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Experimental Upper Limit for the Permanent Electric Dipole Moment
of Rb" by Optical-Pumping Technitlues*t
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An optical-pumping experiment designed to detect a permanent electric dipole moment in the ground state
of the Rb" atom is described. It has the advantage of averaging out the motional magnetic fields that limit
the more recent related atomic-beam results. The applied electric fields were necessarily smaller. Zeeman

transitions in free Rb" atoms in the earth's magnetic field (about 210 kc/sec) were observed in evacuated,
wall-coated absorption cells under electric fields up to ~2000 V/cm. Modulation of the light beam by
precessing atoms was used to operate the samples as self-excited oscillators. The difference in frequency
between two Rb" oscillators operating side by side in the same light beam was measured to reduce the eQect

of magnetic field fluctuations. This frequency difference (about 300 cps) was found to be stable to within

~0.1 cps (e.g., corresponding to magnetic-field variations between samp]es of 2&&10 G for 30-min periods,
under favorable conditions), and was found to be independent of the electric field applied to one of them

within th« limit. It was concluded that the permanent electric dipole moment of the Rb" atomic ground

state, if it exists, is less than ex (10 "cm), where e is the electronic charge. The theory of optically pumped
alkali oscillators is developed for arbitrary nuclear spin in the limit of low light intensities (the high-resolu-

tion case).

INTRODUCTION
~

~

S previously reported, ' this experiment set an
upper limit for the permanent electric dipole

moment of the Rb ' atom of about 10 "cm times the
electronic charge e. Since then, similar experiments in
atomic beams have set a limit for Cs'" which is lower

by about a factor of 10.' ' Possible implications of this
experiment as a test of time —reversal invariance have
been discussed by Sachs and Schwebel' and by Sandars, '
whose calculation for the heavy alkalis indicates that
these results imply much lower limits on the permanent
electric dipole moment of the free electron.

Optical-pumping and beam methods have quite dif-
ferent limitations. "Motional" magnetic fields' (of
the form vga for atomic velocity v and applied elec-
tric field S) are averaged out and resonance lines are
much narrower in optical pumping, but electric helds
are limited by larger electrode spacings and delicate cell
linings. In both methods the linear Stark effect would
have been observed as a sma11 perturbation on the
alkali ground-state Zeeman splitting.

In this experiment, circularly polarized resonance
radiation. (7947.6 A "Di" line) polarized' a vapor of
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rubidium atoms in an evacuated absorption cell. The
modulation of the transmitted light beam at the Larmor

frequency drove the resonance through a feedback loop,

forming the type of self-driven oscillator suggested by
Dehmelt. ' The beat frequency between a pair of such

oscillators proved independent of relatively large

Quctuations in ambient magnetic field and was there-

fore a sensitive detector of frequency shifts caused by an

electric field applied to one of them,

APPARATUS

The light beam for both oscillators was provided by a

single Varian spectral lamp (Fig. 1) powered by a

regulated current supply. Given proper warm-up and

environment, it proved very stable and free of noise.

It was mounted about 12 in. from the two absorption

cells and directed at a point between them. A 3-in.

commercial dielectric filter, with a bandpass of 80 A

approximately centered at 7947.6 A, was used to select

D1 radiation. The ratio of the transmittances of D1 to

D2 intensities varied from about 500 at normal inci-

dence to about 95 at 12', the maximum angle at which

light reached the samples in the experiment. Sheet

polarizers and retardation sheets were selected to trans-

mit about 90% circularly polarized light at normal

incidence.
An evacuated absorption cell was essential for the

application of strong electric fields. Spin relaxation at

the walls of the evacuated cell was reduced by the

technique of coating them with wax, according to the

method now generally used, first employed by Robinson,

Ensberg, and Dehmelt. ' In this case, dotriacontaine

6 H. G. Dehmelt, Phys. Rev. 105, 1924 (1957).
7 A. L. Bloom, Appl. Opt. 1, 61 (1962).
8 H. G. Robinson, E. S. Ensberg, and H. G. Dehmelt, Bull. Am.

