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A detailed account is given of observations of parity nonconservation in the 6 P»2 7 P»2 transition in 81
' Tl.

Absorption of circularly polarized 293-nm photons by 6 'P», atoms in an E field results in polarization of the 7 'P „,
state through interference of the Stark E1 amplitude with M1 and parity-nonconserving E1 amplitudes. This
polarization is detected by selective excitation of mF = + 1 components of the 7 'P», state to the 8 S112 state and
observation of the ensuing decay fluorescence at 323 nm. Systematic corrections due to imperfect circular
polarization, misaligned E fields, and residual magnetic fields are determined precisely by a series of auxiliary
experiments. The result is expressed in terms of the circular dichroism 6,„„=+ (2.8+,",) X 10 ', to be compared
with estimates based on the Weinberg-Salam model for sin' 8„=0.23:6,h„= + (2.1 +0.7) )& 10 '.

I. INTRODUCTION

In this paper we report observations of parity
nonconservation in the 6'P~~-7 'I'~, transition in
atomic thallium (Z =81, A =203, 205). This effect
occurs because of the neutral weak interaction
between valence electron and nucleus, and its ob-
servation provides a useful test of the Weinberg-
Salam (standard) model of weak and electromag-
netic interactions. ' " Parity nonconservation in
the electron-nucleon interaction has also been ob-
served in scattering of high-energy polarized
electrons on deuterium" and in a number of opti-
cal-rotation experiments in atomic bismuth. ' '

The results of a preliminary version of the
present experiment, ' and more recently a brief
summary of our latest results, ' have already
been published. Here we present a detailed des-
cription of the experimental apparatus and pro-
cedure, an analysis of systematic errors and cor-
rections, a summary of results and a comparison
with theory and other experiments.

It is generally assumed that the neutral weak in-
teraction between electron (e) and nucleon (N) oc-
curs by exchange of a massive neutral vector
boson S'. This exchange modifies the Coulomb
Hamiltonian by adding an effective zero-range
potential H' containing scalar (8) and pseudoscalar
(P) parts: H' = Hs+ Hz. Assuming the standard
model, the dominant contribution to H~ is

Q~p(r)r, ,
G'22

where G is the Fermi coupling constant, Q~ = (1
—4 sin'e~) Z —N, and p(r) is the nuclear density,
r being the electron position. ' Matrix elements
of &i are nonzero only for atomic orbitals of op-
posite parity with nonvanishing value or gradient
at the nucleus (s&„P&, orbitals), and these ma-

3R = (-2.1+0.3) x 10 '
2' c (2)

Parity nonconservation causes the 6 Pi]2 7 Pg2
states to be admixed with 'S,@ states and the
transition amplitude acquires an electric dipole
component 8~, given to order G by

((7'Pg, I O In&)(n& IH I 6'Pg, )
„2s ( E6~ Es-

i/2 92

(7. 'P, y, IH~lnS)(ns IOEMI 6'Pg, )l~
E7p -Ens

where 0« is the E1 electromagnetic transition
operator. Interference between S~ and 5R results
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FIG. 1. Low-lying energy levels of Tl (not to scale).

trix elements vary approximately as Z'.
The transition 6'P,~, -7'P,~, in Tl (see Fig. 1) is

forbidden M1 with measured amplitude"
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in circular dichroism, defined by

o. —o 2 Im(ORbp) 2 1m 82
,+ lK I'+ I @ I' (4)

a)

where g, are the cross sections for resonant ab-
sorption of 293-nm circularly polarized photons
with + helicity, respectively. (Time-reversal in-
variance requires ~ and % to be relatively ima-
ginary. 6) Theoretical estimates of @2 and 5 have
been carried out by a number of authors. "' '
The wave functions generated in some of these
calculations" have been used to compute various
auxiliary quantities for comparison with spectro-
scopic data. In general, agreement between cal-
culation and experiment for these quantities is
very satisfactory. From Ref. 1V one obtains the
following theoretical predictions for sin'8~ = 0.23:
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Recently, more sophisticated many-body calcula-
tions of 8~ have been carried out, yielding a simi-
lar result. " mF

f sP

II. EXPERIMENTAL METHOD

We employ a method first suggested by Bouchiat
and Bouchiat, 4 in which an external electric field
& is applied to Tl vapor. This field mixes, by the
Stark effect, 'P~, states with 'S~, and 'D~ states.
The 6P,/, -VP~, transition intensity, proportional
to E', is thus increased above background (the
latter being due to light scattering and atom-atom
collisions). Interference between 5R and the Stark
amplitude, and between S~ and the Stark ampli-
tude, results in an angular momentum polariza-
tion of the V2P~2 state. Let the 293-nm (UV) pho-
ton beam be along x and choose E=Ey" [see Fig.
2(a)]. One then finds the V 'P,

~2 polarization along
z tobe

P,(F =0-F' =1)6 — (1 +6/2),m
(6)

P,(F. = I-F'=l)~ (1~6/2)(3~2 + 2P2)E

P,(F =0 F'=0) =0

(V)

(8)

for each indicated hyperfine-splitting (hfs) compo-
nent 6'P~„E 7'P~„E' of the transition. "
Here + refer to + 293-nm-photon helicities. Also
nE, PE are Stark amplitudes, with
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FIG. 2. (a) Orientation of electric field, polarization,
and wave vectors in the experiment. (b) Schematic
diagram of energy levels (not to scale), illustrating
production of polarization in the 7 &~/2 state, E =0 I"
=1 transition, and analysis of polarization by selective
excitation to the 8 $~/2 state. The amplitudes for the
transitions 6 Pg/2, I' =0, m&=0 7 P~/2, E= &, m~= + &

2 2

are shown.
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where E =E(6'Pg ), E27=E(V'Pg2), and R7~,„6
=(V2P~tr ln2$~2), etc. The parity-nonconserving'
terms in the polarization [i.e. , those proportional
to 26 in Eqs. (6) and (V)] are pseudoscalars of the
general form h k x E ~ (F), where I2 is the photon
helicity, k is the photon wave vector, and F is the
atomic angular momentum in the V 'P~ state.

We analyze the 7'P~, polari. zation by selective
excitation of the mz =+1 or -1 components of this
state to the 8'S~, state, using circularly polarized
2.18-pm light, directed along -s, and we observe
the intensity of 323-nm (8 S,2@- 62P)2Ifluorescence
[see Fig. 2(b)]. The analyzing power of this
method is measured to be O. VO +O. OV. Figure 3 is
a schematic diagram of the apparatus, which we
now describe in. detail.

