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We have measured the vector light shift due to a cavity built-up optical lattice by using a variation of the

Hanle effect with trapped Cs atoms, where the time-evolving population of all magnetic sublevels is

measured in situ. The measurement is linearly sensitive to the electric field of the nonlinearly polarized

light, which allows unprecedented sensitivity to absolute linear polarization quality, to the level of 10�10

in fractional intensity. Our approach to measuring and improving linear polarization can be applied to

electron electric dipole moment searches, optical lattice clocks, magnetometery, and quantum computing.
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Vector light shifts (VLSs), which are ac-Stark shifts
proportional to an atom’s magnetic quantum number, act
on atoms like fictitious magnetic fields. They are the basis
for the study of ultracold atoms in synthetic gauge fields
[1], they can be employed to move atoms in optical lattices
[2,3], and they provide a way to cancel the effect of real
magnetic fields in some precision measurements [4,5].
Spatial variations of VLSs have been used for NMR [6].
But spatial variations can also create unwanted inhom-
ogeneous frequency shifts, making VLSs a troublesome
complication in precision measurements. VLSs are an
unwanted background in magnetic field measurements
[7,8]. In measurements that require small, well-controlled
magnetic fields, such as atomic clocks [9] and electric
dipole moment searches [10–12], VLSs can result in
poorly controlled frequency shifts. The long coherence
times that are desired for quantum information processing
can be more difficult to attain because of the VLS [13,14].

Experiments can often be designed to minimize the
adverse effect of VLSs due to trapping light [8–10,12],
but the VLS would be avoided altogether if pure linear
polarization could be used. There is a huge body of physics
and engineering work concerned with the measurement of
small polarization changes [15–19]. For instance, in recent
work aimed at measuring the birefringence of the vacuum
in large magnetic fields, relative polarization changes as
small as 3� 10�13 rad have been measured [17]. But
sensitivity to small polarization changes does not readily
translate into sensitivity to absolute polarization.

High sensitivity to polarization changes generally
requires measuring the interference cross term from the
sum of a large reference field and the smaller field that is
changing. A simple example of such a measurement con-
sists of sending a mostly linearly polarized beam at 45�
into a polarizing beam splitter and detecting the difference
of the outputs from the two ports. Such a measurement is
linearly sensitive to electric field rotation but is insensitive
to ellipticity. An absolute linear polarization measurement
along the same lines requires the use of light that is mostly
polarized along one of the prism axes, which makes the

signal only quadratically sensitive to the wrong component
of the electric field. The best Glan-laser prisms (GLPs) can
distinguish as little as 10�6 of the wrong intensity, which
corresponds to only 10�3 rad deviation of the electric field
from linear polarization. The best nanoparticle polarizers
can have an order of magnitude better extinction ratios [20]
than GLPs, but with a damage threshold of �105 W=m2

they can be used only in low power applications. It is hard
to do better, because of residual birefringence in optical
elements and low-level scattering, which introduces
unwanted momentum and hence polarization components
into a beam [15,16].
In work presented here, we use the VLS on cold atoms to

achieve a sensitivity to absolute linear polarization that,
like experiments that measure small polarization changes,
is linearly sensitive to the electric field. This in turn allows
us to demonstrate the creation of the very high quality
linear polarization that we need to make the VLS small.
We improve the linear polarization of optical lattice beams
by building up the light in a Fabry-Perot cavity. The cavity
filters out spatial noise introduced by scatterers, and
in-cavity Brewster plates filter out the wrong polarization
components. Since our cavity contains slightly birefringent
vacuum windows [21] and has only a modest build-up
factor, it is possible that other experiments have produced
better linear polarizations. But by measuring the VLS via a
variation of the Hanle effect [22,23] on cold trapped atoms,
we can measure the absolute linear polarization with
unprecedented sensitivity and obtain linear polarizations
better than the best GLPs.
The VLS for a ground state atom in a far off-resonant

trap is [24,25]

