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Polarization-insensitive microwave electrometry using Rydberg atoms
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We investigate the Autler-Townes splitting for Rydberg atoms dressed with linearly polarized
microwave radiation, resonant with generic Si, <> Py, and Si;; <> P3), transitions. The splitting is
probed using laser light via electromagnetically induced transparency measurements, where the transmis-
sion of probe laser light reveals a two-peak pattern. In particular, this pattern is invariant under rotation of
the microwave field polarization. In consequence, we establish S <> P Rydberg transitions as ideally suited
for polarization-insensitive electrometry, contrary to recent findings [A. Chopinaud and J. D. Pritchard,

Phys. Rev. Appl. 16, 024008 (2021)].
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I. INTRODUCTION

Rydberg-atom-based electric field sensors offer high
sensitivities [1,2], large frequency bandwidth [3], SI-
traceability, and self-calibration [4—6]. Highly excited
Rydberg atoms have large transition dipole moments to
nearby Rydberg states, which can be resonantly addressed
with radiation in the microwave (MW) and terahertz
domains. This makes Rydberg atoms responsive to a wide
frequency range and their high sensitivity to electric fields
is being harnessed for a growing number of applications,
as for example in precision metrology [7], communica-
tion [8—11], imaging [7,12,13], and measurements of phase
[14,15] and polarization [16—19].

To probe the effect of an electric field on the Rydberg
atomic medium, the atoms are typically optically interro-
gated by two laser fields using electromagnetically induced
transparency (EIT) [20]. In particular, if the applied elec-
tric field is resonant with the transition frequency between
two Rydberg states, a splitting of the EIT signal emerges
known as Autler-Townes (AT) splitting. The electric field
strength can be directly retrieved from the AT splitting
of the EIT signal [21]. In a recent study, Chopinaud
and Pritchard considered optimal atomic state choices
for robust microwave measurements [22]. One conclusion
drawn in Ref. [22] is that the AT splitting resulting from
linearly polarized microwaves driving transitions between
S12 and Py, Rydberg levels is highly sensitive to the
angle of the microwave field polarization. Furthermore,
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the study, which is underpinned by experiments, claims to
find a “complex AT splitting that can be used to extract
a polarization ratio using an alternative method to that of
[Ref. [16]],” and predicts crossings and shifting of the AT
peaks.

In this paper, we show that an atom interacting with a
linearly polarized microwave field gives rise to (dressed)
eigenenergies with values that remain constant upon rotat-
ing the polarization. That the eigenenergies cannot change
can be inferred from a symmetry argument where the quan-
tization axis is chosen along the direction of polarization.
Because of the rotational symmetry of the atomic sys-
tem, no matter the orientation of the field polarization,
the atom-field coupling will always be described by the
same series of 7 -transitions. For the S;, <> Py, transition
resonantly dressed with a linearly polarized microwave
field, Ref. [22] finds up to four eigenenergies, but as we
show below there are only two distinct eigenenergies, each
two-fold degenerate. We additionally provide an experi-
mental demonstration that a Sy, <> Py, transition dressed
by a microwave field indeed leads to two AT peaks when
probed in an EIT ladder scheme. Moreover, the AT peak
positions are insensitive to the rotation of the dressing field
polarization.

II. POLARIZATION-INDEPENDENT
EIGENENERGIES

The experiments of Ref. [22] considered cesium atoms
dressed in linearly polarized microwave radiation, reso-
nant with the transition between the two Rydberg levels

© 2024 American Physical Society
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FIG. 1. (a) Reduced ®’Rb level diagram. An infrared probe laser is locked to the 5S; /2 < 5P3, D2 line while a blue coupling
laser scans across the 5P;3,, <> 36S), transition. A microwave field couples the 36S;,, and 36P;, levels separated by 86.355 GHz.
(b) The m; magnetic sublevels involved in the 365}, <> 36P, transition and their coupling for 0°, 45°, and 90° polarization angles.
(c) Experimental setup. Probe and coupling laser beams are circularly polarized and counterpropagate through a 10-mm-diameter
bubble cell filled with a rubidium vapor. The emitter is mounted in a motorized rotation stage and emits a linearly polarized field.