The cell consists of a "main" section which en-
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FIG. 3. Schematic diagram of apparatus. L1, L2:
Flashlamp pumped pulsed dye lasers; ADA: Doubling
crystal; GP: Gian-air polarizing prism; PC: Pockels
cell for production of circularly polarized 293-nm
light; OPO: Optical parametric oscillator for pro-
duction of 2.18-pm light; BS: Beam splitter; LP:
linear polarizers for 2.18-pm light; CP: Circular
polarizers; E: Electric field; L: Fused-quartz lenses;
LF: Liquid filter; F: Interference filters; M: Hetro-
reflecting mirror; MC: Monitor cell.

closes the electric fieM region, and a "stem"
section, the thallium reservoir. These are con-
structed of fused quartz, and are supported by a
pumpout tube which is norma11y kept closed by
means of a remotely actuated ground quartz
ball-and-socket valve. Surrounding the cell are
the "main" and "stem" ovens, which are electri-
cally heated stainless steel (see Fig. 4). The cell
body consists of a suprasil cylinder (Amersil
Corp. ) of 69-mm outside diameter 2-mm wall
thickness, fused to top and bottom fused quartz
end-plates. 'The cylinder was carefully selected
for high optical quality. The electrodes are flat
tantalum plates of 1-mm thickness, suspended
from the cell ceiling by quartz rods and spacers.
The electrode separation is 14 mm. The connect-
ing tantalum wires pass through closely fitting
quartz capillary tubes to tungsten-glass feed-
throughs in the cold portion of the cell assembly.
'Thallium condenses in the capillaries and seals
them.

The stem is a 5-mm-outside-diameter quartz
tube below the main body of the cell. It contains a
tantalum crucible which is loaded with 99.999%
pure thallium metal with the natural isotopic abun-
dances (29.5' 'G'Tl, 70.5% 'G'Tl). During the ex-
periment the stem temperature is maintained at

H

l
I
I

I

I

FIG. 4. Cell and ovens. V: quartz ball valve and
lifter; C: capillary tubes; M: main oven; Q: cyl-
indrical cell wall; T: tantalum electrodes; L: lens;
S: stem oven; H: tantalum crucible with thallium load.

about 920'K (corresponding to a Tl vapor density
n= 10" cm ') and the main portion of the cell is at
about 1000'K. The cell-oven assembly is sur-
rounded by three concentric cylindrical stainless-
steel heat shields and mounted inside a rough
vacuum tank. The pressure in the latter is delib-
erately maintained at about 5 x 10 ' Torr with a
controlled air leak so that oven surfaces remain
oxidized. This minimizes the presence of chrom-
ium and/or manganese vapor which attacks quartz
at 1000'K.

The experiment employs two essentially identi-
cal flash-lamp pumped tunable pulsed dye lasers
(L1, I 2), built in this laboratory. Details of de-
sign and construction have been reported else-
where. " L1 operates at 585 nm and is used to
produce 293-nm light in a doubling crystal for the
O'P&, -7'I'&, transition. The pulse is 0.5 p, s full
width at half maximum (FWHM) and approximately
1 GHz in bandwidth. The frequency is actively
stabilized by computer control of intracavity op-
tics. Typical output energy is 10-12 mJ/pulse at
a repetition rate of 20 s"'. Laser L2 delivers
6-7 mJ/pulse with a bandwidth of approximately
15 GHz. The two lasers are synchronized and
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have a relative time jitter of less than 5 ns.
Light from Ll is focused with an f= 62 cm lens

into a 0.5X 0.5&& 5.0 cm crystal of NH4H, As04
(ADA) for second-harmonic generation. The crys-
tal is temperature stabilized to maintain a 90'
phase match condition. Typically we generate
0.6-0.V mJ/pulse at 293 nm. Light emerging
from the ADA crystal is linearly polarized ver-
tically, orthogonal to the 585-nm pump beam. A
Gian-air calcite prism is used to separate the
beams and define the UV linear polarization pre-
cisely before the beam enter s the circular polar-
izer. The latter is a Pockels cell (Inrad) consis-
ting of a 2-cm crystal of KD~P (KD,PO, ) aligned
with its principal axis along the beam direction.
Application of about +1000 V to the Pockels cell's
electrodes results in +—,'X retardation. The voltage
is pulsed to eliminate the effects of long-term re-
laxation in the retardation which occurs with a
dc electric field, and a slow (100 gs) rise time is
chosen to avoid crystal resonances. Initial align-
ment of the Pockels. cell is made optically and
final alignment makes use of the Stark effect in
thallium itself (see Sec. IVC). The sign of helicity
of the UV beam as a function of Pockels-cell po-
larity has been determined optically and by obser-
vation of the c. -P interference in thallium [see
Eq. (11)].

The 2.18-pm light is produced by a Chromatix
CMX-4/IR optical parametric oscillator (OPO)
driven by L 2. The resonant wave in the OPO has
X = 800 nm, and the difference wavelength is
2.18 pm with a bandwidth of 2 cm ' (Chromatix
specification) and a spectral profile with the same
mode spacing as the pump (150 MHz). This is
sufficient to saturate the 7'I'~, -8'S,~, transition,
which has a Doppler width of 230 MHz. Typically
we obtain 0.2-0.3 mJ/pulse, which is attenuated
by 50% before entering the cell to maximize ana-
lyzing power. Frequency jitter causes 10-15%
signa1 fluctuations per pulse. The 2.18-pm beam
is split into two beams of equal intensity with a
thin wafer of polished silicon. The two beams
pass through individually adjustable linear polari-
zers (Polaroid HR plastic) and crystalline quartz
quarter-wave plates (Virgo optics) set to produce
beams of opposite helicity in the two interaction
regions defined by intersection with the UV beam
(see Fig. 3). The fractional difference between
signals observed in these two regions is propor-
tional to the polarization P, and quite independent
of pulse-to-pulse intensity fluctuations of the
light beams. The quarter-wave plates are rotated
automatically about their axis parallel to x once
every 128 pulses to reverse the helicity in each
region. The 2.18-pm beams are aligned perpen-
dicular to the 293-nm beam to within 1-'. A com-

puter -controlled solenoid-actuated flag automatic-
ally blocks the 2.18-p.m beam for background
measurements.

