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We present a detailed description of new observations of parity nonconservation in the
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6P, ,—7*P, , transition (293 nm) in atomic 2;T1. Linearly polarized 293-nm photons, polarization
€, are absorbed by 6P;,, atoms in crossed E and B fields. The transition probability for each Zee-

man component contains a pseudoscalar term, proportional to &-B&-E X B, arising from interference
between the parity-nonconserving E 1 amplitude &p and the Stark E1 amplitude BE. This is
detected by observation of fluorescence at 535 nm accompanying the decay (72P,,—)
72S1,,—>6°P3,,. Systematic corrections, due to imperfect linear polarization and misaligned E and
B fields, are determined precisely by auxiliary experiments and found to be small. Our final result:
Im[ & p/g] | expr=—1(1.73+0.26+0.07) mV/cm, where the first uncertainty is statistical, and the
second is systematic, is compared with results of other experiments and with theoretical estimates
based on the standard SU(2) X U(1) electroweak model.

I. INTRODUCTION

Atomic parity nonconservation (PNC) arises from the
interference between the neutral-weak and electromagnetic
interactions coupling valence electron to nucleus. Accu-
rate observations of the phenomenon in an atom with
structure simple enough for unambiguous theoretical in-
terpretation provide an important test of our understand-
ing of the electroweak interaction, now best described by
the standard SU(2)XU(1) model. In a many-electron
atom, the contribution to PNC from the coupling of axial
electronic and vector nucleonic neutral-weak currents is
overwhelmingly dominant, and it scales approximately as
Z3, where Z is the atomic number.! Thus the effect is
most readily detected in very heavy atoms.

Observations of PNC have been reported in optical ro-
tation experiments in gPb (Ref. 2) and g;Bi (Ref. 3).
However, these atoms are complex, and interpretations of
the results in terms of fundamental electroweak couplings
are limited by large uncertainties in atomic theory. The
single-valence-electron atoms Cs and T1 are considerably
simpler and the theoretical uncertainties correspondingly
smaller.* Stark interference experiments have been car-
ried out on the 625, 2 — 728/, transition (539 nm) in 5sCs
by Bouchiat et al.,”> and on the 6P,,,—7P;,, transition
(293 nm) in &;T1 in our laboratory (see Fig. 1). In a previ-
ous experiment on the latter transition,® as well as in the
cesium experiments, circularly polarized photons were ab-
sorbed by ground-state atoms in the presence of an exter-
nal electric field. Interference between the electric dipole
amplitudes caused by PNC and by Stark effect resulted in

a helicity-dependent polarization of the excited state, the

detection of which yielded a measure of PNC in each
case.

In this paper we present a detailed description of a new
Stark-interference experiment on the 293-nm transition in
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200T1, which makes use of linearly polarized 293-nm pho-
tons and crossed electric (E) and magnetic (B) fields.”
The new technique yields far more precise results for g;T1
than the old one, and with much smaller systematic
corrections.

A brief summary of the present work has been pub-
lished separately.® Here we give a detailed analysis of
transition probabilities, a description of the experimental
apparatus and procedure, an analysis of systematic errors
and corrections, a summary of results, and a comparison
with theory and earlier experimental results.

II. TRANSITION PROBABILITIES
A. Components of the transition amplitude

The transition 62P;,,—7*P,,, in Tl is forbidden M1
with measured amplitude’

7P,
2
8°s,—— 6D
........ F=I
F=0
7%S, 2.15 GHz
z 2927nm
535.0nm
377.6nm o,
W i
6 R — ] i
3 21.2 GHz

Lo

FIG. 1. Low-lying energy levels of Tl (not to scale) showing
hyperfine splittings of 6 P;,, and 7P, , states.
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M=(TPi,mj=+75 |M1|6P 5, mj=+7)
=(—2.140.3)x 103, , (1)
where o is the electron Bohr magneton:

o= |e |#/2m.c, and |6*P,,,),|7T*P1,,) are eigenstates
of the zero-order electromagnetic Hamiltonian. In the
presence of neutral-weak interaction the latter is perturbed
by an effective zero-range neutral-weak potential H' that
contains both scalar (S) and pseudoscalar (P) parts:
H'=Hgs+Hp. According to the standard model, the
dominant contribution to Hp arises from the coupling of
axial electronic and vector hadronic neutral-weak
currents. In the nonrelativistic limit for nucleon motion,

this portion of Hp becomes’
J

(7P1)2;m] =~+5 | E1|nS){nS |H" | 6Py ;5,m;=
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HY =—2E 0 o(r) 2)
2 _\/imec wpP Vs>
where Gy is Fermi’s constant, Qp =(1—4sin’0y,)Z —N,
Ow is Weinberg’s angle, N is the number of neutrons in
the nucleus, p(r) is the nucleon probability density, r is
the valence-electron position, ys is the 4 X4 Dirac matrix,
and we employ units in which #%i=1.
In the presence of H}Y, the 6P, /2 and 7?P, ,, states are
mixed with 2S;,, states. The 6%P,,,-7°P, »2 amplitude
then contains an E 1 component

+3) (3

where |6°P,,,), |7°P, /%) are eigenstates of the.total
Hamiltonian including Hp'’. To first order in Gy one has

Ep=—(TPipp,mj=+7|E1| 6Py, m;=

+3)

Ep=— 2
nSy 2 E6P1/2 _E"SI/Z

|H" | nS)Y{nS |E1| 6Py ,mj=+7)

(TP ,p,mj =+ 5
+

E7Pl/2 "’E"Sm

Calculations of & p have been carried out by a number of authors. Neuffer and Commins!®

4

employed the one-electron

central field approximation (OECF) and a Green-function technique, but ignored many-body effects. They found

& Qe =(+1.93+0.40) X 10~ %Qpu, .

Das and co-workers!!
teraction corrections to & p are significant. They found

FRMBPT _ (1 1.5140.07) X 10~ %Qpu, ,

(5)

used relativistic many-body perturbation theory (RMBPT) and discovered that electron-electron in-

(6)

where in each of (5) and (6) the uncertainties are those estimated by the original authors.
In the presence of an external electric field E the 2P, states are mixed by the Stark effect with 2S,,, and *D;,,
states. The transition amplitude then acquires a Stark-induced E'1 component in addition to the M1 and E lpyc por-

tions. For photon hnear polanzatlon €LE the Stark amplitude for m;=

=45 ——»mj—+ 5 is iBE. For €||E, the Stark

amplitude for m; =+ + .+ —mj=+7% + is aE where a and S are defined to lowest order in terms of dipole radial integrals
as
2
e 1 1
B=—1| 3 R s, R -
1/2851/27°881/2,6P1 13 _ -
? nSy/; EﬁP:/z E"Sl/z E7P1/2 E"SI/Z
+ X Ryp R 1 - L (7
12103/, nD313,6P | g _E E _E ’
nDs TPy nD3 s 6P, nD3
) :
e 1 1
a=- Z Rip, .ns, . Rus , 6P +
1722131727131 /2,081 73 — —
9 nSy/, Eqp 172 E"Sl/z Eep 172 Eps 12
1 1
+2 3 R7P1/2’"D3/2R"D3/2'6P1/2 E _E + E —E 8)
nD; TPy nDs3 6Py, nD3

According to the calculations of Neuffer and Commins!©

@ | theor=(2.05£0.30) X 10~y cm /V , )

B theor=(1.64£0.25) X 10>1g cm /V . (10)
The ratio 8/« is measured to be’

B/a=0.84 . (11)

Until now, neither a nor B is known independently from

[ .
experiment, although measurements are presently being

carried out in our laboratory.

