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It is clearly important to pursue atomic standards for quantities like electromagnetic fields, time, length,
and gravity. We have recently shown using Rydberg states that Rb atoms in a vapor cell can serve as a
practical, compact standard for microwave electric field strength. Here we demonstrate for the first time
that Rb atoms excited in a vapor cell can also be used for vector microwave electrometry by using
Rydberg-atom electromagnetically induced transparency. We describe the measurements necessary to

obtain an arbitrary microwave electric field polarization at a resolution of 0.5°. We compare the
experiments to theory and find them to be in excellent agreement.
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Quantum systems, such as atoms, have already been
adopted as time and length standards because they offer
significant advantages for making stable and uniform mea-
surements of these quantities [1,2]. Atoms have also been
successfully used for magnetometry, reaching impressive
sensitivity and spatial resolutions [3-8]. Despite these
successes, it is only recently that atoms have been used
for practical microwave (MW) electrometry and achieved
sensitivities below current standards by exploiting the
properties of Rydberg atoms [9]. Rydberg atoms have
been used for electrometry for some time but almost
exclusively in elaborate laboratory setups [10-21].

The relative lag of atom-based electrometry compared
to magnetometry is not simply due to a lack of impor-
tance. The accurate measurement of MW electric field
strength and polarization offers interesting possibilities
for antenna calibration and MW electronics development,
as well as for realizing an atomic candle for MW electric
field stabilization [22,23], to name a few important
examples. Atom-based MW electrometry, therefore, has
the potential to lead to revolutionary advances in the
development of MW electronics, advanced radar appli-
cations, and materials used in MW systems. So far,
only the magnetic field has been accessible in the near-
field MW regime [24,25], and our method can be valu-
able for measuring MW electric fields in the near
field. Recall, there is not generally a straightforward
relation between the MW magnetic and electric fields
in the near field.

In this Letter, we demonstrate a scheme for vector MW
electrometry using Rydberg-atom electromagnetically
induced transparency (EIT) [26,27] in Rb atomic vapor
cells. We achieve an angular resolution of 0.5° and show
the method can be realized by comparing experimental
data to theory. The vector measurements here are compat-
ible with our prior work where we attained a minimum
detectable electric field amplitude of ~8 uVem™! and a
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sensitivity of ~30 wVcm™! Hz~!/2 [9]. To date, EIT has
been principally used for vector magnetometry [28,29].
To measure the strength and polarization of a MW elec-
tric field, we use the Rb level system shown in Fig. 1(a).
In the three-level system, 58, /,-5P3/,-53Ds/,, quantum
interference can create a ‘‘dark state” that prohibits
resonant absorption of a probe laser, Fig. 1(b) (black).
Coupling a fourth level to this Rydberg-atom EIT system,
54P5,, witha MW electric field can create a “bright state”
that causes probe photons to again be absorbed on reso-
nance [9,30-33]. The bright state induced by the MW
electric field can manifest itself in the probe absorption
spectrum as a splitting of the dark state for large enough
MW electric field amplitudes, Fig. 1(b) (red). In contrast
to sensing only MW electric field strength, we present
a significant extension of our method where, for the
first time, we show it is capable of measuring the vector
character, or polarization, of the MW electric field.

—~
o
=

(a)

F=3
54P;, Eii } .
F=( .S
MW 2
= g
= 1 %]
53Ds F=2 } g
F=1 s
Coupling 3
5Py, F=3 5
Probe =30 20 -10 O 10 20 30
581, F=2 Probe Detuning (MHz)