The adjustable linear polarizers compensate
for imperfections in the orientation of the quarter-
wave plates. We monitor the signal size asym-
metry,

, , S„,(IR+) -S„,(IR-)
S„,(IR+) +S„,(IR-) '

where IR+ refers to the helicity of the infrared
light, and 1,2 refers to regions. By adjusting the
rotational orientation of the linear polarizers,
I'» and F» can be made equal and both ~10 '.
Because the 7I'-8S transition is heavily saturated,
the asymmetry in the admixture of incorrect po-
larization when I'» =10 ' is only -2 && 10 '. This
equalizes the analyzing power for IR+ and IR- in
each region (although the analyzing power is dif-
ferent in the two regions). By direct measure-
ment, the intensity ratio is

I(unwanted helicity) 0.001 in region l.
I(de»red helicity) 0.0025 in region 2.

The rough vacuum tank contains an off-axis ro-
tating window in the front, through which the
293-nm beam enters. This is rotated from time
to time by hand so that the UV beam enters
through a clean portion of the window. The di-
electric mirror at the rear of the tank is used to
reflect the UV beam back through the cell. It is
back-surfaced so that contaminants from the oven
cannot damage the dielectric film. The mirror is
mounted off-axis on a rotating seal to allow selec-
tion of locations on the mirror which are clean and
have minimal birefringence. The reflected beam
can be blocked automatically by a solenoid-actua-
ted flag controlled by the computer.

Water-cooled magnetic field coils capabke of
producing +8 G along the x (UV beam) direction
are mounted inside the vacuum tank. These are
used for diagnostic purposes (see Sec. IV G).
Large-diameter coils outside the vacuum system
are used to cancel the Earth's field and to gener-
ate a large magnetic field in the y direction for
observation of the Hanle effect (see Sec. IVE).

Each interaction region is viewed by two photo-
multiplier tubes. The 323-nm fluorescence ac-
companying 8S~,-GP,&, decay is collimated by
38-mm-diameter f/1 fused silica lenses inside
the oven, passes through holes in the heat shields,
and then through double quartz windows in the de-
tector ports. These windows are cooled by a
flowing filtered solution of Phthalic acid (6 g po-
tassium acid phthalate per liter distilled H, O).
This solution is a liquid filter with a sharp low-.
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pass cutoff at about 310 nm. " Next in line is an
interference filter at 323 nm (peak transmission
25-30%, FWHM 2.5 nm) which also contains a
UG-11 infrared and visible blocking filter. Finally
there is a spatial filter consisting of a 38-nm-dia-
meter f/1 quartz lens and an aperture at the focus.

The photomultipliers are 9780 QB (EMI) with
bialkali photocathodes and quartz windows. The
anodes of the. two tubes viewing each region are
connected together and capacitively coupled to
charge integrating preamplifier s. The output
pulse is amplified, digitized, and sent to an
LSI-11/2 computer.

No component introduces electronic or digitizing
noise greater than 10 ' of the signal, per pulse.
A typical signal at each photomultiplier cathode on
the 0-1 resonance at a Stark field of 215 V/cm is
104 photoelectrons per, pulse. The signal-to-back-
ground ratio for these conditions is about 10:1.
Most of the background is due to scattering and
fluorescence of 293-nm laser photons in the cell
walls. The remainder arises from excitation dur-
ing atom-atom collisions and miscellaneous
small effects.

For linearly polarized UV light with polariza-
tion i, only the I' = O-E = 0 transition is allowed
for e IIE, while for e-LE, only the 0-1 transition
can occur. This fact i.s used to monitor the fre-
quency of the light. (Here we ignore the 1-1,
1-0 transitions which are separated from the 0-0,
0-1 transitions by about 21 6Hz. ) After the UV

laser beam is reflected back through the main cell
and rough vacuum tank, it suffers two 90 reflec-
tions from aluminum mirrors with orthogonal
planes of incidence. The retardation effects of
each reflection cancel, leaving the beam circularly
polarized but traveling parallel to -z (see Fig. 3).
It then passes through a fixed quarter-wave plate

which changes the + helicity photons into alterna-
tive &„or a, linear polarizations. The beam en-
ters a second vacuum tank which houses a separate
oven and thallium cell with external electrodes.
The fluorescence (7'P~, -) 7'Sg, - 6'Pyz at 535 nm
from this cell is viewed by a single phototube.
Observation of the signal asymmetry between
I(i„) and I(e,) determines the frequency directly in
terms of the ratio I(0-1)/I(0-0). This ratio, cor-
rected for background dilution, is averaged over
256 pulses by the computer, which uses the result
to tune Ll. An intensity ratio I(0-1)/I(0-0) =15 is
maintained in the monitor cell, which corresponds
to the ratio I(0-1)/I(0-0) = 11 in the main cell.
The discrepancy is caused by higher efficiency for
pumping F =0, m+=0 7'Pg, atoms to the 8'S,&,

state, than for I" =1, m„= +1 atoms.

III. SELECTIVE EXCITATION AND ANALYZING
POWER

The selective excitation of 7'P~, atoms to the
8'S~, state by 2.18 pm circularly polarized light
may be calculated in a straightforward way using
coupled rate equations for the eight Zeeman lev-
els. The solution yields the signal size in the
323-nm channel, compared to the 535-nm signal
which would be observed if all 7'P~, atoms were
allowed to dec@y via 78. The calculations also
yield the polarization analyzing power at the fre-
quencies where data are taken, vs 2.18-pm light
intensity, and as a function of purity of 2. 18-p.m
circular polarization. The effects of these can be
seen in Fig. 5. As the infrared intensity increas. -

es, the 323-nm signal saturates. Further in-
crease eventually causes a dilution in the mea-
sured polarization, due to imperfect 2.18-gm pho-
ton helicity.