Phys. Soc. 3, 9 (1958); D. Kleppner, N. F. Ramsey, and P.
Fjelstad, Phys. Rev. Letters 1, 232 (1958); H. M. Goldenberg, D.
Kleppner, and N. F. Ramsey, Phys. Rev. 123, 530 (1961).
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FIG. 1. Two rubidium sam-
ples were illuminated by the
same spectral lamp. The block
diagram of the feedback loop
for the sample with Stark
electrodes is shown. Its neigh-
bor had an identical feedback
loop, whose output is indicated
here as an input to the mixer.
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(C32H6II) was used. The absorption cells used in this ex-
periment were Pyrex cylinders about 28 mm long and
28 mm in outside diameter (Fig. 2). The measured
longitudinal relaxation time of 0.1 sec suggests that the
rubidium atoms bounced at least 1400 times off these
walls before losing their spin orientation. Metallic
rubidium in a side tube supplied the vapor which reached
the absorption cell through an aperture in the wall with
a diameter of ~3 mm. A simple glass ionization pump was
installed on each sample to ensure good vacuum for the
life of the samples.

Another advantage of an evacuated cell is the reduc-
tion of the field-inhomogeneity contribution to line
breadth. If the order of magnitude of this "motional
narrowing" is estimated by the usual random-walk
argument, ' a gradient corresponding to a linewidth
Dv for stationary atoms gives an effective linewidth
iII = (Av)'/0, where 0 is the "rattle frequency" of the
atoms at thermal velocities in the evacuated sample.
In this case, typical numbers are 0=104 cps, As=700
cps, or bv=50 cps.

Three sets of simple gradient-reducing coils sufficed
to reduce the linewidth by only another factor of 2.
(In practice, to prevent the accidental phase-locking of
the oscillators to each other through stray H~ fields,
the gradient was never reduced to zero. )

In order to apply Stark Q.elds to one of the samples, a
heavy (incomplete) ring of silver paint was baked on the
outside wall of the sample near each end. The potential
of these rings was varied symmetrically with respect to
ground so the mid-plane of the cell was normally at

D. Pines and C. P. Slichter, Phys. Rev. 100, 1014 I'1955).
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FzG. 2. A rubidium sample. The electrometer wire shown at top
left was used to measure the internal electric 6eld. The wax was
predistilled at low temperatures and pushed into the neck of the
sample in an open capsule during construction. After evacua-
tion, a drop of the melted wax was forced through the aperture by
inert gas. The ion pump (Penning pump) was rarely used after
ensuring good vacuum in the completed sample.
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ground potential. Because of the highly insulating
interior wax waIls, a simple electrometer was sealed
into the sample to test the strength of the internal
electric field. This electrometer consisted of a fine tung-
sten wire extending through the glass wall, whose de-
Qection in the field could be measured as a function of its
own potential. The deQection was observed before and
after evacuation and wall-coating of the absorption
cell and was found to be identical with the deQection
of a comparable wire suspended in open air between
mockup electrodes approximating the shape of the
silver-paint rings. Rb" disorientation by the wire
was negligible because its surface was small compared
with the aperture in the glass wall.

The samples were mounted in the light beam on an
optical bench which was tilted to make an angle of
about 45' with respect to the earth's magnei, ic field.
At this angle, the single light beam can both produce
an atomic polarization and be modulated at the Larmor
frequency.

