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The atomic-beam magnetic-resonance technique has been used to measure the hyperfine-structure tensor
polarizability (quadratic Stark effect) in the 6°P,,, ground state of atomic thallium. Electric fields of up to 460
kV/cm were used to lift the degeneracy between the my = 0 and the m; = = 1 substates in the absence of an
external magnetic field, and focusing transitions between these Stark-separated states were observed.
Measurements were also made between Zeeman-separated substates. The results are a; = —(3.74 £ 0.09) X 10~*
Hz/(V/cm)’, or k = —(5.62+0.14) X 10~ Hz/(V/cm)?, where v = kE? is the Stark shift of the

(mg = 0)o (mp = —1) “flop-in” transition.

I. INTRODUCTION

This paper reports an atomic-beam magnetic-
resonance measurement of the hyperfine-tensor
polarizability in the 6%P,,, ground state of atomic
thallium. The hyperfine-structure Stark effect
in a state of electronic angular momentum J is
related to the scalar and tensor polarizabilities
by the formulal
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ap(J) 3m%i—F(F+1)
- F(2F-1)
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(1)

where E, is the “2” component of the electric
field E, my is the Zeeman substate of F, the total
(electronic plus nuclear) angular momentum, and
ag and a4 are the scalar and tensor hyperfine
polarizabilities. The polarizability is defined!

in terms of the m; =F stretched-state matrix
element of the Stark operator, TS ,

— 30/, F)(3E% - E?)
=(J,F,mp=F|T&|J, F,mp=F) (2)

so that in a uniform electric field in the z direction
the polarizability of the stretched state is given
by

AW = = 3a,(J, F)E?. (3)

Measurements of the Stark effect between dif-
ferent m% but the same F determine a,. First-
order Stark effects, linear in £ and mg, are
prohibited by conservation of parity and time-
reversal invariance, and have not been ob-
served.?™® [A linear Stark effect would arise
from the interaction of the electric field with a
permanent electric dipole moment (EDM) of the
atom. The likely cause of any atomic EDM would
be a permanent EDM of the electron.®] Mea-
surement of the hyperfine-tensor polarizability
in thallium is of particular interest because of

its connection with experiments to search for a
permanent EDM of the electron.® In particular,
measurements between Stark-separated levels
(see Sec. II) offer attractive possibilities for EDM
measurements nearly free from instrumental
effects caused by motional magnetic fields.?™*

At least two separate effects contribute to the
hyperfine-tensor polarizability in the thallium
ground state. First is a second-order perturba-
tion involving the off-diagonal matrix element
of the hyperfine-structure operator and the tensor
Stark operator between P states.!'™® The con-
tribution from the 62P3/2 state is given by

(Pl Oht'sl Pap)( Pml T,(s?)l P,) +e.c. )

AW =
I'{’1/2 - Ws/z

(4)

Accurate evaluation of the off-diagonal matrix
element is not straightforward owing to very
large configuration-interaction effects.® An ap-
proximate value can be obtained from Zeeman-
effect measurements of Fowler.'® The most
probable value is — 1.1 GHz and the lower limit
is = 0.7 GHz. The off-diagonal matrix element
of the tensor Stark operator can be evaluated in
terms of the diagonal matrix element of the tensor
Stark operator in the 6P, state and hence the
tensor polarizability in that state. We find

<P3/2| Tg‘Z)lPl/z):‘/—z—(Ps/zl T?’l P3/2> (5)

The tensor polarizability in the metastable 6°P,,
state has been measured by Petersen ef al.'*
They find a,(3)=(-6.02+0.08)x1072, Using

Wyp =W, =T793 cm™ ' the contribution to @ ,(3)
is —=8X%107® Hz/AV/cm)?. The contribution to the
ground-state hyperfine-tensor polarizability from
the 62P3,2 state is not the only, nor necessarily
the largest contribution. The 7?P,, and 8°P,,
states lie 35000 and 42 000 cm™ above the ground
stateandthe series limitisat 49000ecm™, Contri-
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butions from the ®P, ,, states will alsobe present.
Thesestates, compared tothe 6P, , state, do not
lie far enough above the ground state (as inthe case
of the 32P3/2 state in aluminum) to neglect their
effect upon a,(3). The polarizabilities of these
states are not yet known, without which their
contribution to @,(3) can not be estimated.