The analyzing power has been measured by ob-
serving an interference between o. and P Stark
amplitudes in the 1-1 line. Excitation by circular-
ly polarized UV produces a large polarization
P„of the 7'P&, state along the +x axis:
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FIG. 5. ~: 323 nm fluorescent signal vs 2.18 pm
intensity (right-hand scale). o: Observed M I asym-
metry vs 2.18 pm intensity (left-hand scale).
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for + 293-nm helicities, respectively. We have
performed an experiment in which the 2.18-pm
circularly polarized beam propagates along -x,
opposite to the 293-nm beam. The 323-nm fluor-
escence exhibits a very large asymmetry depend-
ing on UV and IR helicities, arising from P„(1-1).
As previously noted, observations of this asym-
metry yield a measured analyzing power of 0.70
+0.07, in agreement with calculations of selective
excitation.
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IV. ANALYSIS OF SYSTEMATIC ERRORS
AND CORRECTIONS

A. General remarks

Certain important features of the apparatus and
experimental procedure are utilized to reduce or
eliminate possible systematic errors. They are
as follows:

(a) All parity data are taken on the (68P&„
F = O-V 'P~„F' = I) transition (0-1 line). The
polarization for the 0-1 line is about 4.5 times
greater than for the 1-1 line (although the total
signal is about seven times less). More impor-
tant, the 0-1 line is much less susceptible to
possible systematic errors than the 1-1 line.

(b) Two interaction regions, with opposite IR
circular polarizations, are used (as described in
Sec. II).

(c) The electric-field polarity is reversed with
each pulse.

(d) The sign of UV helicity, determined by
Pockels-cell voltage polarity, is given by the se-
quence

+ + + ~ ~ ~ + + ~ ~ ~ + + + ~ ~ ~ ~ ~
~

The sequence begins in a random place after each
set of 128 pulses. It is chosen to eliminate cor-
relations between E polarity and UV helicity.

(e) The IR circular polarization reverses after
128 pulses.

(f) The 7'P,~, polarization consists of a parity-
nonconserving part v 2 ImSP/pE and a parity-con-
serving part -2 II/PE. The latter reverses with
direction of UV beam and is largely canceled when
the mirror is used. Data are taken with the mir-
ror blocked, and with it unblocked. Background
measurements (in which no IR reaches the inter-
action regions but other conditions are the same
as for signal) also are taken with and without the
mirror. Observations of the parity asymmetry
are also carried out on the 0-0 line, as a null
experiment.

As will be discussed in detail in Subsections
C-0 the remaining sources of possible systematic
error not eliminated by these precautions are (1)
imperfect UV circular polarization, (2) imperfectly
aligned eleetrie fields which do not reverse ex-
actly in proportion to the main component of elec-
tric field, and (3) magnetic fields. It will be
shown that these effects can be measured pre-
cisely by a combination of auxiliary experiments,
and corrections applied with very small uncertain-
ty.

B. Data collection

teraction regions (T„T8), and one from the moni-
tor cell. We have Tl 2 =S1,2++1 2~ where S,B de-
note signal and background, respectively. The
T„T,are compiled into 16 sums denoted by the
array Ti», . Subscripts ijkl are given by the fol-
lowing table:

i=0, 1

j=0, 1

k=Q, 1

l=1, 2

UV pol

IR pol

Region 1, 2

After 256 pulses the T,», are stored on disk.
Eight polarizations I' are computed by subtracting
the regions:

iS& T ideal+ T i~42

The following quantities are formed:

IO 8 [( 000 001 010 011

100 101 110 111)] &

6P 8[(POOO--P001 -P010+P011)

( 100 101 110 111)] l

E 8 [( 000 001 010 011)

—(P100 —Pl 01+Pllo —Pill)] .

(12)

(15)

Apart from background and residual systematic
effects, to be discussed below, 4„ is the polariza-
tion due to Ml -Stark interference: ZIR/PE, a-nd

&~ is the parity-nonconserving polarization
-21m(hP)/pE. &s and other signals and asym-
metries calculated from the T,», are used for
diagnostic purposes and corrections to the data.
The data collection sequence is discussed further
in Sec. VA.

C. The effects of imperfect UV circular polarization

Various dilutions of the M1-Stark polarization
occur because of background, small admixture of
0-0 intensity in the 0-1 line, and imperfection of
the 2.18-pm polarization. In addition the M1-
Stark interference depends on k and is thus re-
duced by reflections. If any of these dilutions
vary as a function of UV circular polarization,
this results in an UV-polarization-dependent ob-
served M1 asymmetry which would be interpreted
as a (false) parity asymmetry. However, the net
effect can be expressed in terms of experimentally
measured parameter s.

The measured M1 asymmetry may be written as
Three digitized signals are received from the

computer on each pulse: one from each of the in-
Sy'-8» ~hl Ia (S+E) No l (16)
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where &» is the undiluted M1 asymmetry, D» is
the IR analyzing Power, and Sf, S„are the signals
in the 0-1 line for the forward and reflected UV

beam, respectively. &» cancels in the ratio
&~/&„so we ignore it in the following.

For data taken with the mirror blocked, it can
then be shown that (16) becomes

S, 1 1-r
(S +B), (f+I) I +r (17)

&~+-W-
F 2

(18)

where we employ &&, for + UV circular polariza-
tion. It can be shown that (18) becomes

(I+ fl Bt, 2f
l

—(r, -y)+ r, ,j.S, 1+ (19)

where f=S«/So|~ 0.09, r is the effective refiec-
tance of the quartz cell, and b stands for "blocked
data. " The false parity asymmetry is then

forward- and reverse-beam polarization asym-
metries. The other terms describe the dilutions
already discussed; all are expressed in terms
of measured quantities. It has been assumed in
this discussion that the effective reflectance of the
front and rear of the cell are the same.

D. The effects of misaligned electric fields

A static electric field of +215 V/cm exists in
each interaction region during each pulse. Ideally
the field is along the y axis perpendicular to k
(along x) and f (the IR-beam direction). In reality
k defines x and the 2.18-pm beam(s) define the
x-z plane. E may then have x, y, and z compo-
nents, and E„E may differ slightly in magnitude
and direction.

We now analyze the consequences of this, "as-
suming the UV light is perfectly circularly polar-
ized:

y +it
v2

where

(S+B)g, —(S+B)y
(S+B)„+(S+B),

Assuming E =E„x+E,y+E, S, a finite 7'P&, polar-
ization appears for the 0-1 transition even in the
absence of 9R and S~ amplitudes:

Bb~ -Bb
~b Bb, +Bb

'The first term in (19) is due to asymmetric back-
ground dilutions, the second to 0-0 contamination.
Each of the quantities on the right-hand side of
(19) is measured during data collection. Fine ad-
justment of the Pockels-cell voltage is made dur-
ing data collection to minimize I'b which is non-
zero primarily because of polarization imperfec-
tions.