Positioned behind each absorption cell, in the trans-
mitted beam, was a solid-state photodetector. The
solid-state photovoltaic diode was used because of its
large quantum eKciency at this wavelength. Its large
internal capacitance necessitated the use of a small
photosensitive area. Light was collected from the trans-
mitted beam by a parabolic mirror, focused on the
detector. A pair of matched gallium-arsenide —type
GAU-401 (Philco) detectors were finally used, with an
active area of 4 mm' and internal impedance of 3&(1040
(at 0 V) and 160 pF shunt capacitance at 210 kc/sec.
The dc photocurrent was measured directly with
chopper-stabilized millimicro-arnmeters. The rf modula-
tion on the photocurrent was measured at the output of
appropriate low-noise, wide-band preamplifiers. The
noise of the preamplifiers, thermal noise of the detec-
tors, and shot noise of the light beam were all of com-
parable magnitude. Raising the light intensity to in-
crease the photocurrent from zero to 3 pA increased the
noise voltage output by about 20 jo. A battery-operated
incandescent Qashlight bulb demonstrated the same
order of magnitude of noise as this spectral lamp.

The resonant magnetic field was provided by single-
turn "IJ& coils" rigidly supported around each sample
by polystyrene cylinders to which they were cemented.
Aluminum-foil —covered plywood boxes around each
sample region were used to reduce the effect of each
sample's H~ field at its neighbor's site.

Cathode followers coupled the output from each pre-
amplifier to a mixer through tunable filters which re-
stricted the output to a 3-kc/sec band centered on the
oscillator frequency. After additonal amplification, the
two outputs were mixed and the difference in their fre-
quencies (determined mainly by the field gradient over
the sample region) was mixed with the output of a
stable laboratory oscillator. The resulting low —frequency
(about 1 cps) beat was displayed by a pen recorder.

Since long observation times were required, this
method of taking data was abandoned after it had been
established that the system operated reliably. The
alternative system of measuring frequency shifts in-
volved counting the frequency in the output of the first
mixer directly with a sealer. The counting time for a
given number (usually 2)&10' to 10') of cycles was meas-
ured against ihe frequency standard in the Hewlett
Packard Model 5240 frequency counter.
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FIG. 3. Rb's ground-state energy levels and
transition frequencies at 0.47 G.

"W. E. Bell and A. L. Bloom, Phys. Rev. 107, 1559 (1957).' J.N. Dodd and G. W. Series, Proc. Roy. Soc. (London) A263,
353 (1961).

'-' J. P. Barrat and C. Cohen-Tannoudji, J. Phys. Radium 22,
329 (i96i).

ABSORPTION PROBABILITIES

The theories of related optical-pumping experi-
ments" "grow complicated for large nuclear spin. In
this experiment, high resolution requires low light in-
tensity, permitting considerable simplification in the
problem of expressing the connection between the Stark
shift and the oscillation frequency of the rubidium
oscillator. It is also assumed that the samples were
optically thin and that equal optical intensities were
available for all hyperfine components of the Dj line.

Alkali atoms with nuclear and total angular momen-
tum quantum numbers I and F, respectively, can have a
total of only 4F+ Zeeman sublevels (Fig. 3) in their two
ground-state hyperfine levels, where F=I&—,

' and F+ is
defined here as I+-', . If there are nq atoms in the kth
sublevel, the total number of atoms in the cell is

Pi, ni, N. The effe——ct of the pumping radiation is to re-
move an atom from the kth sublevel to an excited state
by absorption of a photon (with a change of magnetic
quantum number mI, determined by the light beam
polarization to be, for example, +1), from which it
rapidly returns by spontaneous emission (Am= &1, 0)
to another ground-state sublevel j.Given the probability
per unit time POB, i, for this two-step transition between
ground states, where Po ——the absorption rate per atom
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In the unpolarized vapor, rs ~E/4F+, P ~Po, and

Z»o=4F+ ~ (2)

Certain other relationships between the 8;I,'s can be
calculated for an alkali with any I by simply performing
the indicated sums'4:

P 8;o 1&ms/F+——,
7

-4F,~(F,s+2)-
mrs p

(3)

P I3„, »„= —$2F a(F '—1)$
3F:

where the upper sign is used if k designates a level for
which F=I+—,', the lower if F=I is. —

Using (3), for example,

Since the projection of the electron angular momentum
on the axis defined by the light beam is proportional to
+ms if F=I+', and to —mo if -F=I zi, the quant—ity

mk +k
F.=—g+——

F+E
is just the electron polarization, and the absorption
can be written

P=Po(I F.)— (7)

This is a generalization of Dehmelt's result for the I=0
case. s Equation (7) must be independent of any special
choice of coordinate system; I', is the instantaneous
projection of the electron angular momentum on the
light beam; P is the quantity actually measured in this
experiment.

