PHYSICAL REVIEW

VOLUME 186, NUMBER 1

5 OCTOBER 1969

Permanent Electric Dipole Moment of the Cesium Atom. An Upper
Limit to the Electric Dipole Moment of the Electron®
T. S. Stein,T J. P. Carrico, ¥ E. Lipworth, and M. C. Weisskopt®

Brandeis University, Waltham, Massachusetts 02154
(Received 8 April 1969)

An atomic-beam magnetic-resonance apparatus has been employed to search for a linear
Stark effect on the flop-in Zeeman transition (F=4,mp=—4)« (F=4, mgp=—-3) of the ground
state of the cesium atom. Such an effect could be interpreted in terms of a permanent elec-
tric dipole moment (EDM) of the cesium atom. The existence of an EDM in a nondegenerate
physical system having well-defined angular momentum, such as the cesium atom in its
ground state, would be direct evidence of a violation of parity and time-reversal invariance.
To detect a possible linear Stark effect, a voltage of 10 kV is applied across two parallel
metal plates located between the rf loops of a Ramsey double-hairpin structure. A beam of
cesium atoms passes between the metal plates, where it is subjected to an electric field of
approximately 5 X 10* V/em. The flop-in Zeeman transition is observed for a magnetic field
of 0.95 G. The signal generator which drives the rf loops is adjusted so that the detector sig-
nal corresponds to the point of maximum slope on one side of the central peak of the two-
loop interference pattern. The direction of the electric field is reversed every 0.57 sec, and
the resonance signal is accumulated in two counters (one for each direction of the electric
field), gated synchronously with the electric field switching frequency. Thus, the quadratic
Stark effect contributes the same signal to each counter, and a difference between the counters
indicates the presence of a resonance shift linear in E. With the apparatus used in the present
experiments, resonance shifts as small as 2 or 3 parts in 106 of the linewidth (850 cps in

cesium) could be observed with about 2 h of integration time.

A linear resonance shift which

simulates a linear Stark effect can be caused by the interaction between the atom’s magnetic
dipole moment and the magnetic field [(/c) X E] due to the atom’s motion through E. To
separate this motional magnetic field effect from a possible linear Stark effect, the resonance
shift linear in E is studied as a function of the angle between ¥ and H, and the angles cor-
responding to zero resonance shift are obtained in sodium and cesium. A difference be-
tween these angles for sodium and cesium would indicate the presence of a linear effect

other than ¥x E. The magnitude of this difference can be used to set an upper limit on the
linear Stark effect in cesium. A relativistic argument shows that if the electron possesses
an EDM, the EDM of the Cs atom is approximately 119 times as large, whereas that of the

sodium atom is 0.3 times as large.

These results, together with the measured values of the

angles which correspond to zero resonance shifts in Na and Cs, lead to the following upper

limits on the EDM’s of the Cs atom and the free electron: uCS/e< 3x10

x 10™% cm.

I. INTRODUCTION

In 1964, Christenson, Cronin, Fitch, and Turlay!
reported their observation of the CP-violating
KP9-2m decay. The occurrence of this decay togeth-
er with the CPT theorem? 3 implies that time-re-
versal invariance is violated in this process. This
fact has motivated several groups of researchers
to conduct direct experimental tests of T invari-
ance. As yet, no direct experimental evidence of
a violation of T invariance has been found.

One area where much effort has been expended is
in the search for a permanent electric dipole mo-
ment (EDM) of the neutron and the electron.* An
EDM is detected by its interaction with an electric
field £. Assuming that the EDM is parallel to the
spin &, the interaction can be written as d¢-E (d
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is a constant with the dimensions of charge length
that characterizes the strength of the interaction),
The interaction is odd under parity, as

B2_F and o520,

Furthermore, the interaction is odd under time re-
versal, as

Therefore, the existence of an EDM would be direct
evidence for violations of both parity and time-re-
versal invariance, ®

At the time of the observation of the CP violation
in 1964, an upper limit to the EDM of the neutron®
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of pp/e<5x1072° cm had been reported. The best
upper limit for the electron” was on the order of
4x107' cm. Significant improvements on the elec-
tron-moment upper limits have come about for two
reasons: (i) the development of highly sensitive
methods of measuring small shifts due to an elec-
tric field in atomic rf resonances,® and (ii) a theo-
retical interpretation by Sandars®s !° who showed
that electric field (Stark shift) measurements on
neutral atoms could lead to information on the EDM
of the electron.

Sandars and elsewhere Salpeter!! have shown that
as a result of relativistic effects, an assumed EDM
in the electrons of an atom will manifest itself as
an EDM of the whole atom. In particular, the ratio

R=atomic EDM/electronic EDM

has been calculated by different methods® ©

with the result that for the heavier more relativis-
tic alkalies there is an enhancement of the effects
of an electronic EDM, e.g., one finds for cesium
R=119, A list of the enhancement factors for the
alkalies appears later in Table III.

The experiments with atoms involve a search
for energy changes (frequency shifts) linear in an
externally applied electric field. The presence
(or absence) of such “linear Stark shifts” may then
be interpreted with Sandars’s model as statements
about the EDM of the electron, It should be empha-
sized however, that a linear Stark shift in a non-
degenerate atomic system, though evidence for a
P and T violation, may arise from causes other
than an electron EDM.,

Experiments designed to search for a linear
Stark shift in the ground state of the Cs atom were
first reported in 1964.% An atomic-beam magnet-
ic resonance apparatus was used to monitor the
transition between the levels (F =4, mp=-4) and
(4, -3) in Cs. The transition was induced in a
Ramsey double-hairpin structure in a weak uni-
form magnetic field H. A set of parallel electric
field plates was located between the rf loops. The
rf signal generator was tuned so that the beam
detector signal corresponded to the point of max-
imum slope on one side of the central peak of the
Ramsey interference pattern. This assured that
a maximum change in the detector signal would
be produced by a resonance shift.