�V ¼ �Vð�ÞUmFði�� � �Þ � e; (1)

whereU is the trap depth, � is the polarization vector, and e
is the quantization axis. �Vð�Þ is 464 Hz=�K for the Cs
F ¼ 3 hyperfine ground state and � ¼ 1064 nm trapping
light [10]. Maximum sensitivity to polarization quality
requires that e be parallel to the wave vector k, which is
also the direction of the fictitious magnetic field. Linearly
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polarized light propagating along z with a slightly circular
component can be described by

� ¼ sin

�
�

4
þ �

�
�L þ expði�Þ cos

�
�

4
þ �

�
�R; (2)

where the small angle � characterizes the linear polari-
zation quality, the circular polarization vectors �L;R are

given by �L ¼ �ð�x þ i�yÞ=
ffiffiffi
2

p
and �R ¼ ð�x � i�yÞ=

ffiffiffi
2

p
,

respectively, and � is the misalignment of the linear pola-
rization with respect to �x. The angular dependence of the
VLS in Eq. (1) is thus �VLS ¼ ði�� � �Þ � e ’ 2�, linearly
sensitive to �. Imperfect linear polarization corresponds to
an excess in one of the circular polarization components,
which interferes with the rest of the light of the same
circular polarization. Meanwhile, the two equal circular
polarization components give exactly canceling shifts on
the atom. So unlike the linear-in-� (i.e., linear-in-E) signal
in conventional polarimeters, the linear-in-� VLS signal
sits on zero background.

Our apparatus was partly described in Ref. [11] and
is shown schematically in Fig. 1. We first launch and
load atoms [11] into two parallel one-dimensional optical
lattices in a magnetically shielded measurement region.
The parallel lattices geometry is motivated by our electron
electric dipole moment (eEDM) measurement; here it

provides two independent measurements of the VLS.
The 1-cm-separated lattices have a maximum depth of
U0 � kB � 160 �K (where kB is the Boltzmann constant)
and w ¼ 580 �m transverse widths. They are made from
1064 nm light in 2-m-long build-up cavities, with a finesse
of 300 and a power build-up factor of 25. Each lattice
is loaded with approximately 5� 106 atoms distributed
over 5 cm vertically. The eEDM field plates here serve to
optically isolate the two lattices from each other. We laser
cool the lattice-trapped atoms to a temperature of T �
11 �K [26]. With resonant, circularly polarized beams
that propagate close to the z axis, along the initial 20 mG
B-field direction, we optically pump the atoms into the
jF ¼ 4; mF ¼ þ4i magnetic sublevel with 99.97% effi-
ciency. We use an adiabatic fast passage (AFP) microwave
pulse [27] to transfer the atoms with 99.5% fidelity into the
j3;þ3i state. We complete the state preparation by adia-
batically switching to a bias field of By ¼ 20 mG, so the

atoms are maximally polarized along y.
We start the Hanle measurement by shutting off the bias

field in 5 �s, much faster than the fastest Larmor preces-
sion out of y, leaving the atoms in a much smaller effective
Bz field. We let the atoms evolve for a time t, during which
time they Larmor precess at the composite frequency ! ¼
!B þ!U, where !B is due to either a real magnetic field
and/or a lattice-independent, fictitious magnetic field and
!U is due to the VLS from the optical lattice light. We then
quickly turn on a 20 mG Bx (or By). With the atoms thus

projected into this new basis, we adiabatically reorient the
field along the optical pumping beam direction. We next
sequentially measure the populations NmF

of each of the

mF levels. This is done by using a microwave AFP pulse to
drive atoms from a single j3; mFi state to the j4; mFi,
followed by a 0.3-ms-long optical detection pulse, using
a 	þ-polarized beam in the optical pumping direction,
resonant with F ¼ 4 ! F0 ¼ 5 and well above saturation
intensity. We collect the fluorescence on 1D photodiode
arrays [28]. A 2-ms-long clearing pulse then pushes the
F ¼ 4 atoms out of the detection region. We repeat this
procedure for all seven levels, giving us a complete picture
of the evolution of atoms in the F ¼ 3 state during Larmor
precession [29]. Figure 2 shows a typical example of the
measured population evolution of all seven Zeeman suble-
vels, along with the corresponding theoretical curves [30].
We define the normalized total atomic spin as