This absorption, in competition with various relaxa-
tion processes, is also responsible for establishing a
polarization, For simplicity, assume all relaxation
occurring by loss of polarized atoms and replacement of
unpolarized atoms through the aperture in the cell wall.
Then the characteristic relaxation time Tj in all 4F+

in the unpolarized vapor, one can compute the buildup
of atomic polarization in the sample in the absence of
relaxation.

It is then customary" to write the absorption rate
per atom P,

0
P=—g B,oeg, .S ~,~

«o Po
- Z(IIo —& o)——

dt 4F+ i Tj

Again, at equilibrium, des/dt -+ 0 and

PoTi
Q(I3o; —».o),

4F+ i

(9)

which, with (5) above, is

PoT1
t 2F+& (F+s—1)7mo

6F+4

The linear dependence on mj, suggests a Boltzmann dis-
tribution; the weakly polarizing light beam simply
lowers the temperature of the spin system.

Also note that Eq. (11) predicts that the opposite
ends of two hyperfine levels acquire increased popula-
tions for atoms with I&~ —,'. This eGect in vacuum sam-
ples (no reorientation in the excited states) arises from
competition between absorption and spontaneous-emis-
sion probabilities which can lead to "inverted-signal"
e6ects similar to those recently described by Franz. "

In terms of the electron polarization, Eq. (9) becomes

(12)

for any alkali atom as well as for the familiar spin
-,'(I=O) case, where

&e'= Ps&rt (13)

2F+'+5F+' —1

9F+4

Physically, the factor f is the change in electron polariza-

sublevels would be equal and

dsIt; I g
=o Z(o.;n;—s;.n.)+— —e,) .

dt ~ Tr 4F

Equilibrium implies drso/dt ~ 0 and the sublevel popu-
lations e& are given by a set of coupled linear algebraic
equations which have been numerically solved else-
where for a number of special cases."""An analytical
solution has been performed, for I= 2 only, by Raith. '~

In weak light, however, the nl, are never far from
their unpolarized values and Eq. (7) can be written in
terms of their differences ej„expressed as fractions of the
total population, de6ned by

No X(I/4F——++so) .
Then Eq. (8) becomes, to first order,

» IVY. Franzen and A. G. Emshe, Phys. Rev. 108, 14&3 iI9~7).
'4 See Appendix.

'~ B. Hawkins, Phys. Rev. 123, 544 (1961).' F. A. Franz, Phys. Rev. 141, 105 (1966).
17 W. Raith, Z. Physik 168, 467 (1961).
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tion per photon scattered by the unpolarized alkali
vapor. For example, if I=O, then l = ,' -T.hat means that
for three photons absorbed, one atom is transferred to the
nonabsorbing state, increasing the polarization once for
the state depleted and once for the state newly popu-
lated. For I~~, f' falls to 2/9, not to zero as one might
expect for a very large number of sublevels. The reason

is, of course, that hF=+1 transitions are allowed, re-

sulting in occasional large fractional changes in elec-

tron polarization per photon. '
Since the magnetic moment of the alkali ground state

is essentially that of the electron, the gyromagnetic
ratio y changes sign with the electron polarization; the
macroscopic magnetic moment of the sample as a whole

is then just yAIi+1VP, =Mp, where A is Planck's con-

stant divided by 2x. In the presence of a static, weak,
homogeneous magnetic Geld parallel to the optical axis,
the preceding results are unchanged.