The resonance shift Av could be written as a
function of the applied electric field & in the follow-
ing way:

Av=kE +k,E?,

The %, term represents the quadratic Stark effect
and the 2, term represents a possible linear Stark
effect,

An electric field of the form E = £, sinwt + Eg,
was applied.

The resonance shift could then be written

_ ; lg2 (1_
Ay —k1 (Eac sinwt +Edc)+ kz[2 Eac(l cos2wt)

+2E E . sinwt+E
ac

2
dc dc] :

A lock-in detector was used to separate the w and
2w components,

With Eq4c set to zero, a small resonance shift
was observed at w which was linear in the applied
field. If this effect were attributed entirely to an
EDM of the cesium atom, the magnitude of the
moment would have been

ucs/e =(2.2+0,1)x107®cm.

However, as was pointed out at the time, the ob-
served effect could have been easily produced by
the motional magnetic field ¥/cxE. One can show
that if vxE is not exactly perpendicular to the homo-
geneous magnetic field (H) in the resonance region,
a resonance shift, linear in E, is produced by the
interaction of the atom’s magnetic dipole moment
with the motional magnetic field,

That the motional magnetic field effect produced
the linear shift was verified in later experiments!?
by studying the effect in several alkalies with dif-
ferent magnetic moments and velocities.

These experiments led to an upper limit to the
EDM of the cesium atom of

ucs/e <1x107cm,

The set of experiments described in the present
paper was undertaken to: (i) directly measure the
motional magnetic field effect and separate it from
possible linear Stark effects, and (ii) substantially
reduce or eliminate other systematic effects which
could have influenced the upper limit on pog stated
above,

II. APPARATUS

Much of the atomic-beam magnetic-resonance
apparatus used in this experiment has been de-
scribed elsewhere in the literature.'?'® However,
several important modifications!* have been made
in order to reduce, eliminate, and directly mea-
sure instrumental effects which can simulate a
linear Stark shift. These improvements in the
original apparatus are described below.

A. C Magnet

The C magnet used in the present experiments
was designed specifically with a provision for ro-
tating the magnetic field with respect to the electric
field in order to separate the motional magnetic
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field effect from a possible linear Stark shift. This
was achieved by winding two independent sets of
rectangular Helmholtz coils on a Lucite tube (6% in.
o.d., 6in. i.d., 17§ in. long). One set of coils
(the Hz coils) produces a horizontal magnetic field
HZE parallel to the electric field within 1°, The
other set of coils ghe H, coils) produces a vertical
magnetic field Hyj. Adjustment of the current in
the latter pair of coils (the current in the Hj coils
is held constant) allows one to vary the alignment
of ¥ and H electronically and thus manipulate the
vxE effect.

The positions of the H, and Hj, coils and the ori-
entation of the fields produced by these coils is
shown in the cross-sectional view of the C magnet
in Fig. 1. Ten-conductor flat-ribbon cable (Spec-
tra-Strip 1024) was used as magnet wire. To facil-
itate accurate positioning of the coils, Lucite guides
were mounted along the length of the Lucite tube.
The cross-sectional view of the C magnet in Fig. 1
shows one such set of guides. The guides were
sections cut from a 63 in. i.d., 7 in. o.d. Lucite
tube,

The coils were wound in such a way that each of
the four H, (Hy) cable lengths shown in Fig. 1 was
actually part of one continuous cable carrying a
current Iz (I,) in each of its 10 wires. The four
cable lengths of the Hz (Hy) coils were joined at
the ends of the coil form in such a way that mag-
netic-field contributions from the connecting
“end” cables tended to cancel out.

The optimum position of the wires on the coil
form to obtain the best magnetic field homogeneity

at the beam was determined by a computer program,

The calculated inhomogeneities for the best configu-
rations determined by the computer were approxi-
mately 6 x107° and 2x 1075, respectively, for H,
and H, over the height of the beam (~3 in.). The
beam width (=~ in.) was sufficiently small that

it was thought that inhomogeneities over the width
would be insignificant.

The measured full widths at half-intensity of the
central peaks of the interference patterns for Cs
and Na were (850+50) cps and (1900 + 150) cps,
respectively. Other data relevant to the resonance
region are listed in Table I.

A Princeton Applied Research model TC-602

L\cile Spacer

FIG. 1. Cross section of C

Lucite Coil Form

i.d. =6 in. The single circles
® are nearest the cables which
produce the H, (horizontal)
field. The double circles are
® nearest the cables which pro-
duce the Hy (vertical) field.

° \ °
Ten Conductor

Ribbon Cable

coil is indicated in the usual
fashion by dots and crosses.

TABLE 1. Data on C-magnet region.

rf loop separation 102 in.
f loop slit width & in.
Length of electric field plates 5 in.

Gap between electric field plates
Magnetic field at the position of

0.075 +0.001 in.

~0.95 G
the beam
« -in” Z i
Flop-in eeman transition 332 ke/sec
frequencies of Cs
“ -in Z iti
Flop-in Zeeman transition 664 kc/sec

frequencies of Na

magnet. Coil form o.d. =63 in.