Most of our data were collected with the mirror
unblocked. This was done to increase signal and
reduce systematic effects associated with
(the latter is decreased by about a fa,ctor of 4 when
the mirror is unblocked). However, the UV polar-
ization does suffer a slight degradation on reflec-
tion from the mirror, which is back-surfaced, and
this can also result in a difference Sf-S„which de-
pends on UV circular polarization. It can be
shown that in the "unblocked" case,

(I+f1( (S+B),
Eu Mlle f~IS (S+B)

P =+ " ' forE'»E'E'8 E 2, (21)

'The quantities ~„E~,~„,E„,~, are.deter-
mined experimentally (see subsection G).

E. Magnetic fields

Two magnetic field effects can contribute false
parity asymmetries: hyperfine mixing and pre-
cession of 7'P&, polarization components P„,P„
into the z direction due to magnetic fields B„,B„,
respectively (Hanle effect).

Pz reverses with UV circular polarization and be-
haves the same in this respect as &~. However,
if E reverses exactly P~ remains unchanged, un-
like 4~. Therefore, P~ contributes a false parity
asymmetry 4+ only if E does not reverse exactly.
We separate E into reversing and nonreversing
components:

E =E,+aE, E =-E,+4K. (22)

Assuming E~» AE„,E~,~„,E0„4E„we find

(2Eg„dEg+ 2Epg~, ) 4Ep„Eog~„(
)f——

E 2 E

x 2(S+B),(r, -I „)+2B,(1'„-y,)

+B„(y„—I'„)+ (2S, -S„)y„ (20)

. 1 Hyperfine mixing

An external magnetic field mixes states of dif-
ferent rn~. We define the quantities

The subscript u refers to "unblocked. " The first
term on the right-hand side of (20) accounts for

gzgoB&
2Nd v„

(24)
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where 4v„ is the hyperfine splitting of the n'P, &,

state. To lowest order in the magnetic field the
0-1 7'P,&, polarization is

2%P =v (u&„'- &o„') ~, (25)

2. He@le effect

The large polarization P„(1-1)along x for the
1-1 line IEq. (11)]can be made to precess into the
S axis by imposing a magnetic field 8„. With a
separate apparatus we have observed the circular
polarization of the 535-nm-decay fluorescence in
the z direction, and thus have measured A(7'P, »- 7'S,») with results to be reported in a future

where E is assumed to be in the y direction. 'This
polarization, like 4~, reverses with UV circul. ar
polarization and E. It yields a false parity asym-
metry equal to that expected for 4~ when ~B„~
= 5.5 G. However, during the experiment B„
~ O.D1 G, so this effect is small and we ignore
it in the following discussion.

publication. The precession can also be observed
in 323-nm fl.uorescence, although this is compli-
cated because of coupling of 7'P&, and 8'S&,
states by the 2.18-pm circularly polarized laser
field. The observations agree reasonably well with
calculations of this effect. A measurement of the
precession angle e„as a function of magnetic field
B„will be described in subsection G.

F. General treatment of systematic effects

We combine the aforementioned effects and write
a general 6'P,~,(E= 0)- 7'P,»(E'= 1) transition
amplitude for a thall. ium atom in arbitrary electric
and magnetic fields. We al.so all.ow for imperfect
UV circular polarization by writing the nominal
+ polarization states as

8 = (1 —0')~'C + ge'~C, , (26)

(1 A&2)1/2g + rlpell0~g (27)

respectively, and q, Q, q', P' are arbitrary real
numbers (but q'«1, g'~&& 1). We then obt" in

+ (1+Q,) —8„" (1+Q,) —i8„—'(1+Q„)—i8~
" (1+Q,)+ " (1+Q~)

(28)

m =O.

A~=
'

E"P(1+Q~)+ (1+Q~)~™~P
(1 Q~)

(29)

*2" (1-Q.)+ '2" (1-Q,)+ '2' (I+Q.)~ 2
(1-Q,). (30)

In these expressions Q, =ye'~, Q =g'e'~, and 8„, 8„, 8, are small Hanle rotations about the axes x, y, z,
respectively. Also terms in g', g", and terms involving hyperfine mixing, and of second order or higher
in misalignment, have been omitted.

It may be shown that Eq. (28)-(30) result in the following contributions to the quantities 6~, b~, and hs
defined by Eqs. (13), (14), and (15), respectively:

23)I 2~„8, 2E0„~„8, 23Rf(n'/p')(eicos/+ q' cosQ')
PE

' Z„E,„' E„P[1+y(~'/fl')]'

+ " '(gcosp -rl'cosp') -p@ I E +8, 1(rising -g'sing'),
Oy

(31)



P. H. BUCKSBAUM, K. D. COMMITS, A WD L. R. HUNTER

4E ~ ~p-
'~~

~~ (~-
)

, ,F 3R &„F E«4E«II8„(q sing+ q' sing')—2 csin +q'sin
~ ~~

8„+
pQ 2

pw) 5 oy

2$Rf(n'/0')(icos/ —q'cos&jh') 28„m„
E P[] +f(~2/P2)]2

2Epg E«2LREgrhE„28„E«28„~„~~ 2~g3R&s= — E, — E, + —,—,I) sin +q'sin
Op GP

(32)

(33)

In Eq. (32) the leading term gives true parity violation. The next three terms account for the effect of
misaligned electric field; the last two of these are modified by the presence of a magnetic field in the x
direction. Of the next two terms, proportional to (q sing+ q' sing'), the first depends on E„/E«and is
modified by the magnetic field 8„; the second is much smaller and may be ignored. 'The seventh term
describes the 0-0 dilution effect already accounted for in the second term of Eq. (19}and the fourth term
of Eq. (20) (subsection C). Finally, the eighth term in Eq. (32) is always very small during the experiment,
and may be ignored. Thus, after the corrections embodied in Eq (19). and (20) have been made and small
terms have been ignored there remains the foll. owing false parity asymmetry:

2E«rMg 2~„Epg & 4E«&ATE)„FEpg 23R /E pg+I E 2 E E 8 (+ E p ]E 8 E p) +8„n»n +I)'»
oy oy p~ i oy & «pw ~op

(34)

G. Methods of measuring false parity effects

We now describe independent measurements of
E«, Ep„~„,~„4E„,and qsinQ+q'sing&.