In general, several complications arise when the light
beam and magnetic Geld are not parallel or when a
transverse monitoring beam is used. " " In weak

light, things are simpler. This is most easily seen by
thinking of the light as a series of short pulses of a
length consistent with the optical spectral width. '~

For this lamp that width was probably Doppler
breadth"; in any case the interaction time is very short

compared to a Larmor period, for example. Thus the

magnetic Geld can be ignored during the time of inter-

action with any single optical pulse.
Each pulse contributes its increment of sample mag-

netization along the optical axis s', making an angle 0

with the magnetic field z (see Fig. 4). After the pulse,

each increment of magnetization precesses away from

the optical axis about the magnetic Geld or s axis. In
the absence of correlation between optical pulses, the

net sample-magnetization lies on the magnetic Geld

axis; the transverse component vanishes in the average.

The weak-light restriction means here that the equili-

Fzo. 4. In a pulse approximation,
the off-axis light beam creates incre-
ments of polarization on the z axis

~

~

~
which precess about the magnetic
field in a cone whose net polarization
p is parallel to the magnetic field.

brium magnetization is never large enough to affect
this process significantly. The relaxation processes are
defined in the usual way in the magnetic Geld's co-
ordinate system. The new equilibrium polarization is

P,=P, 'g, (io),

P,=P,'g, (to) sin(cot —y),
P„=P, 'g, (ro) cos(cot—g) .

(17)

For small magnetic Gelds, where the Zeeman resonance
lines are completely unresolved, the steady-state solu-
tions of Bloch's equations apply directly that

1+(a&oT,)'
g.(~)=

1+(AroT2)'+(yHt)'Tt Tz

q HrTgL1+(hcoTg)'j'i'
g (~)=

1+(hto Tg) '+ (yHi) 'TiT2

Tj is the longitudinal relaxation time already intro-
duced, T2 is the "transverse relaxation time" char-
acterizing the loss of phase memory, and

pro= io yHo, tang= A—roTe.

In practice, a linearly polarized rf 6eld (H,= 2Hi cosiot,

H„=O) was used without measureable error. "
For resolved ground-state lines, the effective polariza-

tion reoriented in a single resonance between sublevels
me and mi t is (ee ee r')/F+, —which is a fraction

2P++(P+'—1)

2F+ 2F+4+(5F '—1)

P,P=P,P cos8.

MAGNETIC RESONANCE

A circularly polarized rf magnetic field (e.g.,
H, =Hi cozen, H„= Hi s—inMt) in the plane perpendicu-
lar to the static magnetic field IIO can reorient the elec-
tron polarization. Bloch's phenomenological equa-
tions"" describe the motion of the magnetic moment
vector through its components M, =yAI" +EP„etc.The
projection of the electron polarization on the optical
axis is then

P;=P, cose+P, sini7,

where the optical s' axis is arbitrarily taken to be in the
x-s plane.

If the time dependence is made explicit, the steady-
state solutions will have the form

of the total electron polarization of the vapor. Since
only two levels are involved ("fictitious spin a' "23'4), the

"F.Bloch, Phys. Rev. 70, 460 (1946)."F.Bloch and A. Siegert, Phys. Rev. 57, 522 (1940).
"A. Abragam, The Principles of Nuclear Magnetism (Oxford

University Press, London, 1961).
~4R. P. Feynman, E. L. Vernon, Jr., and W. R. Hellwarth,

J. Appl. Phys. 28, 49 (1957).

~8 If, instead, the fractional increase in total angular momentum
were the observed quantity, the change of sign in Eq. (6) would be
ignored in calculating Eq. (14), giving p(7F+r 1)/9F+ g, which—
does approach zero in the limit of large I.