B. Transition probabilities in the ideal case

The coordinate system for the present experiment is
shown in Fig. 2. We shall now show that the transition
probability for linearly polarized light between any pair of
Zeeman sublevels of the 62P, 2 to 7T2P, ;, states contains a
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FIG. 2. Experimental coordinate system showing relative

orientations of the laser beam (k,2), the electric field (E), and
the magnetic field (B).

term arising from interference between & p and BE, that is
proportional to €-B€-E X B. Employing € =% sinf+42 cosf
and E=EY as in Fig. 2, and using (1) and (3) we have

J

(7*P1/3,F'smp | (E Dsganc+(E Dpyc +(M1) | 62Py 5, F,mp )

(7P, ;5,00 |
(11]
(10|

(1—-1]

where

H =BE sinf—(Im& p)cosb ,
= %[BE cosf@+(Im& p)sind] ,

M,=Msinb ,

and

M, = %ZM cosf .

Next we consider the effect of the external magnetic
field B (See Fig. 3). It is chosen at 3.2 kG in order to
resolve sufficiently the various Zeeman components of the
293-nm transition in spite of Doppler width [the full
width at half maximum (FWHM) is Avp~1.6 GHz]. In
particular, B is chosen to minimize the overlap of adja-
cent Amp=0 and Amyz=+*1 components, which contain
PNC terms of opposite sign, as we shall see momentarily.
In finite B the eigenstates of Fig. 3 are expressed in terms
of the F,mp basis as follows:
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(
m;=+ |—&pcosd® —&psind (12)
(E1)pnc= .
mj=—= l——&’PsinO + & pcosO | ,
1 1
m;j =1 | —Msin@ M cosé (13)
(M1)=
mj =—+3| Mcosd Msinb|,
and
1 1
mj=7% mj=-—z
mj = 5 iBEsin@  —iBE cosO (14)
(E)sun=

m; =—+ | —iBEcos® —iBE sinf

Combining (12), (13), and (14) we obtain the total transi-
tion matrix in the F,mp basis

| 62P; ,,,00) [11) | 10) [1—1)
0 iD—M, iH—-M; —iD+M,
iD—M, iH—M, —iD+M, o |, as
iH —M; —iD+M, 0 —iD +M,
—iD+M, 0 —iD+M, —iH+M;
-
State Zeeman energy

!1,1) E“:hA'V(l‘I—%x)
|4+)=8[1,004+7(0,0) E, =+5hAv[1+(14+x2)!?]
|1,—1) E, _y=hAv(1—3x)
| —)=8]0,0)—7|1,0) E_=+hAv[1—(14x}'?]

(16)

where hAvg ; is the hyperfine splitting between F =1 and
F=0for n =6 or 7, x¢7=ugs;B/hAvs 7, g/(*P1 ) ==,
and

X
= (X2 4[1—(14xD)12P)172 (17
24172
y= (14x%)"*—1 (18)

{x2+[l—~(l+x2)1/2]2}1/2 :

From Egs. (15)—(18), we compute the frequencies and
transition probabilities for all possible pairs of levels be-
tween 6P;,, and 7P,,, in Fig. 3. Taking into account
terms in B°E? and (Im& p)BE (the latter is the PNC-Stark
interference), but ignoring terms in M? and (Im& )%, we
obtain the results of Table I.

- The Zeeman components selected for observation in
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FIG. 3. Zeeman splittings of the 6P;,, and 7P;,, thallium
states, to scale. States not mixed by the magnetic field are la-
beled F, mpg. States labeled + are those for which m J=i%,
respectively, in the limit of large B.

this experiment are
6*P,,,— TP\
|1, —1)—|1,—1), Amp=0;
[1,1)—>|1,1), Amp=0;
[1,—1)—|+), Amp=1.

(19)
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At the peak of the resonance dominated by
[1,—1)—|1,—1); |1,1)—|1,1) (which occur at the
same frequency) there is some overlap of | +)— | +).
Separated by 2.2 GHz is an adjacent peak containing
mainly |1,—1)—|+) but with some overlap of
| +>— | 1,1). A scan of the line shape revealing all the
nearby hyperfine transitions is shown in Fig. 4(a).

The transition probabilities for the two resonances indi-
cated in (19) can be read directly from Table I. They are

T Amp=0 < [B°E*sin’0 —2(Im& p)BE sinb cosb] ,
(20)
Tamp=1<= [B*E*cos®0+2(Im& p)BE sinb cosd] .

Equations (20) reveal explicitly the interference between
the PNC and Stark amplitudes, and shows for these two
particular components the general fact that Amp=0 and
Amp=+1 transition probabilities contain Stark-PNC in-
terference terms of opposite sign [See Fig. 4(b)]. Note also
that for the geometry chosen here (see Fig. 2) there is no
interference between M and & p or between M and BE.

In the actual experiment, the 6P, ,,—7?P,,, absorp-
tion is detected by observing the 535-nm fluorescence ac-
companying the decay (72P; ,,—)7%S ,—6*Ps ; (see Fig.
1). The interference term, 2(Im& p)BE sin6 cosH, is ex-
tracted by looking for an asymmetry -

2Im&p
————cotf, Amp=0
Ao T)=T(=) _ BE 1)
= - | 2mm®&
T(+)+T(—) +___l%_1’_tan9, Amp=+1,

TABLE 1. Transition probabilities for 62P,,,—7*P,,, Zeeman components in external magnetic field B. The second column gives
the transition strength, the third gives the sign and magnitude of the PNC-Stark interference term, and columns 4 and 5.give numeri-
cal values for frequencies splittings and relative line strengths for B=3.2 kG. The symbols used are defined as follows: [see Egs.
(16), (17), (18)] (0=87'}/6+86‘)/7, 60'26786-—7/7‘}/6, A6 (7)=86(7)+76 (1) F6(7)=56 (N—Y6 (1) In this table we assume E=E?, B=Bi,
and perfect linear polarization. The complications arising from off-axis E and B components and imperfect linear polarization are

discussed in Secs. II C and IV B.