FIG. 1 (color online). (a) Level diagram showing all 52 pos-
sible states addressed by the experiment. The arrows indicate
allowed excitations for the o-polarized probe and coupling
beams and w-polarized MWs. The 54P;), states are shown
above the 53Ds/, states for simplicity. On the right, the corre-
sponding effective four-level system is shown. (b) Theoretical
line shapes resulting from a three-level (black) and four-level
(red) system.
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EIT is known to be sensitive to the laser polarizations
[34-36]. The MW electric field polarization can be deter-
mined from the probe laser transmission by recognizing
that the 53Ds,, (F = 4, mp = *4) states can be coupled
to, or uncoupled from, the 54P;,, manifold depending on
the probe and coupling laser polarization relative to that
of the MW electric field. Some excitation pathways present
in the system shown in Fig. 1(a) that pass through the
stretched 53Ds/, (F = 4, mp = *4) states are restricted
to the three levels of the EIT Iladder system,
581/2-5P3/5-53D5,. Other excitation pathways take the
system through the nonstretched 53Ds/, states and can
experience the full four-level system. The behavior of the
entire 52-state system can be understood by considering a
few cases of laser and MW electric field polarizations.
Figure 2 shows key polarization combinations that illus-
trate the behavior for selected laser and MW electric field
polarizations. Experimental data and theoretical results
obtained from a density matrix approach to the 52-state
system, including Doppler averaging [9], are shown.

The case where the probe and coupling lasers are
linearly polarized along the same direction as the MWs,
¢ =0°and { = 90°, where ¢ and { are defined in Fig. 3 is
shown in Fig. 2 (black). In this case, 7 transitions are
driven throughout the system and all the excitation path-
ways experience a four-level system. The theoretical
and experimental spectra have two transmission peaks
separated by (A./A,)Qyw, where A, is the probe, A, the
coupling laser wavelength, and Qyw is the MW Rabi
frequency [9]. The probe laser is absorbed on resonance.
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FIG. 2 (color online). Theoretical (a) and experimental
(b) results for the illustrative polarization cases described in
the text: probe laser, coupling laser, and MWs X polarized
(black); probe and coupling laser § polarized and MWs x
polarized (blue); probe and coupling lasers ot polarized and
MWs Z polarized (red). The additional line broadening observed
in the experiment is due to the MWs being inhomogeneous over
the extent of the vapor cell. The effect resulted from the position-
ing of the antenna that was required to avoid unwanted reflec-
tions in our laboratory. The slight asymmetry in the data is due to
a small amount of ionization. This effect did not significantly
affect our measurements but can be reduced by driving the
Rydberg transition with higher Rabi frequency. Our experiment
is limited by the amount of blue laser power available.

Also displayed in Fig. 2 (red) is the case where the
probe and coupling lasers are o* polarized and excite
Amp = +1 transitions. The atoms are optically pumped
such that the stretched states of the 5S,,,, 5Pz, and
54Ds;, manifolds dominate. The MW electric field is
polarized in the Z direction. In this case, the three-level
excitation pathways are overwhelmingly favored since a 7
MW transition cannot couple the stretched states to the
54P3,, manifold. The experimental results shown support
this explanation as a large probe transmission peak is
observed on resonance.

If the probe and coupling lasers are both linearly polar-
ized parallel to each other, e.g.,  polarized, but orthogonal
to the MW electric field polarization, e.g., Z polarized,
there are both three-level and four-level excitation path-
ways open, Fig. 2 (blue). This behavior derives from the
fact that in a Z-atomic basis the MW electric field drives 7
transitions, while the y-polarized probe and coupling lasers
drive transitions throughout the 53Ds,, manifold, as they
are in a superposition of o and ¢~ polarizations in the 2
basis. The experimental and theoretical spectra show
reduced probe transmission on resonance and two probe
transmission peaks split by (A./A,)Qyw .

Any MW electric field can be split into a component that
couples atoms to the 54P;/, state and one that does not.
The relative strength of the components only depends on
the MW electric field polarization relative to the polariza-
tion and propagation direction of the two laser beams.
When rotating parallel linear probe and coupling laser
polarizations around their propagation axes, the projection
of the MW electric field on the probe and coupling laser
polarization changes. The change of the MW electric field
polarization projection relative to the laser polarizations
results in a variation of the probe laser transmission. The
probe laser transmission changes can be used to determine
the MW electric field polarization since the probe and
coupling laser polarizations are known. The splitting of
the peaks indicative of the four-level behavior remains
relatively constant because this is largely determined by
the electric field amplitude that the atoms experience and
can be used to find the amplitude of the MW electric field
in conjunction with the polarization measurement.