The second effectisa third-order effect involving
the hyperfine structure in excited states.!'!®
This is the same interaction which gives rise to
the ground-state hyperfine-tensor polarizabilities
in the alkali atoms. If one neglects all but the
7%S,,, state, the interaction takes the form's

_ (P 151218, 15)$51 £210441S) 12068, /2121P) /o) eE?. (6)
(WeP - st)2

The quantity (P, ,5/2[S, ;2)|2/(Wep — W,) is of the
form of the (atomic) scalar polarizability, and
evaluation by a Bates-Damgaard calculation'*
gives 2.4 x10"2* ¢cm®. Using the experimental
value'® of 0.417 cm™ for the 72S, ,, hyperfine-
structure splitting, and W, — W,,=26478 cm™ '
the contribution to a,(3) is -1.6% 107 Hz/(V/cm)?.
Both of the interactions result in an electric

AW

TABLE I. Hyperfine-structure tensor polarizabilities.

ar(expt) ar(calc)
Element State [Rz/(V/em)?] [Hz /(V/crm)]
Cs 625,/ _3.66x107%2 —4.13x1078b
S"Rb 525,/ -1.39x1078%  —2,00x107¢P
85Rb 58/ -4,56x1077%  -7.8 x107°P
K 428,/ —6.4 x1071% 9.3 x10710P
Na 378 -1.5 x107%2  -1.7 x107%°
Li 228,/ +3.0 x10710° 7 x10710P
Al 3%Py, -2,0 x107%¢
Al 3%P, +2.0 x1077%¢  +2,0 x1077cd
Tl 6°Py/ —-3.74 Xlo-ge} See text
Tl 6Py —6.04 x1073f
Sm 4f%6s2TF -9.1 x10'4°} See Ref. 8
Eu 4f 6528y +3.51 x1076°¢

2 Reference 16.
b Reference 17.

¢ References 7 and 8.

4 The only significant contribution to ap(3) is from the
Py, state [Eq. (2)] because of the small fine structure

(112 ecm™!) in aluminum.

€ For preliminary results from an earlier attempt to
measure aT(%) see T. S. Stein, J. P. Carrico, and
E. Lipworth, Proceedings of DEAP., Physics of Free
Atoms Conference, Berkeley, Calif. 1966, p. 12 (unpub-

lished).
f Reference 11.

field raising the energy of the m,=+1 levels and
decreasing the energy of the m =0 state. The
signs and the magnitude of these effects are in
general agreement with the experiment.

The hyperfine-tensor polarizabilities have been
measured in the alkali metals, some of the group-
IITA elements, and a few of the rare earths. Val-
ues are listed in Table I.

II. METHOD

Details of the standard techniques of Stark-ef-
fect measurement by atomic-beam magnetic res-
onance may be obtained from Refs. 8, 13, 16, and
17.

As Table I shows, some of the hyperfine-tensor
polarizabilities measured to date are very small.
As a result, a standard feature of these experi-
ments has been the use of a magnetic field to re-
move the degeneracy between the m sublevels of
the hyperfine structure. With the sublevels sep-
arated by the Zeeman effect, the resonance fre-
quency of the AF=0, (mp=—-F) ~ (mp=-F+1) re-
focusing transition is monitored as a function of
the applied electric field parallel to the magnetic
field. Stark shifts which are small compared to
the several hundred Hz resonance linewidths (ob-
tained from a 1-m interaction region) are mea-
sured using slope detection.

Thallium possesses a large ground-state hyper-
fine splitting®*! (Fig. 1) which prevents the com-
plete decoupling of the nuclear and electronic an-
gular momentum by the inhomogeneous magnetic
field used to deflect the atoms in the atomic-beam
resonance apparatus. Atoms in states of the same
m ; but different ni, suffer different deflections in

13,16,17
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FIG. 1. Breit Rabi diagram for 6P/, ground state
of thalliurn. The hyperfine-structure separation Av is
21 GHz, g; is 5. The magnetic field in the deflecting
magnets was between 11 and 24 kG depending upon the
location of the atoms between the pole tips.
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FIG. 2. Observed Ramsey patterns of the transitions
between the three Zeeman sublevels of the F =1 state.
The magnetic field is about 1 G and the electric field was
240 kV/cm. The resonance height of the single quantum
transitions is 2x 10-10 A,

the inhomogeneous magnets, and focusing transi-
tions between these states can be observed in a
carefully aligned apparatus. All three AF =0
transitions between the substates my=1, my=0,
and m = -1 were observed (Fig. 2), as were the
Stark effects (Fig. 3) in the AF =0, (mp=1)

~ (mp=0) and the AF =0, (m p= -1) = (my=0) tran-
sitions. The multiple quantum transition (my=1)
«~ (mp=-1) does not exhibit a Stark effect.

