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Measurement of the forbidden tensor polarizability of Cs using an all-optical Ramsey
resonance technique

C. Ospelkaus,* U. Rasbach,† and A. Weis‡
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~Received 17 May 2002; published 17 January 2003!

We have measured the strongly suppressed electric tensor polarizability of the Cs ground state using an
optical pump-probe technique in a thermal atomic beam. The resulta2(F54)/h523.34(2)stat(25)syst

1028 Hz/(V/cm)2 agrees with a previous measurement and confirms the long-standing discrepancy with a
theoretical value. The anticipated future reduction of the total uncertainty to the 1% level makes this quantity
a valuable test for atomic structure calculations involving short-range inner-atomic interactions.
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I. INTRODUCTION

Precision measurements of atomic properties provide
important testing ground for atomic structure calculatio
The commonly investigated lifetimes,~allowed! Stark shifts,
and transition oscillator strengths depend on electric dip
matrix elements, and their measurement provides infor
tion mainly on the long-range parts of atomic wave fun
tions. There is, on the other hand, a strong interest in tes
the short-range behavior of atomic wave functions as it pl
a fundamental role in the measurement and calibration
parity-violating effects in atomic systems induced by t
short-range weak interactions. Hyperfine and spin-orbit c
pling constants are well-known examples of atomic prop
ties, which dominantly depend on the short-range proper
of the atomic wave function. Forbidden tensor polarizab
ities provide complementary tests of short-range interacti
in atoms.

The electric-field-induced shift of a hyperfine Zeem
componentunLJ ,F,MF& is given by

DE~nLJ ,F,MF!52
1

2
a~nLJ ,F,MF!E 2, ~1!

where the polarizabilitya has scalar (a0) and tensor (a2)
parts

a~nLJ ,F,MF!5a0~F !1a2~F !
3MF

22F~F11!

F~2F21!
. ~2!

In second-order perturbation theory, a nonvanishing t
sor polarizability arises only for statesunLJ& with a total
electronic angular momentumJ>1, so thata2 vanishes in
alkali ground statesunS1/2&. The scalar polarizabilities o
such states depend on
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uD~nS1/2,n8PJ!u2

DE~nS1/2,n8PJ!
,

where D(nS1/2,n8PJ) are S-P dipole matrix elements and
DE the corresponding energy splittings. It was first point
out by Sandars@1,2# that a finite, but strongly suppresse
~seven orders of magnitude in the case of Cs!, value of the
tensor polarizability arises as a third-order perturbation wh
the hyperfine interaction is taken into account, leading
terms

uD~nS1/2,n8PJ!u2Eh f~nS1/2!

DE2~nS1/2,n8PJ!
~3!

and

uD~nS1/2,n8PJ!u2Eh f~n8PJ!

DE2~nS1/2,n8PJ!
, ~4!

whereEh f are the matrix elements of the hyperfine intera
tion. The first term, involving the Fermi contact interactio
leads to a shift of the hyperfine splitting, which has be
measured on the Cs clock transitions@3,4#. This effect is
approximately two orders of magnitude larger than the ten
effect discussed here~second term!, which, for Cs atoms in
fields of a few 10 kV/cm, induces Zeeman sublevel splittin
on the order of 1 Hz. The expressions~3!,~4! illustrate the
dependence ofa2 on both the long-range and the short-ran
interactions.

Tensor polarizabilities of alkalis were measured in t
1960s using conventional Ramsey resonance spectros
@5#, but yielded large discrepancies with theoretical valu
@1,2#. Here we apply a Ramsey technique to measure
tensor Stark effect of cesium. Our all-optical method do
not use radio-frequency~rf! or microwave fields, thereby
avoiding rf power-dependent systematic effects observe
earlier experiments~cf. Ref. @5#!.

II. FARADAY-RAMSEY SPECTROSCOPY

The measurements presented in this paper were
formed using an optical pump-probe technique in a therm
cesium beam~Fig. 1!. A circularly polarized pump beam
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resonant with a hyperfine component of the CsD2 line ~852
nm!, produces spin polarizationSW 5^FW & oriented along thekW
vector of the pump beam and perpendicular to the ato
velocity vW . When exposed to a static magnetic fieldBW , ori-
ented at an angleq with respect tokW , the spin polarization
precesses around the magnetic field at the Larmor freque
vB5gF•uBW u. The spin polarization is measured downstre
by recording the transmission of a weak circularly polariz
probe laser beam. The absorption depends on the proje
of the velocity averaged spin polarization on the probe la
beam. The magnetic-field dependence of the transmitted
tensity then leads to a damped oscillatory pattern~Ramsey
fringes! symmetric aroundB50. For practical purposes it i
more convenient to work with a dispersive~antisymmetric
aroundB50) fringe pattern. Such a line shape can be g
erated as a derivative of the absorptive fringe pattern by
plying a small amplitude modulation to the magnetic fie
and detecting the transmitted intensity using a lock-in am
fier locked to the modulation frequency. In addition to t
well-known advantages of phase-sensitive detection,
lock-in amplifier will eliminate theB-independent parts o
the signal, which would otherwise make the pattern alm
unobservable. Forq590° the resulting line shapeS1(B) is
given by