I. Information in parity data

'The total signal for each electric field di-
rection, summed over regions and laser polari-
zations, is S(E,) ppE„'a 2E«~„. We measure the
asymmetry

S(E,) S(E ) 2-~„
S(E,)+S(E ) Ep„

By adjustment of a resistor network in the E-field
pulser, we maintain ~„s2x 10 'EO„.

2. Measurements with linearly polanxed UV

This can be measured using linearly po-
larized light at 45'with respect to the y axis. Let
i, =(1/~2(yet) Then it .can be shown that the

signal sizes for the 0-1, 0-0 lines are as follows:

S„(z,) " ~1+2—'
~, (36)Pl 4 2 ( E

(3700 4 2 ( g )&

respectively. Forming the experimental asym-
etries

A(- )
Sz -Ss-
Sg, + S~„

where the subscripts E, refer to electric field or-
ientation, we find

1+f A(Z, ) -A(C-)
E«1 f-4 (38)

Ep,/E: The linear-polarization experiment
provides additional information through 4~. With

C, = (I/M2) (yak}, we obtain

(39)

where in (39) only the most significant terms have
been retained. For 8„=0, E«/E« = h~/4„. Since
this formula applies to both blocked and unblocked
data we may use a weighted average of the two re-
sults to obtain E«/E«. If we now employ a mag-
netic field B„=+5G, it is possible to determine
8„ for these fields. The result is 8„(5 G)=0.22
+ 0.01, consistent with the rotation observed in
the l-l line (subsection E).

3. Measurements employing magnetic fields
and circularly polarized light

E«/Ez, .'Returning to circular polarization but
using the same magnetic fields we form the differ-
ence between 4s(+8„) and &s(-8„) to eliminate
terms independent of 8„ in Eq. (33). Keeping only
the significant term we find

E„a (8s„)+—a (-8„)
g 48

4. AE~/E0& and(@sin P+q'sin P')

Forming a similar difference for 4~ one finds

S,(+8„)—a~(-8„)

=28„—E "+d„(q sing+ @'sing&) . (41)
Qy
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By comparing this difference for blocked and un-
blocked data one obtains

(q sing+ g' sing&)

(42)
[+Pb(+8) —&~a(-e) —&~.(+e)+ &Pu( 8)]

2e.(~~o —~~.)

~x +Pb( e) +Pb(+8) (+Jfb/+su)[+Ptl( 8) ~PU(+e)]
g 2e„(h~~/b~„- 1)

(43)

It should be noted that the interaction regions are
defined by the intersections of the 293-nm and
2.18-p,m laser beams and fill very small volumes.
It is safe to assume that the quantities E~/E~,
LEE„/E~, etc. , do not vary significantly from their
average values in these volumes. Also, the mea-
sured E~/E~, ~„/E~, and q sing+ q' sin/I are
all diluted by the same polarization analyzing
power as rh~, h„, whereas E„/E~ and 4E,/E~
are not. As a result, the various products of
these terms appearing in d,~[Eq. (34)] all have
the same dilutions as 4~.

To summarize, all significant false parity asym-
metries arising from Eqs. (28)-(30) have been
measured by independent experiments.

V. DATA ANALYSIS AND RESULTS

A. Secondary data sets and auxiliary data

The sequence in which data are accumulated is
shown in Table I(a). During one of these sets
(which requires about 40 min) signal corrections
[Eqs. (19) and (20)] and normalization are quite
constant, since, manual adjustments to the appara-
tus such as mirror rotation and balance of E field

are generally done on a longer time scale.
We define a secondary data point as an average

of 80 primary points (unblocked) and 48 primary
points (blocked). One determines the average
parity, M1 and signal asymmetries, and signal
sizes necessary to perform the corrections of
Eqs. (19) and (20). These corrections are calcu-
lated separately for each interaction region, av-
eraged, and assigned a statistical uncertainty de-
termined from the combined uncertainty of all the
factors in Eqs, (19) and (20). The net correction
is subtracted from ~~,„, to obtain A~ while the
uncertainties are combined in quadrature. Each
of the 4~ and associated uncertainties arb then
normalized to A~ ~

= 9.0x 10 ' to account for the
variations in analyzing power between secondary
data points which affect parity and M1 asymmet-
ries in the same way. These variations are due to
fluctuations in IR power and polarization, and
changes in background and 0-0 dilution. A weighted
average of the normalized 4~ is then taken over a
run (see Tables II and III).

It shouM be noted that the Ml data taken in the
present experiment, when corrected for imperfect
analyzing power, background, 0-0 dilution, and
reflection effects, yield a result for OR in agree-
ment with previous measurements. "

Interspersed throughout a run at intervals of ap--
proximately ten secondary data sets, are sets of aux-
iliary measurements needed to determine Ep @p„
~„,~„and ( rI sing +g~ si nQ~). A typical se
quence of auxiliary measurements is shown in
Table I(b). In a typical run, there are about six
such sequences. These measurements must also
be corrected with Eqs. (19) and (20). In addition
measurements with B„t0 must be corrected for
hyperfine mixing and for reduction of Lh,„by rota-
tion of the polarization away from the z axis.
With these precautions &~, &«, ~„,~,, and

TABLE I. Data accumul. ation sequences.

(a) Secondary parity data set
Circularly polarized UV, B„=O:

uubuubu (B„B~)bubuubuubuubuubu (BuB~) bubuubuub

{b) Calibration data
1. Circularly polarized UV, B„=+56:

u b. ..(5 cycles) (B„B&)u b. ..(5 cycles)
2. Linearly polarized UV, B„=O:

ubub. ..(5 cycles) (B„B~)ubub. ..(10 cycles) {B„B&)ubub...(5 cycles)

u: signal+ background, unblocked
b: signal+ background, blocked
B„: background, unblocked
B~: background, blocked

Each symbol (e.g. , u) represents four primary data points (see Sec.
IV 8) and a time of 1 min (4 &256= 1024 pulses).
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TABLE II. Parity data with Mirror ("unblocked" ) (Units of 10 ).

