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PARITY NONCONSERVATION IN ATOMIC THALLIUM:
THE MAGNETIC FIELD EXPERIMENT

Persis Sydney Drell
(Ph. D. Thesis)
Lawrence Berkeley Laboratory

University of California
Berkeley, California 94720

ABSTRACT

An experiment underway to measure the parity nonconserving

-electric dipole amplitude in the 62

2 : .y .
| Pl/2 > 7 Pl/2 transition in |
“atomic thallijum is described. Previousvmeasurements3ivhaVe”yié]ded

a value of

2Im(epypr )
p +0.
— o+ (2.8 £0.7703) x 10

The current experiment employs a magnetic field, an electric field,

-3

and linearly bolarized 1ight from a high intensity dyevlaser

54

oscillator-amplifier system®" in an effort to refine the above

result. In a large (4 KGauss) magnetic field, an interference between

~a parity nonconserving E1 and a Stark E1 amplitude can be observed by

2 2

pumping the 6 P1/2 transition with linearly polarized

2

P1/2'9 7
293 nm photons'and detecting thev7251/2 > 6 P3/2 decay

fluorescence at 535 nm. A description of the experiment is presented
as well as a detai]ed_ana]ysis of the possible systematic effects that
could masquerade as parity nonconservation. Measured 1imits on the

- systematics are also presented.



I. INTRODUCTION

1. The Standard Model

The concept of using a gauge theory to unify fundamental
interactions in physics has enjoyed great popularity in recent years.
This is due in large measure to the tremendous success of the
1,2

Weinberg-Salam model proposed in the late 1960's to unify the

weak and the electromagnetic interactions. The model builds on the
work of many peop]e3 to provide a self-consistent, renormalizable
theory that has demonstrated great predictive power.

The primary ingredient of a gauge theory is the requirement of
local gduge invariénce;' This simp1yvmeans that under transformations

on the fields, ¥(x) of the type 7

| | Y(xu) a,W(xu) + isW(xu) S _ (1.1)
~where'§ = a(xu) cah'change arbitrarily from one'space'tfme point to
the next, the Lagréngian of the system must remain unéhanged. One‘is
mdtivated to require local gauge invariancé because the Dirac
Lagrangian with the'minima1'e1ectromagneticvcoup]ing'which describes
QED, one of the most sdccessfu] of all theories, is locally gauge
invariant under the gauge group U(l). Under the transformation

Cy(x) > e iy - (1.2)
the Dirac Lagranéian'remains unﬁhanged.
The next ingfedients of a gauge theory of the weak and

electromagnetic interactions are spontaneous symmetry breaking and thev
Higgs mechahism whereby one can give the gauge quahtavmass and still

have a renormalizable theory.4 Massive gauge quanta are essential

to any theory incorporating the weak interactions since the weak force



is short ranged. In the Weinberg-Salam model, the gauge group chosen
is SU(2) x U(l). This resu]té in three massive gauge quanta, w* and
ZO, corresponding to the short range weak 1nteraction§; and the | *
familiar massless photon of QED. Other models use larger gauge groups s
and have corresponding]y_mofe gauge quanta. While experimental
evidence does not exc]ﬁde some of these models, nothing favors them
~either.
When one then ‘introduces the matter fields df quarks and Tleptons,
there is cohsiderab]e freedom in choosing how they will transforh
under transformations of the gauge group. One chooses to couple them
in such é way as to reprodﬁce known phenoméno]ogy,_and'it'is in the
choice of quark and lepton couplings, that.the parity nonconserving
‘néture of the weak interactions is inserfed. The Weinberg-Salam
;hoice is: The 1eftvhanded compohents of the quarks and leptons are
in SU(2) isodoublets while the right handed components are in

isosinglets under SU(2). This multiplet asssignment can be written as:

v v . u C
e u

e L e"R, u L"“-R’."' dc Lo Ups ch, sl 1> Sre sCR, ceee
(I.3)

When the couplings of the matter fields have been fixed to conform to

the known electromagnetic and charged current weak interaction “

phenomenology, one is left with one free parameter of the theory,

9> which characterizes the neutral weak interactions.

The amount of experimental evidence supporting the-weinberg—5a1am

model is impressive. That tests of charged current couplings agree
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with the model is not surprising since the couplings were chosen to
agree with existing charged current data, but the model has also
proved successful in predicting previously unobserved neutral current
effects. Neutral currents were first observed and studied in high

5 in the reaction

energy neutrino experiments
vu"‘N->vu+N'. (1.4)
A1l of the experimental data are consistent with the predictions of
the Weinberg-Salam model6 with a value of
sin® 6P = 0.216 + 0.010 | (1.5)
when 0(a) corrections are taken into account.” Evidence also |
supports the Weinberg-Salam form of -the interaction | |
| e 4 Nse AN - o (1.6)
for e1ectrqn-quark’coup]ings in results from. a beautiful experiment at
SLAC.8 A parity nonconservihg asymmetry in the ineTastic scattering

of polarized electrons off of a deuterium target was observed and

~ found consistent with the Weinberg-Salam predictions for

sinzew - 0.215 + .015 (1.7)

9 Early results from

when 0(a) corrections are taken into account.
atomic physics measufements refuted the Weinberg-Salam predictions-fqr
eN couplings, but thése results now are also consistent with the
thebry for the most part. (These experiments will bé discussed in
more detail subsequently.)

Further confirming evidence is beginning to come in with the

10

observation™ of an asymmetry in the scattering

+ - + -
e +e >y +tyu., , (1.8)

Most spectacular, however, are the preliminary reports of direct



observation of the bosons that mediate the charged weak

11 Studies of direct W and Z production should reveal

interactions.
information not only on the first order weak interaction effects, but
provide tests of higher order corrections in the Weinberg-Salam
model. This is important sfnce the ébﬁlity to calculate higher order
terms is one of the great attractions of a gauge theory. Perhaps
future experiments will also give a clue as to the'existence'of the
Higgs particle. This is a scalar particle whose existence is
necessary in order to incorporate masses into.the gauge theory and
still retain renormalizability. It is a particle for which there 1sv
no evidence so far, and experimental verification of its existence

would be very exciting.

2. Non-Relativistic Reduction of the Weinberg-Salam Lagrangian:
Weak Interactions in Atomic Physics

The experiment described herein is an attempt to further
understand the nature of the electron nucleon coupling due to weak
neutral currents by examining an atomic system for évidence of parity
nonconservation. Figure I-1 shows the interaction schematically in
terms of Feynman diagrams where the Weinberg-Salam model predicts
values for the vertex couplings. (Any parity violation due to nu-
clear charged current interactions is O(a) smaller and hence neglig-

33 If it is assumed that the neutral currents contain only

vector and axial vector components12 then the currents take the form

ible).

Moy M
JE = VE e
(1.9)
Mo oyl o4 gM
In = Uyt Ay

as the sum of vector and axial vector portions. The total amplitude
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Fig. I-1. Feynmman diagrams for photon {y) and neutral vector boson -(Zo) '
exchange between electron and nucleon.



JuJ" can be written as a sum of scalar and pseudoscalar parts:

J;JN‘ = (Vg Vy * Ay A+ (V Ay + Y
u

N N Ae) . (I.10)

N
The scalar terms are unobservable but the two pseudoscalar terms can

be observed. In the Weinberg-Salam model, (I.10) is predicted to be:

G
M _ F -, 2 5 -, A . 2 5
Jeru = E——E- ug, (1 -4 sin oy~ Y ) ue.upy (1 - 4 sin 8, - 1.2 v )up
(1.11)
for protons and ‘
G
F - .2 5 -, A 5
) = ———U'y. (1 -4 sine, -y ) u.t'y" (1-1.2y2)u
e nu 2\[5 e’ . W e n n
_ (I.12)
for neutrons.4 For a nucleus with Z protons and N neutrons, (I.11)
and (1.12) can be combined and in the limit of a.non-relafivistic
point nucleus one finds |
Ve = —EQ (3 - B () + 3B 3 - B
PNC — 44[2m c W . °
: e
. 2
Q = (1 - 4 sin® e,) Z - N (1.13)
: 1.2 G '
= 7F . 2 > > > 3
Voyp' = ———— (1 - 4 sin“ o) [§ - 3.3 « B &°(F)
PNC W n
4+f2m c

+83® 2.3 3.0
where VpNC and VPNC are the effective potentials induced by the
VyA, and VA, terms respectively.® The vectors 3,3, and ¥
refer to the electron whereas ?n refers to the nucleons.
The atomic physics experiments performed on heavy atoms are
sensitive to VPNC only. This is because, relative to VPNC s
VPNC has an extra factor of Z since.the nucleons contribute

- coherently., In VPNC' the nucleons add proportional to spin, and
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~in GF’ will appear. and are, in fact, observable.”

when one sums over the nucleons terms cancel in pairs leaving at most
one unpaired nucleon to contribute. These heavy atom experiments
derive great benefit from the approximately Z3 dependence in’

) The other two factors come from the density of the valence

PNC*™.
electron at the nucleus and from the velocity of the electron near the

nucleus, both of which are approximately pkoportional to 2.13

Experiménts in hydrogen are sensitive to effects of both VPNC and
Vonc '+
The effective potentials due to neutral currents must be combined
with the familiar electromagnetic atomic hamiltonian to give the
correct total hamiltonian for the system: |
HrotaL = Pem * Venc: | (1.14)"
This new total hamiltonian no longer commutes with the parity operator

~ due to the presence of the pseudoscalar term, VPNC’ so the atomic

~ eigenstates will no longer be eigenstates of the parity operator. One

expeéts to see transitions that are forbidden by electromagnetic
parity selection rules, now allowed to order GE. Such effects

would be extremely difficult to see, but if a transition can proceed
by an electromagnetic and a weak amplitude, interference terms, linear
14,15

Consider an electromagnetic transition between two states of the

same nominal parity, taking into account the effects of VPNC to

first order in perturbation theory (VPNC << HEM):

' <Us|Opy |V > 1<V |Voupl ug>
- - 2'"EM!'"n n' PNC' "1
<u2|0EM]u1> =-<u2|OEM|u1> + :E: ¢ + lex2
n uy v,

(I.15)



where u and v are states of opposite parity. For a transition that is
nominally magnetic dipole, one gets:

<u2|0EM|ul> =Ml + i ElPNC' ' (I.16)
Under a parity transformation of the system, this transition amplitude
becomes M1 - i EIPNC so. that one can see an interference by looking

at an asymmetry in the light absorbed on the transition:

W(R) - W(L) _ 2IM(Elpye)
BpNe = WIRT FW(L) = —WI , (1.17)

where R and L refer to two experimenta1,configurations related by a

. parity transformation. Attempts to measure APNC in atoms have
followed three independent courses depending on the atomic system
used. These different experiments will now be briefly discussed, and
- theoretical and experimental results presented.

a. Bismuth

The first experimenté to measure Bpyc Were done in

16-21 ‘Attempts were made to measure a very small optical

Bismuth.
rotation in Bismuth vapor due to the interference of an allowed Ml
with the parity nonconserving E1 amplitude. Linearly polarized light
near reéonance passes through a bismuth vapor cell and the plane of
polarization rotates s]ightiy because the M1-E1l interference results
in a difference in the refractive index for right and left circularly
polarized light. The angle of rotation is given by

s an(n-D T Elene
PNC A M1

(1.18)

where n is the index of refraction, x the wavelength, and L is the

path length. Typical estimates of the rotation are
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' _7
boye = 1-2 x 10

rad/abs. length. (1.19)
Experiments on Bismuth have been carried out at four separate labs
with inconsistent results. Details are presented e]sewhere12 but
all experiments use a similar technique. The transmission of light
through a bismuth cell between crossed or nearly crossed polarizers is
observed. A small but precisely known misalignment angle ﬁF is
introduced to interfere with ¢PNC and the light intensity
transmitted through the system is proportional to (¢PNC + ¢F)2'
Without ¢F, the transmitted 1ight intensity would be proportional to

¢§NC and unobservable. The experiments observe an asymmetry:

I, -1 oy * 8
- Ponc T PR 4
T T 10 (1.20)

and any residual rotation ¢R not related to parity nonconservation
or éF is removed by observing the dispersion like lineshape of the
optical rotation as the 1aser is scanned through a resonance.
Experiments are done on two different transitions in bismuth and the
results are shown in Fig. I-2(a). Two experiments which previously
reported null results in the optical rotation experiments now have
reported positive results.21’25 No detailed explanation of possible
systematic effects associated with the experiments, or reasons for

previous null results has ever been published.

Elpne

M1
the two transitions that have been observed are also quite confusing.

The theoretical predictions for the value of

in bismuth for

Results of calculations to date are shown in Fig. I-1(b). Bismuth has
three equivalent P electrons outside of a closed shell and its

structure is quite complex. Two exce]]ent‘articleslz’z7 review the
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El
PNC
R=Im——m—
Transition (units of 10f8) Group
J=13/2>3 =3/2 0.2 = 1.5 ‘Seattle 197716
(876 nm)
-10.4 £ 1.7 Seattle 198121
J=3/253 =52 2.7 = 4.7 Oxford 197717
(648 nm)
-20 £5.5 Novisibirsk 197818
-20.6 * 3.2 Novisibirsk 197919
- 2.3%1.3 Moscow 198020
-10.7 £ 1.5 Oxford 198026
(unpublished)
' Im(ElPNC)

Fig. I-2(a). Experimental results for
tion experiments in bismuth.