S1~B!}E
0

`

sinS gFB
L

v D r~v !

v
dv,

wherer(v) dv is the velocity distribution of the atomic den
sity in the probe region. A typical experimental recording
such a Ramsey fringe pattern is shown as inset in Fig. 1.
steep central zero crossing of this pattern is a very sens
discriminant for the measurement of other~e.g.,
EW-field-induced! interactions that produce differential pha
shifts of the magnetic sublevels of the ground state. Prev
experiments using this technique were carried out with
early polarized laser beams and detected the~Faraday! rota-
tion of the probe beam polarization. This technique is clos
related to the~single beam! nonlinear Faraday effect that ca
be interpreted as a three-step process@6,7#. This resem-

FIG. 1. Experimental setup of the pump-probe experiment w
circularly polarized light. The inset shows a typical experimen
recording of the probe beam absorption as a function of the m
netic field. WithL530 cm, the period of the oscillatory structure
approximately 200 nT.
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blance, together with Ramsey’s idea of separated fields g
this method the name of Faraday-Ramsey spectrosc
~FRS! @8,9#. FRS has been used to measure the Aharon
Casher phase shift of85Rb @10#.

The key idea of the experimental technique used to m
sure the tensor polarizability is the following: In the intera
tion zone, the Cs beam is exposed to parallel static electrEW
and magneticBW fields oriented at an angleq with respect to
the kW vector of the pump beam. WhenEW50 a feedback loop
actively stabilizes the magnetic field to the center of the d
persive central Ramsey fringe. Any additional phase s
induced by the electric field is then compensated by an
tomatic adjustment of the magnetic field. The correspond
compensation currentI FB in the field generating coils is the
signal of interest.

For the quantitative interpretation of this compensat
technique, one has to know the electric-field equivalent
the magnetic compensation field, which can be calculate
a straightforward way by means of the Schro¨dinger equation.
A stretched hyperfine stateuF,MF5F&, prepared in the
pump region, is allowed to evolve in the electric and ma
netic fields. For a monochromatic beam of velocityv, one
then obtains the wave function in the probe region, wh
allows to infer theE-, B-field-induced change of the prob
absorption coefficient:

S1~FB ,FE!}FBsin2q1~2F21!FEcosq sin2q, ~5!

where the magnetic and electric phasesFB,E are given by

FB5gF

E B dl

v
and FE52

3

2F~2F21!

a2

\

E E 2 dl

v
.

The integrals are over the atomic trajectories between
pump and probe regions. As both phases have the same
pendence on the atomic velocityv, any velocity averaging
will produce a mere proportionality factor, which is irre
evant for the following discussion, and will thus be omitte
Equation ~5!—derived under the assumptio
FB,E!1—allows to define the optimal geometry and to ca
brate the electrically induced shift in terms of the magne
compensation. As the feedback loop in the experiment
justs the magnetic field such thatS1(FB ,FE)50, the signal
S is most sensitive toFE , i.e., to the tensor polarizability
whenq is chosen to be the magic angleqm , which satisfies
3 cos2qm2150 and which maximizes the electric contribu
tion in Eq.~5!. The same equation can also be used to de
the magnetic equivalent of the electric phase shift, wh
implies

a2

h
5

FgF

3p cosq

E B dl

E E 2 dl

~6!

[
FgF

3p cosq

b

«

I FB

UHV
2

. ~7!
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Equation~7! can be understood as follows: the first fact
depends on specific atomic properties and on the geomet
the experimental arrangement, while the second and t
factors contain calibration constantsb and «, which relate
the field integrals*B dl and*E 2 dl to the feedback curren
I FB and to the square of the applied high voltageUHV , re-
spectively. Once the calibration constants are known, the
sor polarizability can be inferred from the measured dep
dence ofI FB on UHV .

III. EXPERIMENTAL SETUP

In the experiment, the pump and probe beams are de
ered by the same extended cavity diode laser locked to
F54→F855 hyperfine component of the CsD2 transition
using standard saturated absorption spectroscopy in an
iliary vapor cell. The laser beam is transferred to the pro
experiment by an optical fiber that also serves as a m
cleaner. The output intensity of the fiber is actively stabiliz
by a feedback circuit controlling the input intensity with a
acousto-optic modulator. The atomic beam is produced b
reflux oven @11# operated at a temperature of 130 °C a
delivering a beam with a divergence of 40 mrad. Betwe
the pump and probe zones—separated by a 30-cm-long
teraction zone—the atomic beam propagates in a 7-
diameter electrically grounded tube that contains a pair
polished copper electrodes that can be rotated around
atomic beam axis. One of the electrodes is grounded, w
the other electrode is connected to a computer-contro
high-voltage power supply that allows to apply electric fie
up to 20 kV/cm. Two grounded diaphragms are located
tween the electrodes and the laser beams to ensure tha
pump and probe interactions take place in an electric fie
free environment. A solenoid wound on the beam tube
two pairs of rectangular coils allow to apply magnetic fiel
of arbitrary orientation and/or to shield unwanted field co
ponents. All coils extend over the pump and probe regio
The whole setup is enclosed in a double cylindricalm-metal
shield~transverse/longitudinal shielding factor 14 000/580!.
The data acquisition~high voltage and feedback current! is
controlled by a PC, and the robustness of the laser freque
lock allows the experiment to be run overnight without us
intervention.