The sense of the current in each

power/reference source operated in the constant
current mode was used as the power supply for the
Hz and Hy coils. The Hy coils were supplied with
an adjustable fraction of the current in the H, coils
using the arrangement shown in Fig. 2, The cur-
rent, I, in the Hz coils was held constant at 745.7
+0.4 mA during all of the experiments.

In the experiments, three different values of I,
were used to produce three different alignment
angles of the electric and resultant magnetic fields.
These three values of Iy were set within 1 mA (1 mA
corresponds to an angle of approximately 0, 08 deg)
about the value of Iy for which the linear signal
vanished. The current Iy (and therefore the align-
ment angel) was determined by measuring the volt-
age across the standard resistor R shown in Fig.
2. This measurement was performed with a Rubi-
con model No. 2745 potentiometer.

In order to minimize the effect of fluctuations in
the ambient magnetic field the C-magnet coils are
surrounded by three concentric magnetic shields.
The shields (James Millen Mfg. Co., Inc., Malden,
Mass. ) are Hypernom tubes 83, 105, and 12% in,
in diameter and are capped at each end. The two
inner shields have g in. walls. The outer shield
has a & in. wall. The lengths of the shields are
18, 20, and 22 in., respectively.

B. Electric Field Plates

The electric field plate assembly is shown in
Figs. 3 and 4. This structure was centered be-

S —
Rubicon
Potentiometer|

FIG. 2. Current supply for the C-magnet coils.
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BORON NITRIDE

TITANIUM INSULATORS

SUPPORTS
TITANIUM ELECTRIC
FIELD PLATES

TEFLON INSULATORS

FIG. 3. Electric field plate structure — cross section.
Electric field plate length=5 in., height=1 in., width

3
=g in.

tween the rf loops in the resonance region. The
field plates (5x1x% in. ), made of titanium, were
surface ground to minimize the possibility of arcing.
Four titanium bars are screwed onto the back of
each field plate. These bars are used to attach the
field plates to 3 in. o.d. boron nitride spacers.
The gap between the field plates is 0,075+ 0. 001 in,
The field plate assembly fits tightly inside Teflon
spacers,

C. Ovens

Schematic diagrams of the oven design used in
the present experiments are shown in Figs, 5 and
6. The ovens were made of copper and produced
stable beams of cesium, sodium, and rubidium, %
The oven slit (X in, ) was kept at a higher tem-
perature than the oven body by winding the heater
coil (0.020-in, -diam tantalum wire) in the two
channels closest to the slit with three times as
many turns per unit length,

Cs and Na beams were formed simultaneously in
the same oven by using a mixture of pure Na metal
and cesium chloride. 3-in,-diam cylindrical plugs
of sodium were cut into disks about § in, thick and
these disks were distributed uniformly in a charge
of CsCl, About 12g of CsCl and 3g of Na metal
at a temperature of 350°C was found to produce Na
and Cs beams of roughly equal intensities (full
beam =2x1072A) which lasted for more than 24 h.

STAINLESS STEEL BELLOWS ELECTRIC FIELD PLATES

INNER SHIELD OUTER SHIELD
ot /LOOP / rf CAN
/

7

/ /
VA
T
VM VWY

VITON GASKET

LUCITE COIL FORM GLASS TUBE

QUICK -
CONNECT
FLANGE

B-MAGNET FLANGE

A-MAGNET FLANGE

FIG. 4. C-magnet region — side view. Distance be-
tween rf loops=102 in.; length of the electric field
plates =5 in.
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FIG. 5. High-temperature oven and oven support —
side view. A. Stainless-steel rod, (can be rotated
from outside of the oven vacuum chamber). B. Set
screw which fastens the solid shaft to tube, C. Stain-
less-steel tube (3-in. -thick wall). D. frin. threaded
rod. E. Knurled screw used to hold oven cap down on
the oven body and to hold the oven in place on the tapered
tungsten pins, K. F. Ovencap. G. %-in.-diam beam
channel which leads from the oven well (in which an ele-
ment is placed) to slit, H. H. Oven slit (slit width
adjustable from 0 to 532- in.). I. Ovenbody. J. Crucible
in which an element is placed. K. Tapered tungsten
pins. L. Oven support platform.

D. Detection Electronics

A block diagram. of the detection electronics is
shown in Fig, 7. The frequency synthesizer
(Schlumberger FS-30) which drives the rf loops is
adjusted so that the detector signal corresponds to
the point of maximum slope on one side of the cen-

(a) (b)

FIG. 6. High-temperature oven: top and bottom views.
A. Channel for the thermocouple. B. Heater channel
(0.253 in. diameter), lined with alumina tubes (Alsimag
614, American Lava Corporation), extends entire length
of oven body, approximately 3 in. long and has -&;-in.
shoulder at bottom of oven body to prevent alumina in-
sulators from falling out. C. %-in.-diam beam chan-
nel which leads from the oven well to the oven slit. D.
Oven slit. E. Bottom of the heater channel; diameter
of the opening is 3'2‘ in. F. Circular V-sghaped groove
to position oven body on tungsten pins. G. Channel for
thermocouple which ends just under the beam channel,
C.
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Vidar 241A
Voltage to
Frequency
Converter

o)

Amplifier
(Philbrick SP2A

Tons ~Collector

Hot Wire

Lojgic
Atoms = Modles

Coulme? [!ioumar
FIG. 7. Block diagram of digital lock-in system.

tral peak of the Ramsey interference pattern. The
direction of the electric field is reversed every
0.57sec and the resonance signal is accumulated
in the two counters (one for each direction of the
electric field) which are gated synchronously with
the electric field. The magnitude of the electric
field is held constant while its direction is re-
versed. Thus, the quadratic Stark effect contrib-
utes the same signal to each counter and a differ-
ence between the counters indicates the presence
of a resonance shift linear in F. Resonance shifts
as small as two or three parts in 10° of the line-
width (850 cps in Cs) could be observed after about
2 h of integration time.

