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We report on the measurement of the contribution of the magnetic-dipole hyperfine interaction to the
tensor polarizaility of the electronic ground state in 87Rb. This contribution was isolated by measuring the
differential shift of the clock transition frequency in 87Rb atoms that were optically trapped in the focus of
an intense CO2 laser beam. By comparing to previous tensor polarizability measurements in 87Rb, the
contribution of the interaction with the nuclear electric-quadrupole moment was isolated as well. Our
measurement will enable better estimation of blackbody shifts in Rb atomic clocks. The methods reported
here are applicable for future spectroscopic studies of atoms and molecules under strong quasistatic fields.
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Atomic systems are a good experimental platform for the
test of quantum many-body theories with high precision.
Atomic structure calculations for heavy atoms, with a large
number of electrons, require sophisticated approximations
and numerical methods. The predictions of such calcula-
tions can be readily tested using spectroscopy experiments.
One such prediction entails atomic polarizabilities.
Because of their symmetry under parity, atoms do not

have permanent electric-dipole moments. When placed in a
static electric field, however, their electronic wave function
is polarized and a dipole moment which is proportional to
the applied field is induced. The atomic polarizability is the
proportionality tensor between the induced dipole moment
and the field. This tensor can be further reduced to scalar
and rank-two tensor parts. The latter, also known as the
tensor polarizability, is determined by the hyperfine inter-
action of the electron with different magnetic and electric
moments of the nucleus. The ab initio calculation of
the different polarizabilites is a difficult task and requires
the use of advanced quantum many-body methods [1]. The
measurement of the tensor atomic polarizability requires
precision spectroscopy under strong applied electric fields.
The precision of spectroscopic experiments benefits

from long interrogation times. Optical dipole traps with
their long storage times were therefore considered as a
promising platform to this end. However, it was soon
realized that the perturbation of atomic levels by the
trapping optical fields introduces systematic line shifts
and broadenings, and therefore compromises the precision
of spectroscopy. Here, we rather take advantage of the large
Stark shifts of atoms that are trapped in the focus of an
intense CO2 laser field in order to measure the tensor
differential polarizability of the clock transition in 87Rb.
The slowly varying field of the CO2 laser, as compared with
the atomic resonance frequencies in Rb, allows for the
measurement of the static polarizability to a good approxi-
mation. The interaction of atoms with laser light has been
previously used to investigate atomic structure [2–5].

The tensor shift of the clock transition depends only on
the contribution of the spin-dipolar hyperfine interaction to
the polarizability and therefore allows for its determination
[6]. A comparison with a previous measurement of another
tensor polarizability in 87Rb enables the isolation of the
nuclear electric-quadrupole contribution as well. Both
results confirm recent atomic structure calculations [1].
For atomic clocks the shift due to the stochastic field of

blackbody radiation (BBR) is of concern. Uncertainty in
the BBR shift is one of the limiting factors in the accuracy
of Rb based atomic clocks [7,8]. For an isotropic field such
as BBR, the tensor shift averages to zero so that only the
scalar shift is relevant. Nevertheless, since when measuring
the shift under a static field to determine the scalar
polarizability, the two effects occur together, the value of
the tensor polarizability must be precisely known to
correctly account for it [9,10].
An alkali atom in its electronic ground state, when

placed in a static electric field, experiences a shift, hδ, of its
energy levels due to the Stark effect [11,12],
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Here F is the total angular momentum of the state, M is
its projection on the quantization axis, I is the nuclear
angular momentum, α is the polarizability in the absence of
hyperfine interactions, and α10 is the scalar differential

PRL 115, 183001 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

30 OCTOBER 2015

0031-9007=15=115(18)=183001(5) 183001-1 © 2015 American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.115.183001
http://dx.doi.org/10.1103/PhysRevLett.115.183001
http://dx.doi.org/10.1103/PhysRevLett.115.183001
http://dx.doi.org/10.1103/PhysRevLett.115.183001


polarizability. The contribution of the spin-dipolar and the
electric quadrupole hyperfine interactions to the tensor
polarizabilty are α12 and α02, correspondingly. The applied
electric field magnitude is jEj and θ is the angle between
this field and the quantization axis.
All previous measurements of the tensor polarizability in

alkali atoms examined the dependence of the Stark shift on
M, by detecting the shift of the flop-in transition under an
applied electric field [13,14]. This shift is proportional to
α12 þ α02. Here, we measured the dependence of the
differential Stark shift of the clock transition, i.e., the
transition between the M ¼ 0 states of the two hyperfine
manifolds, on θ. In the case of 87Rb, I ¼ 3=2, F ¼ 2, 1
and the differential shift of the clock transition,
jF ¼ 1;M ¼ 0i → jF ¼ 2;M ¼ 0i, is simply,