B from optical rota-
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El
R = In—iC; Q = - 114
J=3/253"=3/2 J=23/2>3 =5/2 Method
-12.5 x 108 16 x 10-8 Semi-empirical: explicit
sum over states23
- 16 x 10-8 Hartree-Fock + configura-
tion interaction?4
-10.8 x 10-8 ' -12.6 x 10-8 Hartree-Fock + shielding
+ 1st order perturbations22
: _ Dirac Hartree—_Fock25
-14.9 x 108 -20.5 x 10-8 Length form of dipole op.
-12.3 x 108 -2.78 x 108 Velocity form of dipole op.
- 8.6 x 10-8 ~ -11.5 x 10-8 o | |
- 6.3 x 1078 - 8.3 x 10-8 Dirac Hartree-Fock26
- 7.4 x.10-8 -10.0 x 10-8 | -
: : Im(ElPNC)
Fig. I-2(b). Theoretical values for R = ———MI————in bismuth with
. 2 '
sin” o, = .21.

W
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calculations and discuss their possible shortcomings. They suggest
that there are three possible sources of difficulty in bismuth:

(i) shielding effects (ii) exchange effects (iii) complications due to
the breakdown of jj coupling. Both conclude more work is necessary to
clarify both the experimentai and theoretical situation.

b. Cesium and Thallium

In both cesium and thallium one works on a highly forbidden M1
) e s 2 2 .
transition. A laser pumps a transition (6 51/2 > 7 51/2 in

2 2 . . o
Cs, 6 p1/2 > 7 P1/2 in T1) in the ptesence of an external
electric field which induces a parity conserving Stark E1 amplitude.
‘The interference between Elc, . and El; . is then observed by
looking at the decay fluorescence from the excited state as the
handedness or parity of the system is changed. The experimentally

observed asymmetries are

-~ .3-1x107. ' (1.21)
28-30

Apne
Experiments in cesium are being conducted in several Tlabs.

The first observation of parity nonconservation in atomic cesium has

recently been pubh‘shed,29

and the results are in good agreement

with theory with e, = .21 (see Fig. 1-3). (Radiative corrections
lower the value of sin2 oy for atomic enérgiés when compared with

the Qa]ue ascertained from neutrino scattering.) Other experiment§
have maderpreliminary measurements of Stark amplitudes buf are not yet
sensitive enough to measure ElPNC' Results consistent with theory

31

have been published measuring PNC in thallium™" and efforts are

continuing to make the results more precise.



: Im (El )
theo theo PNC™ | _
ElPNC ) == Qw = - 68.5 Method
i 4,74 x 10-11 O lug | Semi-empirical: Explicit sum
over states. 3
i 4.06 x 10-11 Qy Juo | Parametric potential32
i 3.8 x 10-11 Qu |uo | - 1.46 x 10-3 V/cm , Modified sum 5 lowest states34
Tietz '
i 3.50 x 10-11 Qu [vo | - 1.22 x 10-3 v/cm Potential Green's function34
i 3.72 x 10-11 Qu [vo | Relativistic manbeody perturbation
' ' theory36
i 3.41 x 10-11 qulug| -(1.61 £ .07 = ,2) x 10-3 V/cm Norcross potential: Green's
, ‘ function.35
-~ (1.36 * .22 + .11) x 10-3 V/cm 29

sexpt.

'Fig. I-3. Theoretical values for the parity nonconserving E1 amplitude

with the experimental value, &

theo

_ Im(Elpye)

Im(E1
3 is given.

in cesium. For comparison

€1
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Theoretically both cesium and thallium are coqsiderab]y simpler
than bismuth, Very diverse calculational methods yield consistent
predictions for values of the parity nonconserving transition
amplitude. The lower lying states of both atoms are well described in
| a one-electron central field approximation and semi-empirical
calculations can be expected to yield accurate results. Sophisticated
many body perturbation theory calculations are consistent with
parametric potential calculations. A summary of theoretical
predictions for ElPNC on cesium is given in Fig. I-3 along with the
experimental fesu]t for comparison. Results from thallium
ca]culations are given in Fig. II-3. The abundance of spectroscopic
data for both atoms provides additional consistency-éhecks for the
atomic ca]cu]ationé and‘the agréement between theory and experiment is
good. Confidence in the level of understanding of the atomic physics
in cesium is such that attempts are being made to refine the
experimental results to the few percent-1eve1 where it is hoped that

effects due to the VeA term (I.13) can be seen. At this level,

36

N
radiative corrections might also be in evidence.

‘c. Hydrogen

The experiments being pursued in hydrogen are still several orders
of magnitude in sensitfvity away from being able to test predictions
of‘neutra1 currént effects. Predicted asymmetries in hydrogen are
much smaller than in heavy atoms because of the absence of any Z3
enhancement. Some advantage can be regained by working on the 25-2P

states which at zero magnetic field are separated only by the Lamb

shift. At a finite magnetic field, the energy denominator in Eq.
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(I.15) can become as small as 100 Mhz at a 2S-2P level crossing. The
experimental methods used are described in greater detail else-

12,37

where, Very briefly, a beam of hydrogen atoms is prepared in a

component of the metastable 2251/2 state. Transitions are induced:
in a microwave cavity to another component of the 2251/2 state

with a magnetic field tuned to a 2S5-2P level crossing in order to
maximize the PNC matrix element. A small external electric field
Stark mixes states to enhance the signal and results in an inter-
ference between the Stark assisted El amplitude and ElPNC‘ The
number of atoms that have made the microwave transition is measured
downstream and an asymmetry in that number, as the parity of the
interaction region is changed by reversing E, B or ¢, is sought. The
expected size of the asymmetry is 1077 -6

- 107" and the signals are

extremely small.

The great advantage of hydrogen is the precision and reliability
with which calculations can be done. Also, the hydrogen experiments
are sensitive to both VNAe and the VeAN term which is inaccessiible at
this point to the heavy atom experiments. In fact, all the current hy-
drogen experiments are attempting to measure VeAN first.

The most recent progress report is from the Michigan group.38
They put an upper limit of 2.5 x 10'3 on a PNC asymmetry which

translates into a 1limit of

. 2
C2p = .62 (1 - 4 sin ew) < 620 (1.22)
for the coefficient of the VeAN term in (1.13). The expected value in
the Weinberg-Salam model is C2p = .099 for sin2 oy = .21. The exper-

imental difficulties to be overcome before this measurement can be
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improved are formidable. Motional electric fields and misalignments
-4 _5x 107

must be smaller than 10 V/cm for the yarious

experiments and field reversals must be good to a part in 10'4.12
It is likely to be some time before such techniéa] acheivements will
be possible. | |

We shall now return to a description of continuing efforts to
réfine the measurement of ElPNC in atomic thallium. The experiment

and its current status will be described in detail in subsequent

chapters.
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II. PARITY NONCONSERVATION IN ATOMIC THALLIUM

1. Past Work in Thalium

For the past eight years, Eugene Commins and his co]]aborators at
Berkeley have conducted a research program to determine whéther or ndt
périty is conserved in atomic thallium. These efforts have yielded
calculations of the thallium wavefunctions andtheoreticaT predictions.
as we]j as experimental values for Variqus transition amplitudes in
thallium, including the parity nonconserving (PNC) amplitude. Results
are summarized in Fig. II-2 and II-3, and are more fully explained in
the references quoted there. The experiment described here represents
an effort to'improve the precision of the parity measurement with a
different technique that:has independenﬁ Systematic errors associated
with it. | |

| The thallium atom has 81 electrons, 80 of them in closed shells
with 6ne additional 6P electron in the ground state configuration.
The ground state ahdxlower.]ying excitéd states are well described in’
terms of a single valence electron outside of a spherically symmetric
closed core. As a result, calculations of wavefunctions and
transition amplitudes cén be made with confidence due to their
re]étive simplicity, despite the large Z. The availability of 1érge
quantities of spectroscopic data provides an excellent test of the
reliability of these calculations. |

In the calculations on thallium done by Neuffer and Commins,39
valence electron wavefunctions were generated as numerical solutions

to the Dirac equation in a modified Tietz central potential. These

wavefunctions were then used to calculate transition amplitudes,
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energy levels, and fine and hyperfine structure splittings for low
lying states. Other methods of generating wavefunctions have also

13,36,80 ¢4 calculate transition

been used by different groups
elements and their results are in good agreement with those of Neuffer
and Commfns. In particu1ar;vca1cu1afions of hyperfine structure
sp]ﬁttings afe important since they test the value of the wavefunction
at the origin, and the generally good agreement between calculated and
experimental numbers gives one confidence that the behaviour'of the
wavefunction there is understood. Since it is a contact potential,
the PNC amplitude depends on the wavefunction at the origin.
Unfortunate]y, it also depends'on the derivative of'the wavefunction
at the origin (see Eq. 1.13), a quantity none of the spectroscopic
data are sensitive to.

In the turrent experiment, the transition amplitudes of greatest
interest are the PNC amblitude of course, and the Stark amplitudes,
referred to as a and g, which enter when an electric field is
externally applied to the atoms. The particular transition of
interest is from the gfound state 6‘2P1/2 to the 72P1/2 state
(Fig. II-1). Nominally this is a forbidden magnetic dipole tranﬁition

with measured amplitude of43

M= (2.1 %#0.3) x 107 lzg—"c l . | (11.1)
e

Parity nonconservation causes admixing of the 62P1/2 and

2 . 2 .
7 P1/2 states with nearby n 51/2 states and admits an
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—F=l
121.26hz

1‘ -F=0

XBL 833-8845

Fig. II-1. Low-lying energy levels of T1 (not to scale). The
' hyperfine splittings of 62P1/2, 72pP1/7 states are
shown,%» .
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additional electric dipole transition amplitude. In first order

perturbation theory the perturbed states can be written

2
<nS |V 67P, ,,>
162P. > = ]62P1/2> + :E: [ Yonc 16 P/ InS>

>
172 nsS EGP- EnS
| | 2
: —<nS | Vour [7°P /5> ;
17291/2> = 172> + Z | e L2 pss (11.2)
0 7p = Ens

where VPNC»iS the PNC,effective potential described in Eq. (I.13).

The electric dipole amplitude between the states is then

~~

2

: 2
7P 1, |EL|nS><nS | Vo] 6Py 5>
7 2 2 :< 1/2 PNc!® T1/2

S Egp = Ens

' 2 2
. :E::<7 P1/2| VPNC!nS><nS[E1|6 Pl/Z? o
nS 7P

nS

Many of the E1 matrix elements, <nP|E1|nS>, have been experimentally
deterhined by measurements of excited state lifetimes (see Fig. I1-2),
- but the PNC matrix element must be calculated. Neuffer and Commins

predict39

€PNC,theo = <7-Pl/2’ My == ?IEIIG

2

+1.93 x 10710 i g ‘25;7; , Q. =2 (1-4 sin ew) -N

2,12 x 1070 |2 (11.4)
e
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Transition

A coefficient (107 sec'l)

Theory (Ref. 39)

Experiment (Ref. 45
unless otherwide indicated)

7251/2 - 62P1)2
825172 - 62P1 )7
925172 - 62P1)2
112515 - 62P1;7

725172 - 62P3)2

82512 - 62P3/p

1925175 - 62P3)7
10251/ - 62035
6203/ - 62P1)2
,7203/2 - 62P1/2
8203/7 - 62P1)
92D3/2 - 6%P1/2
10203/ - 62712

62D3/2 - 62P3;2
72035 - 62P3)3
8203/2.— 62P3/2

92032 - 62P3/2

- 62052 - 62P3)2

5.78

0.777
0.244

8.30

1.01
0.534

16.00
6.39
3.19
1.82
1.14
2.88
1.01
0.498

0.279

16.3

6.25 + 0.31
1.78 + 0.16
0.78 * 0.10
0.31 * 0.06

©7.05 * 0.32-

1.73 £ 0.18
o.éo + 0.08
0.57 + 0.06

12.6 * 1.0
4.4 £ 0.5
1.89 + 0.3
0.98 * 0.22
0.58 + 0.15

2.20 £ 0.23
.76 % 0.08
.37 £ 0.04

o O O

.19 £ 0.02

12.4 + 1.5

Fig. II-2 continued
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A coefficient (107 sec-1)

Transition Theory (Ref. 39) Experiment (Ref. 45
unless otherwide indicated)

72052 - 62P3/7 . 6.06 . 4.2 % 0.5
8205, - 62P3)7 | 12.96 | 1.7 +0.2
725172 - 72P1)2 1.88 1.71 # 0.07*
6203/ - 72P1/7 0.0479 0.0597 # 0.0078*

*These experimental values are from reference 44.

Fig. II-2. Comparison of theoretical and experimental values for
allowed E1 transition rates. The radial matrix elements
determined from these A coefficients enter in the calculation
of a and 8 as well as epyc. Only transitions for which

. there is experimental data have been listed here. For a more
complete summary see ref. 39. ' '
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for sinzew = .21. A more recent calculation using relativistic

many-body perturbation theory36 predicts a somewhat smaller value of

eonC. theo = (1-51 * 0.07) x 10-10 i, |§§¥§; . (11.5)
c, g

Several other authors have calculated this quantity and the results
are summarized in Fig. II-3. Experimentally, the quantity

2Im(epyc) /M has been determined at Berkeley to be31

0 3)‘x 10—3.