'9 P. A. Franken, Phys. Rev. 121, 508 (1961).
0 W. E. Sell, A. L. Bloom, and J. Lynch, Rev. Sci. Instr. 32,

688 (1961).
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steady-state solutions above must be corrected by re-
placing yH, by [(Fr,+nsr)(Fr, —m r+1)]' r'yH,

Then the absorption rate per atom can finally be
written

P =P&(1 P;—)=Po(1 PoT—ii L&os'gg*(&)

+sin0 cos0g, (or) sin(or& —p)]) . (19)

The time-independent term is the one usually used in
transmission-monitored optical-pumping experiments.
The time-dependent term was of primary interest in this
experiment. In particular, if the source of Hi current is
removed and the rf current i(co) from the photocell is
fed back to the H~ coil through amplifiers of fixed gain
A and suitable phase shift n, stable oscillations develop
whose frequency is controlled by the rubidium transition.

From the de6nition of H, steady-state operation
requires

2Hi cosor)=A i(or) r

where the "gain" A is taken to include all the engineer-
ing parameters of the feedback loop. This imposes a
condition on the phase:

cosoA = sin(cot —P+n)

and a condition on the gain

(20)

2Hi=A1VPo'Tgg, (or) cos8 sin8. (21)

But g, (or) is a function of Hi. Solving for Hi in the weak-
field case above,

Hi ——[A1Vpp l cos8 sin& —(1/'r'TiT2)]"' (22)

which implies a threshold of oscillation when the expres-
sion under the radical is zero. (For resolved lines,
again, y and E must be modified. )

This oscillator differs from the conventional maser
only in the means of detection and the use of external
gain and phase shift. Like a maser, the frequency-
determining element is saturable and operation beyond
saturation in unstable. "In general, higher order transi-
tions not described by this theory further complicate
the behavior beyond saturation. In our case, the gain
was adjusted for maximum stability.

By the definition of P, following Eq. (18), the phase
condition implies a frequency requirement

THE STARK EFFECT

Postulating a permanent electric dipole moment p for
the atom and taking the applied electric field to be
parallel to the magnetic field (de6ning the s axis), the
perturbing Hamiltonian is —p. 8= —eDG cos8. The
length D= p/e is customarily used to express the magni-
tude of the moment and is analogous to the magnetic
dipole convention, so that the linear shift in Zeeman
frequency is

8.(g) = eDg/hF.

Even in the absence of a new linear Stark effect, the
Zeeman sublevels are depressed by the usual quadratic
Stark shift 8'&, , but the shift in frequency

8v = (1/h) (Wr, „—Wr;,„ i) (25)

is very small. Intuitively, the nuclear electric quadrupole
moment should be expected to contribute to the fre-
quency shift by interaction with the fraction of 5 'PS~2
state admixed in the first-order perturbed wave func-
tion. In fact, the magnetic hyperfine energy is also
coupled to the ground state in an nz-dependent way. The
significant contributions to 5'y, are then

l (5 '5'i)2, F,rrr [ s ~
5 'P,J,F',m) (

'
Wr;, =e'b2 Q

J,II ' (hW)'

X (5 'P,J,F',m
~

hfs
~
5 'P,J,F'pg), (26)

where 6$' is the optical D-line energy separation and
only the 5P state is included in the sum because of its
oscillator strength. The corresponding fine-structure
term does not appear because the sum Pr;

~
(5 'Sir 2,F,m

~

Xs~5 O',J,F',es)~' is independent of m by "spectro-
scopic-stability" arguments. The sum in Eq. (26) has
been performed by Lipworth and Sandars' (the re-
sult appears in third order if the hyperfi. ne interaction is
treated as a perturbation; the derivation here cor-
responds to a second —order energy calculation, of course,
and can be obtained, e.g., by expanding the energy

or.„=(1/T2) (u —rr/2)+yHo. (23)

In practice the 6rst term is set to zero as nearly as pos-
sible by maximizing the amplitude for small gain.