hδclockðθÞ ¼ −
4

3
α10jEj2 þ

1

3
α12ð3cos2θ − 1ÞjEj2: ð3Þ

We measured the difference in the Stark shift between two
perpendicular orientations of the magnetic quantization
field with respect to the electric field direction, i.e., laser
polarization,

hδT ¼ hδclockðθ ¼ 0Þ − hδclockðθ ¼ π=2Þ ¼ α12jEj2: ð4Þ

Thus, our measured shift depends solely on the spin-dipolar
contribution to the tensor polarizability. Note that δT is
typically 2 orders of magnitude smaller than δclock.
In our experiment we used microwave Ramsey spec-

troscopy of atoms trapped in a quasielectrostatic CO2 trap
to measure the differential Stark shifts under a strong
electric field. Here the CO2 laser serves both as a trapping
potential and a means to apply strong electric fields in
vacuum. While the electric field of a CO2 laser operating at
a wavelength of 10.6 μm is not static, it can be treated as
quasistatic due to the large detuning from the closest dipole
transition in Rb, at 0.795 μm [15]. The relative difference
between the static polarizability and that at 10.6 μm is on
order of 1% [7].

In our setup the trapping beam wave vector ~k is along the
x̂ direction, and is linearly polarized along the ẑ direction
(E∥ẑ), whereas ŷ is perpendicular to both; see Fig. 1. With
the axes defined, θ ¼ π=2 forB∥x̂; ŷ and θ ¼ 0 forB∥ẑ. By
repeating the measurement for various trapping beam
intensities we obtain δclock and δT as a function of laser
power, or, equivalently, jEj2.
We now turn to describe the experimental procedure.

Atoms were collected and cooled by a six-beam magneto
optical trap and were then loaded into a trap formed by a
focused CO2 beam. The beam waist at the focus was 30 μm
and its power was varied between 0.75 and 4.5 W, resulting
in an electric field on the order of 1 MV=m. The power
of the laser was actively stabilized to a 1% level.
After loading, all cooling lasers were extinguished and a

self-evaporation phase followed, allowing the 1 − 4 × 104

atoms to cool to a temperature of 10– 30 μK, depending on
the trap depth. After 1 sec of self-cooling we applied a
magnetic field along the x̂ direction. Using a combination
of microwave and laser pulses we optically pumped the
atoms to the jF ¼ 1; m ¼ 0i state. We then adiabatically
rotated the magnetic field to a chosen direction by adjust-
ments to the bias coils currents. The direction of the applied
magnetic field was cycled from one data point to the next
between x̂, ẑ, and ŷ. An additional delay of 2 sec was
introduced to allow for eddy currents and control transients
to relax before spectroscopy begins.
The different Stark shifts were measured using Ramsey

spectroscopy. The time between the two π=2 pulses, t, was
scanned and the population in F ¼ 2 following the second
π=2 pulse was measured by absorption imaging. The total
number of atoms in the trap was subsequently measured
after 1 ms. The fraction of atoms in the F ¼ 2 level after the
Ramsey pulse, RðtÞ, is shown in Fig. 2 in black solid
circles. A maximum-likelihood fit is performed with
respect to a theoretical curve for noninteracting atoms in
a harmonic potential, shown by the black solid line [16],
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Here the bias C and the amplitude A should equal 1
2
for a

perfect initialization. A phenomenological linear slope S is
observed in the data and can be attributed to a slow
population relaxation process. Had St not been included

FIG. 1 (color online). Experimental system diagram. The trap
beam is propagating along the x̂ axis and is linearly polarized
along the ẑ axis. During the experiment the magnetic field can be
applied along each of the major axes using three perpendicular
pairs of magnetic bias coils. Two pairs of magnetic coils were
omitted from the diagram.
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in the model, the effect would have been observed as a
slope in the residuals, without a statistically significant
effect on the estimated shift. The signal RðtÞ decays with a
typical time scale, K ¼ 2h=ηkBT, where η is the ratio of
hδclock to the trap depth, 1