IV. SYSTEMATIC STUDIES AND RESULTS

When qÞ90°, the motional magnetic field seen by th
atoms moving through the static electric field leads to
additional magnetic phase shift that is proportional to
electric field, i.e., toUHV . This linear Stark effect is also
known as Aharonov-Casher phase shift@10#. A further noisy
background may come from slowly drifting magnetic offs
fields. The measurements were therefore performed in a
that allows to eliminate these backgrounds from the recor
data.

In a typical experimental run~12 h!, the data acquisition
software controls the high-voltage power supply by apply
five discrete voltagesUi( i 51, . . . ,5) to theelectrodes, each
with both polarities. We start withUHV50 and recordI FB for
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2 min. Then the software applies the voltageUHV5Ui 51 and
recordsI FB for another 2 min, after which the polarity i
reversed andI FB is recorded withUHV52Ui 51. In the next
step, i is incremented by 1 and the cycle starts again w
UHV50. Wheni 55 is reached, the whole procedure is r
peated. The integration time of 2 min was chosen afte
detailed study of the system stability in terms of the All
variance ofI FB , which showed a minimal value for integra
tion times between 100 and 200 sec.

In the off-line data analysis, the average value ofI FB for
each cycle of a given high voltage is computed. Then
difference of time consecutive measurements with and w
out high voltage are calculated in order to subtract base
drifts, and finally the values thus obtained for consecut
measurements with reversed polarities are averaged in o
to eliminate the contribution from the motional field effec
The resulting averaged values then show a pure quad
dependence onUHV as illustrated in Fig. 2. A simple qua
dratic fit to the data points allows, together with the calib
tion constantsb and «, to infer a2 using Eq. ~7! with a
typical statistical error of 1% per run. The magnetic calib
tion constantb was inferred from the Ramsey fringe patte
with a precision of 0.3%, while the electric calibration co
stant« was determined by a semiempirical method involvi
both numerical calculations using an adaptive boundary
ment method and the Aharonov-Casher phase shift~precision
of 0.3%!. Details of these calibration procedures will be pu
lished elsewhere@12#.

The automated measurements have allowed us to s
different systematic effects. No significant dependence of
results on doubling or halving the pump laser intensity w
found. This proves that the beam is fully polarized in t
uF54,MF54& hyperfine state, which is a prerequisite for th
validity of Eq. ~5!. There was also no detectable depende
of the results on slight misalignments of the quarter-wa
plates producing the circularly polarized light, nor on var
tions of the oven temperature and hence the velocity dis
bution of the beam. The variations of the probe intens
yielded no effect on the obtained results. There is, howe
a serious systematic uncertainty that currently limits the
solute precision of the results. Equations~6! and ~7! were

FIG. 2. Quadratic Stark shift due to tensor polarizability af
substraction of an offset and motional field contributions. The v
tical statistical error bar of each data point corresponds to the
tical dot size. The horizontal error is negligible.
2-3
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derived by assuming that the magnetic and electric fields
perfectly parallel. The orientation of the electric field w
realized by a mechanical rotation of the electrode struc
and could be determined with an accuracy of better than
mrad. For historical reasons, the rotated magnetic field
realized by adding the fields of two orthogonal pairs of co
The contribution from the uncertainty~44 mrad! of this
alignment to the final result was estimated from a system
experimental study. The uncertainties for«, b, and q, to-
gether with the dominating error from the relative orientati
of theE andB fields, yield a~conservative! upper bound for
the total systematic uncertainty of 7.5%.

After averaging five runs the overall statistical error
0.7%, which leads to the preliminary result of

a2~F54!/h523.34~2!~25!31028
Hz

~V/cm!2
,

where the numbers in parentheses give the statistical
systematic errors, respectively. The value ofa2(F54) in-
ferred from previously reported@5# experimental results is

a2~F54!/h523.66~21!~7.3!31028
Hz

~V/cm!2
,

while the theoretical prediction from@1,2# quoted in the
c
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article by Gouldet al. @5# is @13#

a2~F54!/h524.13331028
Hz

~V/cm!2
.

V. CONCLUSION AND OUTLOOK

We have demonstrated a technique for the measurem
of tensor polarizabilities in alkali atoms. We have show
that, with 133Cs, a statistical precision below the 1% lev
can be achieved. The technique can easily be extende
other atoms by using suitable atomic beams and light fie
Our result is consistent with an earlier experimental res
and confirms the previously reported discrepancy with th
retical calculations at our current level of precision. In ord
to overcome the main current source of systematic error~par-
allelism ofEW andBW ), a new precision electrode arrangeme
with integrated magnetic-field coils is currently under co
struction. With this improved setup, a measurement ofa2 at
the 1% level will be within reach.
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