The geometry needed to describe a measurement of the
MW electric field polarization is shown in Fig. 3. The
incident MW electric field vector E forms an angle ¢,
with the space fixed propagation direction of the probe
laser chosen to lie along the Z axis. E, is the projection of
the MW electric field on Z. The perpendicular component
of the MW electric field E 1, forms an angle £, with the
polarization vector of the probe and coupling laser beams
in the -y plane. The angle ¢, between the X axis and E Lz
can be determined by rotating the probe and coupling laser
polarizations. In this case, the configuration is periodically
changing from the case where E, . and the laser fields are
parallel, Fig. 2 (black), to the case where the MW and laser
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FIG. 3 (color online). Schematic view of the setup including
the cell in the foreground and the test antenna in the background.
The laser propagation direction (red), the polarization of the two
laser beams (blue), and an arbitrary polarization direction of the
MW (magenta) are shown together with the relevant angles
between them as described in the main text. The shadows are
the projections onto the -9 plane on the left and the X-Z plane in
the back.

fields are orthogonal, Fig. 2 (blue). For simultaneous rota-
tion of the probe and coupling laser beam polarizations
about Z, £, Fig. 3; the probe transmission on resonance
will oscillate between a minimum for &, = 0°, Fig. 2
(black), and a maximum for &, = 90°, Fig. 2 (blue). The
amplitude of this oscillation measures (,, the projection
angle along Z, since with increasing £, E 1, Increases.
Measuring ¢ and ¢ along all three Cartesian coordinate
axes reveals the following:

E E
() o (E) o
y z
E |E_Lx|
¢X=tan4(—Y), zx=tan*‘( ) (1b)
E, |E,|
E, |E,l
1) =tan_1(—>, g =tan_1( 2 ) (Ic)
y EZ y |E)|

The information obtained from measuring the three angles
¢; is sufficient to determine the MW electric field polar-
ization. The magnitude of the MW electric field can be
obtained from the splitting of the transmission peaks
observed as a consequence of the four-level behavior.
It is important to note that it is impossible to distinguish
the angle ¢; from 180° — {; (magenta and green arrow in
Fig. 3 for i = z) because these two cases differ only in the
relative phase between E; and E | ;.

A simplified model of the resonant probe transmission
dependence on ¢; can be obtained by considering the

projection of E onto the probe and coupling laser

polarization. From Fig. 3 the projection of E on the laser
polarization direction is Ej = |E| cos(€) sin(¢). Because
of branching between the three- and four-level behavior,
the resonant probe transmission can be approximated as
T=1- (E”/IE»I)2 = 1 — cos?(&)sin?({). The approxima-
tion does not reproduce the probe transmission amplitude
very well. However, the positions of the minima and
maxima as &; is varied are predicted accurately.

The experimental setup Fig. 3 consists of a probe laser
beam and a coupling laser beam that are overlapped and
counterpropagate through a cuboidal atomic Rb cell with
dimensions (10 mm X 10 mm X 30 mm). The probe laser
is an extended cavity diode laser (ECDL) at ~780 nm that
propagates along the Z axis. The coupling laser is derived
from a homebuilt frequency doubling system operating at
~480 nm and propagates along —Z. The doubled light is
generated from an amplified ECDL at 960 nm. The probe
laser is locked to the #'Rb 58 /»(F = 2) — 5P5,(F = 1,3)
crossover peak. The 960 nm ECDL is locked to a Fabry-
Perot cavity that is stabilized to an EIT signal generated in
a separate vapor cell. The laser linewidths are ~700 kHz.
An acousto-optic modulator is used to scan the probe laser
frequency around the 5 ,(F = 2) — 5P;,(F = 3) tran-
sition. An intensity stabilization circuit based on a field
programmable gate array [37] is used to intensity stabilize
the probe laser to ~0.1%. The polarizations of the laser
beams are adjusted and filtered using wave plates and Glan
laser polarizers. The probe (coupling) laser spot size is
200(65) um and the power is 15 uW (11 mW). The
corresponding probe (coupling) Rabi frequency is
27 X 8.1(27 X 3.4) MHz.