In a strong electric field it is possible to lift the
degeneracy between the states of different m3 in
the absence of an external magnetic field'® (Fig.
4-6). If the m; or my substates have been spa-
tially separated by the first deflecting magnet
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FIG. 3. Observed Stark effects in the transitions be-
tween the Zeeman sublevels of the F =1 state. The three
transitions required different rf power levels, with the
(mp=0) < (mp =1) requiring the most power and the
(m p=0) ~— (mr=—1) requiring the least. Power shifts
may have resulted in the nonzero intercepts. The rf
power for a given transition was held constant for all the
electric field values. No rf power dependence upon the
quadratic Stark effect was observed. See Ref. 16.
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FIG. 4. Thallium F =1 energy levels for combined
Stark and Zeeman effects. The energy levels represent
those of a typical experiment in which there are residual
magnetic fields of 0.7 mG (see Fig. 6) both parallel and
perpendicular to the electric field, as well as, the mo-
tional magnetic field experienced by an atom moving at
3x10% cm/sec. There is a slight departure from E?
dependence for electric fields below 200 kV /cm.

(magnet A of Fig. 7), then transitions induced by
an rf field between the Stark-separated m =1
and m =0 states will be partially refocused by the
second deflecting magnet (magnet B). In first or-
der, the transition energy is given by formula (1).
As it is not possible to position the electrically
conducting rf loops between the electrodes, they
are placed in front and behind them. If end effects
from the electric-field plates were neglected, the
rf loops would be in a region of zero dc electric
and magnetic fields. Inducing transitions with rf
loops situated in zero external field is just a spe-
cial case of a Ramsey double-loop resonance in
which the interaction energy between the loops dif-

INTENSITY —

| 1 |
5 6
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FIG. 5. Observed Ramsey pattern of the transition
between the Stark-separated levels (F =1, mg=+1)
~— (F =1, my=0) at an electric field of 365 kV/cm. The
amplitude of the central peak is 3x 10”1 A on top of the
background of almost 10~% A,
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FIG. 6. Observed frequency of the (mp=+1)~— (m=0)
transition between Stark-separated levels vs the electric
field squared. The three runs are displaced from each
other owing to different residual magnetic field in the
interaction region. The residual magnetic fields resulted
from saturation of a region of the hypernom shields by
fringing fields from the deflecting magnets.

fers from the interaction energy at the loops.!® 1®
A problem which arises from the lack of dc fields
at the rf loops is that the m ; sublevels become
degenerate, and the sublevels are mixed indepen-
dent of the rf field. The focusing properties of the
atoms becomes independent of the presence of the
rf, and a resonance is no longer observed.”® Fail-
ure to provide an external field at the rf loops
greatly diminished resonance intensity for tensor-
polarizability measurements made between Stark-
separated levels (Fig. 5).

In the apparatus, the moving atoms will always
be exposed to weak magnetic fields in the interac-
tion region. An atom moving through an electric
field experiences a motional magnetic field H of
H=F/c)xE which is perpendicular to both the
electric field E and the direction of motion of the
atom. Typical values of v ~3 X 10* cm/sec and
E=3%10° V/cm=1000 esu result in a motional
magnetic field of 1 mG. The problem of combined

FIG. 7. Schematic diagram of atomic-beam magnetic-
resonance apparatus. Only one of four magnetic field
coils is shown.

Stark and Zeeman effects has been treated by sev-
eral authors.?® Since the Stark and Zeeman effects
of interest here are much smaller than the hyper-
fine-structure separation, only the three F=1
levels need to be considered. Calculations of these
effects in thallium show that, for a wide range of
electric fields including those used in this tensor-
polarizability measurement, deviations from qua-
dratic behavior of the Stark effect are insignifi~
cant® (Fig. 4).

IIl. APPARATUS

Thallium beams were produced from a resistive-
ly heated stainless-steel oven,?® and detected by
surface ionization on an (potassium) impurity-free
oxidized-tungsten ribbon. The techniques used to
make the impurity-free oxidized filiment are de-
scribed in the literature.!®2%2¢ The detector noise
level was less than 1073 A,

The interaction region (Fig. 7) contained glass
electric-field plates, rf loops, and vertical and
horizontal magnetic-field coils. The entire re-
gion was surrounded by three nested hypernom
magnetic shields with end caps.