The timing sequence, generated by logic modules,
is shown in Fig. 8. The time between successive
time marks is 26 msec. There is a period of 78
msec after the electric field is reversed during
which both counters are off. This delay assures
that the electric field is at equilibrium when the
counters are accumulating data. Since 8ﬁ/ o9t is
zero during this time, possible systematic effects
due to displacement current flowing between the
plates are eliminated.

The switching pattern of the counters and of the
electric field is arranged as shown in Fig. 8 in-
stead of in a strictly alternating pattern to reduce
the contribution to the linear resonance shift sig-
nal by a drift in the beam intensity. The arrange-
ment in Fig. 8 will eliminate the effect of a beam
intensity which is drifting linearly in time over one
complete counting cycle, Fluctuations in the beam
intensity are often to a good approximation linear
in time over a 1l-sec period, the approximate time
for one complete counting cycle.

E. High-Voltage Network

The voltage applied to the electric field plates is
supplied by two Northeast Scientific Co. (Acton,
Mass. ) model RE-10010 regulated high-voltage
supplies. A Hipotronics, Inc. oil-filled 20-kV
DPDT relay is used to reverse the electric field.
The maximum switching time of the relay used is
about 27 msec. The high-voltage switching signal
is obtained from the logic circuitry of the digital
lock-in system.

III. EXPERIMENTAL PROCEDURE

The atomic-beam magnetic-resonance apparatus
is used to monitor the flop-in'® Zeeman transition

(F=I+z,m=~I-3)—T+3,-1+3%)

"p
in the ground state of the alkali atoms., This tran-
sition is induced in a magnetic field (H) of 0. 95 G.
Voltages of up to 10kV are applied to the field
plates (plate separation is 0,075 in. ) centered be-
tween the rf loops.

The quadratic Stark signal is eliminated by using
the electric-field switching procedure described in
Sec. IID (see Fig. 8). Calibration is accomplished
by frequency modulation of the synthesizer frequen-
cy by a known amount AF, This procedure is
shown in Fig. 9. The electric field is left on dur-
ing the calibration in order to account for any dis-
tortion of the resonance due to the quadratic Stark
effect,

Data were taken on opposite slopes of the reso-
nance curve in order to eliminate any resonance-
independent contributions to the detected signal,

From the geometry of the atomic-beam appara-
tus, it is reasonable to assume that the average
velocity v of the detected atoms is perpendicular
to the average electric field E in the resonance
region, The resonance shift produced by the mo-
tional magnetic field is then given by

Av(E,7,0)=(g 1 /hc)TE sinb | 1)
F©0

where 7 is the average velocity of the detected
atoms and 0 is the effective angle between the
electric and magnetic fields.

If £ and H were perfectly aligned (6=0), then no
motional magnetic field effect would be present.
However, the present experiments can detect reso-
nance shifts on the order of 0.005 cps in Na. In
order to reduce the contribution from the motional
magnetic field effect to less than 0.005cps, (i.e.,
within the uncertainty of the present experiments),
6 would have to be less than 1,3x107%rad. The

. Time
2 (orbitrary units)
pree e
(8 1] ¢ |
3 2123 31
10 32

-Ezf-

FIG. 8. One complete cycle of digital lock-in system
arranged for measuring the linear Stark effect.
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FIG. 9. Frequency modulation pattern.

method used to separate the motional magnetic
field effect from a possible linear Stark effect
makes use of the fact that the former depends on
the alignment angle 6 while the latter does not.

In these experiments, the angle 8 is kept suffi-
ciently small so that sin6~ 6. The coils are de-
signed so that

6=6-1/1,, @)

where I,, and Iz are the currents in the vertical

and horizontal coils, respectively, and 6, is the

angle of misalignment between E and f when I =0,
Let 6 represent the contribution to the linear sig-

nal from other effects, including a possible EDM.

Then the total resonance shift per unit electric

field, linear in E, can be written

k=AvE)/E=m{ +1)+0, 3)

where m:—gFuoﬁ/thz, IO=—Iz90'

The signal (k) is studied as a function of I (the
angle between E and H) and the point of zero signal
(Iy axis intercept =7 ) is determined for different
elements, The importance of making comparisons
between different elements stems from the fact that
the initial misalignment (6,) of E and H is not known
a priovi, I only one element is studied, this infor-
mation is required to determine whether linear ef-
fects other than v xE are present. In a comparison,
however, the initial misalignment subtracts out. I
the intercepts are not the same for different ele-
ments, then an interaction other than v xE (such as
an EDM) is also contributing to the signal.

At a fixed value of I,, data are taken continuously
for 20 of the counting cycles shown in Fig, 8, This
process is then repeated for approximately 20 min,
spent equally on both sides of the resonance curve.
The data are then averaged and corrected by the
“filling factor”!” to take into account the fact that
the electric field plates do not extend the entire
distance between the rf loops.

IV. RESULTS

A typical plot of 2 versus Iy for the elements so-
dium and cesium is shown in Fig. 10. Seventeen
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comparison measurements (11 of which were inde-
pendent) such as that illustrated in Fig. 10 were
made. The results of these measurements are
summarized in Table II, A comparison was made
between successive Na and Cs runs only if a short
time (<20 min) elapsed between experiments. This
was done to minimize effects produced by changes
in environmental conditions over the time taken to
make a comparison (2 h).