2Im(en ) /M = + (2.8 # 0.7:0:2 (11.6)

PNC

A direct measurement of the fnferference ZIm(ePNC)/M, where M is
a forbidden magnetic dipole trénsitionvamplitude, would be an
.attfactiVe experiment because of the size of the asymmetry {(see 1.16
and 1.17). Such an experiment is pot possible since light scattering
“and otﬁer backgrounds would obscure the resonance. Instead, a

13 is used where an

technique suggested by Bouchiat and Bouchiat
external electric field of a 100-300 V/cm is applied to the thallium
vapor and the Stark signal fs observed. The electric field admixes
S/ and nby, states with the 6%, and 7°P, , states, |
an electric dipole transition is then allowed, and the interference
between fhe Stark induced electric dipole amplitude and the PNC
electric dipole amp]iﬁudé yields an asymmetry, ZIm(ech)/eStark,

- which is observed. Unfortunately, one loses two orders of magnitude

in the size of the asymmetry with this technique, since



2Im(E ) :
theo .2 2 theo _ PNC” | _
Elpne. (6Py 5 > 7P )) 60 = — = ; Q = - 110 Method
i 1.37 x 10-10 Qy o | | ' - Semi-empirical: explicit sum
' ' over statesl
i 1.77 x 10-10 qyjug|* | _ ' ~ Semi-empirical: explicit sum
‘ over states40
i 2.36 x 10-10 q,|ug| | | Modified [ sum 5 lowest states39
Tietz ‘
i 1.93 x 10-10 qu|ug| 2.04 x 10-3 Potential | Green's function39
i(1.51 £ 0.07) x 10-10 Qu v (1.56 + 0.23) x 10-3 Relativistic many-body perturbation
| - | theory36
-3

expt. _ +0.3
8 = 2.8*0.7 45 x 10

*This result was recalculated to give ~ i 1.64 x 10-10 Qu|ug| after a sign error in a matrix element
was . found. : _

ve

Fig. II-3 . Summarg of theoretical predictions for the parity nonconserv1ng E1 amplitude in the T1
62 P1/2 » 75P1y2 transition.
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~ 10-3
ZIm(ePNC)/M 10

-5

2Im(e ~ 10 (11.7)

prc/€stark
Neuffer and Commins calculated the Stark amplitudes a« and B where
a is the Stark amplitude for the linear polarization of the absorbed

radiation parallel to the electric field

1 1 1\
a R +
=3 ;%;; 7P,nS "ns, 6P <E7P-Ens Fer-Frs )
| (11.8)
| 1 1
+ _ o+
9 ;Z: 7P,nS nD, 6P <E7P-EnD EE o )

3/2

and g8 is the Stark amplitude for linear polarization perpendicu]ar'to

the electric field

1 1
8 R - — -
S (11.9)
:E: R7p.ns RnD, 6P < 3 EE T EE >
3/2 v 7P nD 6P ~nD
2. 2

2
where €., = E(6 P1/2)’ etc., and Ryp o = <7 Pllzlr!n,51/2>, etc.
The theoretical values for a and 8 vary somewhat depending on the cal-
culational method used. One tethnique involves taking a finite sum
over the five lowest energy levels using radial integrals calculated

by Neuffer and tabulated values for the energy levels. This method

yieldsS?
2 - -5 jeh (
ee = 2.43 x 10 75;8‘ cm/V
eze = 1.78 x 10-5 eh ‘ cm/V

2mec

Bla = .73 . (11.10)
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A Green's function technique was also employed that includes all

discrete and continuous S and D states and gives39

e“a = 2.05 x 10-5 ”gﬁﬁEl em/V
’ e
e?s = 1.66 x 107 gmhcl cm/V
e -
B/la = .80 . _ (I1.11)

a and 8 have not been measured directly but the ratio 8/a was measured

to be43

(8/a)gupy. = -84 - | (11.12)

2; Present Work in Thallium

The current thallium experiment at Berkeley employs a method

46

suggested independent]y by Bouchiat = and Commins47 where the T1

2 2

6 P1/2 > 7 Pl/2 transition is excited with linearly polarized

- light passing through T1 vapor in the presence of crossed electric and
magnetic fields. If parity is not conserved, then the transition rate
contains an interference term between the Stark induced and the PNC
electric dipole amplitudes that is proportional to

AT A -

gBeE xB . - (I1.13)

where € is the laser polarization and E and B are the electric and

mdgnetic fields respectively.

vThe coordinate system chosen for the experiment is indicated in

Fig. 1I-4. A laser with k parallel to the electric field and tuned to

the 62P > 72P transition energy (293 nm) excites atoms

1/2 1/2
2

to the 7 P1/2 state. In a magnetic field the hyperfine levels are

L
i
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XBL 833-8846

Fig. II-4. Coordinate system for the experiment giving relative
orientations of the laser beam, laser polarization,
magnetic and electric fields.
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split as shown in Fig. II-5. Both isotopes of thallium have a nuclear
spin of 1/2 and many of the individual lines |62P1/2;F,mF> >
2 E i : . ' '

|7 pl/Z’F me,> can be resolved, wherevF,F = 0,1;me,me, =

0,*¥1. (The bar over the states indicates the use of states diagonal

in the magnetic field perturbation.) Whereas the population of either
2, e 2 E o s

the |7 PyjpsF = 0> or |7 P;p3F = 1> state at zero magnetic

field does not vary with a parity transformation and no interference

between 8 and e,

PN
population distributes among individual magnetic sublevels (e.é.,

C exists (see Fig. II-5), the way that the

2 oL _ 2 E oL _ .
6 PyjpsF = 0mz = 0> > |7 P1jpiF = Lme = -1> transition) does
exhibit an interference term. The large magnetic field allows selec-
tive excitation of the individual magnetic sublevels and their popula-
tion is then measured by observing the decay fluorescence as the atoms

2 ' 2 52 , 2 2 .
cascade 7 p1/2 > 7 51/2, 7 51/2 > 6 P3/2, 6 P1/2 (see fig. II-1). The

7251/2 > 62P1/2 radiation is resonantly trapped at the densities used

so the 72

51/2 ->'62P3/2 transition at 535 nm is observed. The popula-
tion of a particular magnetic sublevel varys as the "handedness" of
the coordinate system (e.g. the sign of .8 E-E&g) reverses. The
pseudoscalar term in the transition probabf]ity, BEPNC’ is extracted
by taking the difference in the rate, measured by fhevnumber of 535 nm
photons, as the electric field is re&ersed E > QE and the angle & be-
tween € and g is reversed @ » -6. The form of the pseudoscalar pro-
vides a signature to help isolate the PNC portion of the transition

probability. One looks for a quantity that reverses withvg and e but

~ ->
not with k and B.
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al

Frequency 3
(GH2)
20Fel\ . |

(72pF) 2

Il 4 1 A '

o I 2 3 4 5 6

Magnetic Field (KG)
XBL 833-8847

Fig. II-5. Hyperfine splitting of the 72P1/2 state of T1 as a

' ' function of magnetic field. The zero. field hyperfine
splitting is 2.1 GHz. The eigenstates |1,1>, |+>,
|1,-1>, and |-> are defined in the text in eqns. 11.24
and 1I.25.
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It is straight forward now to proceed and calculate the transition

2p

amplitudes between the 6 1/2 and 72P1/2 states with the
coordinate system defined as in Fig. II-4. Proceeding first with the
- Stark amplitude, the perturbation Hamiltonian is

->
H! eE-r

=efy . | - (11.14)

The perturbed states are

—— <nS|Ey|n
[n P1/2> = |n2P o> ¥ ejz: 1/2”
S

<nDlEy|nP
‘e :E: 1/2

[nS>

[nD> _ (I1.15)

Consider now an electric dipole transition with laser photons
=%cos e+ & sine. v (I1.16)

The Stark amplitudes are then

€ctark = ec7’ P1/2|e 7|6 P1/

_ 212: <7 P1/2|zcose + xsine|n><n|Ey|6 P 1/2>
B Eep -

n

, (11.17)
2 : 2
<7°P;,,|Ey|n><n|zcose + xsine|6P, >

+ o? :E: 1/2 - 1/2

0 7p ~ Ep

where n = nSl/Z’ nD3/2 states. Standard computations lead to the

2 x 2 transition matrix:
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1 1 2
7 -5 m(67Py,,)
: %- igsine -iBcose
mj(72P1/2) (11.18)
- % -igcose -igsine

with g8 defined in eqn. II.9.
The M1 matrix elements are equally straight forward to generate in

terms of the calculated value

M= <Py p5 myo= * 1/2|ML (6% 03 my =+ 1725, (11.19)

The angular part of the Ml operator is described by the familiar
| T ekxé (11.20)

which gives | |

Ml = _

7 -z ety )
% ~Msine 7 Mcose -

2

"5(7P12) ‘ (11.21)
-‘%, Mcose Msine

Finally, using II.3, the definition of €pNC (I1.4) and the substi-
tution '
U = eppe/ (I1.22)

the parity nonconserving amplitudes are

€PNC =
1 1 2
H 7 6P
% -jUcose ~ilUsineg
mj(72P1/2) (11.23)
- %-_ -ilUsine iUcose
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The hyperfine splittings are large so the most convenient basis states

are those described by |F,mF>

|F,mF> \ [mj,mi>

|0,0> = (]1/2, -1/2> - |-1/2,1/2>)/\f5

11,1> = [1/2,1/2> | |

11,00 = (1172, =1/2) *+ |-1/2,1/25)AZ

11> = |-1/2, -1/2> . N (11.22)

The total transition matrix on this basis is given in Fig. II-6.

As was mentioned before, none of the four possible transitions
F=0>F'=0,F=0>F'=1,F=13>F'=0,F=1>F'=1has a
sU inter%erence term. In order to see an interference a magnetic
field strong enough to resolve the hyperfine lines must be applied.
In the intermediate field Zeeman effect (where “OB ~ hyperfine |
splitting) for a magnetic field ‘

B - B2,

the eigenstates of the perturbation are

|1,1> E11 = A(l + x/2)

| +> = &]10>*y|00> E!+ = (1 +‘VFT_:_;?)/2

|1,-1> : | E1-1 = a(1 - x/2)

| = > = 6[10>-y]00> E _ =a(l - V1 + x2)/2 | (11.25)

~ where the energy levels are shifted as indicated and:
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for the 62P1/y | F,mp> > 7

'62P1/2
|00> 11> |10> l1-1>
72112
<00 ]| 0 iD - Mc iB - Mg | -iD + M¢
<11| iD - M¢ iB - Mg | -iD + M¢ 0
<10| iB - Mg | -iD+ M 0 -iD + Mo
<1-1] -iD + M. 0 | -iD + M. | -iB + Mg
B =8, sin @ - U cos o
MS = Msin e
M. = M cos e/y2
D = (8, cos @ + U sin e)/y2
Fig. II-6. D1po]e transition am811tudes <M1> + <Elpye> + <ElStark>

P1/2 | F', mpr> transitions.
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ug = Bohr magneton = 1.4 MHz/gauss
A = hyperfine splitting of F =0 and F = 1
X = UOQJB/A s QJ(PI/Z) = 2/3
§ = X
2
x2 + (1- 1+x2)

(I1.26).

) 2
\j*z + (1-V 1+x2)

Figure II-7 1lists the transition probabilities and energy shifts of
these new efgenstates with the coefficient of 28U, the Stark-PNC -
interference term, explicitly listed. Terms of order M2 or U2 are

not included. Numerical valves for the coefficients with B = 4 KGauss

are given in addition.

The transition most attractive to work on is [62P1/2; 1,1> >
2 . . L. . 2 )
|7 P1/2’ 1,1> which coincides with |6 P1/2’ 1,-1> >
v|72P1/2; 1,-1> and is therefore the strongest. The transition

probability, T, is
' 22 .2 . 2 2

T1§>11 ~E B sin"e - ZEBUS;necose + U cos e
+ M™sin~e
- EszSinzé - 2EsUsinecoss. (11.27)

The intensity asymmetry for +e » -e (or likewise +E » -E) is

o 11 1) - T1,1 ()
> T T T
- - & cote . (11.28)

To choose precisely the correct magnetic field and valve of e for
which the experiment is optimized requires a computer calculation.

Doppler broadened nearby lines with a's of the opposite sign can
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4 KG

Transition '
Bzzsinze ZBZUsinecose' Freq.(GHz) Amp.*s2 2
T(11511) 1 B! 0 sin’ o
T(1-1s1-1) 1 a 0 sin o
T(+5+) W —? .91 .33 sin o
T(<>-) w? —a? 18.29 .33 sin% o
T(+>-) ¢2 -¢2 | -3.36 .67 sin’ o
T(->+) 4 % 22.56 .67 sin’ o

Fig. 1I-7(a)

Transition probabilities for 62P%é§ > 72P1/2 transitions in a

~ magnetic field, for (a) amg = 0 and

The first

column gives the transition strength, column 2 gives the sign and
coefficient of the PNC interference term, and columns 3 and 4 give
numerical values for energy splittings and line strengths for B = 4
KGauss. The symbols used are defined as follows (refer to I1.26 in

text): |
w = 8775 * 877
é = 8785 = v77g
he(7) = %6(7) T Y6(7)
Te(7) = %6(7) ~ Y6(7)
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Transition 4 KG
Bzzcosze 282Usinecose Freq.(GHz) Amp.*322

T(11>-) % A72 % A72 -5.08 .94 cos
T(i—1>+) % A7é % A72 2.96 .94 cos
T(+»1-1) % A62 % 1\62 -2.04 .59 cos
T(->11) -j‘g A62 % A62 23.36 .59 cos
T(115+) 3 r72 3 r72 -.81 .06 cos
T(1-15-) 3 1“72 5 1‘72 -1.32 .06 cos

- T(-1-1) %Fsz % r62 19.60 .41 cos
T(+>11) % F62 % F62 1.72 .41 cos




37

dilute the observed asymmetry. Also, & does not approach infinity as
e goes to zero as might be indicated by II1.28 since the signal |
(~sin29) at that point slips below the background and instead a >

0. In order to hinimize thevrunning time for_tﬁe experiment, the

quantity

K = -—-12—-- L (11.29)

must be minimized. This fo]]ows.if the experiment is limited by
couhting statistics, since then the uncertainty in the measured
asymmetry is lf\ﬂq_where N.is the number of 535 nh photons counted:

N = k'T°t - (11.30)
whéke k' is a constant and t is the running time. In II1.29 the
effects due to nearby lines and finite background hust be included in
Ae and Te; The necessary computer calculations have been done and
a detai]ed description a1ong with actua1v1aser scans of the hyperfine
structure will be presented in Chapter III and IV.