S � 1

ðmFÞprep

P
mFNmFP
NmF

; (3)

where the initially prepared state is ðmFÞprep ¼ þ3 and the

summation goes from mF ¼ �3 to mF ¼ þ3. Using the
Wigner D-rotation matrix [31], one can show that, ideally,
S ¼ cosð!tÞ if in the final step we measure along y and
S ¼ sinð!tÞ if we measure along x [30]. Figure 3 shows
spin precessions SðtÞ when we purposely make !U greatly
exceed !B, illustrated by the fact that halving the lattice

FIG. 1 (color online). Schematic of the experimental setup
(not to scale). Laser-cooled atoms are trapped in two parallel 1D
optical lattices made in 2-m-long build-up cavities, separated by
1 cm. The 1064 nm input cavity beam polarizations are cleaned
up by GLPs. Each cavity contains two low-birefringence vacuum
windows and a pair of Brewster plates for cavity locking and
polarization purification. The 90� cavity-folding mirror is neces-
sitated by geometric constraints.

PRL 111, 243006 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

13 DECEMBER 2013

243006-2



power halves the oscillation frequency. The oscillations
quickly damp out, because trapped atoms with different
energies experience different average VLSs.

We have constructed two models for SðtÞ to account for
this inhomogeneity. The first applies to Fig. 3, for which !
exceeds the transverse oscillation frequency, !
 ’ 2��
31 Hz (when U0 ¼ kB � 100 �K), and is much less than

the axial oscillation frequency, !z ’ 2�� 105 kHz.
Atoms are spread out axially according to harmonic oscil-
lator wave functions, while their transverse positions
are essentially fixed on this time scale. The spatial
dependence of the precession is given by !ð
; nzÞ ’
!U0

gðnzÞð1� 
2=w2Þ, where !U0
is the peak !U and

gðnzÞ ¼ ½1� 1
2 ðnz þ 1

2Þð@!z=U0Þ�, where the virial theo-

rem has been used to account for the average intensity in
each axial mode, nz. For the approximately thermal distri-
bution that results from laser cooling [26], the transverse
spatial distribution is given by fð
Þ ’ expð�
2=2	2


Þ=ffiffiffiffiffiffiffiffiffiffiffiffiffi
2�	2




q
, where 	
 ¼ !�1




ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kBT=m

p
is the transverse width

and the axial occupation probabilities are given by pðnzÞ /
e�nz@!z=kBT . The observed spin precession is the weighted
spatial average,

SðtÞ ¼ X
nz

pðnzÞ
Z

cosf½!B þ!Uð
; nzÞ�tgfð
Þd
: (4)

The integral can be simplified to yield

SðtÞ ¼ X
nz

pðnzÞ cos½ðaþ!BÞt� arctanðbtÞ�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðbtÞ2p ; (5)

where a ¼ !U0
gðnzÞ and b ¼ ðkBT=U0Þa. Three free para-

meters are used to simultaneously fit the two precession
curves in Fig. 3 to Eq. (5): the normalized peak VLS
!U0

=U0; the normalized temperature T=
ffiffiffiffiffiffi
U0

p
, which

assumes that U0 is adiabatically changed after cooling;
and !B. From the fit value of !U0

we determine that the

peak vector light shift is 792	 30 Hz, which implies a
polarization defect of � ¼ 7:3� 10�3 rad. The fit tem-
perature value gives T ¼ 21:6	 1:3 �K (for U0 ¼ kB �
100 �K). In situ imaging of cooling light implies a trans-
verse temperature of T ¼ 11:0	 0:8 �K. The discrepancy
suggests that the polarization quality varies across the
lattice beams. That the model does not explicitly account
for this does not significantly affect the value of !, which
changes by only 4.9%, comparable to the fit uncertainty,
when we fit by using the measured temperature.
Spin precession data for our best polarization [32] are

shown in Fig. 4 for both optical lattices, with detection in
the x direction. Since ! is comparable to !
 and smaller

than !z, we calculate SðtÞ in a somewhat different way,
assuming that the atoms sample their whole transverse
orbits during a spin precession. The result is

SðtÞ ¼ X
n
;nz

pðn
ÞpðnzÞ sinf½!B þ!Uðn
; nzÞ�tg; (6)

where n
 ¼ nx þ ny, pðn
Þ / ðn
 þ 1Þe�n
@!
=kBT is the

Boltzmann distribution of transverse modes, and
!Uðn
; nzÞ ¼ !U0

½1 � 1
2 ðn
 þ 1Þð@!
=U0Þ � 1

2 ðnz þ 1
2Þ

ð@!z=U0Þ� is the average ! for the mode number (n
, nz).