The intercept difference is computed for each
Cs-Na comparison and the average of these values
is (A gy =(ICS —INg)ay=0.076+0.015mA, The
error stated above is one standard deviation of the
mean based on the 11 independent Cs-Na compari-
son measurements.

The errors stated for I and m in Table II are
standard deviations obtained from a “least-squares’
fit of a straight line to each plot of 2 versus Iy .
The magnitudes of these errors for a given run
were frequently a reflection of the quality of that
run. Thus, if the beam were exceptionally noisy
during a run, there was likely to be a larger scat-
ter of the three points about the “Dbest line” for
that run, However, there is always the possibility
with only three points per run, that a relatively
poor run will accidentally place the three points
very nearly on a straight line, giving rise to small
errors for I and m. For this reason, the stated
errors in Table II are not used to weight the runs
in obtaining a value for the upper limit on the EDM
of the cesium atom. The errors are listed in
Table II merely as an indication of how well the
points in each run fit a straight line. The distribu-
tion of the individual values of Al and m is used,
rather than the errors on I and m stated in Table II,
to assign an error to the upper limit on the EDM of
cesium,

In Sec. III, it was shown that m satisfies the equa-
tion

1

K (10°6cps /IVolt /cm))

Iy(mA)

FIG. 10. % versus I for Na and Cs. A change of 1
mA in Iy produces a cﬁ)ange in the angle between E and
H of approximately 0.08°.
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TABLE II. Cs-Na comparison experimentsa

Element Run I(mA) m[107° cps/(V/em) mA]
[Csa 101D —14.560 :1:0.094b -0.2334 :b0.0213b
[Na 203D -~14.674+0.020 —-1.161 +0.0240
[CS 102D —14.576 +0.054 -0.2225 +0.0116
[Na 204D —14.682+0.002 —-1.183 +0.0028
[CS 103D —14.653 £0.035 —0.2336 +0.0083
[Na 206D —14.717+0.018 -1.162 +0.0216
Cs 105D —-14.736 £0.158 -0.2369+0,0417
[Na 207D —-14.745+0.012 -1.180 +0.0161
[CS 106D —14.578+0.003 —0.2345 +0.0010
[Na 209D —14.680+0.008 —-1.204 +0.0130
[CS 107D —-14.644+0.025 —0.2290 £0.0077
Na 210D —14.691+0.0004 -1.177 +0.0007
[Na 211D —-14.696+0.010 —-1.121 +0.0145
Cs 108D - 14.588 +0.037 —0.2581+0.0130
[CS 109D —14.507 +£0.084 —0.2247 +£0.0264
[Na 212D —-14.710+0.012 —-1.104 +£0.0170
Cs 110D —14.604 £0.062 —0.1842+0.0154
[Na 213D —14.687 +0.030 —-1.070 +0.0427
[CS 111D —-14.628 +0.031 -0.2578+£0.0108
[Na 214D —14.709+0.024 —-1.189 +0.0332
[CS 112D —14.646 +0.0003 —0.2308 +0.0001

Na 215D

~14.704 £0.020

-1.202 +0.0289

aCornparisons were made only between those runs connected by brackets.
bErrors on I and m are standard deviations obtained from a “least-squares” fit of a straight line to each plot of &

versus I .
y

m==-gp uoﬂ/hclz.

Since ¥ is approximately proportional to (T /M)
where M is the mass of the element being studied,
and T is the temperature of the oven, one would ex-
pect the ratio of the experimental m values for Na
and Cs to be approximately

(&5 (Na)/gg, (Cs)] (M /My VP48,

The ratio of the m values for Na and Cs in each
comparison measurement is reasonably close to
this value. A detailed discussion of the relation-
ship between the average velocity of atoms in the
beam and the value of m is presently being pre-
pared. 8

V. INTERPRETATION OF DATA

From Eq. (3), we see that the difference between
the Iy axis intercepts of two different elements is
given by

Al =I,~1,=6,/m, - 5,/m,. (4)

If we assume that all systematic effects contribut-
ing to 6, and &, have been accounted for, then these

experiments, which measure A and m, and m,,
yield the relative linear Stark shifts between the
two atoms., With the further stipulation that &, and
8, represent the EDM’s of the atoms due to an elec-
tron EDM, we may, in a comparison of sodium and
cesium, neglect (8p,/7Ng) in comparison to (5¢g/
mgg) for the following reasons: (i) Cesium (Z=55)
is much more relativistic than sodium (Z=11).
Schiff, ! Salpeter, ** and Sandars®> '° have shown
that EDM’s on electrons only manifest themselves in
atoms through relativistic effects. Therefore, one
would expect Sy, to be much less than 6¢g. (ii) In
the specific cases of Na and Cs Sandars has calcu-
lated the effects due to an electron EDM and shown
that 6cg~ 1876N3. The results of his calculations
of the electric dipole enhancement-factors, Da/De
=atomic EDM/electron EDM for the alkali atoms,
are shown in Table III, (iii) The results of the
experiments summarized in Table II indicate that
mNa~ SMmCs.

For these reasons, the data will be presented so
as-to place a value on the quantity 6cg, the differ-
ential linear Stark effect in the cesium atom, given
by

6 =m (I —1I (5)

Cs Cs ' Na Cs)'
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TABLE HOI. Calculated values of the ratio D A/De for
alkali-atom ground states. a

Element DA/De
Li 4.3 x107°
Na 3.18 x 10!
K 2.42
Rb 24
Cs 119

2Reference 10.