Relative Relative
Amg=0 transition E?B%in%0 2(Im& p)BE sinb cosO frequency (GHz) intensity
11—11 1 -1 0 1
1—1—>1—1 1 -1 0 1
+ - ? —? 0.7 0.266
— w? —? 18.5 0.266
+ —>— '? —w'? —3.0 0.735
— >+ '? —'? 22.2 0.735
Relative Relative
Amp==1 transition E?*B%cos?0 2(Im& p)BE sind cosO frequency (GHz) intensity
11—>— 1A2 1A% —4.4 0.905
1—1—+ +A2 +A2 2.2 0.905
+ —1-1 T Al TA2 —1.6 0.570
— =11 T A2 A2 22.9 0.570
11—+ 112 4T —0.7 0.095
1—1—— 112 41?2 —14 0.095
——1-1 5T} ir} 19.9 0.431
+—11 +T% +T% 1.4 0.431
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where T(+) refers to the transition probability (as mea-
sured by 535-nm intensity) for two coordinate systems of
opposite handedness, defined by the relative orientations

of €, E, and B. In particular, the interference term re- gs

verses sign as 0 or E is reversed, but remains unchanged :5
under reversal of B. We choose 8= +35° so that the sig- z

nal sizes for the two transitions of (19) are approximately =4

equal (see Fig. 4). 53
©

C. The effects of misalignment, »2

imperfect linear polarization, line
overlap, and imperfect field reversal

we employ to isolate and eliminate such effects are dis-
cussed in Sec. IVB.
out to be very small.)
description of how the transition probabilities themselves

1
o
v

o
In the actual experimental apparatus E is not exactly w 08
parallel to ’12, nor is B exactly orthogonal to k and E, nor S os ;
are the photons in a state of perfect linear polarization. E ;
Moreover, the electric field does not reverse exactly. % 04 .
These imperfections result in interference terms in the 202
transition probability that change sign with reversal of E & !
or 6 in the same way as PNC. The experimental methods & o 1

(In fact the undesirable effects turn :
Here we limit ourselves to a 04 ' !

F=1—>72P1/2,

FIG. 4. (a) Laser scan of 6Py ,, F =1 transi-

must be modified.

First we must redefine the coordinate system. Let the
photon wave vector k be parallel to ¥ and define the z
axis as that which bisects the angle between “+6” and

—6” linear polarization. In this case B in general has
off-axis components:

B=B,X+B,+B,2 (22)

with B,,B, <<B,. The electric field is also misaligned in

tion for B=3.2 kG, 6=0° 35°, 70°. The solid curves are
theoretical. The dashed vertical lines indicate where parity data
are taken (for Amp=0, —4.9 GHz; for Amp=1, —2.7 GHz).
Data taken at E=188 V/cm. (b) Parity violating asymmetry vs
frequency for 6°P,,,, F=1-—>7?P,,,, F =1 transitions. The or-
dinate scale indicates the fraction of —2Im& »/BE expected.

We first modify (14) to include terms proportional to E,

general: and E,. Using the following notation.,

E=EX+EJ+Ez2, (23) ay=ak,, omy=ak,, a;=ak,, o0
with B\=BEx , B,=BE, , B:=BE,,
E, ,E, <E, . and also (8), we find that (14) becomes
]
1 1
mj== mj=-—v%
mj = < iB,sinB+ a;sinf+azcos@  —iByrcosf 4+ Bcosd— B;sing (25)
(E 1 gan= 1
mj = —+ | —iPBycos6@—B1cosb+B;sind —if,sinf+a;sind+a;cosd

To take into account the fact that the incoming photons (with nominal linear polarization) actually possess some degree
of elliptical polarization, we write

£=2cosO+e "R sinf~2 cosO+(1+in)Xsind , . (26)

where 7 is a small real number. When expressions (25) and (26) are employed, the zero- magnetlc -field transition ampli-
tudes of (15) are modified as follows:

(P12, F',mp | (E Dspark+(E Dpnc+(M 1) | 6Py 15 ,F,mp) .
11-1)

| 62P; ;,,00) [11) |10)
(7*P, ;5,00 | A’ C'+iD—M, iH'—M, C'—iD +M,
= (11 —C'+iD—M, A'+iH'—M, C'—iD+M, 0 » @7
(10] iH' —M, —C'—iD+M, A C'—iD+M,
(1—1] | —C'—iD+M, 0 —C'—iD+M, A'—iH' +M,;
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where D and M, are as previously defined [see Eq. (15)],
and

A'=(14in)a,sinb+a;coso ,
H=(1+in)Bsin0—Im& pcos@ , M; =(1+in)M sinf ,

and
, 1 o
C =72[Blcose—(l+l‘n)ﬁssln9] .

Next we consider the effect of the misaligned B field.
Starting with the states | 11), |+ ), |[1—1), | —) as de-
fined in (16) we employ perturbation theory to calculate
the changes in these states to first order in B,,B,. This
yields the perturbed transition amplitude

Anon=Liun+9-L1u0+9+ Lo, (28 ‘

and so on for the other Amr=0 and Amp=+1 transi-
tions, where the @y_,11, @ 11,10, €tc., are given by Eq.
(27) and g1 = (g, *ig,), with

4>=B,/B, , (29)
4y,=B,/B; . (30)

From these results we construct the transition probabili-
ties, including off-axis E and B components and imper-
fect linear polarization.

In addition to the terms already present in Table I, the
transition probability for each component now contains
additional terms in cos®6, sin®0, and in sinf cos6. The ad-
ditional terms in cos?6 or sin?6 present no difficulty, how-
ever, because we require that the PNC asymmetry be odd
under the reversal 60— —6, and our coordinate system is
defined so that 6— — 6, exactly. Table II displays the in-

terference terms proportional to sinfcos@ for each Zee-
man component, including all effects of second order or
less in small quantities 7, g, =B, /B,, etc. With the ex-
ception of terms proportional to M, all undesirable in-
terference terms are quadratic in E. Therefore, if the
electric field were to reverse exactly, such terms would
make no contribution to PNC. They are a source of diffi-
culty only because in any real apparatus, the E reversal is
imperfect. Let

+E=(+Eq,+AE,)R+(+Eq,+AE,)§
+(+Eq,+AE,)2 , (31)

where Eo, oy 0, are the reversing, and AE, ,, the nonre-:
versing components of E. Any product of electric field
components then contains two portions—one reversing
and one nonreversing under reversal of the electric field.
For example,

aja;=a*(Eq, +AE,XEq,+AE;)
=aXEyEo,+AE, AE,)+aXE, AE, +EyAE,) .
(32)

The quantity a,a3sin6 cos6 is odd under both reversal of 6
and E and therefore has the same signature as PNC. In
this fashion each of the interference terms listed in Table
II can cause a false PNC asymmetry.

Since transitions 11—11 and 1—1—1—1 occur togeth-
er at the same frequency, we simply add T'(11—11) and
T'(1—1—1—1) to find the net transition rate for these
two components. In this sum there is a cancellation of the
terms in as;M and 1B,a;. However, as already noted, in
the actual experiment, each resonance-line component has
finite Doppler width. Thus at B=3.2 kG there is some
overlap of various Zeeman components (see Fig. 4), and in

TABLE II. Transition probabilities as in Table I, but with off-axis E and B field components and imperfect linear polarization
taken into account. In addition to symbols already defined, the quantities p=25,8¢+7v7vs, p'=87Vs— Y106 appear.