2
αjEj2. The detuning of the clock

transition relative to the local oscillator frequency is
δ ¼ δLO − ðδclock þ δn þ δBÞ. Here, δLO is the microwave
source detuning from the free 87Rb clock transition
frequency, δB ¼ jBj2 × 57.515 kHz=mT2 is the second
order Zeeman shift of the clock transition at a magnetic

field B and δn is the density dependent collisional shift. The
detuning, δ, as well as the decay constant K were estimated
by the fit. The differential Stark shift δclock was evaluated
after subtracting δB and δn.
The measurement was repeated 12 to 16 times for each

of the applied magnetic field directions at different trapping
laser powers, covering half a decade of Stark shifts. The
inset of Fig. 2 shows the results of one such measurement at
a fixed trap power. The difference in shifts between the
measurements performed with B∥ẑ, and those performed
with B∥x̂; ŷ equals δT .
To relate the measured shifts to the differential polar-

izabilities one needs to know the electric field magnitude.
Here, by evaluating the ratio

m≡ δT
δclockðθ ¼ 0Þ ¼ −

3α12
4α10 − 2α12

ð6Þ

we use the known α10 [7,9] and the atoms themselves as
probes of the laser electric field.
Note that since E⊥B for both B∥x̂; ŷ, we obtain two

equivalent data sets for δT vs trap power [or, equivalently,
δclockðθ ¼ 0Þ] shown in Fig. 3. We fit each data set with a
linear relation δT ¼ mδclockðθ ¼ 0Þ þ b, where b accounts
for possible systematic shifts.
Taking into account the statistical spread of the data in

both δclockðθ ¼ 0Þ and δT , we get

mx ¼ 0.0125ð10Þ; bx ¼ 0.02ð14Þ;
my ¼ 0.0139ð9Þ; by ¼ −0.21ð13Þ; ð7Þ

with the uncertainty being 1 standard deviation to either
side. The subscripts x and y refer to the two different data
sets of δT . The two estimated slopes disagree on the order
of 1 statistical uncertainty. Having no preference for either
one of the two configurations, we treat both equally and
take the average slope as our result. We take a conservative
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FIG. 2 (color online). Ramsey signal RðtÞ recorded for a trap
laser power of 1.5 Wand microwave clock tuned to 350 Hz below
the clock transition frequency. The measured data is shown by the
black solid circles. A fit to Eq. (5) is shown by the black solid
line. From the fit we obtain the decay constantK and the detuning
δ. The residuals are plotted below. Inset: jδclockj as extracted from
12 successive runs at the same trap power. The three sets
correspond to the directions of the applied magnetic field: blue
squares B∥x̂, green diamonds B∥ŷ, and red circles B∥ẑ∥E. The
vertical line on the leftmost blue square represents the typical
95% confidence interval for a single point. A tensor shift of
approximately 1 Hz is seen as the difference between the x̂, ŷ, and
ẑ data sets. The drift in the measured shift is due to a drift in
trapping laser power, and is smaller than 1%.

FIG. 3 (color online). Tensor shift δT vs the differential Stark shift δclockðθ ¼ 0Þ. Different data points were measured at different trap
powers. (a) B is rotated between x̂ and ẑ. (b) B is rotated between ŷ and ẑ. The mean values measured for each trap power are shown by
the solid blue circles. The error bars are given by σ=

ffiffiffiffi
N

p
, where N is the number of measurements at each trap power and σ is their

standard deviation. The uncertainties on the total shift, plotted on the figure abscissa, are similar in magnitude but cannot be seen on this
scale. The blue solid line is a maximum likelihood linear fit to the data which yields the values given in Eq. (7). The gray-shaded area
contains all the linear relations within χ2 ¼ 1.
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approach and combine the confidence intervals of the two
measurements, thus getting

m ¼ 0.0132þ0.0015
−0.0017 ; b ¼ −0.09þ0.26

−0.24 :

Several systematic effects are discussed below. First, the
clock transition’s second order Zeeman shift δB. During
the measurement we repeatedly measured and calibrated
the magnetic field before taking each set of three Ramsey
traces. The calibration itself was done by measuring the
shift of the first order magnetic sensitive transition and
adjusting the current in the compensation coils such that it
was 50� 2 kHz. The second order Zeeman shift, assumed
common to all measurements, was thus δB ¼ 2.93�
0.23 Hz. Any constant error in the measured values of
Bx, By, or Bz will only serve to shift the linear relation of
Fig. 3, and will therefore only effect the bias b with no
systematic shift in m.
Some systematic effects could result from deviations