The value of §cg as given by Eq. (5) is computed
for each Cs-Na comparison and the average of
these values is

Scs ™ (1.71+0.34)x10"" cps/Vem™*

The error stated above is one standard deviation
of the mean based on 11 independent Cs-Na com-
parison measurements.

This value for 6¢g is uncorrected for any of the
systematic effects discussed in Sec. VI.

VI. SYSTEMATIC EFFECTS

A. Leakage Currents

Small currents produced by the applicationof high
voltage to the electric field plates can flow across
the boron-nitride insulators which separate the
field plates, or from one or both of the field plates
to ground. The sense of these currents is reversed
when the electric field is reversed. These cur-
rents set up small magnetic fields which are
switched synchronously with the electric field.
This causes a synchronous modulation of the Zee-
man interaction which simulates a linear Stark
effect.

To measure these leakage currents, a battery
powered electrometer (RCA WV-84C) was placed
in series with the cables leading to the electric
field plates and the voltage across the plates was
set at 10kV, the maximum voltage used in these
experiments, A leakage current of 6x107°A was
measured. From a “worst case” analysis, it
was concluded that this leakage current would
account for at most 10% of the observed intercept
difference.

B. Magnetic Pickup Effects

Any changing magnetic field in the C region which
is synchronous with the switching pattern of the
counters can simulate a linear Stark effect. Pos-
sible sources of such magnetic field changes are:
(i) Ambient magnetic field changes due to the syn-
chronous switching of the current which drives the

high-voltage relay; (ii) ambient magnetic field
changes arising from the synchronized switching
of currents in the digital lock-in circuitry; (iii)
modulation of the C-magnet power supply due to
changes in the line voltage produced by the syn-
chronous switching of the other electronics.

In order to reduce the magnetic field produced
by the switching of the high-voltage relay, the
relay was mounted in an iron tube having a wall
thickness of § in. and the ends of the cylinder were
covered with -in, -thick iron plates. No change in
the magnetic field just outside the iron container
could be detected when the relay was switched on.,
A Bell 120 Gaussmeter was used to measure field
changes and a change of 0. 01 G could have been de-
tected. The relay was placed as far from the C-
magnet region as possible.

Two tests for the presence of magnetic pickup
effects were conducted: The resonance shifts in
sodium and cesium were measured as a function
of the electric field with the alignment angle held
constant. A magnetic pickup effect would result
in a nonzero resonance shift at £ =0. Figures
11 and 12 show the results of this test for sodium
and cesium, respectively. A small effect was ob-
served in Na. In the second test, experiments
were performed on potassium with the electric
field turned off. Again, a small effect was ob-
served. The results of both types of tests are
summarized in Table IV.

As sodium and potassium have the same gp val-
ues, the agreement between the electric field in-
dependent resonance shifts observed in these ele-
ments supports thie conclusion that they are due to
a magnetic effect. For cesium, the same magnetic
field change will only produce half as large a
resonance shift as that in Na or K. This fact, to-
gether with the rather large uncertainty serves to
make the cesium test consistent with the Na and K
data.

Svlcps)

30
E (kV/cm)

FIG. 11. Av versus E for fixed Iy in Na.
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FIG. 12. Av versus E for fixed Iy in Cs.

The measurement in K with £=0, as it is inde-
pendent of the instabilities and uncertainties intro-
duced by the application of the high voltage, is
used to calculate what fraction of the intercept dif-
ference between Na and Cs is due to a magnetic
pickup effect. This leads to the following correct-
ed value of GCS:

GCs =(1,19 £0.39)x10""cps/Vem™?,

C. Quadratic Mixing Effect

The digital lock-in system makes a measure-
ment of

a=3{av(E,) - av(E,)],

where AV(E,) is the resonance shift produced by
the field E,2 and Av(E,) is the resonance shift
produced by the field E,2 (the field obtained by
:_;.witch_i_ng the high-voltage relay). Ideally,
E,=-E, and

A=P,E,.

If, however, there is a slight difference in the
magnitude of the electric field when its direction
is reversed, this difference can couple with the
quadratic Stark effect (QSE) to give rise to a sig-
nal which is not subtracted out.

An approximate expression (AE <« E,) for A is

A=hkE, +b,E,AE, (6)

where AE=|E,|-|E,l. ¥ E,#-E,, Eq. (6)
implies that in addition to the linear resonance
shift 2,E, there will be a term proportional to the
QSE which contributes to the signal measured by
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the digital lock-in system.

A search for the presence of a quadratic mixing
effect was made by comparing the I, axis inter-
cepts in the following cesium transitions: (F,mg)
=(4,-4)~ (4, - 3), the “flop-in” Zeeman transition,
and the unresolved hfs transitions, (4, +1) ~(3, 0)
and (4,0)~(3, +1). The ratio of the QSE on the
hfs transitions to that on the Zeeman transition
is about 200.!* The hfs transitions are thus much
more sensitive to quadratic mixing than the Zee-
man transition. However, the magnetic depen-
dence of the hfs and Zeeman transitions is very
nearly identical, so any difference between the
intercepts must be due to electric effects.

Two comparison experiments of the type de-
scribed above were performed. Assuming that
any difference between the intercepts associated
with the above hyperfine and Zeeman transitions
was due to quadratic mixing, these experiments
lead to correction terms which must be included
in Eq. (4). These experiments lead to the fol-
lowing corrected values, respectively, (including
the magnetic pickup effect) for the linear Stark
shift (5) of the cesium atom:

6,=(0.90+0.40)x10"" cps/V cm™" ,
6,=(1.38 £0.39) x10-7 cps/V cm™! ,

where subscripts 1 and 2 refer to the two compari-
son experiments.