(Interference terms) X (sin cosO)

Bisin’0  (2BIm&p)  2ai03 2a.M 28184, 2B34x 2nBras
Amp=0 T'(11—11) 1 -1 +1 -1 +1 -1 -1
T'(1—1—1-—1) 1 -1 +1 +1 +1 -1 +1
T'(+—+) »? —o? +p? —po +w? —w? —po
T(———) o’ —w? +p? +pw +w? —? +pw
T’(+-—>—) wl2 __wIZ +p12 —p’(t)’ _+_a)12 _wrz _p'w:
TI(__)_’_) wlZ _w12 +p12 +p:wl +wl2 _012 +lel
(Interference terms)X (sinf cos)
Bicos’0  (2B,Im&p) 2B:Bs 2B:M 2B1Bgy 2834 29(BaBs+4,B3)
Amp=+1 T'(11——) +A? ++A2 —3A2 +4A2 — 5 A2 +5A2 — 3 A2
Ta-1-4)  TAb +iAb -3 i oIa 4w + 1A}
T (+—1—1) + A2 +4A2 — 1Al +3A2 — 4 A2 +5A2 —+A2
T'(——11) A +7A% —7AF —7AY —gAl oAl +5A%
T'(11—+) 513 11} —+T? 112 —+T} ir? +T?
217 +27 247 +2_7 247 +27 —2117
T'(1-1--) i3 S SS ANES  ~ BE B & x B +313
T'(—1-1-1) +T% +4T% —3T%  +31% —5T%  +4T% —+T%
T'(+—11) +T? ++12 —3T2 — 4T —+1 +4T? ++T




2202

To Computer

I\
\
/ \ Lens
[ 635 nm Filter
Lens

Pockels Cells

1l i Dye Laser
) sgam|  Okeilter.
| Sy S— Amplifier
System

535 nm Fitter T——)
Lens *

~

Magnetic
Shielding

To Computer

FIG. 5. Schematic diagram of the experiment.

particular at the center of the 11— 11 line there is about
10% overlap from the +-—+ line. Therefore, in the
11—11, 1—1—1—1 line as well as the 1—1— + line,
there is some contribution from each of the undesirable
terms of Table II.

We note that by definition, kis along ¥, and the princi-
pal component of B is along 2. Thus, reversal of B is
equivalent to change of sign of x as well as z. Conse-
quently under B reversal, Eo,,, AE,,, and g, change
sign, while Eq,, AE, in each region, and g, remain un-
changed. Thus the terms proportional to BM and B? or
naf in Table II change sign under B reversal while the
remaining terms are unchanged. This, in addition to
methods to be described in Sec. IV B, provides a means
for isolating and eliminating the unwanted terms.

III. EXPERIMENTAL METHOD
Figure 5 is a schematic diagram of the experimental ap-
paratus. The individual components will now be

described in detail along with results from several experi-
ments to calibrate the system.

A. Apparatus

The 293-nm light beam that stimulates the
6°P, ,2—>72P1 ,2 transition is generated by a dye-laser

DYE o
LASER aoon-on user |
POLARIZER
FR-5
— Y
FARADAY GLASS )‘/z PLATE DYE CELLS
PoLARIZER L) / 68cm 23cm
) : 585 nm
33 om fl— | | e U
| =G\

YAG
LASER

"~ FREQ.
DOUBLER
90°
BREWSTER
PRISM
TO POCKELS
CELLS

FIG. 6. §chematic diagram of the laser system used to gen-
erate 2927-A light.
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oscillator-amplifier system (Fig. 6). An actively stabilized
cw dye laser (Coherent Inc. 599-21) pumped by an argon-
ion laser (Coherent Inc. CR-6) is used as an oscillator at
585 nm, and the output (~40 mW) is amplified in three
single-pass dye amplifiers pumped by the frequency-
doubled output of a Q-switched Nd:YAG (neodymium:
yttrium aluminum garnet) laser (Quanta Ray DCR-1 Os-
cillator).!? The amplifier chain operates with Rhodamine
610 (Exiton) dissolved in methanol in concentrations of
145 mg/1 in the first two transversely pumped amplifier
cells and 25 mg/1 in the final longitudinally pumped cell.
The laser system produces 5 nsec, 2—3-MW pulses of
585-nm light in a bandwidth of ~100 MHz with a repeti-
tion rate of 17 Hz. The beam spot is approximately 3 mm
in diameter. This visible beam goes unfocused into an
angle-tuned KD*P (deuterated potassium dihydrogen
phosphate) crystal (Cleveland Crystals 12 12 30 mm?)
and 293-nm uv light is generated with ~30% efficiency.
The visible and uv beams are separated by a fused-silica
Brewster angle prism. Due to the phase-match condition
of the doubling crystal the uv beam has horizontal polari-
zation (along 2) of high purity.

Two mirrors direct the uv beam through two Pockels
cells and into the vacuum chamber containing the
thallium-vapor cell. The alignment of the beam is moni-
tored by an aperture at the entrance of the vacuum
chamber and a grid on a wall 5 m away, and the beam
can be aligned reproducibly within a fraction of a millira-
dian.

The two Pockels cells in series are each used as fixed
half-wave plates to produce rotation of the plane of laser
polarization € when a voltage pulse (1.6 kV) is applied.
The effective fast axis of the Pockels cells I and II (PCI
and PCII) are set at angles 6 and 6/2 with the z axis,
respectively, which gives four possible choices for the
direction of linear polarization incident on the thallium
cell:

PCI PCII ®=angle between E, z axis
OFF OFF 0

ON OFF 20

OFF ON 0

ON ON —6

Data are taken at &= 10 to observe PNC, where 6=35°
is chosen to obtain approximate equality of the intensities
of the Amp=0 and Amp=1 transitions of interest. Data
at ®=0°, $=20=70° are used to lock the cw laser (see
Sec. III B 3) to the peak of the resonance in a computer-
controlled feedback loop. For auxiliary experiments to
measure systematic effects, PCII can be adjusted to give
circular polarization of + or — helicity for + or —
voltage applied to the PC electrodes. PCI is left un-
changed for these measurements.

The Pockels cells are 10-mm-diam X 30-mm-long
KD*P crystal (Cleveland Crystals QX 1020), specially
selected for high-uv transmission. Both Pockels cells are
supported on vertical and horizontal translation stages
and a rotating mount for final alignment and small ad-
justments of the polarization. A reflection from the face
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of PCI is directed with a mirror into a pyroelectric
joulemeter (Molectron J-3) so that the uv beam energy can
be monitored. The quality and orientation of € are
checked by passing the beam through a (Glan-air) prism
on a rotating mount and into a photodiode. The ratio of
transmission when the polarizer is parallel to € to extinc-
tion when it is perpendicular is always better than 10° for
all choices of linear polarization both before and after the
beam has passed through all the optical elements in the
system, including the thallium cell and vacuum-can win-
dows. The angle ® can be determined by the angle marks
on the polarizer mount to *+1°. Finer adjustments of ®
are made later, by means of the thallium atoms them-
selves.

The final optical element through which the beam
passes before entering the vacuum can and thallium cell is
a thin quartz plate which can be tilted and rotated in-
dependently. Without this plate, the intensity of light in
the thallium cell with ®= +0 is 0.5% greater than the in-
tensity of light with &= —6. By adjusting the angle of
the plate we equalize the intensities of the light for
®=+0 to better than 0.03%. Due to the scattering and
reflection losses in the Pockels cells, we typically operate
with 1.5—2.0 mJ per laser pulse of beam energy at the en-
trance to the vacuum system.