The electric-field plates (Fig. 8) made from
common soda-lime glass sustained fields up to
450 kV/cm. The glass was made electrically
conducting by heating to temperatures above
120°C. A detailed description of the present field
plate assembly will be published elsewhere. Sim-

ALUMINA
SPACER

TITANIUM
PLATE

QUARTZ
SPACER

FIG. 8. Electric field plates. Two 70-cm-long glass
electrodes with dovetail backs are clamped against
titanium plates which in turn are held apart by quartz
spacers. The titanium plates are held together by a
second layer of plates. The second layer of plates,
which are at ground potential, are heated by circulating
hot glycerine through them. Heat is slowly transferred
to the titanium plates and the glass electrodes by con-
duction through alumina spacers. When mounted in the
apparatus, the gap is vertical.
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pler systems utilizing a single glass plate (cathode)
are described in Ref. 25.

IV. RESULTS

Results of tensor-polarizability measurements
in the F =1 hyperfine state of the 2P, ground state
of thallium are shown in Fig. 3 and Fig. 6, and in
Table II. Three corrections have been applied to
the data: first, a correction for the shift of the
central peak of the Ramsey pattern which arises
because the interaction energy at the rf loops is
different from the average interaction energy be-
tween the loops'®''®; second, a filling factor cor-
rection which arises because atoms are subject
to the electric field for only part of the time they
are between the rf loops. These two effects re-
quire a combined correction of Av=Av (1 +1/L)

X (L/d) where Av, is the observed Stark shift, ! is
the width of the rf loops (1 em), L is the separa-
tion between the rf loops (84 cm), and d is the
length of the electric-field plates (70 cm). The
third correction comes from a 3% decrease in the
electric field caused by the loading of a resistor
dividing chain.

The systematic effects associated with Stark-
effect measurements between Zeeman-separated
levels are well understood.?*3:1¢:17 The Stark-
effect measurements performed on the Zeeman-
separated states of the F =1 levels in thallium are
relatively immune from all of the known effzcts.
On the other hand, the measurements made be-
tween the Stark-separated levels are not. In par-
ticular, we consider the Bloch-Siegert effect.?®
If two oscillatory fields of different frequencies
are present in the interaction region, then the
central peak of the Ramsey pattern will be shifted
by an amount!® 2?7

ov = (2b/21R/2(v - v,), (7

TABLE II. Results of tensor-polarizability measure-
ments.

Between Zeeman-separated levels [10™% Hz/(V/cm)?]

—3.76+0.03
—3.73+0.02

(F=1,mp=1)
(F=1,mp=—1)

(F=1,mp=0) flop out
(F=1,mz=0) flop in

Between Stark-separated levels [1072 Hz/(V/cm)?]

Lowest

frequency

included Graph a Graph b Graph ¢
All -3.38 -3.40 -3.31
5 kHz —3.48 —3.65 -3.56
6 kHz -3.64

TABLE III. Errors in Stark-effect measurerment be-
tween Zeeman-separated levels.

Mechanical deflection of electric field

plates due to electric field =0.2%
Drift in electric and magnetic fields =0.2%
Statistics 1.0%
Uncertainty in the filling factor 0.5%
Uncertainty in the electrode gap 1.0%
Uncertainty in the voltage measurement 2.0%
2.5%

where 2b is the amplitude of the second oscilla-
tory field of frequency v,, and v is the unshifted
resonance frequency. Since oscillatory rather
than rotating fields are used to induce the reso-
nance, there will be an oppositely rotating com-
ponent of the frequency corresponding to -v.
Since this effect is largest at low frequencies, the
net result is to decrease the slope of the observed
frequency vs the electric-field-squared curve,
resulting in a lower observed tensor polariza-
bility, Estimates of 20 obtained from the criteria
of maximum transition probability,?” 2b6(l/a) =0.67
(where « is the most probable velocity of an atom
in the beam) result in shifts which are larger than
the 10% discrepancy between the two techniques.
Exact correction cannot be made without a detailed
map of the beam profile and the distribution of rf
amplitude within the loops as a function of both
frequency and power level. From Eq. (7), how-
ever, it is expected that the effect would be small-
est among points obtained at the highest transition
frequencies. If measurements below 5 kHz are
excluded (see Fig. 6 and Table II), the measured
tensor polarizabilities rise to within 5% of the
value obtained from measurements on Zeeman-
separated levels. Excluding data below 6 kHz
(curve c), the discrepancy is eliminated entirely.
Uncertainties in auxiliary measurements are
the largest source of error in the Stark-effect
measurements on the Zeeman-separated levels.
The largest of these are the uncertainties in the
voltage measurement and in the electric-field
plate separation. A detailed list is given in Table
ITI. The final result for the tensor polarizability
of the 62P,, ground state of thallium is o, =-(3.74
+0,09)xX1078, This result is based upon the mea-
surements between Zeeman-separated levels.
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