The analysis presented ih this chapter is correct as far as it
goes, but is inadequate to describe an actual experiment. In the real
experiment, the electric and magnetic fields are not precisely
perpendicular to k, it is not possible to make E > -E or & » -8
exactly, the linear po]arization’is actually slightly elliptical, and
fhe background is not a constant. All of these misalignments and
imperfections can cause false asymmetries, many of which have

signatures disturbingly like that of parity nonconservation. The
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challenge of this experiment is to separate the false effects from the
real PNC. The efféct one wishes to measure is very small and the
elimination of the impostors is quite tricky. The next chapter will
be devoted to the analysis of possible false effects and how to remove

them.
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III. ANALYSIS OF SYSTEMATICS

1. - Design Considerations

| This'experiment looks for a small intensity asymmetry
(~10'5) that violates parity. A reliable measurement requires that
any systematic asymmetry inherent in the inétrument with the same
'signature as PNC be removed to the 1078 1evel. The design of the
experiment, with a maximal amount of symmetry built in, avoids a great
deal of possible instrumental asymmetry. Two interaction regions side
by side in the thallium vapor cell, viewed jndependent]y, which share
the same laser pulse and T1 density but in which the electric fields
are opposite, allow an asymmetry to be measured on a shot-to-shot
basis.” This removes possible effects due to f]uctuatﬁons in the laser
power or in the density.b A mirror (see Fig. IV-5) at the end of the
cell can reflect the laser 1fght back throUgh the cell, thus removing
possible effects that depend on k. A further effort is made to reduce
systematic drifts with time by changing as many parameters of the
experiment on as short a time scale as possible. The electric field
and the laser polarization change on a shot-to-shot basis at 16 Hz
(the rep. rate of fhe laser). The frequency of the laser changes at 1
Hz, and data are taken on transitions of opposite aéymmetry. The
mirror which reverses k is b]ocked‘and unblocked once pef mfnute and §
is reQersed every 15 min. Nevertheless, these efforts are not
sufficient to guarantee that the systematics are at the 10'6 level
or below. Misalignments, backgrounds and 1mpeffect subtractions can
all contribute to mask the PNC asymmetry. What follows is a complete
analysis of the possible false effects that can occur, and ways that

they can be distinguished from true parity nonconservation.
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2. Misalignments and Imperfect Subtractions

The transition amplitudes given in Fig. II-6 describe transitions
for an atom in an e]ectfic field exactly along y with perfectly
linearly polarized incident laser light. Figure I1I-7 Tists the
transition probabilities for the atom when a magnetic field exacfly
a1ong 7 is applied. Let the laser beam, k, define the y axis.

Suppose then that E is not para11e1 to k and B is not perpend1cu1ar to
kK as shown in Fig. III-1, and that the 11ght is not perfect]y
polarized. Figure I1-6 and I1I-7 must then be expanded to include
terms in the émp]itude that these misalignments will intfoduce.

First consider the result of having the electric field not be
para]]é] to Q with zero magnetic field. Then,

E-ER+EJ*ESD |

E., E, << E _ o (ITI.1)

X’ "z Yy
and the perturbed states (II.15) are changed by the replacement

Eyy > E X + Eyy + E ;2
11.18 is now modified by the addition of terms in the amplitude

proportional to Ex'and Ez’ Using the following shorthand

ay = aExb By = BEX
0»2 = QEy } ) 82 = BEy
ay = of By = BE, (111.2)

with a and 8 as defined in I11.8 and II.9, the Stark transitjon matrix

11.18 becomes

*
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- XBL 833-8848

Fig. III-1. Schematic view of the actual coordinate systerﬁrfor the
. experiment where E and B are not exactly aligned with
the y and z axes respectively (exaggerated view).
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2
€Stark = €
1 1 2
i -7 m(6°Py,5)
1 . . .
% | 18,s1ne -is,cose
. '+alsine + a3cose +Blcose - s3sine )
2 . .
m;(77P )
_‘% -iezcose —1ezsine
-el;ose + e3sine , +alsine + a3cose .

(I11.3)
It is also possible and indeedlcertain that the nominally linearly
polarized light is‘in fact elliptically polarized. Arbitrary
polarization in the x,z plane (k definés y) -can be written

i§
¢ = %cose + x e Fsine. ' (111.4)

At this point there is nothing in the experiment that defines the z
axis (B =0 here).» Define the x axis (thereby defermining the z axis
as Z = X x y) to be the axis that bisects the angle between e+ and e-
a priori. The magnetic field, which is nominally along 2z, does not
exactly bisect the angle between the two choices for linear
po]arizatioh. Defining x asvthe axis that the two signs of linear
polarization are symmetric about is equivalent then to admitting an
x—cdmponent to the magnetic field (see Fig. III-1). The amount of
birefringence in the system, se, is measured to be very small so
III1.4 can be expanded assumfng §_ << 1 to give:
¢ = cose 2+ (1+is ) sine k. . (111.5)
The correct form of Fig. II-6, where pos;ib]e misalignments in E

and imperfections in the linear polarizatin are taken into account is
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given in ng. I11-2., It is already clear that Ex’Ez and s are

going to cause trouble —- give rﬁse to terms in the transition
probability that Took similar to PNC. As én example, consider a
magnetic field applied exactly along the z-axis. (The possibility of
off axis magnetic field components will bé dealt with presently.)
From the definitions (11.25) and the observed symmetry in Fig. III-2,
one can write

Arst = 2A10510 * “P10500

P = 8786 " Y775

w = 6375 * ¥o8¢  (I11.6)
where Aa;b refers to the transition amb]itude from state |a> to-
state |b>. Fig. III-2 gives

AlOalO = (1+ iae)gisine * a3C0s0

A1 0500 i(l + 1ce)ezsine - iUcose - Msine (1 + ise).

_ (111.7)
Squaring to get the transition probability T and keeping terms to
second order only in the small quantities @1, azs S, MS'and

to first order only in U gives

T+_>+ = (wzsg + wzéfﬁg + mZMZ + pzai)sinze + pzagcosze
+ 2( 20 a, - w28 U - wMa‘ - pwé B ﬁ)S’inGC>039
° o193 2- T PR3 T PUBLFR%3 .
(I11.8)
Clearly,
mZBS >> w.zézeg, w2M2, pzuf, pzagcotze
s0 the expression reduces to
T+>+ = wzegsinze + 2(p2,a1u3 - 'w282U - pra3 - pw§€sza3)sinecose.

(ITI1.9)
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62P1/2
| 00> |11> | 10> |1-1>
72P1/2 - , |
<00 ]| A e+ - M iB - Mg C - iD + M.
<11] | C+iD-M. | A+iB-Mg | C-iD+M | 0
<10| iB - Mg -C - iD + M A C - iD + M.
<1-1] | -C - iD * M¢ 0 ] C-iD+ M. | A- B+ Mg

A = (1 + ise)alsine + a3C0S0

B =(1+ iae)ezsine - Ucose

MS = (1 + ise)Msine

Mc = McoseA/E

C = (eicos e - (1+ ise)a3sine)A/§'
D = (ezcose + Usine)/vﬁ?

ng. ITI-2. Dibole transition amplitudes <Ml> + <Elpyc> + <Elgtapk>
for the 62P142]F,mp> > 72P1/2 |F',mp+ > transitions with
misaligned electric field and imperfect linear polarization.
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The term ofjinterest is -2m232Usine¢ose, the PNC interferencé.

Yet, it is clear that on this transition the term -meMa3sinecose,

an interfefence between the magnetic dipole and the Stark assisted
electric dipole due to an off axis component of E; behaves the same
way as the parity term‘does Under reversal of £ and e. Furthermore,
consider the terms (292a103 - me6582a3)sineco§e. These

have the same e dependence as the parity term but are quadratric -
rather than‘1inear in E. These terms 5hou1d be eliminated for the
most part by the subtraction E+ » E-, but the electric field does not
reverse exactly so the subtraétion is not perfect. The e1ec£ric field
in the interaction region has a part that reverses E+ » E- as well as

small nonreversing components. Let on, E_, and EOZ be the

oy

reversing components of the field while AEX, AE

y? and AEZ gre ;

the nonreversing components.

*AE ) R+ (E, taE) Y+ (Eyy * AE,) z.

E = (E oy y

ox
(I11.10)

With (II1.10) and (III.2) the terms gquadratic in E become

2(02ala3 - prEBZQB) sinecose = 2[p2a2(onEOZ + AEXAEZ)

- pm§eas(EoyEoz + AEyAEZ)]sinecose |
+ 2[o%al(E  0E, + E L0 )
- prEaB(EoyAEZ>+ EOZAEy)]sinecose.
(IT1.11)
The first term'in brackets does not reverse sign when the subtraction

E+ » E- is made, but the second term does change sign and therefore

mimics the PNC term under both reversal of E and of . The
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misalignment combines with an imperfect subtraction to give a false

asymmetry.48

There are subtractions that remain to differentiate between the 3
false terms in (II1.9) and the B,U term. How these false
asymmetries can be differentiated from the PNC asymmetry will be
discussed later in this chapter and primarily in Chapter V. First,
the effects due to a misaligned magnetic field must be considered.
The actual magnetic field in the experiment can be written
§=Bx&+3y‘y+’sz“z
with
BZ >> Bx’By' (I11.12)

Bx and By are treated as a perturbation, using as a basis the

states defined in (II.25). The transition amplitudes between these
states perturbed by the off axis components of B can be written in
terms of the states unperturbed by the magnetic field so that the
amp]itudes can then be read off in a straight forward way. They are
given in Fig. 111-3. Using Fig. III-2 with Fig. III-3, the total
transition probabilities can be written where now all possible :

misalignments are included. Terms even in e or even in E (e.g.

EOEO or AEAE terms) are of no consequence except for the dominant
2
B2
in ¢ are of great consequence however, and a tabulation of the

term that gives the_strength of the line. Terms odd in E and

problematical terms is given in Fig. III-4.
For many of the systematics, Fig. III-4 provides information on
how to eliminate them. For instance, working on the |1,1> » |1,1>,"

|1,-1> » |1,-1> line eliminates the a3M and §_8ra3 terms since-
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ame = 0 transitions:

1 1

vy - A + Lo oa + Lo, A

111 = fisn " 5 - finsto T T o Aol
X - A I Lo, A

1-151-1 = "1-151-1 \/E- - 11910 V[EV + 710511
Riss =0 A10510 * 9 A10500 * @ (8 Ar1,10 * 0 Apgup) V2
A =2 M10510 7 @ P10500 T @ (O Ayp10 T Ok Aygo11)/V 2
Avsw = #A10510 ¥ 4 A1os00 * # (00 Apps10 * O Aros11)/V 2
A ye = = FR010 " 6 Al0s00 T 6 (8L Appig * e g1V 2

ame = + ] transitions:

All> = =17 A11510 T A7 9 Pros0!V2
Alilsr = A7 Ags11 =17 8 Ag,00/V 2
Aos1e1 = M6 Mis10 ~h6 O A1os00/V 2
Asin =~ M6 Alos1n The o Args00/ V2
Ao+ Ty A1s10 =T 7 O Algs00/V 2
A1 = T7A5001 ~T7 9 Apge00/V 2
A1y T's Mos11 ~T6 - Ploso0/ V2
A1l TeMisto -Ts % Prosoo/ V2
p = 8§48, * yoy
= 8785 * vy
- d =85y - v96
B+ iB | 776 16
0, = = y w = 68775 ¥ v78
2 = =
# =878 = Y77
r=46-y
A=6+t v

Fig. ITI-3. Transition amplitudes for 62P1;2|F,mgt> »[72P1 o F* mpe>
transitions for the atom in a magnetic field primarily along
z with small x and y components. The amplitudes are written
in terms of the 0 magnetic field transition amplitudes.
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Interference Terms *sin e coS &

. | 2
82 sin"e 282U 2a1a3 | 2a3M 281829y 2829x .26562u3

T(11511) 1 -1 +1 -1 +] -1 -1
T(1-1s1-1) 1 -1 s a4 -1 +1
T(+>+) wz -m2 +p -ow’ ' +w2 —wz -pw
T(->-) 2 -w2 +o +ow +m2 -Qz tow
T+-) ¢t s L wE P gy
T(=>+) 42 R R oy

Fig. III-4(a)

Transition probabilities for 62P1/2 > 72P1/2 transitions with
misaligned electric and magnetic fields and imperfect laser
polarization for (a) amg = 0 and (b) amg = *# 1 transitions. The
first column gives the transition strength and subsequent columns list
all the interference terms in the transition probability that are
coefficients of sinecose and can mimic PNC. The true PNC interference
term is also listed.
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they cancel in those two exactly overlapping lines. A small contribu-
tion to those terms comes in from the |+> » |+$ transition but that is
not on resonance and so the confribution relative to the line strength
is reduced by a factor of 8. Those two terms can then be eliminated
quite satisfactorily by reversing the magnetic field and k since both

change signs with B and k while the parity term does not. As will be

discussed in greater detail in Chapter V, the sgex term can be kept

adequately small by adjustments made while data is being taken. The

most difficult terms to eliminate satisfactorily are the ajaq term and

AE o
the Blszey term. The later enters in the asymmetry in the form, Ex J

E &f o oy
(the —35—21—1 term is considered third order and dropped) and a separate
E

oy
experiment puts a limit on this quantity. The ajag term, which contrib-

a? (€ 0F, + E,0E,)
butes to the asymmetry as 55— , can only be eliminated
oy

by a direct measurement. Eoz’ AEX, and AEi can be measured directly

but there is no way that Eo can be independently determined. Instead,

X
an experiment is done at a magnetic field of 700 Gauss where instead

of the parity term 82U and the ajag term entering into tHe transition
probability with approximately equal weights, the alaé terms is enhanced
and the BZU term is greatly supressed. This will be discussed in

greater detail in Chapter V.