Variations in loop phase shift of n can arise in many
ways, causing frequency noise or failure to follow the
magnetic 6eld Hp. For example, the Hp axis and optical
axis have been taken here as de6ning the x-z plane, with
the H~ 6eld introduced on the x axis. Small changes in
IIp direction rotate the x—z plane away from the H&

coil, changing n. To prevent such phase shifts, the axis
of the H j coil was made parallel to the light beam. ~

"W. E. Lamb, Jr., Phys. Rev. 134, A1429 (1964).

FIG. 5. An (F=3, ms ———3 ~ -2)
transition and (J =3 ~F ——2 ~ —])
transition partly resolved. This dis-
p»y was made by synthesizing an rf
frequency which followed magnetic-
6eld fluctuations corresponding to
hundreds of linewidths.
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denominators). '» For the transition (F=3, m» =+3)~
(P=3, mi =+2),

B(aP)(BEAsI
—24I

) (27)

for Rb" I=5; A5'=2. 5&(10 " erg; the magnetic
hypcrfine interaction constant in the 5 283~2 state'~ is
A»~2

——25.3 Mc/sec; the electric quadrupole constant in
the 5 'P»&2 state" is b»~2

——24.4 Mc/sec; the electric field
8 is in esu; and 0,, the measured electric polarizability in
rubjdjum j.s 40+ $Q cm . The rcsu]tjng shjft j.s
0.31X10 ' 8' cps (8 is V/cm) and was too small to be
observed in this experiment.

RESULTS

With the two Rb oscillators running at about 210
kc/sec, and with the gradient adjusted for the sample
on the west to operate about 300 to 400 cps higher than
that toward the east, the typical minimum random
uncertainty in beat frequency, which under favorable
conditions was of the order of O. j. cps, set the limit to
the sensitivity for measurement of frequency shifts
between these two oscillators. This is equivalent to a
shift in magnetic 6cld of 2)&10 ~ G.

The longitudinal relaxation time Tq of the absorption
cells were about 1/10 sec. Reducing the area of the
aperture in the absorption cell wall from about 3/7 mm'
to about 1/9 mm' failed to increase Ti. (These times
were measured by saturating the magnetic-resonance
lines and then observing the initial slope of the photo-
current as a function of light intensity. ) Since the field

Quctuations were many times as large as the magnetic-
resonance width, the line shape was examined with the
aid of an EIj 6eld whose frequency was generated by a
crude synthesizer from the photocurrent of the neigh-

boring rubidium osciBator. The synthesizer permitted
the addition of a small frequency increment to sweep
across part of the line. The top of a typical mq=+3 to

26 R. D. Haun and. J. R. Zacharias, Phys. Rev. 107, 107 (1957).
» 3. Senitzky and I. Rabi, Phys. Rev. 103, 315 (1956}.
'8 G. E. Chamberlain and J. Zorn, Phys. Rev. 129, 677 (1963).

+2 transition and its first neighbor are shown in Fig. 5.
This was the peak on which the oscillators ran. The
quadratic Zeeman splitting separates the centers of these
lines by about 30 cps. Neither resolved lines nor the
weak-light limit were fully realized here.

Any change in Stark voltages across the absorption
cell were foHowed by fluctuations in photocurrent which
diminished over a time of the order of a minute. This
slow return to equilibrium seemed related to the wall
coating. Thc only attempt with $0-cps Stal k 6clds
damaged the coating in the cell and indicated that the
ability of the lining to withstand strong electric 6elds
may have been greater at dc. When Stark voltages were
very gradually raised to the chosen value, spurious
CGects mere small and disappeared when the voltage
was 6xcd.

No Stark effect was observed (Fig. 6). With electric
6elds of j.0 kV across the 25 mm of sample length, small,
apparently reproducible shifts were seen, some de-
pendent on 6eld polarity. They were judged spurious
because correlation existed between the size of the
shifts and the history of previous applications of the
field (although no evidence of internal discharge was
visible to the dark-adapted eye or detectable in sample
pressure). Thus data taken for the higher voltages were
discarded.