These values are to be compared with the value

of 6 corrected only for the magnetic pickup effect
(Sec. VI B),

8og= (1.19+0.39)%x10"7 cps/V cm™!

We see that in each case, quadratic mixing effects
are within the experimental error.

D. Trajectory Effects

In Sec. III it was shown that I, is proportional
to the initial misalignment angle 6, between E
and . 0, is the effective angle between E and H
when there is no current in the vertical field coil.
1t is assumed that I, (and therefore 6,) is constant,
independent of which element is being studied.
If, however, there were a difference between the

TABLE IV. Results of magnetic pickup tests.

Element Cs Na K
Av(E=0) cps (= 0.00421 (0.0130 (0.0088
+0,0118) +0.0065) +0.0032)

1 1 1

g i 2 2
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initial misalignment angles of Na and Cs of

- ~6X10"3
Bocg ~ Popg 6% 107° deg

this would produce an apparent linear Stark effect
of the same magnitude as the observed effect.
Two conditions must be fulfilled in order for such
an effect to occur.

(1) There must be sufficient inhomogeneities in
the electric and/or magnetic fields in the reso-
nance region which the beams traverse.

(2) The beams must follow different sets of
trajectories through these inhomogeneities in
such a way that the effective alignment angle of
the fields is different for both elements.

Several tests were made for the presence of
such trajectory effects. In one set of tests, com-
parison measurements were run between K and
Na (for which relative EDM effects should be neg-
ligible) in different oven ports. These ports
were separated by 95 in. along the beam axis of
the apparatus. The first set of comparisons
yielded the following weighted mean for the
K-Na intercept difference,

AI'=-0.063+0.006 mA.

A second set of comparisons with the ovens inter-
changed yielded

AI=0.017+0.009 mA.

These experiments indicated that intercept dif-
ferences measured using separate ovens are in-
fluenced by trajectory effects arising from dif-
ferent source locations, 2°

Another set of experiments was performed to
search for a correlation between the vertical
position of the K oven and the intercept. A small
intercept change was found when the oven was
moved i in. above its original position. 2 The
difference between intercepts measured in these
experiments was 0.048+ 0. 016 mA.

The two tests described above provided the
motivation for running both Cs and Na simultane-
ously from the same oven.

Several experiments were conducted on Na and
Cs beams formed in the same oven, to determine
whether a change in the I, axis intercept could be
caused by rotating the oven slightly about its
symmetry axis. It was felt that such a rotation
might produce a small change in the spatial

distribution of velocities of atoms in the C magnet.

Such a change might be expected to produce an
intercept change if trajectory effects were playing
an important role in the present experiments.
Comparisons (1-11) were performed with the
oven oriented to produce the maximum resonance
signal in both Na and Cs. Comparisons (12—14)

and (15-17) correspond to clockwise and counter-
clockwise oven rotations, respectively, which
reduced the resonance amplitude by about 20%.
The results of these experiments are summarized
in Table V. No measurable changes were found
in the intercept differences when the oven was
rotated. There were also no observable changes
in the intercepts of Na and Cs themselves.

If rotating the oven had produced a change in
the Cs-Na intercept differences, this would have
indicated that trajectory effects might be influenc-
ing the present upper limit on the EDM of the
Cs atom. However, the fact that no such change
was observed does not rule out the possibility
that trajectory effects were at least partially
responsible for the Cs-Na intercept difference.
Thus, for example, it is possible that there
existed a difference in the spatial distribution of
velocities of the two beams due to the different
deflecting forces on each of them, and that the
oven was not rotated far enough to change this
difference. In the present experiments, further
rotation was not feasible due to the further
loss of signal. A much more detailed study of
possible trajectory effects is presently being
conducted in this laboratory.

E. Hysteresis Effects

It is assumed in the analysis of the data, that
the magnetic field H,y produced by the vertical
field coil is proportional to the current Iy, which
flows in this coil. If, however, there were a
small hysteresis effect in the magnetic shields
surrounding the C magnet, the magnetic field

Hy would not “track” Iy perfectly. This could

give rise to an intercept difference in a compar-

ison experiment between two elements simply be-
cause the value of Hy which aligns E and H could
be produced by a different value of Iy in a Cs ex-
periment than in a Na experiment.

A study of the resonance frequency as a function
of Iy in sodium indicated that such effects were
well within the uncertainty in the present experi-
ments,

VII. FINAL RESULTS
A. Upper Limits to the EDM of Cs Atom and Electron
The value of 6.5, corrected for the magnetic
pickup effect, leads to the following value for the

EDM of the cesium atom?:

uCS/e =(~2.0+1,8)x10"% cm,

where the error is 3 times the standard deviation
of the mean. We feel that in view of the relatively
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TABLE V. Summary of oven rotation experiments.