3. Dilutions and Backgrounds

There are two sources of dilutions in this experiment which will

result in the measured asymmetry being somewhat smaller than ZsPNC/eE.
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These are incomplete 1ine separation and finite.signa1 to backgfound
ratio. The latter can also contribute to a false asymmetry.

.The problem of incomplete line separation has been mentioned
previously. The hyperfine transitions cannot be completely resolved
since the inhomogeheous line width due to Doppler broadening is
 approximate1y 1.6.GHz,'whereas typical line separatibns at 4KG are
~only a few GHz (see Fig. II-7). Furthermore the lines may be
broadened by the isotope shift in T1 of 1.27 GHz. TI naturally occurs

203T1 and 70% ?OSTl but the experiment can be done with

205

as 30%
isotopically pure T1 to remove this soufce of line broadening.

The consequence of the line overlap is that at a given frequency there
are contributions from lines of opposite asymmetry. |

The transitions listed in Fig. II-7 or IlI-4 can be grouped into

two categories. The Ame = 0 transitions have a Teading term of

Bgsinze and a PNC interference term of negative sign while the

sm. = *1 transitions have eg 60529_as the leading term and

the interference is positive. .Let Qi(O) be the coefficients of the

ame = #] transitions and Qi(90) be the coefficients of the ame =
)

0 transitions. (These coefficients are listed in Fig. III-4.) Then

190(4) = D_03(90)P(w-ui)
1

0(w) = D_0i(0)P(w-wi)
1

Doppler broadened lineshape _

centered at w; . (II1.13)

O
€
|
€
#
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At a given frequency, the total intensity will be given by
1 - 19%4) cose + 799(4) sin | (111.14)
and the measured asymmetry will be given by

o 2°pNC () - 19%)

A = (I11.15)
BL (To(w) cote + T | tane)

as coﬁpared with the someﬁhat simpler expression in (II1.28). A com-
puter program is used to generate the Tineshape curves and to find the
optimal valve of @ and B to minimize the running time of the experi-
ment. Computer generated curves of the lineshape in the F =1 » F' =

1 transition are given in Fig. III-5 with a magnetic field of 4 KG for

205

Tl with natural isotopic abundance and for isotopically pure T1.

90(w)

Two - curves are shown for each case: To(w) and T , and two optimal

transitions are indicated, one to measure a positive, the other a

205T1, Tg(w) is also shown.

negative asymmetry. For pure
As Fig. III-5(b) shows quite dramatically, another consequence of

" the finite line width is that at e = 34° where the running time as

defined in equation II1.29 is minimized for B = 4 KG, the resonance is

relatively flat for many GHz across the entire hyperfine spectrum. In

order to stay on resonance, one must look at the signal with e = 0°

and @ = 90°, since both are very sharp functions of w. The maximum

asymmetries occur where

() |

R = 5 . (I11.16)

T (w)
is a local maximum or a local minimum. Once the laser is close to a

point of makimal asymmetry, a feedback loop that maximizes or
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Fig. III-5. Computer generated curves showing the 62P1/2, F=1-~»
7°P172, F' = 1 transition lineshape as a function of
laser frequency for (a) Natural T1 = 30% 20371 +

70% 205T1 and (b) Isotopically pure 205T]. Lineshapes
are shown for both 8 = 0° and 6 = 90° (70 and T90) to
exhibit both amF = 0 and amf = *1 lines. In (b),

T for 6 = 340 js also shown.
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minimizes R can hold it there. During the experiment,‘tuning data are
taken at @ = 0 and @ = 68° in addition to parity data at e = * 34°.
Maximizing T90/T0 is equivalent to makimizing T68/T0, and the
laser.is automatically kept on resonance. |

A finite background in the experiment will also dilute the
measured asymmetry. Consider (I1.28) where T(%) is replaced by T— +

B where B is the total background and is assumed for the moment not to

vary with the reversal of E or . The measured asymmetry becomes

(TV + 8) - (T + B)

A =
Th+B+T +8
o T; T
= —_— : . I11.17
g TFE ( .)

The true asymmetry has been diluted by the ratio of the signa} td.the
signal plus the background. Current]y.the backgkound in the expériment
s quite large (T—;—g = .8) and improvements are underway to reduce .
it to a more acceptable level.

A potentially greater problem that the background can cause
results from any dependence of the background on the direction of E or
of e. There are several sources of background which can be classified
as molecular background, direct scattered light background, and
indirect scattered light or electric field background. The first two
are relatively harmless. The molecular background is a broad
‘background that is independent of the electric field and is thought to
be due to sticky co1lisidns between thallium atoms inducing electric

dipole transitions between the 62P1/2 and 72P1/2 states.49 " This back-
ground is typically a factor_of 10 below the}signal level of the

transition. Direct scattered light is due to laser photons at 293nm
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being bounced into the detectors. This background is extremely small
because 293nm light is effectively blocked from the detectors by a

Phthalic acid filter.2°

There is some fluorescence in the gquartz

. cell window and detector window_which downshifts the light into the
passband of the detection system, but the scatteréd 1ight. contribution
to the background is still less then 2% of the signal.

The electric field background is at present the most troublesome
because it is large (almost 15% of the total signal) and it has a
strong dependence on E and a somewhat weaker dependence on e. This
background is thought to be caused by scattered laser light striking
the tantalum electrodes inside the cell that are used to produce the
electric field. Electrons are ejected from the metal, accelerate in
thé few hundred volts/cm field, and collide with and excite T1 atoms.
This background is profound]y‘affected by the magnetic field since
then the electrons spiral around the field lines with orbits of only
.lmm and are aéce]erated by the Lorentz force either towards or away
from the detector, resulting in a strong dependence in the background
with the sign of E. Since fhe amount of scattered light varies with e
depending on whether the polarization is in or out of the plane of
incidence with the scattering surface, there is a component to this
background that varies with E‘and e just as the PNC interference. The
background can be reduced by taking data at two frequencies whefe the
asymmetry is of opposite sign and the ratio of.signal'to background is
the same. waever, great care must be taken that the laser beam does
not move as the frequency is scanned since the background would then

change and the subtraction would not be adequate. This frequency
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subtraction has been tried but the size of the background and the
asymmetry it produces (typically 5 —‘10 times the size of the expected
PNC asymmetry)}require a more drastic solution. The work function of

tantalum is approximately 4.13 evsl’52

which is below the 4.24 eV of
the laser photohs. Electrons can therefore be ejected rather easily.
A new cell is presently being made with Ni electrodes. The work

function of Ni is 5.01 ev°d

so it will take a multiphoton absorbtion
to remove electrons from the surface of the metal and the electr%c
field ba;kground should then be eliminated entirely. |

At present experimental limits exist on all of the false
asymmetries except for. the ajaq interference. The large
background asymmetry prevents us from being able to_reduce the limits
below the 4-5 «x 10".6 level. An explanation of how thevsystematicsv
have been measured and upper limits on their valuesbwill be presehted

in Chapter V after a detailed description of the‘experiment which

follows in Chapter IV.
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IV. APPARATUS
Figure IV-1 presents an overview df the abparatus for this
éxperiment. The individual components will now be described in
detail, as well as results from several tests used to calibrate the
system.

1. Laser .

A dye-laser oscillator-amplifier system generates the high
2

2
P1/2v> 7 P1/2
thallium transition. A frequency stabilized cw dye laser (Coherent

intensity 293nm light needed to drive the 6

Inc. Model 599-21) pumped by an argon ion laser (Coherent Inc. Model
CR-6) is used as an oscillator and is amplified by three dye
amplifiers pumped by the doubled output of a Q-switched Nd: YAG laser
(Quanta Ray DCR oscillator). Details of the laser are described

elsewhere54

and a schematic is shown in Fig. IV-2. For maximum
efficienéy at 585nm, the amplifier chain is operated with Rhodimine
610 (Exiton) dissolved in methanol in concentrations of 145 mg/1 in
the first two stages and 25 mg/1 in the last stage. The laser
produces 10-15 mj of 585nm light per 5 nsec pulse at 17 Hz in a 100
MHz bandwidth. The beam is approximately 3mm in diémeter and is
nearly diffraction limited. |

The output of the amplifier chain goes unfocused into an angle
tuned KDP crystal, (Cleveland Crystals 12mm x 12mm x 30mm); and 293nm
UV light is'generated with 30% eff{ciency. The UV 1is horizonally
polarized and is separated from the visible light with a fused silica

Brewster angle prism (Quanta Ray) which deviates the beam 90°. The

energy of the UV beam is monitored at this point with a pyroelectric



Fig. IV-1.
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Overview of the apparatus showing lasers in the foreground
and the magnet with the vacuum can installed in the center.
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joﬁ]émeter (Molectron J-3). Two mirrors then steer the Seam so that
it lines up with the po]ariiingvelements and the tha111um.ce1T. The
mirrors aré hard coated for P polarization and the extinction of the
Tinear pq1arization-measured after the mirrors and before the Pockels
cells, using a Glan-air prism and a photodiode, fs better than 103.

To look for‘parity nonéonservation, linearly polarized 1ight is
needed, where the angle between & and thé magnetic field must switch
from +e to —e. It is also very conveéient to have the light polarized
parallel to B‘and'appkoximate]y»perpehdicu]ar to B in order'to:stay3on.
resonance, as was described at the end of Chapter III. With two |
Pockels cells in series, each acting as a fixed half-wave plate, one
has four options for the direction 6f the outgoing 1ineak-po]arization

when the effective fast axes of the Pockels cells are sequentié]]y'at._

a and B8:
PCII(a) PCI(8) Polarization
OFF OFF HORIZONTAL = 0°
ON OFF : 2
OFF ON 28 (Iv.1)

ON - ON 28-2a

This is shown diagramatically in Fig. IV-3. When & is at %e with
respect to the magnetic field, the'parity experimenf ;olTects.data.
The ratio of the signal size when ¢ is at 0° to that at 2e with re-
spect to the field is used for the laser tuning. Thus we choose a = 6

and 8 = /2 to get the desired choices for the linear polarization.
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4 PCII PC I Thallium
Laser — — > Cell
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Fig. IV-3. Possible orientations of laser polarizations; i refers to
incident, o refers to outgoing. If no voltage is applied to the
PC then the outgoing polarization is the same as the incident
polarization. ?a) Shows the effect of PCII acting as a A/2 plate
with fast axis at angle a. (b) Shows the effect of PCI acting as
a A/2 plate with fast axis at angle B8 when no voltage has been
applied to PCII. (c) shows the effect of PCI when voltage has
been applied to PCII. The four possible linear polarizations are
described in the text in IV.1.
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It is possible that the magnetic fie]dvis at a small angle ¢ with re-
spect to the horizontal axis determined by the‘laser polarization after
thé doubling crystal. In this case we choose a = 6 and 8 = (e f ¢)/2
by rotating Pockels cell I until #e is symmetric about B. The,atomé
themselves are used in this final fine alignment of the linear
po]arizatibn as sha]1 be explained later.

The Pockels cells used in the experiment are 10mm diameter x 30mm
Tong KD*P'(Clevelan& Crystals QX 1020) where the crystals are
speéia]]y se1ected for high transmission in the UV. With peak 1aser
powers in excess of 5 MWatts/cmz,.the Pockels cells suffer |
considerable surface damage and some bulk crystal damage. Running the
laser with 2-3 mj/pulse incident upon them, the Pockels cells last
several hundred hours before needing to be repolished due to surface
damage. The crysta]s are sealed in desiccated housings with AR coated
windows. Attempts'were made to use index matching fluid to reduce the
scattering and reflection losses from the crystal §urfaces,lbut the
damagé thresho]d of the crystals was greatly reduced. After the
Pockels ée]]s, the crossed polarizer rejection is better than 103.
Both Pockels cells are mounted in modified mirror mounts with
additional vertical and horizontal translation stages and a rotational
adjuétmentvso thét the crystal can be rotated about the 1ongitudina]
axfs for fine adjustments of the polarization angle while its position
‘remains unchanged. The A/2 voltage for the Pockels cells is

approximately 1800 volts applied to two cylindrical ring electrodes.

The voltage pulse is 1 msec long with a 100 usec rise time.
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The beam then enters the vacuum can through a quartz window and
passes through the cell. At the far end of the cell a UV mirror
reflects the beam back on itself and back out the front window. The
mirror can be blocked by a beam stop, upon a command from the
computer, so that data can be»taken with and without the mirror
reflecting the beam. By rep]acfng the mirror with a quartz window,
the birefringence of the can windows and cell can be measured on the
__far side. This was attempted and on the far side of the vécuum system
the crossed polarizer extinction was still found t¢ be better than
103.

The position of both the initial beam and the beam reflected from
the mirror at the back end of the can is monitored with a 5mm element
quadrant detector (Molectron Q-5). A reflection off the surface of
the Pockels ce]] can be used to detect the position of the incident
beam and a fraction of the beam returned from the back mirror can be
used to sense the position of the beam at the far end of the cell.
Using these tWo references the position of the beam inside the cell
can be held fixed so that angular deflections are less than 1 mrad and
the position of the beam changes by less than .lmm. The backup
circuit for the quadrant detector is shown schematically in Fig.
IV-4. The normalized sums and differences which indicate movement of
the beam across the quadrant detector are displayed digitally and if
the beam moves, the direction and size of the motion is indicated.
The drifts in the laser beam position are slow. Typically the beam

drifts a few mrad in several hours due to drifts in the YAG'and Ar+

laser beams, and adjustments to keep the beam in a fixed position are
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done manually using the steering mirrors in froht of the Pockels cells.
A diagram of the path of the laser is shown in Fig. IV-5.