The magnetic field is provided by an electromagnet
(originally used for NMR) with 30-cm-diam pole tips and

a 15.9-cm gap. The magnet provides a homogeneous field

of up to 5 kG that varies in magnitude by less than 0.3%
over the central region (12-cm-diam) where the experi-
ment takes place. The field is measured by a Hall probe
and monitored continuously while the experiment is in
progress. Mounted within the magnet gap is an aluminum
vacuum chamber containing the thallium-vapor cell and
its surrounding electrically heated oven, normally operat-
ed at about 950 K, at which the vapor density is
~5%10"* cm™3 and the Doppler width of the
6P, ,-7*P, , transition is 1.6 GHz. The entire vacuum
chamber can be rotated in the magnet gap about the x
axis (see Fig. 2) by up to 0.010 radians for alignment and
measurement of systematic effects.

The thallium-vapor cell is shown in Fig. 7. The body
of the cell is a fused-silica cylinder, 48-mm o.d. with 2.5-
mm wall thickness. A 7-cm-long stem of 1.0-cm-o.d.

I To Vacion Pump

Electrodes

Spacers i
STEM
!

Thallium in

Tantalum Boat

FIG. 7. Diagram of the thallium-vapor cell.
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FIG. 8. Equivalent circuit for electric field pulser and in-
teraction regions. C: band capacitances (33 pf); Cy: interaction
region electrode capacitances; C,: stray capacitances to ground.
The latter are not all equal a priori, but in fact turn out to be
within the uncertainty stated in the text.
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fused-silica tubing contains the metallic 2°°T1 (99.44%
205T1, 0.56% 2°*T1) in a reservoir. This stem is heated
separately from the main body of the cell and is typically
kept at ~875 K. The cell is evacuated by a Vacion pump
(Varian) through a remotely activated quartz ball valve.
The cell and windows through which the laser beam
passes are Suprasil quartz desks (Amersil), 3-mm thick, in
reentrant holders. The windows are annealed after they
are sealed to the window holders to reduce birefringence,
and the final cell seal attaching the window holder to the
cell body is made far enough from the window not to in-
troduce any additional stress. The end of each window
holder is ground parallel to the window it contains. Care
is taken to keep the cell windows parallel to each other
and after assembly the relative tilt between the windows is
approximately 3 mrad.

The cell contains six coaxial nickel-disk electrodes, 4
cm in diameter and 1-mm thick. Each disk has a 12-
mm-diam center hole for the laser beam to pass through.
The electrodes are supported on four quartz rods and
separated by quartz spacers ground to a precision of
0.0025 cm. The ends of the window holders support the
electrode assembly and provide a flat reference surface
parallel to the windows for alignment of the electrodes
within the cell. The six electrodes are electrically
connnected in pairs (1 and 3, 5 and 6, and 4 and 2 are con-
nected) and each of the three pairs has an independent po-
tential applied to it. Electrodes 1 and 2 serve to smooth
the electric field and baffle scattered laser light from the
two interaction regions defined by electrodes 3,5 and 4,6.
During data acquisition, the outer pairs of electrodes are
kept at approximately equal potentials and the center pair
is at the opposite potential, so that the electric fields in
the two interaction regions are equal and opposite. The
interaction regions defined by the electrodes are each 22-
mm long and their centers are separated by 4.0 cm. The
entire electrode assembly is 10-cm long.

The electrodes are coupled capacitively to an external
pulser with 80-nsec pulses by three pairs of 2-cm-wide
bands of tantalum foil, one inside and one outside the cell.
Each inner band is 0.025-cm thick and stiff enough to
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spring out against the inner cell wall. Each outer band is
0.010-cm thick and is held in place with a spring. The
quartz cell wall between the bands is ground to 0.15-cm
thickness to form a seat for the bands and to increase the
capacitance. The location of the bands is shown in Fig. 7
and the capacitance of each band is measured to be 33 pF.
A schematic diagram of the equivalent circuit is shown in
Fig. 8.

Although each interaction region is defined by elec-
trodes separated by 22 mm, only the center 10 mm of
each interaction region is viewed by each detector. In or-
der to determine the average electric field over this effec-
tive length, two factors must be taken into account. First,
the center hole and finite electrode diameters diminish the
value of the field from the value one would expect with
two infinite parallel plates with potentials +V /2 applied

to them. These geometric effects are taken into account’

by solving Laplace’s equation numerically by computer,
subject to the actual electrode, cell, and oven boundary
conditions. The fractional precision of the solution is
about 3 parts in 10°. It reveals that the average value of
E, over the effective interaction length in each region is
smaller by 8% than that which would be obtained with
infinite parallel plates at the same voltage. A second
correction must be applied to account for capacitive cou-
pling (see Fig. 8). The capacitance of the interaction re-
gions C, as well as the stray capacitance to ground C,
shunt the band capacitance C=33 pF. The ratio of the
voltage Vo, appearing across the electrodes in a given in-
teraction region, to the voltage V=V =V, applied be-
tween the external capacitor bands may be shown from
analysis of the circuit of Fig. 8 to be

VlO C1 3C0

V —_— C ——E-, V=V1=V2. (33)

~

a

If the voltages in the two regions are made unequal by
grounding one of the outer capacitor bands, so that
V=V, and V,=V /2, then Eq. (33) is modified:

Vio C: 5G

= — S, V=V, V,=V/2. (34
7|, c—5c 0 =V, Va=V/2. (4

Experimentally, the quantity

Vie/V Vio.a C
10/V]a _ Yo, El__i_o, 35)
Vio/V0e Vi 2 C

is measured by observing the signal size in one region
(proportional to E?) as the outer electrode in the other re-
gion is switched from potential ¥ /2 to ground. Using
this method we find Cy/C= —0.019. C}, the stray capa-
citance to ground, cannot be measured very precisely and
must be calculated from the known geometry and stan-
dard electrostatics. We find C;=3.2+1.0 pF, where the
uncertainty here is very conservative. We conclude that
the electric field in the interaction region is diminished by
a factor 0.845 because of capacitive coupling. The uncer-
tainty in the effective electric field, +3%, is dominated by
the uncertainty in C;. Parity-nonconservation data were
taken with E =351, 188, 109, and 67 V/cm.

The 535-nm fluorescence in each region from the decay
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72S,,,—62P;,, passes through the cell wall, holes in the
oven and heat shields, and water-cooled vacuum windows.
A liquid filter of potassiumacid phthalate dissolved in
distilled H,O (12 g/1) effectively blocks scattered 293-nm
laser light.!* The transmitted light is then collimated by a
10.2-cm f-1 Fresnel lens, passes through a 10.2-cm-diam,
535-nm interference filter (10-nm bandwidth, 60% peak
transmission) and is refocussed by a second 10.2-cm
Fresnel lens. An EMI 9658 photomultiplier tube, 3.8 cm
behind the final lens focus, detects the 535-nm photons.
Typically we collect about 10° photoelectrons per laser
pulse in each tube. The tube outputs are integrated, am-
plified, digitized and stored in a Digital Equipment Cor-
poration LSI-11/2 computer which controls the experi-
ment in addition to recording and analyzing the data.

1. Backgrounds

Various sources contribute a background to the 535-
nm-photon counting rate. These are as follows.