Systematic effects

1
2
3
4
5
6
7
8
9

10
11

Average

261 159+ 180 52 + 47
91 195+ 199 -1+ 13

-244 -103+ 283 -13+30
-141 -62+ 146 10+ 15

272 270 + 179 9 + 23
-221 -171+204 0+ 3

192 49+ 108 -6+ 8
22 124+ 80 -2~ 5

-63 15 + 197 15+ 21
-141 160 + 195 16 + 25

107 302 +.136 -1 + 13

46 103 4

14+ 63
-30 + 45

30
-30 + 42
-22 + 52

2+ 17
-25+ 31
-116 16

74 ~ 109
-59 + 73
-43~ 51

-16

-10+ 8
27+ 7

-10+ 9
-21+ 9
-61+ 15
-8+ 13

-12 + 8
-69+ 19
-48+ 19
-24+ 12
-18+ 10

-36

-3+1
-1+0

0+0
-1+ 1
-1+ 1

0+1
-1+0
-1k 0

1+1
-1+1
-1+'1

106 ~ 197
254~ 205
-82 + 286
-20 + 153
345+ 188

-165 ~ 205
93+ 113

207 + 84
-27 + 227
228 + 210
365 + 146

153~ 45

Weight

2.564
2.379
1.220
4.276
2.817
2.376
7.841

14.201
1.942
2.266
4.680

a Uncorrected.
Signal correction included [Eq. (20) J.' —(q sing+ q sing }2ss/Eo~(EO, /Eo~).

2EOQE„/E—0„2.
2Es, b E-g/Eo~t."4,. ...,/, '.

s b with sii corrections.

ti sing+ q'sing& can be extracted reliably and pre-
cisely.

Results of the auxiliary measurements are dis-
played by run in Table IV. Quantities &ATE„,~,
are fairly constant from first to last run, although
perhaps they show a slight increase with time (as
the cel.l degraded gradually). The values of E„
and E, also remain fairly constant except for de-

viations associated with adjustments of angles and
positions of L1, L2 laser beams. The quantity
q sinQ+ q& sing& varies more erratically from run
to run, since it-depends sensitively on Pockels-
cell alignment, which was reset for each run.
There is no indication of variation between re-
alignments. The net contribution from this term
averaged over all runs is small.

TABLE III. Parity data without mirror ("blocked") (Units of 10 7).

Systematic effects

Weight

1 194
2 -50
3 508
4 451
5 73

, 6 -358
7 23
8 130
9 86

10 -221
11 133

Average 104

180 + 251
-29 + 247
542 ~ 469
434 ~ 225
88+ 324

-362 ~ 401
12 + 195

159+ 110
76 + 269

-1852 258
155+ 186

118

197+ 179
-2 + 47

-47 + 111
39+ 58
28+ 74
0+ 8

-30 + 42
7+ 17

137 + 191
61~ 99
-5+ 49

15

14+ 63
-30 + 45

2+ 30
-30~ 42
-22~ 52

3+ 21
-25 + 31
-11+ 16

74+ 109
-59+ 73
-43 + 51

—18

-12+ 7
-14+ 7
-20+ 11

22k 12
-35~ 18
-15+ 27
-8+ 8

-56+ 13
-53+ 22
-24+ 10
-21+ 11

-3+ 1
0+0
0~1

-1+0
-1+ 1

041
-1+0
-1+0

1+ 1
-1+ 1

1+ 1

-16 + 315
17 + 256

607 + 483
448 + 236
118+ 337

-350 + 403
76 + 202

234 + 113
-83 + 348

-162 ~ 286
225 + 199

155 + 58

1.009
1.532
0.429
1.789
0.881
0.617
2.450
7.804
0.825
1.223
2.518

~Uncorrected.
"Signal correction included [(Eq. (19)].
—(n sine+ & sine' )2~/Epy(spg/&gy) ~

~-2EDg 6E„/E0„2.
~ -28~ AE /E~2.' "- .. ;/, '.
~&& with all corrections.
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TABLE IV. Results of auxiliary measurements.

Bun

1
2
3
4
5
6
7
8
9

10
11

210 + 102
-2 + 45

-99~ 97
80 + 51
36+ 69
1+ 73

—39+ 35
—14 + 27

-173+ 69
43+ 53
-5 + 42

103 + 43
116+42
53+ 73
54+ 45
86+ 62

-12+ 63
85+ 43
51+ 36

-88+ 87
158+ 61
124+ 46

20+ 2
20+ 2
19+ 2
26+2
26+ 2
41 + 3
23+1
33+ 2
26+ 2
17+ 2
20+1

22+ 2
23+2
12+ 2
27+2
28+ 2
41+2
22+ 1
33+ 2
24+ 2
21+ 1
22k 1

17 ~11
48+ 9
32*25
30+11
83 +14
10%16
22+ 12
83+19
70+23
44+ 18
31+15

22+ 10
28+ 12
42+ 17
34+ 16
51+ 22
16+ 26
14~ 13
67+ 12
71+ 24
54~ 18
40+ 17

-5+ 19
10+ 11
-1+20
22+ 12
9+ 16

10+ 18
12+ 8
8+ 6

29+ 14
14+ 12
13~10

'(qsinf+g sing )X 10-s
"10 4Ep /Ep„.
'10-'(Ep./E, „)&.

10+(E~/Ep )„

'1p 'g E,/EI, )„
10-5+E /E

B. Results

The normalized average correct;ions for a given
run are subtracted from the weighted average of
the normalized Llp'. The statistical uncertainty
associated with each correction is combined in
quadrature with the statistical uncertainty in the
normalized 4p, for this run. This, finally, is a
measurement of the parity asymmetry with as-
sociated statistical uncertainty. Our total data
sample consists of 11 such runs, listed in 'Tables
II and III. A weighted average yields

h»=1.55+ 0.58x 10 ',
6p„= 1.53 + 0.45 x 10 ' .

(44)

(45)

'The data were also treated by applying the field
corrections to each secondary data point and then
combining. 'The results of this method are very
close to the values quoted.

C. Correlation tests

A correlation study was done on the set of 425
secondary data points, both before and after cor-

. rections were applied, to examine the possible de-
pendence of A~ on other system parameters (see
Table V). Before corrections one finds a high
correlation between dz„and I'~-I'„[see Eq. (20))
as well as between L~, and I'~ [see Eq. (19)]. The
only significant correlation surviving after the
corrections is between 4p„and I'~-F„, and it has
reversed sign. This suggests that the correction
of Eq. (20) has been overestimated (by about 30%).
We believe that -this is largely due to reflections
in the cell, which can only be estimated crudely.