The frequency of the UV laser is determined by the output of the
cw dye laser, which is actively stabilized to 5 MHz. However, drifts
in température as the laser warms up can result in frequency drifts of
many MHz. To insure that fhe laser remains at the peak of the reso-
nance, a computer controlled feedback loop is used. Interspersed with
the parity data, every 17th and 18th laser shot is devoted to tuning

data. The ratio

R=T%f-(ﬂ)-
| T{w)
is formed, averaged dver 16 measurements and compared to its previous
value. If it has decreased then the computer assumes the laser has
drifted off resonance and adjusts the laser frequency, by means of a
DC voltage, in 50 MHz steps. Always the current valve of R is combared
to the previous valve of R. If R decreases, the step direcfion is re-
versed; if R increases, the step direction remains the same.

The computer also scans the laser. Data are taken at two fixed
frequencies (see Fig. III-5) and the laser jumps between them once
per second. Here, R is maximized for one transition and the jump fre-
qguency is fixed by changing the DC voltage that the computer app}fes
to the external jack of the control box of the laser by a fixed amount.
The computer can also scan the cw laser across the entire hyperfine
spectrum; é technique used to do diagnostic tests on the experiment.
Great care must be taken when the laser frequency is changed however,

to avoid systematic beam motion. The frequency of the laser is

changed by tilting a lmm quartz flat mounted on a galvanometer and
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Fig. IV-5. Schematic diagram of the péth of the laser beam. 4%
reflections off of surfaces are shown as dotted lines.
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held at close to Brewster's Ang1e in the laser cavity. As the plate
tilts, the optical path length changes and correspondingly, so does
the frequency. Unfortunately, the beam also moves. It is important
that the background not change in a systematic fashion for data taken
at two different frequencies where the parity interference is of an
opposite sign, since this éou1d show up in the data, so a second gal-
vanometer driven quartz fiat held at.BreWSter's angie was added out-
side the laser cavity. It tilts in the opposite sense as the intra-
cavity plate and cancels any beam motion. The voltage driving this
second galvanometer fs extracted from.the.1aser control box and comes
from the curcuit thaf drives the laser galvanometer. An adjustable
gain-allows for differences in the galvanometer sensitivities. The
quadrant. detector is used to verify the absence of beam motion as the
frequency of the laser is scanned ovef far greater ranges (60 GHz in
the UV) than the frequéncy chop of 2.8 GHz in the experiment.

2. Thallium Cell and Oven

In order to produce the necessary vapor pressuré of .1 torr, the

thallium for the experiment must be heated to 1000°K.55

To accom-
plish this the thallium is placed in a quartz cell and surrounded by a
nickel oven. The oven is, in turn, surrounded by a vacuuh can and the
entire apparatus, including a separate pumping system for the thallium
cell, sits in the 6-1/4" gap between the pole pieces of a 5KG electro-
magnet.

The cell is shown in Fig. IV-6. The cell body is a 48mm 0.D.

quartz cylinder with 2.5mm walls. A 2-3/4" stem contains the thallium
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~ Fig. IV-6. Thallium cell. Shaded regions show placement of bands

both inside and outside the cell for capacitive coupling.
Unshaded regions between bands are the interaction regions
viewed by the detectors. Support rods and spacers to position
electrodes are also shown.
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reservoir.and é quartz cup holding getter. The stem part of the cell
sits in a separate oven that is typically 130°F cooler than the main
oven. The stem temperature determines the thallium density and is the
coolest portionvof_the cell except for the pump out manifold. The

cell hangs from its pump out manifold which is connected through the

top of the vacuum can to a Vac-ion pump (varian). A ground glass ball

valve seals the cell during data takihg but can be ]iftéd by applying
current to a copper wire so]enoid'p]aced around the top part of the
ball valve (outside the vacuum system) which is made of steel plug
vacuum sea]ed in quartz. This allows the cell to be purged of
impurities périodica]iy.

The windows of the cell through which the laser passes are
Suprasi] quartz disks (Amersil), 1/85 thick, in re-entrant holders..
This allows the windows to be annealed after they are sealed to the
window holders to reduce birefringence, and the final cell seal
attaching the window holder to the end'of.the'body is made far enough
from the window not to introduce any additional stress. Great care is
taken during construction so that the window surfaces end up parallel,
usually to better than 2mrad. |

The cell contains 6 metal plates which form the electrode

structure and provide the necessary’e1ectric fields for the

'experiment. In the past, these plates have been_tantalum and in the

current cell under construction they are nickel. Care must be taken
in the choice of materials put in the cell that they react neither
with thallium nor with quartz at elevated temperatures. The

electrodes are 4 cm in diameter and .040" thick and have a 12mm hole
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on center for the laser beam to pass through. The hole distorts the
field in the 1ntéraction region somewhat., This can be calculated
using a relaxation method to solve LaPlace's eqn.vin cylindrical
coordinates. It turns out that the field gradients in the portion of
the interéction region of interest are negligable. There is a
diminution of the field from its expected valve and this must be
accounted for in estimating the field in the region. Figure IV-7
shows the profile of the electric field in the region between the
electrodes. Figure IV-8vshows the spacing and electrical connections
between the electrodes. The outer two electrodes are present to
smooth the field lines in the interaction region, as well as to act as
baffles to block scaftered laser light. The electrodes are supported
on 4 quartz rods and separated by quartz spacers ground to a precision
of .001". The ends of the window holders (see Fig. IV-6) serve as
supports for the rods and provide a flat surface ground parallel to
the windows for aligning the electrodes so that the plane of the
electrodes is parallel to the plane of the windows. The electrode
assembly is not a tight fit in the cell however. Several thousandths
of an inch must be left as clearance to accommodate thermal expansion
of the plates.

By far the most technicé]]y difficult part of the cell
construction involves the electrical connection between the outside
world and the electrodes inside the cell. Many methods have been

49,56 with varying measures of success. In this

tried in the past
experiment, two methods have been used. The first involved making

electrical feedthroughs by collapsing quartz onto molybdenum foil.
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They were then sea]ed into the cell wall and made a direct electrical
connection between the electric field plates and the external world.
The feedthroughs were extremely time consuming and difficult to make
and very delicate. Furthermore, wires connecting the feedthroughs to
the electrodes caused troublesome off axis components of electric

" field in the interaction regfons. For the latest cells a new design
was proposed which has proved very successful. Instead of being
brought in directly, the electric field is capacitive1y coup led
through the quartz using a short (< 100 nsec) pulse. This is
accomplished with 3 pairs of 2.cm wide bandé of thin tantalum foil,
one inside and one outside the cell. The inner band is .010" thick
and stiff'en0ugh to spring out against the cell Qa]]; the outer band
is .004" thick and is held in place with a spring. The quartz cell
wall between the bands is ground to 1.5mm thickness to form a seat for
the bands and to increase the capacitance;' The position of the bands
~is indicated in Fig( IV-6. The viewing regions are kept free and
there are no connetting wires that need to pass near the interaction
region. The one disadvantage of the new method is that we no longer
know the field in the interactfon regions as well. The capacitance.
between the tantalum bands ié only about 40 pf and can be shunted by
stray capacitance to ground. Also, the capacitance of the interaction
region of a few pf couples with the band capacitance to act as a
voltage divider. While these effects can be reliably modeled and
calculated, they can also be measured as will be further discussed
when the electric field pulser is described. Direct measurements of

the capacitance of the bands and plates using an LC meter were made
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before the windows of the cell were sealed on. These were then
compared with valves inferred from calibration experiments to
determine the field in the interaction region, and the agreement is
excellent.

The cell is surrounded by a nickel main oven and a stainless steel
stem ovén connected to the main bvén by a 1/32" walled tube. The oven
is shown in Fig. IV-9. Nickel was choosen because it does not affect
the quartz at high temperatures in a good vacuum. Stainless steel had
been used previously but fogged viewing optics.and cooler parts of the
cell when used in a good diffusion pump vacuum of 10'5 - 10'6mm
Hg. The nickel remains clean at high temperatures in a good vacuum
and the experimental temperatures are well abové'the Curie point for
nickel so its magnetic properties are not a problem. A good vacuum
v helps keep the cell and can windows clean and free of o0il so that they
are less susceptible to burning due to the laser.

The heater elements are made of .030" tantalum wire wound
helically, and arfanged around the oven to cancel any induced magnetic
fields. The heaters are held in ceramic spacers to prevent them from
shorting to each to each other or to the cell, but care must still be
‘taken in affixing them since the magnet's field exerts considerable
force on them. The main oven heaters run ét 7 amps ac and the stem
heaters at 5.5 amps. The temperatures of the ovens are measured with
chromel-alumel thermocouples placed in the bodies of the ovens and
read by a digital voltmeter. Calibration curves are taken from the

57

AIP Handbook. One nickel énd three titanium heat shields surround

the oven to reduce radiation losses. The oven has two holes in it,
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CBB 833-2939

Fig. IV-9. Oven attached to vacuum can flange for installation.
The heat shields are removed to expose the heaters.
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1-1/2" in diameter, one on'top and one below, with which to view the
interaction regions. These holes are covered with 1/4" quartz windows
to reduce heat loss due to black body radiation from the oven. |

The oven is enclosed in an aluminum vacuum can. The entire oven
and cell aséemb]y is mounted on one end flange of the can to
facilitate insertion and removal. To assemble, the entire vacuum
system (minus the diffusion pump) is raised from between thevpole tips
of the magnet; the oven and cell, attached to the end flange, are
slipped into place; the flange is bolted on, and the entire system
lowered as_éhown in Fig.‘IV—IO.‘.The_vacuum system can be fotated
about a vértica] axis #10 mrad aﬁé-tfans]ated i5'mm from center while
between the pole tips of the magriet . This”fs used for diagnostic
" tests of systemat%cs, as well as.to align the axis bf_tﬁé;ce11
perpendicu]arfto fhe magnétic ffe1d.;:'> - |

A water cooled e]ectromagnét'With-IZ" po]e'tips:and'é'6-174" gap
provides a magnetic field of up to 5 Gauss for the ekperiment; The
magnet is powered by a 2 -Amp, 5 KWatt regulated supply (Varian
V-2100B) designed for use in NMR applications and the cﬁrrént
regulation is one part in 100,000. Figure IV-11(a) gives the
1ongitﬁdina14profi1e of the magnetic field as a function of position
from the center of the pole tip ‘and IV-11(b) gives B vs. I, the
calibration curve for the magnet. Both of these have been measured
using an RFL Model 750A gaussmeter with a Hall brobe. The can is
centered between the magnet pole tips so that the interaction regions

aré 22 cm from pole tip center and the field uniformity there is

excellent.



79

CBB 835-2935

Fig. IV-10. The vacuum can is shown in the raised position in
preparation for cell installation.
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Fig. IV-11. (a) Profile of magnetic field along the y-axis. The
interaction regions are centered at +2 cm from center.
(b) Magnetic field in gap center as a function of supply
current.
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3. Electric Field Pulser

An electric field of several hundred volts per centimeter is
needed in each interaction regﬁon in order td generate a Stark signal
much larger than the background. The electric field in the two
adjacent regions should be in opposite directions so that an asymmetry
can be calculated on a shot-to-shot basis, thereby cancei]ing
fluctuations in the data due to intensity fluctuations in the laser.
Furthermore the electric fields in the region should change sign on a
shot—to-shot‘basis in order to cancel instrumental asymmetries, and
the electric field puises must be short, bofh to capacitively coup]e'
the pulse into the cell, and to prevent discharges from occurring at
the densities used.

An electric field pulser was designed with a fast rise and fall
time to minimiie fhe time an electric field was present in the cell.
The pulsef design is quite simple. A dc regulated HV supply (Hewlett
Packard.6516A) charges a delay line through a 10 MQ resistor. A stack
of 6 SCRs {GA201 A Unitrode) holds off the voltage until a pulse
synchronized with the Taser causes them to conduct. The output is
terminated by a 125Q resistor and the voltage sensed across the
resistor is applied to a cell electrode. The turn on time of the SCRs
is several nsec and the rise time of the pulse is 6 nsec. The
charging time of the delay line is very slow compared tp the pulse
width of 50-80 nsec (depending on'the length of the delay Tlines) so
that the pu]ée turns. of f abruptly when the delay line is discharged,
with a fall time of approximately 20 nsec. A trace of the pulse shape

along with a diagram of the pulser are given in Fig. IV-12.
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Fig. IV-12. (a) Oscilloscope trace of electric field pulse measured
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The pulser is made of 4 boards of 6 SCRs, each with jts own delay
line; two of the boards generate positive voltage pulses and the other
two generate negative voltage pulses. Potentiometers allow
independent fine adjustments of the magnitude of the voltage pulse
from each board and éomputervtontrolled relays allow the connections
between the boards and the cell e]ecthdes to be reversed at will.

The two outer pairs of electrodes are pulsed with voltage of the same
sign while the center pair fs chosen to have the opposite sign. The
independent voltage controls on fhe four boards allow the regions to
be independently balanced so that the reversal + € > - E is good. ‘The
Stérk'signal fs used to make the fine adjustments in balancing the
regfong as will be discussed in the fo]]oQing chaptef. |

Idea11y the electrode Structure presents an open circuit to the
voltage pulse from the electric field pulser and the entire voltage
that appears across the 1259_re§istor appears on the eléctrode
plates. This is not a good description however, and a more accurate
equivalent circuit is shown in Fig. IV-13. The assumptions that the 3
band capacitances are equal, the 2 interaction region capacitances are
equal, and the stray capacitances to ground are equal, are justified
by independent-meaéurements of these gquantities that showed them the
same to within 10% in each case. The ratio of the voltage, VlO’
appearing across the electrodes in a region to the voltage V = V1 =
V, applied between the external capacitpr'bands is:

1
=1 - - N V=V, =V . (IV.Z)
V|, <-T 1=
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Fig. IV-13. Equivalent circuit for electrode assembly. Cj
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- stray capacitance to ground.



