with + helicity, respectively.
Theoretical estimates of S~ based on the Wein-
berg-Salam (W-S) model' yield' '
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for sin'0~ =0.23, where L9~is the Weinberg angle.
The aim of this experiment is to measure 5.

The dipole amplitudes S~ and 3R are observed by
their interference with a Stark E 1 amplitude pE
caused by a 215-V/cm electric field E, in the

F = 1 transition. This causes
a polarization A = —(~/PE)(1+ —,'6) in the 7'P„„
E =1 state. The latter is analyzed by selective
excitation of ~~ =+1 or —1 substates to the 8'S,/,
state with circularly polarized 2.18-p.m light,
followed by observation of O'S„,-6'P3/, fluores-
cence at 323 nm. (See Fig. 1.) In a preliminary
version of the experiment' we obtained the result
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FIG. 1. (a) Low-lying energy levels of Tl (not to
scale). (b) Coordinate system, orientation of photon
beams, and electric field direction. (c) Schematic dia-
gram indicating production and analysis of 7 Pqg2 polari-
zation in the 0-1 transition. The transition amplitudes
to the mz=+ 1 levels of 7'Pq/2 are indicated. The polar-
ization is analyzed by circularly polarized 2.18-pm
radiation {7Pl(2 —8 S~/'2 transition). The 8 S&(2 hfs is
not resolved.

640 1981 The American Physical Society



VOLUME 46, NuMBER 10 PHYSICAL REVIEW LETTERS 9 MARCH 1981

6 =+ (5.2 + 2.4)x 10 '. Although the basic method
has remained unchanged, numerous improve-
ments in the apparatus have been made and we
have also carried out a thorough investigation of
possible sources of systematic error.

Apparatus improvements include use of a new
thallium cell with better geometry, yielding high-
er signal and lower background; better detection
efficiency; better laser stability and higher laser
output power; use of a Pockels cell instead of a
rotating quarter-wave plate to produce circularly
polarized 293-nm light; automatic laser frequen-
cy control for 293 nm light; use of a faster on-
line computer with a more sophisticated inter-
face and running program; use of a mirror to re-
flect the 293-nm beam back through the main
cell, which does not affect the genuine parity
asymmetry but reduces the M1 asymmetry; and

other miscellaneous improvements.
The main sources of possible systematic error

(false parity asymmetry) are (A) imperfect uv

circular polarization and (B) stray fields in the
interaction regions which do not reverse exactly
in proportion to the main component of electric
field employed in the Stark effect. ' Effects of
type A arise from dilution of the M1 asymmetry
L„=—2K/PE by uv polarization-dependent admix-
tures of 0-0 intensity and background in the 0-1
line, as well as slight dependence of reflections
on uv polarization when the mirror is used (un-
blocked). It can be shown that, for case A, the
false parity asymmetry for mirror not used
(blocked, subscript 5) is

(3)

while for mirror unblocked (subscript u) it is

2($+B)&(I &
—I'„)+2B~(F„—y&)+B„(y„—I'„)+ (2$& —$„)y„ (4)
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where E, =+ E, +BE, the coordinates are as de-
fined in Fig. 1(b), and E„is the main, reversing
component of electric field. Finally, there is a
false parity asymmetry arising from a combina-
tion of effects A and B:

AB ~ ~oz"
(q sing +g' sing'),

Eo, P Eo,
(6)

where the actual uv circular polarization states
R and L are expressed in terms of the nominal
states e~ = (y -iz)/v 2 and e~ = (y+iz)/W2by

R = (1 —q')»'e~ +qe '%~,
L = (1 —q")»'e~+q' exp(ip')R~. (6)

Formulas (3)-(6) have the great advantage that
all quantities on their right-hand sides a,re deter-
mined experimentally with precision. The qua. n-
tities in (3) and (4) are measured simultaneously
with all parity data, and those in (5) and (6) are
measured by a series of auxiliary experiments
performed very frequently during each parity
run. These involve asymmetry measurements
with linea, rly polarized uv, and with circula, rly

Here 8 and B are signal and background, respec-
tively; h~ is the observed Ml asymmetry, f =S„/
S ~=0.09, y = (Bz, -Bz)/(Bz, +Bz), and I'=[(S+B)L
—(S+B)z]/[(S+B)z +(S+B)„],where L and R cor-
respond to + uv helicities, respectively. For
case B, the false parity asymmetry is

polarized uv and a magnetic field of + 5 G along
the beam direction. All such measurements are
done with and without the mirror. The measure-
ments for Egs. (3) and (4) automatically provide
a precise correction for 0-0 dilution and render
unnecessary a separate measurement of the 0-0
parity asymmetry, which was required in our
earlier work. ' Corrections for effects A and AB
depend on Pockels cell and mirror alignment to
some extent, and there is no indication of varia-
tion between alignments. Effects B are very con-
sistent from run to run.