We find that this quantum mechanical approach makes it
easy to average over all semiclassical atom trajectories, at

FIG. 3 (color online). Measured spin precession for two differ-
ent trap depths: U0 ¼ kB � 100 �K (red circles) and U0 ¼ kB �
50 �K (blue squares). For illustrative purposes,!U is made much
larger than !B for this measurement. The atoms are prepared in
state j3;þ3i along y, are allowed to spin precess along z, and are
then measured along y. Lowering the trap depth by half decreases
the precession frequency by a factor of 2. Points on the two curves
are taken alternately to minimize any effect of small !B drifts.
Numerical fitting (solid lines) to Eq. (5) implies a vector light shift
of 792	 30 Hz for a 100 �K trap depth.

FIG. 2 (color online). Population evolution for all seven F ¼ 3
Zeeman sublevels during a Larmor precession cycle in an
effective magnetic field of 100 �G. Spins are prepared in y
and measured in x. The lines are theoretical predictions without
dephasing (which is quantified later in the Letter). Each set of
seven points is from a single atom ensemble. The standard
deviation of 	0:05 in fractional population is dominated by
fluctuations in the background from scattered trapping light.
Imperfect background substraction due to these fluctuations
can lead to an inference of negative populations. These fluctua-
tions can be avoided in future measurements with an additional
1064 nm filter.
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the small cost of extra computational time due to the
�60000 occupied modes. As before, we fit the data in
Fig. 4 to Eq. (6) for both lattice depths of each lattice
simultaneously. Since !U is much smaller than !B (which
fits to 2�� 39:4	 0:4 and 2�� 43:1	 0:8 Hz for the
þX and�X lattices, respectively), there is little dephasing,
and we are not very sensitive to T (a factor of 2 change in T
leads to only�3% change in!U). The fit values correspond
to polarization imperfections of �þX ¼ �1:5� 10�4 rad
and ��X ¼ 1:3� 10�4 rad, or fractional intensity imp-
urities of 2:2� 10�8 (þ X) and 1:8� 10�8 (� X), about
2 orders of magnitude better than can be measured with a
GLP. There is a possible complicated experimental scenario
[33] in which the average polarization quality is 3 times
worse, but nonlinear effects in our fused silica optics coun-
terbalance polarization imperfections to reduce the inhomo-
geneous broadening to the size we see in Fig. 4, which also
gives rise to!B. We estimate that these effects are more than
2 orders of magnitude too small to account for our data, but,
since we do not definitively know the source of!B, we have
not yet empirically ruled out this scenario.

The existing apparatus has a VLS sensitivity at least as
small as 1 Hz for a 100 �K trap depth or, equivalently,

� 
 1:1� 10�5 rad. This absolute sensitivity is compa-
rable to the relative sensitivity of commercial interfero-
metric polarimeters [19]. Although we do not know what
now limits our polarization quality, the analysis related to
Fig. 3 suggests that there are spatial gradients in the polar-
ization, perhaps from spatially dependent birefringence of
the intracavity vacuum windows. Further improvement
might be had from eliminating the windows or by increasing
the cavity Q factor.
In conclusion, we have demonstrated a sensitive tech-

nique for measuring VLSs based on atomic spin preces-
sion. It allows unprecedented sensitivity to absolute linear
polarization quality, to levels as small as 10�10 in fractional
intensity. We have prepared and measured high power, 1D
optical lattices with an absolute linear polarization quality
that is at least an order of magnitude better than even the
best GLPs. These low VLSs are important for our ongoing
eEDM experiment and may impact other optical lattice-
based measurements, like optical lattice clocks, magne-
tometery, quantum computing, and tests of fundamental
symmetries.
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