from the idealized model of harmonically trapped non-
interacting atoms. Interactions between the atoms will
result in density shifts. We have minimized the uncertainty
in this shift by reducing the number of trapped atoms
to a minimum while maintaining a reasonable signal.
Furthermore, the resulting low collision rate improved
the approximation of noninteracting atoms. The density
shifts in our measurement were always below −0.5 Hz
[17,18] and the uncertainty in this shift is well below
0.1 Hz. A source of error could arise if the number of
trapped atoms is systematically over- or underestimated, as
the number of trapped atoms monotonically increased with
the trap depth. Nevertheless, even for densities an order of
magnitude larger, and linearly dependent on the trap power,
m would have increased by less than 1%. We therefore
conservatively estimate 1% uncertainty due to this possible
systematic effect.
To estimate the effect of trap inharmonicity we compare

a more realistic Gaussian potential to the idealized har-
monic trap. At a distance from the trap bottom that equals
the extent of the atomic cloud, the leading order difference
between the Gaussian and harmonic potentials relative to
the total potential is ðΔU=UÞ ≈ 1

8
ðkBT=U0Þ2. This also

limits the fractional change in the measured δclock due to
trap inharmonicity, and is estimated to be smaller than
0.5%. Since this small inharmonicity mainly affects the
broadening of the observed line shape rather than its overall
shift, and, moreover, does not depend on the direction of
the magnetic field, we neglect its effect on our result.
A third systematic error is due to possible misalignment

of the magnetic coils with respect to x̂, ŷ, and ẑ. A small
alignment error δθ ≪ 1 will reduce the slope as
mmisaligned ≈malignedð1 − δθ2Þ. We estimate the angular
alignment error between the “x” magnetic bias coil and
x̂ to be δθ ≲ 50 mrad. The orthogonality of the three
magnetic bias coils was verified by first calibrating each

of them to a magnetic field corresponding to a first order
Zeeman shift of 40 kHz and then activating them in pairs.
The magnetic field from each perpendicular pair is then
Bpair ¼

ffiffiffi
2

p
Bcoil ¼ 56.6 kHz. The measured fields are

within 1 kHz of this value, and thus the orthogonality
between the coils is estimated to be better than 50 mrad.
Combining the estimates for the alignment and orthogon-
ality errors we bound this systematic effect by 0.5%.
Another systematic decrease of the measured m arises

from a spread in the laser electric field direction across the
atomic cloud. The atoms are spread in a trap formed by a
tightly focused beam, and if the cloud is too large, it may
sample regions far from the focus, where the wave front is
no longer flat. In our experiment the angle between
different polarization vectors across the cloud can be
bounded by δθ2 < 2.25 × 10−4, and therefore negligible.
Another systematic shift is due to potential ellipticity in

the trap laser polarization. With an imperfect linear polari-
zation, E is never fully parallel or perpendicular to B,
thereby lowering the measured value of δT . We measured
the polarization linearity of the laser to be better than 1:50,
bounding the effect by 4%.
Finally, since our light is quasistatic and its polarization

is, to a good approximation, linear, any systematic shift due
to a vector polarizability is negligible as well [19].
After accounting for all the systematic shifts and using

Eq. (6) we evaluate

α12
α10

¼ −0.0177þ0.0023
−0.002 statþ0.000

−0.0011syst:

Using a previous result for the value of α10 ¼
0.930ð3Þ10−10 Hz=ðV=mÞ2 [7], α12 is calculated to be

α12 ¼ ð−1.65þ0.21
−0.19stat

þ0.00
−0.11systÞ×10−12 Hz=ðV=mÞ2:

The spin-dipolar contribution to the tensor differential
polarizability was calculated in Ref. [1] to be α12 ¼
−1.48 × 10−12 Hz=ðV=mÞ2, consistent with our measure-
ment. A previous measurement of the tensor polarizability
in Rb87 measured the shift of the flop-in transition under a
static electric field that depends on α12 þ α02 [13].
Combining both measurements, we extract the contribution
of the interaction with the nuclear electric-quadrupole
moment, α02 ¼ −0.26ð24Þ × 10−12 Hz=ðV=mÞ2, again
consistent with the calculated value of α02 ¼ −0.34 ×
10−12 Hz=ðV=mÞ2 [1].
In conclusion, we have isolated and measured the spin-

dipolar contribution to the tensor polarizability of Rb87

ground state. Only the spin-dipolar contribution is relevant
when considering shifts to the microwave clock transition,
and, therefore, it is of practical importance to atomic
clocks. By comparing our result to other tensor shift
measurements we were able to determine the contribution
of the electric-quadrupole interaction as well. Our results
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confirm recent calculations that relied on advanced quan-
tum many-body methods.
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