(a) Scattered laser light contributes about 2% of the sig-
nal at the peak of the Amy=0 resonance at 188 V/cm. It
arises from 293-nm photons that generate fluorescence at
535 nm in cell walls and/or oven and vacuum windows.
The direct transmission of 293-nm light through the
phthalic acid filter is negligible.

(b) A broad nonresonant background that probably
arises from TI atom-atom collisions yields about 10% of
the signal at the peak of the Amp=0 resonance at 188
V/cm. It increases with temperature more rapidly than
the signal. ,

(c) An electric field-dependent background (roughly
proportional to E?) contributes about 10% of the
Amp =0 resonance signal 188 V/cm. It has a number of
possible causes, one being the ejection of electrons from
cell surfaces by 293 nm photons. The electrons are ac-
celerated in the E field and collide with Tl atoms, thus
generating 535-nm fluorescence. A preliminary version of
the cell was constructed with tantalum electrodes. Pho-
togjection of electrons from the tantalum surfaces caused
unacceptable background problems, because tantalum has
a photoelectric threshold at about 300 nm. The new cell,
with which all PNC data were obtained, contains nickel
electrodes (photoelectric threshold ~250 nm) and diffi-
culties with background were reduced. -

B. Data acquisition and processing

Three signals are sent to the computer with each laser
pulse: N and N, from the detectors viewing each region,
and a third pulse from the laser beam power monitor.
These are all binned according to sign (E), and sign (6)
which change from pulse to pulse. For each group of 16
pulses, four are taken in each of the configurations E,
6=++,+—,—+,——, in an order assigned by the
computer random-number generator. Once every 16
pulses, the polarization is switched to take two pulses of
tuning data with 8=70° and 0° (see Sec. III B3). This se-
quence is repeated 64 times to make a data point which is
stored on disc and displayed. The laser is then automati-
cally tuned from Amp=0 to Amp=1, or vice versa, and
the sequence is repeated. The magnetic field is reversed
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once every 16 groups of 1024 pulses. The data are com-
bined as described in the following sections to measure
PNC and systematic effects.

1. PNC channel data

The magnetic field B is nominally the same for both re-
gions, as is the linear polarization €, but the electric fields
in the two regions are opposite; thus we nominally have
EV=_—_E?. To collect PNC data we form a “region
asymmetry”

Ar=(N{—N,)/(N{+N,)

where N; and N, are the counts in detectors 1 and 2,
respectively, and then we form, on-line,

Apne=F(ATT _AT—_A—Ft L A7)

(36)

(37

where At ™, etc. refer to Az for the configurations E,
0=+ +,+ —, etc. The reason for using two independent
regions and working with “region asymmetries” is to nor-
malize out pulse-to-pulse laser intensity fluctuations, that
would otherwise overwhelm the experiment.

Equal quantities of data are taken for each sign of B,
and Apyc is averaged over sign (B). Equal amounts of
data are also taken on the two resonances Amy=0, and
Amp=1. Since 6 and B are such that the signals (and
signal-to-background ratios) are the same for both reso-
nances, these data can be combined to yield

A=1[A(Amp=0)—A(Amp=1)] . (38)

Each time a data point is stored, a number of quantities
averaged over 1024 pulses are recorded in addition to
Apne: N+, Ny++, AT+, etc., along with their standard
deviations. [Here N;* 7 refers to the counts in channel 1
with sign (E)>0, sign (0)>0, etc.] In an off-line pro-
gram, the PNC data can then be analyzed independently
for each region, for each sign (E) and for each sign ().
In particular the PNC information from each individual
region imposes important constraints on systematic
corrections (see Sec. IV B).

2. Laser tuning

As is evident from Fig. 4, at 6=0°, only Amp=+1
transitions are excited, while at 70°, the Amp=0 transi-
tions dominate. The maximum PNC asymmetry occurs
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on the Amp=0 line when the ratio R of the intensity at
70° to that at 0° is a maximum. As noted, tuning data
with 6=70° and 0° are taken about once per second. R is
calculated, averaged over 16 measurements, and then
compared with its previous value. An automatic feedback
loop adjusts the laser frequency to maximize R for
Amp=0 data. The frequency is then shifted by 2.2 GHz
to where R is a maximum for Amyz=1 data. The value of
R on each resonance also yields an accurate and continu-
ous measurement of the signal-to-background ratio (see
Sec. IV A). ‘

3. Resonance line profiles

We use the computer-controlled laser system to scan
the resonance line in order to verify our understanding of
the line shape. At a given frequency normalized signals
for 64 pulses are averaged and the frequency is then shift-
ed by 100 MHz. The resulting resonance curves are fitted
by a sum of Gaussians. Data are taken with B =0 to
measure the Doppler width and 7?P;,, hyperfine-
structure (hfs) splitting, and to calibrate the scan rate.
Data at B =3.2 kG are taken with 6§=0° and 70°, as well

~as §=35° (see Fig. 4). The resulting fitted values of B, 0,

and the scan rate are in excellent agreement with indepen-
dent measurements of these quantities and the fitted
values of the Doppler width agrees well with that calcu-
lated from the cell temperature. Our determination of the
72P, ;, hfs splitting from the B =0 line profile:

AV(7*P; ,)=2.15%0.02 GHz (39)

is more precise than the previous published measure-
ment.'*

IV. OBSERVATIONS

A total of 1.2 107 pulses of PNC data were accumu-
lated. Four values of electric field were employed: E =67,
109, 188, and 351 V/cm. An overall data summary is
given in Table III, which lists A [see Eq. (38)], for each
run, together with a statistical uncertainty, the value of E
and the number of pulses in that run. We now consider
two types of corrections to the data: first, those due to fin-
ite signal-to-background ratio; and second, those due to
systematic false PNC terms (see Sec. IIC).

TABLE III. Summary of data for parity runs at four different electric fields. The total number of
laser pulses is given along with the average signal-to-background ratio and the fraction of 2Im& p /BE
expected from signal-to=background and line overlap dilution. The values of A appearing in the table
have been obtained by dividing the raw values by the corresponding factors appearing in the column “%

of asymmetry expected.”

Electric field

% of asymmetry

(V/cm) Number of pulses S(70°)/b expected A (x1077)
351 1958912 4.6 59 —104+36
188 4669 440 3.7 55 —156+41
109 2627584 3.0 48 —328+89

67 2748416 1.3 32 —504+188
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A. Background corrections

The sources of background were described in Sec.
IITA 2. The background presents two problems: first, it
dilutes the asymmetry by a factor (signal)/(signal
+ background); and second, if the background itself de-
pends on sign (E) and sign (0) it can contribute a false
PNC asymmetry. Two methods are used to determine the
signal-to-background ratio. During PNC data acquisi-
tion, R (see Sec. III B 3) is monitored and recorded. De-
fining b as background, we have

_ S(70°)+b
T S(0°)+b

However, S(70°)/S(0°) depends only on B and the
Doppler width, and may be calculated. Thus (40) may be
used to find S(70°)/b. This is checked by determining
S (70°)/b directly from the line profiles, which are fit to a
signal plus background [see Fig. 4(a)]. It is then straight-
forward to calculate that fraction of 2Im& p /BE one ex-
pects to observe for each transition, where the dilution
arises from background as well as from neighboring

|

(40)

tan@ 1
B (E (”2+E(2’2)

Apnc(1—1— +)=2

X {B(Im&p)Ey) +E

BM(E(”

(2) +,32(E01)AE
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Doppler-broadened lines. The same remarks apply for di-
lutions of false PNC asymmetries. The fraction of
2Im& p /BE expected and S(70°)/b are given in Table III.
By taking equal amounts of data on the Amyz=0 and
Amp=1 transitions at angle 6=35°, where

S/b lAmF=OES/b IAmF=1

we effectively guard against possible systematic shifts due
to a small dependence of background on sign (6), sign
(E).