The data on which our present result is based
were taken in 11 separate runs (-400 h total).
Approximately 8.7& 10' laser pulses were devot-
ed to the 6'P»»F =0-7'P»»E= 1 (0-1) transi-
tion with the mirror, and 5.2x 10' pulses to the
0-1 transition without the mirror. These were
interspersed in groups of 2048 and 1024 pulses,
respectively. An additional 6& 10' pulses were
devoted to background and systematic measure-
ments. Observations of the M1 and parity asym-
metries were carried out simultaneously. Data,
were also obtained for the 0-0 transition, which
should not and does not display parity violation.

The results are summarized in Table I. Col-
umn 2 gives the average M1 asymmetry observed
for each run. It fluctuates because of variable di-
lutions from background, variable small admix-
tures of 0-0 signal, and imperfections in 2.18-
pm polarization. Since these dilutions affect the
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TABLE I. Summary of asymmetry results.

Run

Observed
~1 asymmetry

(No mirror)

Corrected
parity asymmetries

normalized to A& =9.0x 10

(Mirror) (No mirror)

1
2
3

5
6
7
8
9
10
11

6 40x 10
7.26x 10
6.94x 1P
7.P4x 1P
6.90x 10
7.54xlp 3

7.15x 10
7.24x 10
6.31x 10
6.83x 1P
6.81x lp

1.06+ 1.97 x 1P 5

2.54+2.05x 10 5

—0.82+ 2.86 x 1P ~

—0.20+ 1.53 x 10 5

3.45 + 1.88 x 10-5
—1.65+2.05xlp ~

0.93+1.13x 10 ~

2.07+ 0.84x 10 5

—0.27+2.27x lp 5

2.28+2.1px lp &

3.65+ 1.46 x 10

-0.16*3.15x 10 '
P.17+2.56 x 10
6.07 + 4.83 x 10
4.48+ 2.36x 10
1.18+3.37x 10 5

3.50 + 4.03 x 10
0.75~2.02x 10 '
2.34~ 1.13x 10 5

—0.83+ 3.48 x 10
1.62+ 2.86x 10 -&

2.25 + 1.99 x 10

Weighted averages' 1.43+0.45xlp» 1.55+ 0.58x 10-"

'Averages computed from binning of above data into 425 separate groups.
Prior to correction of parity data for stray electric field and polarization
effects, d& =+0.93x 10 5 and 4& =+1.18x 10 5.

2

parity and M —1 polarizations equally, we arbi-
trarily normalize the parity asymmetries h~ to
an M 1 asymmetry 6~ for no mirror of 9.0x 10 '
(column 3). The uncertainties for b,~ are in each
case compounded from the statistical uncertain-
ties in the data and in the systematic corrections.
The weighted averages of the normalized parity
asymmetries with and without the mirror are re-
spectively

b.~, = (1.46 + 0.45 + 0.11)x 10 ', (9)

(10)

4~(0-1) = (1.51+ 0.36+ 0.09)x 10 '.

To obtain 6 =2 Im($~)/9P we take the ratio 2b, (0-
1)/h~. , where b, ~i =Kx 9 Ox 10 '. .The factor K

4» = (1.58+0.58+ 0.06)x 10 '.
The first uncertainty in Eqs. (9) and (10) is sta-
tistical, the second is a nonstatistical uncertain-
ty dominated by correction A. Corrections for
effects A amount to 5.7x 10 ' for the unblocked
case and 1.4x 10 ' for the blocked case. The un-
certainties, mainly systematic, are less than
20/o of the corrections 6„,". Corrections for ef-
fect AB are very small. As for correction B,
typically E„/E„-10 ', E,„/E„-2x 10 ', zE,/

x 10 '. The uncertainty in b, mainly statistical,
is less than 5x 10 '. Results (9) and (10) are con-
sistent and their weighted average is

corrects for reflections from the rear of the
main cell, which reduces h„but not h~. We esti-
mate K=1.17, but it might be somewhat less
which leads to a skewness in the systematic un-
certainty of our final result. The latter is