'Therefore, we average the results of our model
[Eq. (20)] and the predictions of the correlation
study, and expand the systematic error to include
both possibilities. 'This lowers the average of
Ap by 0.10 x 10 ' from that originally calcul. ated.
All other correlations with the corrected data are
at an acceptabl. y low l.evel.

D. Systematic uncertainties and final results

h~ = (1.48 a 0.36 + 0.09) x 10 ' . (48)

The corrected result for data taken on the 0-0
line is rh «= —(0.13a 0.82 + 0.02) x 10 ', where no
7'P&, polarization is expected.

In order to compare with theory we calculate
6=21mB~/3R. We take the ratio 2b~(0-1)/6„'
where 4,„'=9.0x 10 9C. 'The factor E corrects for
reflections from the rear of the main cell, which
reduces h~ but not 4p. We estimate X= 1.17, but
it might be somewhat smaller, which leads to a
skewness in our final resul. t,

The systematic uncertainties are summarized
in Table VI. Since the sources of these systematic
effects are uncorrelated, we combine the uncer-
tainties in quadrature. 'The final results are

A» = (1.55+ 0.58+ 0.06) x 10 '
h~„= (1.43 + 0.45 + 0.11)x 10 ',

where the first uncertainty in each equation is
statistical and the second is systematic. Since
these results are consistent they may be combined
to yield the resul. t
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TABLE V. Correlation tests (see Sec. VC). Results for 425 secondary data points (defined
in Sec. VA). Subscript ~ indicates uncorrected; s indicates corrected.

+S'u~r

+au~ s
&S b..

P5I s
Pu~r

+Pu~s

Pb~r
As, b,

Pb~s

Pb~ s

+au. s

Pu& s

Pbbs

&Su.r

Pbis-
+Af

t
t

Ib r„
I b

—I"u

I'b
I'b

I'„(—I u2
I'„(—I'„2

~Z.u

r„
r„

+Pb~ s
+N~r

Ou, s

0'b

+Nb

0.039
-0.019
-0.014
-0.014
0.239

—0.103
0.109
0.048
0.019

—0.006
0.036

-0,058
0.042

-0,046
-0.025
0.039
0.000
0.089
0.066
0.026
0.041
0.003
0.028

-0.041

0.42
0.70
0.77
0.77

6.5 x 10-~

3.4x10 '
2.5 x 10~

0.32
0.70
0.90
0.46
0.23
0.39
0.34
0.61
0,42
1.0

6.7 X 10-2

0.17
0.59
0.40
0.95
0.56
0.40

P =probability that the two data sets come from uncorrelated parent populations. t = "time"
correlation = correlations between succes sive secondary data points.

TABLE VI. Systematic uncertainties.

Source
Possibl. e contribution to

DPb

Uncorrected signal asymmetries
Hyperfine mixing
E-UV correlation
&, (imperfect cancellation of
res idual B„)

(imperfect UV, & subtraction)
&„(misaligned &„and possible

admixture of 1-1 line)
48„(failure of approximation that

effect is same with and without mirror)
Same as previous item for

q sinQ+q sing'
Signal corrections
Total. s combined in quadrature
Dilution due to UV-polarization

imperfection"

& 2x 10~
&4x10 '
&1X 10

&4x10 '
&4x 10 '

&7x 10~

&1X 10

«1X 10 '
&2x 10 '
& 6x 10-'

&2x10 '

&2 x 10
&1 x10 '
&3 X 10

X 10 7

&4 x10 '

x ]0-8

&1 X]p '

&3 X 10
&1 X]0 6

&1.1 F10 6

X ]0~

'See Sec. VC.
"This effect can only reduce the observed asymmetry.
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5 = (2.8 a 0.7"')x 10 '
Oo2 (49)

This result is consistent with thwi eory [see Eg. (5)].

VI. CONCLUSIONS

The result (49) may be expressed in terms of
Q~, which is defined as

Qg =Z (1 —4 sin'8~) N-

in the standard model, and takes the v, an es e values Q

We find
.5, Q~ "Tl)=-115 5f.or sin'8 =0.23.W

Q~,„,(T1)= —155+63 (50)

where the uncertainty includes that in (8 ),„as
well as the uncertainty in 5,„,.

The result s of electron-scattering and atomic-
physics experiments in Tl a d B'n i may be combined
with neutrino-nucleon and tneu rino-electron
scatterin dat

'
g a, to provide a stringent test of neu-

ries. n carrying outtral weak-interaction theor' I

model-inde
is analysis it is useful to em lo thmp oy e simplest

Hun n
mo e -independent assumptions as was d b

g and Sakurai. " They show that if one merely
assumes pe universalit;y, that the contributions
o -heavy quarks c s
that all neutral we
A corn

a weak currents possess onl V d
ponents, then the theory is characterized

by ten coupling constants u, P, f 5 n

g and gz, which must be determined bine y experi-
n . The neutrino-nucleon scatt '

d
pletely determine e, P, y, and 5 u to an

ering ata com-

igui y&, while neutrino-electron scatter-
ing results determinee ermine g„, g„up to a (twofold) V',A
ambiguity. 'The polarized-electron-scatterin
per iment"' yields

-sca ering ex-

j.n+ —y = -0.60+ 0.16, P+-'5 = 0.31+0.51. (51)

'The heav y atom experiments are sensitive to an
almost orthoor ogonal linear combination of a arid y:

Q~(T) = 42m —612y . (52)

As Hung and Sakurai have noted furt
tions on th

no e, urther restric-
on e coupling constants are obt

'
d

'"
Cg

aine i" one
assumes the factorization" hy othesis

( ), formula (52), and factoriEation we
s on + andy in

: v- a ron scatter-FIG. 6. Constraints on o, , y from: -h d
po arized electroning factorization hypothesis); SLAG olari

experiment; results of the present Tl experim t Thimen . e
g' he ~,y plane consistent with all of these

constraints is cross hatched.

6 = —0.67+ 0.16,

y =+ 0.18m 0.06.
(53)

(54)

Assuming factorization, Hung and Sak
a en constants are determined without am-

biguities and'g ' d are in excellent agreem t 'then wl pre-
ions o the standard model for sin'g~= 0.23.

Without factorization ~ and 5 remain undetermined
experimentally.

of Im
A substantial improvement in th

o m( «)IP for the 6'P&, -7'P&, transition in Tl
in e measurement

' ue u i izing
inear y polarized 293-nm light and an external

en is eing pursuedmagnetic field. 'This experiment is b
in our laboratory.
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