B. Measurement of systematic effects

Table II summarizes all the interference terms which
can masquerade as false PNC. It is useful to write down
the total transition probability for a particular hyperfine
component and explicitly include the systematic terms
after the region and 6 and E subtractions have been done.
Recall that in the electric fields in the two interaction re-
gions are equal and opposite: E'V= —E®), We have (not
including line overlap)

(”AEZ(“+E8¢)AEZ(2)+E8§)AE,(,2))

89)_32[(E(()L)AE(1)+EO;)AE(1)) (”+(Eéi)AE}Z)—FEg,)AE,(Cz))q;”]

+B2(2E§);)AE}(,1) (l)+2E§)i)AE(2)q;2))+7732(E(”AE 1)+E(1)AE;”+EE)§,)AEZ(2)+E£)§)AE)(,2))} "

The first term in parentheses is the true PNC contribu-
tion. To separate it from the other terms in (41) we in-

dependently determine or put limits on the quantities:

E;, AE,, Eo, AE,, and AE, for each region separately
and gy, gx, and 7.

1. On-line limits

(a) Linear polarization imperfections. As noted in Sec.
IITI A 1 the 293-nm linear polarization is checked periodi-
cally by extinction measurements with a high quality
glan-air prism. We find

7<0.03, (42)

where 72 is defined in (26).

(b) g% and AE, (1,2) /E Durmg PNC data acquisition
we momtor gl 27 and AE 12) /E,, continuously. Each
time a data point is stored, four diagnostic quantities are
calculated, stored, and displayed. They are

(1,2 N12(+E)—N;(—E)
vE = N1,2(+E)+N1’2(-——E)

(43)

and

1,2 N1,2(+60)—N,5(—0)
Yo SN (RO N H(—0)

(44)

(41)

f

Here 1,2 refer to the regions and N ;(+E) refer to counts
in channel 1 or 2 with +E (averaged over +0), with a
complementary definition for N, ,(+6). The quantity
yL?% is used to balance the E field in each region so that
| +E | =|—E|. We recall that the leading term in the
transition rate is proportional to

Bisin®0 (Amp=0) ,

Bicos?0 (Amp=1),
where 3,=p (+Eq,+AE,). Thus from (43) we obtain
12 ZAE(I,Z)
‘}/E = '—E(-I—Z)—— . (45)

Online adjustments of the electric field pulser permit us to
keep g very small in both regions.

Similarly, it is easy to show from Table II that to lead-
ing order

—2¢"Pcoth , Amp=0,
Y= (1,2) : (46)
w +2¢{"Ptan6 , Amp=1.
This quantity is proportional to B,; thus by rotating
Pockels cell II to minimize y,, we choose the laser polari-
zation so as to minimize g,. After correction for finite
signal-to-background, we obtain
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AE"/Eg) 0= 47
AE»/EG) ’ (48)
(1)

q (49)
) [<5X107*

9x (50)

These limits ensure that contributions from terms of the
form f3g, are negligible.

2. Circular polarization measurements

Interspersed among the PNC runs were three runs
where the 293-nm beam was circularly polarized. This
was done to magnify artificially and by about a factor of
30 the contribution of terms proportional to 1 in Table II
[for example, see the last term in Eq. (41)]. When circu-
larly polarized light is employed, the transition probability
becomes, to leading order in terms odd under helicity re-
versal

T < B3+2aB,a;
or

T <B572aB:Bs , (51)

where a is the appropriate coefficient from column 8 of
Table II, and * refers to helicity. In each case, the in-
terference term is odd under b reversal. Using the defini-
tions of Apnc and ¥y [Egs. (37) and (44), respectively]
and adapting them in an obvious way for circular polari-
zation, we find

20E; Y
(1,2) z
ACP &« E“’Z) s (52)
(1,2) .
?/(ZIPZL)J.V“ 212(1 2) (53)
Eyy

where the constants of proportionality, dependent on line
overlap, hfs mixing, and signal-to-background, are deter-
mined precisely from line-shape scans and routine calcula-
tion. In actuality, since Acp and ycp,yy are odd under B
reversal we employ

2207

Acp=3[Acp(+B)—Acp(—B)] (54)

and similarly for 7cp,yuy-

Circular polarization data were obtained for E =67 and
188 V/cm. Neither E,/E,, nor AE,/E, were found to
vary with E. The results from the two values of E are
thus combined and listed in Table IV. The uncertainties
in the sums of off-axis E-field components are an order-
of-magnitude smaller than for the differences, because in
the former case we can take advantage of region subtrac-
tion [see Eq. (41)], while in the latter case laser intensity
fluctuations are not canceled. The values of E(, and AE,
in Table IV yield limits on the a;M and 1B,a; (or B3M,
1nB,B3) contributions to false PNC asymmetry [see Table
II or Eq. (41)]. Since both types of terms are odd under B
reversal, each is suppressed by an additional factor of 20
(the accuracy to which we determine the B reversal).

3. Measurements with the vacuum chamber rotated

The vacuum chamber and cell can be rotated in the
magnet gap by £0.010 rad. When this is done the laser
beam is realigned to pass along the cell center axis, as al-
ways. The net effect of rotation is thus to introduce an
artificially large g, =B, /B,, and therefore to make false
terms of the form f3,8,g, [see Eq. (41)] an order of magni-
tude larger than they would normally be for PNC data
(where the tilt angle is less than 0.001 rad). The data ob-
tained for large rotations is also used to determine E L2
and E 1,2 dxrectly Combining such results with circular
polarlzatlon data (Sec. IVB2) we measure the contribu-
tion of false terms of the form a,a; (or 3,533).

When g, is large, the leading term in A is

zqy E(1)+E(2) AEy AEJ(‘I)_'_AEJ(C”
A(gy) c — (55)
Eq, 2 Ey, 2
By employing
Alg,)=5[Alg,H)—Alg, )], ‘ (56)

we retain that contribution which is odd under reversal of
B, and discard that portion which contains a true PNC
asymmetry. In order to extract information on both Eg,
and AE,, data with large g, are taken with AE, /E, set
artificially large in both regions. (This is done by un-
balancing the electric field pulser to give

TABLE IV. Measured values for off-axis and nonreversing components of the electric field.