Fields of &7000 V across 25 mm of sample taken
with the frequency uncertainty of about &O.I cps
implies, through Fq. (24), that if a linear electric dipole
exists, then its len& th D must be less than 0.7 &10 '8 cm.
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The sums P; B,i, and P, Bi,; were derived by simply
taking the implied matrix products of absorption
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Final Q Initial
&P1~2 state+2S1/2 state
sublevels a ~sublevels k

F„m+1
F+—1,m+1

F+ —1, m

7s (F+—m) (F++m+1) $ (F++m) (F++m+1)
$ (F+—m) (F+-m —1) $ (F++m) (F+—m —1)

TABLE I. Unnormalized absorption probabilities P Ir, in
terms of initial-state quantum numbers.

probabilities I' I, and spontaneous emission probabili-
ties Q; calculated from electric dipole matrix elements
with angular-momentum wave functions. " The sum
Pj & Jy= vaja Qjd as=&a(Zj Qja)pea is easily per-
formed because P; Q; must be independent of the
initial excited sublevel n. Then using Table I, P;8;»

P i, ~p+(P+WM) 0-1%(3E/F+). A normalization

fABLE II. Unnormalized spontaneous-emission probabilities Q& in terms of 6nal-state quantum numbers.

Final
'SI(2 sta
subleve

al
P112 state

sublevels a

P+7 m
P+17m

F+, m
F+—i, m

F+, m+1

(P,+m+1)(P,—m)
(P,+m+1) (P,+m)

F+—1, m+1

(P,—m —1)(P,—m)
(P —m —1)(P +m)

2m'
2(F+&—m2)

F+ 17 m

2(F+'—m')
2m'

F+, m —1

(P+ —m+1) (P++m)
(F,—m+1) (F,—m)

F+—1, m —1

(F,+m —1}(P,+m)
(F++m 1)(P+ m—)—

TABLE III. Unnormalized absorption probabilities P; in terms of anal-state quantum numbers in Table II.

Final +Initial
'PIq2 state I/2 state
sublevels n sublevels j

F+ m+1
F+, m
F, m —1
F+ 1

7 m+
P+ 17m
F+—1, m —1

F+, m+1
P+7 m
F+, m —1
F+—1, m+1
P+ 17 m
P 1m 1

F+7 m

(P,+m+1) (P,—m)

(F,—m —1)(P,—m}

F+ 17 m

(F,+m+1}(F,+m)

(Fp—m —1)(F~+m)

F+, m —1

(P+ m+ 1)(P++m)—

(F+—m+1) (P+—m)

F+-1,m-1

(F++m 1)(P++m)—

(P,+m-i)(F, -m)

F+7 m 2

(F+—m+1) (F~+m —1)

{P+—m+1) {F+—m+1)

F+ 17 m 2

(F++m —1}{F,+m —1)

(P,-m+1) {P,+m-i)

constant A can be evaluated by Eq. (2):

=A L(2F++1)+(2F+—1)j=A L4F+g;

so A = 1 and g; B,i,= 1%(m/F+), where the upper sign

implies an initial state (F+,m) and lower sign, initial
stat~ (p+—1, m). For the sum p;8„;=+;.Q, P,.

Qi (g;P,g, the probabilities for all transitions
ending in the final-state sublevel k must be written in

terms of the quantum numbers for that state (p+, m or
F~ 1, m) as shown—in Tables II and III.
Collecting terms:

(3F+'+ ( P+'+4F+ 2)m—)—
Q.- Z

t 3''+ (F~2+4F++2)m j
Normalizing as before.

4F+~ (P+'+2)
Z &i~=4P+ Z &»=1+
jk j' 3P+3

"K. U. Condon and A. G. Shortley, The Theory of Atomic
Spectra (Cambridge University Press, London, 1935).