. 85

The ratios of the capacitances are known from direct measurements but
the atoms provide an independent check. If the voTtages in the two
regions are made unequal by grounding one of the capacitor bands so

that V1 =V, V2 = V/2, then IV.2 is modified to be

C. Ch .
_ 1 570 - -
’b=1-._f-7_f" p=t Ve Viz. o (IV.3)

Experimentaily, the quantity

| 1o
a v _a (IV.4)

V. =V
10 lb 50

b
can be measured by looking at the signal Size in one region (which is

proportional. to the electric field Squared)-as the outer electrode in
the other region is switched from a potential V/2 to ground and taking

the square root of the ratio of the signal sizes. Since

Y10

v a 1+ 1 CO

le v Z7°C .

aa® NGRS
and.

o] Yo |

'h - Vo 1bh [[L,B,ub%
ol . V| 3T T IT
ol St

the two equations in two unknowns can be solved to yield the following

results:

.13

ds” o

ol . ~ (IV.6)
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This compares well with the values obtained by direct measurement of
C1 and C. Using the LC meter

C

1 ' _
<= -15. (Iv.7)

The direct measurements of capacitance cannot be repeated once the
cell is sealed but the indirect ones can be made with high precision
(a computer program is used to switch the E-field and to monftor and
normalize the data to fluctuations in laser intensity) and the
electric field in the cegion determined to #5% .

4. Detection System and Data Acquisition

The 535 nm light from the decay of the thallium 7251/2 state
is defected and the magnitude of that signal is analyzed for its
dependence on w and the direction of €, E, E, and k. The detection of
the signal proceeds in two stages. First the 1fght from the thallium
cell is collected and focussed onto the cathode of a photomu]tip]ief
tube and the resultant eléctron current is integrated and amplified,
and secondly, the signal is digitjzed and stored in an LSI-11 computer
where the data are binned according to the sign of ¢, E, E, k and the
frequency of the laser. The detection system 15 shown in Fig. Iv-14.

The 535 nm fluorescence from each interaction region passes
through the holes in the oven and heat shields and is collected by 4"
f-1 Fresnel lenses, chosen because of their small épherica]
aberration. To protect the lenses, fi]fers, and phototubes from the
hot oven, the detection optics are enclosed in a water-cooled brass
housing, re-entrant in the vacuum can, so that the optical path length

from the interaction region to the first lens is just 4". A liquid
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filter of 12 gm of potassium acid phthalate per liter of distilled
water, 1/4" thick, placed in front of the first lens, effectively

50 After the lens,

blocks any scattered laser light from the lens.
the collimated light passes through a 4" diameter 535 nm interference
filter with a 10 nm bandWidth, 60% peak transmission, and is
refocussed with another 4" f-1 Fresnel lens. A spatial filter at the
lens focus is useful for removing éome background 1ight produced by
electrons photoejected at the electrodes, but it also decreases the
signal substantially since the interaction regfon is a line rather
than a point source. The phototube is placed 1" in back of the lens
focus to prevent photocathodé saturation. A 3/8" thick iron cylinder
| and cylindrical mu-metal shields protect the phototube from the |
magnetic field and a grounded copper shield protécts the tube from rf
broadcast from the electric field pulser and the lasers.

5 photoelectrons are produced during each laser

Approximaté]y 10
pulse and the tube (EMI 9658) must be run at a lTow gain to prevent
saturation of the last stages. The anode of the tube is capacitively
coupled to a homemade change integrating preamp mouhted on the base of
the tube which consists of a switch-selectable RC integrator follow by
a high speed buffer amplifier (National Semicoﬁductor LHO033) designed
to drive high currents. The voltage pulse out of the preamp is
amplified and shaped by a high rate linear amplifier (LBL 11x5501) and
the peak vo]tage held by a pulse stretcher (LBL 11x9421) until it is
digitized by a 14 bit A to D converter (ADAC) and stored in the

computer (LSI-11/2). For diagnostic purposes it is useful to gate the

charge coming off the anode of the phototube and only accept a portion
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of the pulse. To this end, fast gates (2 nsec rise time) were built
to go on the PMT anode using a charge-to-time converter (LeCroy
QT-IOOC) where the ramp voltage was sensed instead of the TTL output
usua]]y_used.’ The gates could be used to gfve informaton. on the
temporal features of the background but did not improve signal to
‘ background ratios~65'much as was initially hoped, because most of the
background is light from the 7251/2 state and has the same time
features as tﬁe signal.

The signé] sent to the computer is binned accofding to the sign of
E and e. In each group of 16 laser shots four shots of déta are taken

in each of the configurations

m™m

T

+ +
1

(IV.7)

+

in an order assigned by the computer's random number generatbr. A

parity asymmetry is then formed by calculating
Bpar = [(+9)=(+=)=(=*)*+(++)1/4 (v
where the region subtraction (51—52)/(Sl+52), has already been
made. The data are then averaged over a total of 256 laser shots and
stored oh disk. A total of 20 quantities are stored each 16 seconds:
an average asymmetry, the signal averages fofieach region for each -
indepéndeﬁt configuration, the avefagé tota] signal, and the sums of
'the'squares for all these quantities so a standard deviation can be

calculated. Approximately once per minute the following information

is printed out: the parity averaged over 1024 shots, the standard
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deviation in the data for 16 shots, and then four diagnostic

quantities yé’z and yﬁgz formed as follows:

SI(E+) - Sl(E—) 1 Sl(UV+) - Sl(UV—)

1 .
Yg T SITE¢7‘¥‘§ITE:7 * Yyy T O ERNUD)

(IV.9)
5 SHE*) = Sy(E-) 5 S,(UVH) - S,(Uv-)

YE T STEF) F S,(E5) C YW T S TOVE) F S (0T
where 51(2) refers to region 1(2) and S(E+) means the data with E+
have been averaged over UV+ and UV- and so forth. Since the signal is
proportional to the electric field squared, adjusting the
potentiometers of the electric fie]d pulser to keep yé and
yg very small, insures that the electric field has the same
magni tude for both polarities in each region. va and YSV
serve a similar function. Keeping thém small by rotating Pocke]s cell
I slightly insures that e+ and e- are symmetric about the magnetic
field. These quantities typically are kept to no larger than a few

3 in each short printout. After each short printout,

parts in 10~
the computer either changes the frequency of the laser to a line of
opposfte asymmetry,'b1ocks or unblocks the mirror at the back of the
can, or both. After 30 minutes, the computer prints out a summaryvof
this data for each of the configurations, including a calculation of
the asymmetry in the difference between the data taken at the

different frequencies. An off-line analysis program compiles the data

in larger bins.
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5. Calibration Experiments

-There are several things in the experiment that need to, be
calibrated: the magnetic field, the electric field, and the frequency
scanning of the laser. It is also important to demonstfaté sources oF‘
noise and verify that phdton counting statistics are the main 50urce'
of unéertainty in the data. |

The calibration of the electric field has already been discussed
in some detail. The potentials applied to the externé] capacitor
bands are well known and are measured with a fast scope (HP7904 with
P6106 probe). The'output of one board in the pulser is used in the
calibration. The potentiometer setting for that board is never
bhanged and the other boards are ba1ancéd ré]atﬁve.to it. Correcfions
to the value of the field must then be made to atcount fof geometry
and the effects of the capacitive coupling, as has a]ready.been
discussed. '

The magnetic fie]d in fhe interaction region is measured directly
with a Hall probe and the scanning rafe of the cw laser is measured
using an interferometer (kape1 Model 240) with a freevspéctra1 range
of 1.5 GHz. An independent method to measure both these quantities |
exists by using the thallium atoms to sehsé frequency and magnetic
field. Programs have been written to scan the laser frequency across
. the hyperfine structure automatically and record the signal size as a
function of frequency. Data are taken with the mégnet of f to measure
the Doppler width and then again with the magnet on to measure & and
B. 1In both cases the Pockels cell switches from & = 0° to & = 90° s0

that both am. = 0 and ame = & 1 data are recorded. Data are

F
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stored on disk and then analyzed with a curve fitting program that
searches parameter space for a minimum x2. For the B = 0 curve, tHe
hyperfine and Doppler shift splittings and line ratios are fixed and
X2 is minimized by varying the Doppler width.and the horizontal
scale to check the laser scan rate.- The overall intensity
normalization is al;o allowed to vary. For the B = 0 curves, the
Doppler width and horizontal scale are fixed and X2 is minimized by
_varying B, e and the intensity. Both fits also fit a linear.
background. Figure IV-15 shows scan data and the results of a x2
fit for B = 2.2 KG. There are features in the 1ﬁneshape not accounted
for by a simple Doppler profile that have to be understood befofe the
best fit values for B and e can be taken too seriously. The agreement
between fit and data is generally good, and decreasing the background
bwill allow more accurate scans. |

Because the signal is small (we want to work at the lowest
possible electric field the background dilution permits in order to
maximize the asymmetry) it is important to consider sourcés of noise
and how they might affect the data. The main source of fluctuatins
should be countihg statistics. The best way to check whether or not
this is the case is to measure the fluctuations in the data as a~
function of the inverse of electric field and see if the relation is
linear.  This will then verify whether or not the fluctuations are
indeed proportional to the inverse of the square root of the number of
photons counted. Various elements of the experiment have been found
to contribute to the fluctuations: saturated phototubes, noise from
é]ectronics, misaligned laser, and bubbles in the water windows. These

have been removed and Fig. IV-16 shows a plot of o vs. 1/E." The fact
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Fig. IV-15. Results of a laser scan of the hyperfine structure
for B = 2.2 KGauss and 8 = 0°. The solid line is
a fit to the data.
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that the curve does not go through the origin reflects the presence,
on the level of 8 parts in 10'4 per pulse, of noise in the system
contributed by electronics. Figure IV-16 includes a curve where the
phototubes were at the focus of the final Fresnel lens and the
‘saturation is quite apparent. The data collection rate represents an
ofder of magnitude improvement over previous experiments. in
tha]]ium31 and Wi]] allow measurements with a precision of 1 part in

105 to be made in a few hours,
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Fig. 1V-16. Standard deviation for 16 laser shots versus the
inverse of the electric field for phototubes at the
focus (dotted line) and 1 in. behind focus (solid line)
of final fresnel lens.
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V. RESULTS

This experiment cannot claim any significant limits on or
measurement of parity nonconservation in atomic thallium. Because of
thevlarge asymmetry in the background thought to be due to electrons,
(as explained in Chapter I11), an asymmetry in the signal can only be
measured with a precision of a few barts in 10°. The expected
asymmetry due to weak neutral current effects is approximately one
part in 105 so the existing limit is not very meaningful. Increased
statistics could improve this limit somewhat, but uncertaintjes in
elimination of the background asymmetry would prevent a precise
measurement. Instead the experiment is being modified to eliminate
the background and the parity measurement will wait until the changes
are completed. Nevertheless, investigation of the possible systematic
asymmetries associated with misalignments in the experiment, as listed
in Fig. III-4, have yielded interesting results. Limits exist for all
of these possible systematics except the a)aq interference. These
1imits wj]] be improved easily when the backgroundvis reduced, but'
they all put the size of possible false asymmetries significantly
below the expected parity asymmetry. In this chapter the methods for
measuring these false parity effects will be described in detail and

the results of these measurements will be presented.

1. On-Line Limits

While the experiment is accumulating parity data, two quantities

can be measured concurrently: AEy and e - This is done using

yé’z and ytoz as defined in (IV.9).
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The leading term in the transition probability is

'Bzzsinz e - ame = 0

2.2
B, COS™ @ | amc

L}
TS
—t

Using IV.9 and recalling that

. -
where Eoy_is the reversing and AEy the non-reversing y component
of the electric field, then
S(E,) - S(E_) 2aE S
I (R Rl el (v.2)
oy
The quantity e is computed separately for the two regions. The
sizes of the electric field for E+ and E- can be independently
adjusted for the regiohs individually. in order to minimize yE; It
is possible during a run to keep .
-4
AE 5x 10 "|E
o€, | < |

oy

| | | (v.3)
for each region. This value is combined with other'daté to put a |

~1imit on the 3229* interference term which gives an asymmetry of

e 4AE o
by = — X (V.4)
false Eoy

(Note that AEy does not enter into»the asymmetries induced by the
other interference terms containing a factor of By except for -
effects which are of third order and thus negligible.)

Now ' consider Ty Which is also measured on-line. Recall that

S(UV+) - S(UV=) |
YoV = STOVEF SOV (V.5)

where now more than the leading term in (V.1) must be kept in

computing Ty Returning to the expressions for the total
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transition probability one finds:

]
o

-29Xcot -] Amc

'YUV = (V°6)

+29Xtan e Ame 1,

Yy depends on the misa]ignment in the x direction of the magnetic
field as a result of the deffnition of the z-axis as the axis that
bisects the angle between e+ and e-. What yuv‘a11ows then is the
precise alignment of the laser'polarizatfon with respect to the
magnetic field. The rotation angle, 8, of PCI-(seeB?ig. Iv-3) is

adjusted to minimize Ty and thus insure that 8, = gﬁ is small. It is
. "B,

possible during a run to keep

. 3 .
Ty < 2 x 10 _ (V.7)
- which correspond to the following limits on 6,:
-4
[ex[< 7 x 10 ame = 0
¢ 1.4 x 1073 o = % 1 (v.8)

for each region. Thus we have the limit for each region independently
~ that

8

X -6 '
bfarse € 2 x 10 . (v.9)

This limit alone, extracted from several hours of data, is quite good.
However the region subtraction has yet to be taken advantage of. If

AE
If o and-E—— are the same in both regions they cannot contribute a

false parity since the signals in the two regions are subtracted to
AE
ca]cu]ate an asymmetry. Both e, and _E_ are strongly correlated in

the reg1ons so making that subtraction g1ves

Oy -7
Bearse < 1.2 x 10 ". © (v.10)
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The contribution to the assymmetry due to the egex interference

is negligible.