Egl)+E(021) E(1)+EB2)
T —(5.940.15)x 10~* S T 0x (2.6+1.2)% 1073
2E,, (5.9+ )X 2E,, (2.6+1.2) %1
E(l)_E(Z) E(l) E(Z)
= (2.0%1.4)x10* =—(2.6+1.7)x 103
2E,, (2.0+1.4)x 2E,, ( )X 10
AE(I) AE(Z) AE(!) AE(Z)
-—’—2—;51~‘—=—(3.5¢o.16)><1o—4 w—i‘ﬁk—"—=(3.153c2.1)><1o~4
Oy Oy
AED _ AED AE{" —AE®
—  _  —_ (0.6t1.4)x10™* —E"———"glo—3
2E,, 2E,,
AE(IZ) B
E(12) <107

q(l Z)SSX 10—4




2208 PERSIS S. DRELL AND EUGENE D. COMMINS 32

AE, /E,=+0.12.) By averaging A(g,) over AE,/E,, we
measure (AEV +AE} ’)/Eoy, while by taking the differ-
ence '

A —A

L
2

AE, 0 . AE, <0

s T > PR
9y Ey 34 Ey

() 2
we extract (Eoy +Eqy)/Eq,.

We obtained 3.6 10° pulses of data at E=109, 188,
and 351 V/cm with the chamber rotated by +0.010 rad.
Since the effects being measured were of the same order-
of-magnitude as PNC, the results were limited by statisti-
cal uncertainty. We accumulated sufficient data to deter-
mine (AE\"+AE®)/E,, and (E()+E{)/Eq, and
demonstrate that they do not vary with | E |. As in the
case of the circular polarization measurements {Sec.
IVB?2) the uncertainties in these sums of off-axis com-
ponents are relatively small because of region subtraction
[see (41)]. However, we cannot take advantage of region
subtraction to determine (AE,‘C’)—AE,(CZ))/EW ~and
(EY'—E®)/E,,. Instead, asymmetry data from the re-
gions separately, which have large uncertainties due to
laser intensity fluctuations, are used to place an upper
limit on (AEY —AE{® )/Eq,. This number then becomes
part of our systematic uncertainty. The quantity
(E;;)—E&))/Eoy is determined by measuring the small
deviation (~0.003 rad) of cell electrode planes from
parallelism, with optical methods. This also yields a mea-
surement of (EY—E Bﬁ’)/Eoy in excellent agreement with
that obtained from circular polarization data (see Sec.
IVB2).

Table IV summarizes the measured values of electric
field components. These are combined to yield values of
the false PNC terms according to the entries of Table II
and formulas analogous to Eq. (41) but also including the
effects of line overlap dilution. The principal contribu-
tions to A€ arise from terms of the form aas or B1fs.
In fact, all other contributions are quite negligible. In
particular, the only contribution to A®!* with the same E
dependence as the true PNC effect is that part proportion-
al to M. Because of B cancellation, this portion of Afa!se
is only about 1X10~7. There remains the question of a
possible false PNC contribution from dependence of the
background on sign (E), sign (8). To investigate this we
took a considerable amount of data off resonance. When
cancellation from switching between the two resonance
lines, and other factors, are taken into account, this effect
cc;ritributes at about the same level as the M portion of
A a. SE'

Finally, then, the total measured contribution of all
false PNC terms is

Afalse(Asz())::( —15+14)x 1077 ’
(57)
Afa]se(AmFZ D=(+5+14)x10"7,

4. PNC results

The systematic corrections of Eq. (57) are applied
separately to the observed asymmetries A(Amg=0) and
A(Amp=1) after the latter have been corrected for finite

signal-to-background dilution due to overlap of nearby
Zeeman components, and angular factors tan6, and cot6.
The result may be expressed as an effective systematic
correction to each of the entries A in Table III. Note that
the E dependence of this correction is negligible. The
corrected asymmetry A* is plotted versus E~! in Fig.
9(a). The data clearly reveal the E ! dependence expect-
ed from PNC.

A straight line is fit to the weighted points of Fig. 9(a)
by least squares. The effective systematic correction
determines the constraint A*(E =0 )=(0+10)Xx10~".
From the slope of the line we obtain

g .
Im—EP—=(— 1.73+0.26+0.07) mV /cm . (58)

Here the first uncertainty is statistical and includes the
uncertainty in (57). The second uncertainty in (58) is sys-
tematic and_includes the uncertainties in | Eg,| and
(AE" —AE®)/E,,.

In Fig. 9(b) we plot the asymmetry for each Zeeman
component separately, where we have combined the data
or all four electric field values together by assuming a
1/E dependence, after correcting for finite signal-to-
background. As expected, the two asymmetries have op-
posite sign and the relative magnitudes are consistent with
a calculation of the asymmetry as a function of frequency
[see Fig. 4(b)].

V. CONCLUSIONS

The present experimental result (58) is consistent with
our earlier measurements of PNC in the 293-nm transi-
tion,® where the result

& .
Im—;— =—1.80*3% mV/cm (59)

was obtained. The present result (58) represents a major
improvement because of the smaller overall uncertainty,
and also because systematic corrections are now much
smaller. ‘

The goal is to determine the weak charge Qy . For this
purpose, we recall the two theoretical values of &p
presented in Sec. I. :

&YEE —(1.93+0.40) X 10~ %0y 1, (60)
& BT =(1.51+0.07) X 10~ 1%Q . (61)

As mentioned earlier, the OECF value (60) results from a
central field calculation (10) that ignores many-body ef-
fects (is of zeroth order in the electron-electron interac-
tion). The RMBPT calculation (61) by Das and co-
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FIG. 9. (a) PNC asymmetry A* averaged over the two Zee-
man components vs 1/E. The straight line is a least-squares fit
to the data points (see text) and is not constrained to -pass
through the origin. (b) Experimental asymmetry, A for the two
hyperfine components separately. The measured PNC asym-
metries for the different values of electric field have been com-
bined assuming a 1/E dependence. We plot the fraction of
—Im2& p/BE measured on each transition. Dashed lines indi-
cate the theoretical prediction for relative sizes of the asym-
metry.
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workers!! obtains a zeroth-order result in good agreement
with (60) but also takes into account first-order correc-
tions. We therefore employ the RMBPT value (61) in the
ensuing discussion.

To compare &p heor With (IM&p/B) | expe in order to
derive an empirical value of Qy, one must know the value
of B. Unfortunately, B is not yet known directly from ex-
periment, (although we are at present carrying out such a
measurement), nor was a theoretical value of B reported
by Das and co-workers. Thus for the present we must
rely on the OECF value'® of By.eor given by Eq. (10). Di-
viding (61) by (10) and comparing with (57) we obtain

Ow(PUTI) = —188+47 . (62)

The uncertainty in (62) arises from the combination, in
quadrature, of the uncertainty in (Im&p)/B | cxpr (19%),
that in BRESF, (15%), and that in ERNMEET, (5%). Accord-
ing to the standard SU(2)xU(1) electroweak model,
Ow=2Z(1—4sin’0y)—N. Inserting Z =81, N =124,
and sin’6y, =0.215 we have

0S8 3BT=—113 . (63)

Finally, comparing (62) and (63) we obtain
AQ=0y —O3=—75+47 . (64)

One can speculate on alternatives to the standard model'*
that would lead to AQ5£0. For 2%°Tl, we believe that such
speculations are premature and must remain so until 3 is
accurately measured and the RMBPT calculation ‘is
thoroughly checked.
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