Comparison No. Oven position AT (mA)

meg [107° cps/(V/em) mA]l 64 [1077 eps/ (V/em)]

1 Maximized —0.114+0.0962
2 Maximized -0.098 +0.057
3 Maximized -0.106+0.054
4 Maximized —-0.029+0.035
5 Maximized —0.064 +0.039
6 Maximized +0.019+0.159
7 Maximized -0.009+0.,159
8 Maximized —-0.102+0.009
9 Maximized —0.036+£0.026
10 Maximized -0.047 +0.025
11 Maximized -0.108 +0.038
12 Rotated cw —-0.203+0.085
13 Rotated cw —-0.106+0.063
14 Rotated cw —0.083+0.069
15 Rotated ccw —-0.081+0.039
16 Rotated ccw —-0.063+0.024
17 Rotated ccw —0.058+0.020

—0.233 £0,0212 2.66 +2.25%
—0.223 0,012 2.19+1.29
—0.223+0.012 2.36 £1.21
—0.234+0.008 0.68 +0.82
—0.234 +0.008 1.50+0.91
—0.237 £0.042 -0.45 +3.77
—0.237 £0.042 0.21+1.19
—0.235+0.001 2.40+0.21
—0.229+0.008 0.82+0.60
~0.229+0.008 1.08 £0.57
—0.2580.013 2.79+0.99
~0.225 +0.026 4.57£1.97
—0.184+0.015 1.95+1.16
—0.184 £0.015 1.53 +1.27
—0.258 0,011 2.09+1.01
—0.231+0.0001 1.46 £0.55
—0.231£0.0001 1.34 £0.47

25tandard deviation obtained from a “least-squares” fit of a straight line to each plot of % versus Iy.

limited study of trajectory effects, this result can-
not be regarded as definite evidence for the ex-
istence of an EDM of the Cs atom but should be
used to set the following upper limit:

qu/e <3x1072% cm.

This upper limit together with the enhancement of
an electronic EDM calculated by Sandars leads to
an upper limit of

ue/e <2.5%1072% cm

to the EDM of the electron.

B. Upper Limit to EDM of Cs Atom Based Only
Upon Measurements on Cesium

The upper limit on the EDM of Cs stated in Sec.
VII A is based upon comparison measurements
between Cs and Na and a theoretical calculation by
Sandars. It is also possible by using only the data
obtained for a single element to determine an
upper limit on the linear Stark effect in that ele-
ment.

The technique used in these experiments involves
measuring the intercept for a given element as a
function of velocity (proportional to the slope in a
k-versus-Iy plot). Consider as an example, the
case where two runs are made, resulting in the
slopes m, and m, and in the I,, axis intercepts I,
and I,, respectively. From Eq. (3), we see that
the intercept difference I, - I, and 6 are related by

6=[mlm2/(m1—m2)](ll—12) . (7)

Thus, if the VxE effect is the only linear effect
present(and there are no trajectory effects) then
I=I, and ©6=0.
The results of the measurements were presented
in Table II. In runs Cs-110D and Cs-111D as an

example, the errors in the slopes (m) do not cover
the difference between the slopes. Recalling that

m=-— gFuoi/thz,

and that I; is held constant during all the experi-
ments, the difference between the slopes in runs
Cs-110D and Cs-111D must be attributed to a dif-
ferent average velocity 7 in each of these runs.
Two possible contributions to a change in ¥ are:
(i) The oven temperatures may have been differ-
ent for these experiments. (ii) The oven was
intentionally rotated before run Cs-111D was be-
gun. Such a rotation of the oven can produce a
change in the average velocity of the detected par-
ticles because of velocity selection by the focusing
magnets.

The intercept differences in the experiments
labeled Cs 108D-Cs 110D and Cs 111D-Cs 110D
were used with Eq. (7) above to obtaina value of 5 of

5=(~0.6+3.2)x10"" cps/Vem™! .
This corresponds to an EDM of the Cs atom of

qu/e =(1.0+5.3)x10"%! cm,
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which is consistent with the value quoted above in
Sec. VII A.

C. Purity of Cs Ground State

The result above (Sec. VII A) can be used to set
an upper limit to the real part of the probability
amplitude of parity mixing!? in the ground state of
the cesium atom. If some p state is present so that
the wave function takes the form |s)+alp), then
from our measured limit on the EDM of the Cs
atom we deduce that

Re(a) <1073 .
VIII. CONCLUSIONS

A search has been made for a linear Stark ef-
fect in the ground-state Zeeman transitions in the
alkali atoms. Plots of 2= Ay/E versus the cur-
rent, I in the vertical field coils of the C magnet
have revealed small differences between the I
axis intercepts of Cs and Na. Ideally, if the only
effect contributing to % in each element were the
motional magnetic field effect, the Iy axis inter-
cept would be independent of which element was
being studied.

There are several instrumental effects which
could have contributed to the observed intercept
differences. An independent measurement of one
of these instrumental effects (a magnetic pickup
effect) has been used to correct the Cs-Na inter-
cept difference. The correction reduced the ob-
served difference by about 30%. Trajectory ef-
fects could possibly have been responsible for
part or even all of the remaining Cs-Na intercept
difference.

Analysis of a number of other possible instru-
mental effects did not indicate that any of these
could have accounted for a significant fraction of
the Cs-Na intercept difference.

The results of these experiments have been used
to set upper limits to the EDM of the Cs atom and
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of the electron
qu/e <3x107% ¢m,

ue/e < 2.5%x10723 cm,

A longer rectangular Helmholtz coil C-magnet
region with improved beam collimation is pres-
ently being used for experiments in this laboratory.
In addition to improving the sensitivity of the ex-
periments, ?2 this region should lessen the influ-
ence of trajectory effects and allow for a more
detailed study of these and other systematic ef-
fects.

Note added in proof. It has recently been shown
[R. C. Casella, Phys. Rev. Letters 21, 1128
(1968)] that existing data on the CP-nonconserving
K ° —-27 decays provide direct experimental evidence
of a violation of T invariance.
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