MWs are generated at 14.233 GHz with a signal generator.
The MWs are coupled into a horn antenna that illuminates
the Rb vapor cell, Fig. 3. The polarization of the MWs is
linear, and it is changed in the experiment by rotating the
antenna. The transition dipole moment for the transition
between the Rydberg states is calculated to be 4103 D
[38]. The MW intensity used for the experiments was
1.27 X 1073 mW cm 2. This corresponds to a Rabi fre-
quency of 277 X 64 MHz. For these parameters, the 52-state
theory yields a probe transmission peak splitting of
39.36 MHz. The probe transmission peak splitting observed
in the experiment is 39.36 = 0.06 MHz, Fig. 2(b) (black).

The intensity of the coupling laser is modulated at
40 kHz, and the probe transmission is detected on a pho-
todiode. The photodiode signal is processed using a lock-in
amplifier. The experimental data are a result of 20 aver-
ages. Three pairs of orthogonal Helmholtz coils surround
the cell to cancel the background geomagnetic field to a
level of <0.1 G. The experiment is conducted at a Rb
vapor cell temperature of 45 °C. The temperature corre-
sponds to a Rb vapor pressure of 2.6 X 10~¢ Torr. The cell
was heated to prevent significant condensation of Rb on the
walls of the vapor cell. Condensation of Rb on the walls of
the vapor cell causes reflections of the MWs.
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FIG. 4 (color online). Probe laser transmission on resonance
for different angles between the laser polarizations and the MW
electric field vector. The vertical error bars for the experimental
points are due to statistical errors in the measured peak height
while the horizontal error bars are due to systematic uncertainty
in £. Fifty-two-state theoretical results (solid lines) witll *1°
uncertainty in { (dotted lines). The curves for 1 — (E;/|E|)* =
1 — cos?(&)sin?({) are also shown (dashed lines). The probe
transmission is normalized such that the maximum theoretical
transmission is 1. The deviation of the points with larger {
around & = 0° is due to polarization impurities in the laser
and MW beams. The angular resolution of ~0.5° is derived
from a least squares fit of each trace to the theory. A three-
direction measurement would yield reduced resolution as three
different measurements must be combined.

Figure 4 shows an example of a measurement used to
determine the MW electric field polarization. The pump
and probe polarizations are rotated through &, = 120° for
different MW antenna angles, ,. The transmission of the
probe laser on resonance is plotted in the figure as a
function of ¢, for different /,. The direction of E 1, can
be found because the on-resonance probe transmission is
minimum for probe and coupling laser polarizations par-
allel to E 1,- The angle £, between the MW electric field
polarization and the laser propagation axis is determined
by the modulation depth of the on-resonance probe trans-
mission as a function of £,. Our calculations indicate the
method also works for elliptical or circularly polarized
light but require measurement along more than one axis
and the relative polarizations of the probe and coupling
laser to change.

The maximum sensitivity is obtained when the four-
level peaks are completely split from the three-level
peak. For our experimental parameters this occurs at
a MW electric field amplitude of ~10 mVcm™!.
Increasing the MW electric field strength has little effect
on the central peak until ~100 mV cm ™. At this point, the
peak starts to shift and decrease in height, most likely due

to multiphoton transitions [9]. The angular resolution
detected in the experiment is ~0.5° in both ¢ and ¢.
Narrower laser linewidths, lower noise electronics, purer
polarizations, and better laser intensity stabilization can
significantly improve the sensitivity.

In summary, we have demonstrated an atom-based
method for sensitively measuring the polarization of a
MW electric field by making use of Rydberg states in a
Rb vapor cell. The vector electrometry described here is
compatible with measurements of the electric field ampli-
tude as presented in our earlier work [9] and is therefore
practical for making atom-based measurements of the
MW electric field in compact portable setups for discrete
Rydberg states in the range of 1-500 GHz. The Rydberg
states can be tuned with magnetic and electric fields but
such tuning is problematic for absolute electric field mea-
surement to the extent the fields change the transition
dipole moment [9]. We were able to achieve an angular
resolution of ~0.5° in both £ and ¢. Our approach allowed
for miniaturization on the mm or even sub-mm scale [39].
Because of the optical readout and materials used, distor-
tion of the electric field was relatively small compared to
dipole antennas.
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