2. Circular Polarization Measurements
| In order to investigate interference terms involving u.; which
arise from the component of the electric fie]d_a]ong the 2z axis,Aan
auxiliary experiment is performed using circularly polarized (CP)
incident laser light. To make CP light Pockels cell Il is removed and
Pockels cell I is aligned so that the effective fast axis is at 45° to
the incident 1aser'polarization. The voltage on the Pockels cell is
then adjusted to produce quarter—wave retardation. Changing the sign
of the high vo]tage reverses the helicity of the light. -
The.transition amplitudes for CPvlight are easy to construct, and

Fig. III-2, with the replacement

- CO0S @ > L
(1 +6 ) sine > # 4
€ \/‘E ’ ‘
is still valid. Keeping only the highest order interference term in

(v.11)-

‘the transition probability gives:

1 2
Ti(AmF =0) = 7 a.8, * b18233
' 1 2 _ 2 :
Ti(AmF =% 1) = > a;85 £ bi(8283 + eyez) . (v.12)

where a; is the coefficient of the leading term listed in Fig. III-4,
bi is the coefficient of the 26€a382 or 25€e332 term in Fig. I1II-4,
and = refers to * helicity incident laser light. For data taken with

CP light,
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'a]._' ‘E—OZ' AmF =0
Yoy = v (V.13)
W Zbi (Eoz )

— + 9 AM- = £ 1

a F;; y F

in each region. Ye is the same as for linearly polarized light but
the leading term in the parity channel where the electric field, UV,

and region substractions have been made is:

b. 2AE
L Am. = 0
a. g E F -
cp i oy
bfalse = b. 2aE (v.14)
i “tz
— -E'_ Am =*1.
3y oy F

Apart'from the factor of sc this is exactly the contribution that the
§ _Boag ér 656283 interference terms make to the-true parity asymmétry
when the experiment is performed with linearly polarized Tight. In
the actual experiment 8, is very small since the quality of the‘ljn-
ear polarization ié so good, but here CP has enhanced these interfer-
ence terms by more than an order of magnitude.

Apbroximate]y 4 hours of data were taken with CP light on two
transitions. Both the main ame = 0 transition which is a combination
of the |1,1> > |1,1>, |1,-1> » |1,-1> and |*+> > |*> lines, and the most
promineﬁt ame = + 1 transition, [1,-1> » [+>, were used. On the ame = 0
transition, the effect cancels in the [1,1> 5 |1,1> and [1,-1> > |1,-1>
lines and only enters at half strength through the [+> > |+> line which
is almost 1 GHz off resonance. The full efféct enters in the [1,-1> >
[+> line undiluted but the line is weaker and the statistical precis-
ion nof as good. From the parity data where all the subtractions were

made and Yoy where the data were averaged over electric field and the
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region subtraction has been included, the following limits were

extracted:
BEZ = (1.3 % .4) x 10-3|gy |
-3 (v.15)
IEOZI =(2%.,7) x10 |Eoy | .
Limits can now be placed on two additional interference terms:
658203 and G3Mo
The § . Braq term contributes a false parity asymmetry to the
linear polarization PNC experiment of
s ZaeAEZ o
bfalse = Eoy 3 (AmF = 0). (v.16)

The quality of the linear polarization is very good and the measured

1imit on ce is

§2 < 10-3
(v.17)
§ < .032
€
This combined with (V.15) yields
al < 8 x 10'5 (am_ = 0) (v.18)
false ’ F - * :
The Ma3 term contributes a false parity asymmetry of
2aME
M 02
bfalse =77 (AmF =0). (V.19)
B E
oy
From (V.15) and the values of M/g from Chapter II, one gets:
M -3 1
b¢arse = & X 1077 X Fry ey (amg = 0)
= 2.6 x 107 for E = 250 V/cm. (V.20)

As they stand (V.18) and (V.20) are not satisfactory limits, but
several factors allow these limits to be improved so that these false

asymmetries can be distinguished from the true effect,
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When the direction of the magnetﬁc field is changed, both of the
above false asymmetries reverse sign but the asymmetry induced by
neutral current effects does not change. After the mégnetic field

subtraction has been made, then

5 - -6
M < 1.5 x 1070 (v.21)
false * - *

These are limits that can be improved as increased statistics verify
the quality of the subtraction. These two false asymmetries also
Eeverse sign when the direction of the laser beam is reversed, whereas
the true parity asymmetry is independent of k. It s expected that
this subtraction will further reduce the Timits in (V.21) by a factor
of 4.

For the ame = * 1 transitions this is the best that can be done
and it is possible that the am. = + 1 data may be limited by the
uncertainty in the contribution from the seEyEZ interference.
(Actually the limits quoted in (vV.21) are a little smaller for the
ame = * 1 transition where the factor a/g is replaced by unity). In
the ame = 0 transition that we choose to work on however, the false
asymmetry is further reduced by a factor of 8 since these interference
terms cancel in the |1,1> » |1,1> and |1,-1> » |1,-1> transitions as
mentioned previously. The contribution from the |+> > |+> line is
supressed a factor of 2 because it is off resonance and both terms in

(v.21) become negligible.
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3. ey and 700 Gauss Measurements
The circular go]arization measurements and the data accumulated
while running the experiment have set limits on the asymmetries induced
by three of the interference terms listed in Fig. III-4. To set limits
von the remaining two terms requires two additional experiments.
' The interference term proportional to élszey contributes an asym;

metry of the form

Ag]se - ﬁ;% ) | | (V.22)
' e

This is_a troublesome term because Afg1sé changes sign and magnitude
in thé same was as the true parity asymmetry as the hypérfine
‘structure is scannéd; and it behaves the same way under reversal of B
and k. In order to put a limit on this term, it is first enhanced by
rotating thé entire vacuum system inside the magnet gap. If-thev1aser
beam is then realigned so that it goes through the cell in the same
fashin'as before, AE* will have been unchanged but ey will have
been greatly increased. There is sufficient room in the magnet gap to
rotate the vacuum can * 10 mrad and it is aligned to within 1 mrad of
center so ey is approximately lO’times greater with the can tilted.

<Databare taken with the can tilted to both + 10 mrad and - 10 mrad
and_the parity channel is examined for any evidence of an asymmetry
that changes sign with the can angle. Due to fhe large asymmetry in
the background, data were taken on both the main ame = 0 transition

and on a am; = + 1 transition and combined to eliminate background

effects. Figure V-1 shows the data from which we can conclude:
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Data are shown for two transitions: |1,1> > [1,1>,

[+> > |+>, |1,-1> > |1,-1> Amf = 0 line and |1-1>> [+> amf=
+1 line. 0-1/2 is the asymmetry in the difference between
the two 1lines where the subtraction is used to remove any
asymmetries in the background. Data are shown for

B = +3.6 Kgauss.

s
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-3

|AExl< 1x 10 |Eoy| (V.23)
where the 1imit is purely statistical. Therefore, with the cell
centered in the magnet gap, the limit is

®y
Afalse < 2 x 10-6 . (V.24)

This 1imit can be improved when removal of the asymmetry in the
background makes a more precise measurement possible.

The last interference term in the transition amplitude that can
produce a false asymmetry is the term resulting from the components of
the misaligned electric field: aqag and 8183 for ame = 0 and

ame = = 1 respectively. These terms induce an asymmetry of the form

2a2 (onAEz * EozAEx)
am- = 0
2 2 F
8 E oy |
X2
A = (v.25)
false 2(EOx AEZ + Eoz AEX)
Am- = £ 1
E2 F
oy

It has already been demonstrated that Eoz’ AEZ, and AEx can be
independently determined but there is no independent way that on
can be measured. This effect could be substantial, since if on is
roughly the size of Eoz then (V.15) and (V.23) combine to give

-6
2 8.4 x 10 ame = = ]

A <
false 1.3 x 10~ sme = 0 .

(v.26)

These are clearly unsatisfactory limits, and there is no guarantee
that on is not larger than EOZ though the geometry prevents it
from being more than a factor of 2-3 bigger. This false asymmetry

behaves exactly like the true parity asymmetry as the magnetic field
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and laser diréction ére reversed, and it has the same behavior on the
different hyperfine transitions. Fortunately, a separate experiment
allows the measurement Aég]se directly so that it can be corrected for
if necessary.

At a magnetic field of approxfmate]y 700 Gauss, therZeeman‘
sp]ittfngs of the lines are-negligible and the only transitions that

can be resolved are
2

6% p0F = 05 7Py ) F = 0
6°P) poF = 0> 7Py ) F = 1
6%P 1 goF = 1> 7% 5 F = 0
6% 1psF = 1> 7%P o F = 1. | (v.27)

The transition probability for the 1 » 1 transition can be construéted
by summing the appropriate entries from Fig. III-2 which gives

Tlal = Zeg + (6a1a3 - 48183) sin e .cos e . ©(v.28)
where only the leading order term and leading interference term have
been kept. When the lines overlap, the parity nonconserving
interference cancels so that in the parity chénne] where electric
field, UV, and region subtractions have been made, the only asymmetry
that can contribute is |

2 _ 282 (onAEz * EozAEx)

A700 _ 3a
false ~ 2 2 :
_ 8 Eoy
: _ (v.29)
) 2.7 (EOXAEZ + EOZAEX)
B 2
Eoy

Apart from numerical factors, this is identical to (V.25). This quan-

700

tity, bfalse

, must be measured with the same precision as the true

i
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parity asymmetry and then the data must be corrected for it. Due to
the small size of this term and because of fhe precision with which it
must be ﬁeasured, the large asymmetry in the background has prevented
a meaningful 1imit from being placed on it so far.

When the true parity asymmetry is‘meésured, data are taken at two
‘different frequencies, where the asymmetry ié opposite in sign but the
‘ratio of signal to background is the same, so that any residual
background asymmetries can be canceled. In the 700 Gauss data, this
is not possible because the different me transitions are not re-
solved. Instead, data are taken on and off resonance with a suit-
~able correcfion applied for the signal to background ratio, and the

- data are subtracted'to'remove any possible background asymmetry present

700
false*

The choice of 700 Gauss for this auxiliary experiment was somewhat

in A

arbitrary and data will be taken at several fields to insure the in-
dependence of (V.29) from the value of the field (apart from known
contributions due to the line splittings). Since the overlap of the
hyperfine lines supresses the true PNC asymmetry relative to the Esz
interference, a small magnetic field is used. Zero field was not
chosen however, because the background due to electrons is substanti-
ally different af zero field and at several hundred Gauss, where the
~ electron orbits are a]keady only on the order of 1lmm. The change in
the size and dependence on E of the background as B is increased from
0 to 100 Gauss is dramatic but no change is seen as B continues to
increase. Thus any possib]e.contribution that electrons in the cell

might be making to on,‘E , AEX, or AEZ should not be changing as the

0z
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as the magnetic field is increased. This will be verified directly

. 700
by measuring 8¢alse

Figure V-2 is a summary of the existing limits on the possible

at several magnetic fields.

false asymmetries for this experiment. With the new cell they will ?
all be reheasured and, it is hoped, greatly improved. Only i
systematics that are the product of up to two small quantities have

been included in Fig. V-2; A1l quantities third order and higher have

been examined and discarded because all have beeh found to contribute

less than 10'7

to the total asymmetry.

Tﬁe goal Qf fhis experiment is to reduce the unceftainties in the
" terms in V-2 to the 10'6 level. It would be overly optimistic td'
hope that the terms themse]ves would all contribute less. than one part
in 107% to the asymmetry, but if they can be measured with

sufficient precision,vthey can be reliably corrected for{ The

- corrections that are ultimately made to the data ‘in this experiment
will be very different from the corrections made in previous atomic

29,31 (in particular we avoid

physics experiments of this type,
substantia1 correctiohs due to imperfect cancellation of an M1

asymmetry), although the spirit of the analysis is quite similar. It

is unlikely that the investigation of PNC in T1 will be persued in the

near future be]ow the 10-15% ‘level of uncertainty that this experiment .
hopes to achieve. At that point the uhcerfainties in the atomic
physics are much greater than the experimental uncertainties and there

is not much hope at this time that the theoretical situation can be

greatly improved.
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Limits on Asymmetries

2U V -5
A P <3 x10
parjtyv BEoy
' 5 2 (E._AE_ + E__aE ) :
X2 . 2a 0x "2 02 v -5
Afalse "2 £2 <3x10
A oy
2aME__ .
M 0z _ -7 :
beatse = 77 < 1.5 x 107" am = 0.
: B E v
oy .
(¢ 1.2 x 10'6 AMc == 1)
o 2aEe.
_ Xy 6
btatse T —?;—__ <2 x10
e 24aE. o
X yox 7
tfatse = T, ~ < 12X 10
-ZGeAEZ a
Afa]se TE‘(SXIO AmF=0

(< 4 x 1078 ame = i‘l)

Fig. V-2. Measured limits on systematic effects. Unless otherwise
indicated, the expressions shown are valid for ame = 0

lines. Expressions for Ame = .1 require replacement of

factors of % by 1. .
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