(12)6 =+ (2.8+ 0.7", ,') x 10 ',
which is consistent with 6,h„, r see Eq. (2)j. Our
result may be expressed in terms of the weak
charge Q~, defined in the Weinberg-Salam model
as

Q~ =Z (1 —4 sin 8) —N= —116

for sin'8~ =0.23. We find

Q~,~, = —155+ 63. (13)

S. Chu, E. Commins, and R. Conti, Phys. Lett. 60A,

A full report of this research, including a de-
tailed account of systematic effects, has been
prepared for publication.
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Parity-nonconserving optical rotation has been observed and measured on the 8757-A
magnetic-dipole absorption line in atomic bismuth vapor. The result, 8 = Im(E&/M&)
= (- 10.4+ 1.7) x 10 8, is of the approximate size calculated with use of the Weinberg-
Salam theory of the weak neutral-current interaction with sin28~ = 0.23.

PACS numbers: 32.90.+a, 12.20.Hx, 12.30.Cx, 4P, .10.Nh

We report here the result of a series of meas-
urements of optical rotation in atomic bismuth
vapor at the 8V57-A magnetic-dipole absorption
line. The appearance of parity-nonconserving
(PNC) optical rotation induced by the weak neu-
tral-current interaction between the atomic elec-
trons and nucleons is a significant prediction of
the Weinberg-Salam theory"' of weak interac-
tions. The effect is largest in heavy atoms. '4
Our measurements reveal a well-resolved optical
rotation that agrees in sign and approximate mag-
nitude with recent calculations of the effect in bis-
muth based on the Weinberg-Salam theory.

Since the time of our earliest measurements' ~ '
on this bismuth line, which were not mutually
consistent, we have added a new laser, improved
the optics, and included far more extensive sys-
tematic checks. Our present result (see Table I
below) is based on many separate measurements
made over the past two years (data collection pe-
riods I-V), all in good agreement with each other.

Although a PNC neutral-current interaction be-
tween electrons and nucleons in agreement with
the Weinberg-Salam theory has been observed in
high-energy electron scattering, the situation in
atoms is unclear. Our experiment and the bis-
muth optical-rotation experiments by three other
groups' "have yielded results with significant
mutual discrepancies far larger than quoted er-
rors. The overall evidence possibly favors some
PNC effect in bismuth, 4 and similar evidence
about thallium comes from measurements at

Berkeley of circul. ar dichroism in thallium vapor
We determine the quantity 8 = Im(E, /M, ), where

M, is the magnetic-dipole amplitude of the ab-
sorption line and E, is the electric-dipole ampli-
tude coupled into the same line by the PNC inter-
action between the atomic electrons and nucleons.
The two dipoles combine to produce a rotation of
the plane of polarized light in bismuth vapor by
an angle ppNc= 47TIX (n 1)R, where n is the re-
fractive index due to the magnetic-dipole line, A.

is the wavelength, and l the path length. Sharp
dispersive changes in y»& at each hyperfine com-
ponent of the line he1.p to distinguish the signal
from background rotations.

The plan of the experiment is shown in Fig. 1.
A tunable laser beam passes through a calcite-
prism polarizer, a water-filled Faraday cell, a
heated bismuth cell, and a second polarizer
crossed with the first; and then enters a silicon
P-i-n photodiode detector. Light reflected from
the front surface of the second polarizer is detec-
ted as a reference signal to divide out intensity
variations. Both Nicol and Gian- Thompson polar-
izers have been used.

The Faraday cell produces a sinusoidal rotation
of the plane of polarization with a frequency of 1
kHz and an amplitude of about 10 ' rad. Any ro-
tation of the plane of polarization in the bismuth
cell is measured by phase-sensitive detection
(PSD) of the 1-kHz component from the signal de-
tector. The PSD output, together with other sig-
nals for use in the analysis, is stored in a PDP-
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