65812 and 65P . Our experiments presented in this paper
make use of the 365/, and 36P;/, levels of 87Rb, which
establishes an equivalent scenario as it is the coupled J =
1/2 <> J' = 1/2 angular momentum characteristics (fac-
tored out by the Wigner-Eckart theorem) that contain the
relevant physics. Figure 1(a) shows a level diagram for
87Rb while Fig. 1(b) shows how the S}/, and P/, mag-
netic sublevels are coupled for linearly polarized MWs at
angles of 0°, 45°, and 90° with respect to the quantiza-
tion axis. We stress that the three situations are physically
identical—the apparent difference simply results from a
transformation between bases. This also means that when
diagonalizing the coupling Hamiltonian one will get the
same eigenvalues irrespective of the polarization angle.
In the dipole and rotating-wave approximations, the cou-
pling is H = eE(e - r)/2 for a resonant microwave field
of amplitude £ and polarization €. Formally, performing
a classical rotation R of the polarization vector € — €,
we have (€' -1) = ZT(R)(€ - 1) Z(R), where Z(R) is the
quantum mechanical rotation operator [23]. Since this con-
stitutes a similarity transformation (€’ -r) has the same
eigenvalues as (€ - r). Specifically, for resonantly coupled
S1,2 and Py, levels, the representation of / in the Zeeman
basis with a linearly polarized microwave field oriented
along the quantization axis (which we take to be the z
axis) is

1

R P Y| |
0 0 -9 o \"
P 0 0o | ’
21 -2 0 0 0 |l
0 Q 0 (p1/2.
(1)

where the ordering of basis states |£,, m;) used to calculate
the matrix elements <ff,/, m’, | %eE(e 1)y, my) is shown in
green at the upper and right margins of the 4 x 4 matrix.

For example,
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with Rabi frequency QO = eE%(Sl/z || r ||p1/2 )/h In
obtaining this, the Wigner-Eckart theorem has been used
to express (Sl/z, —%|r0 |p1/2, —%) as a signed product of a
3-j symbol and a reduced matrix element (cf. underbraced
quantity). Noting that for the reduced matrix element we
have <s1/2 H r Hp1/2> = (p1/2 H r “sl/z )* [24], the remaining
three nonzero entries of Eq. (1) follow in a similar fash-
ion. The coupling Hamiltonian H in Eq. (1) has two
eigenvalues, +h|Q|/2.

Upon rotating the microwave polarization by an angle 6
about the y axis, the Hamiltonian for the coupled system
becomes
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where, for example,
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Equation (3) differs from Eq. (B1) of [22] by (at least) a
sign in two entries. This explains why Ref. [22] reaches
the conclusion that the eigenvalues change as the polariza-
tion is rotated. In contrast, and as expected from symmetry,
H? of Eq. (3) displays the same two eigenvalues as H in
Eq. (1), namely +A|Q0]/2.

III. EXPERIMENT
A. 812 < Py, transition

To experimentally investigate the polarization depen-
dence for an Sj/; <> Py, transition probed using EIT, we
perform spectroscopy via the ladder scheme of Fig. 1(a)
with the experimental configuration shown in Fig. 1(c).
Here, a 780-nm probe laser is locked to the 55, (F =
2) < 5P, (F = 3) transition in 3’Rb, while a 480-nm
coupling laser is tuned to the 5P3/, <> 365/, transition,
establishing an EIT condition for the probe beam by the
atomic medium. The coupling laser is scanned, and the EIT
transmission is recorded as a function of the coupling laser
detuning from the 5P;,, — 365, resonance. The dashed
line in Fig. 2 shows a single transmission peak, centered on
zero detuning. The probe and coupling beams have Rabi
frequencies of 2 x 6.0 and 27 x 0.67 MHz, respectively,
and 1/e* diameters of 2.0 and 1.9 mm. We modulate the
amplitude of the coupling beam at 10 kHz using an opti-
cal chopper, enabling the use of lock-in detection. The
probe and coupling beams counterpropagate along the z
axis to suppress effects of Doppler broadening and are cir-
cularly polarized. Figure 2 shows the effect on the EIT
spectrum of applying a linearly polarized MW field tuned
to the 365/, <> 36P;, transition at 86.355 GHz and prop-
agating along the y axis [25]. Near-identical AT splitting
profiles are found for the polarization angles Oyw = 0°,
45°, and 90°—corresponding to the situations of Fig. 1(b).
This invariance of peak heights and splittings extends to
the entire angular range of Oyw. Figure 3(a) maps the AT
splitting as Oyw is rotated. EIT spectra are recorded every
2.5°, all showing two peaks. The peak positions remain
constant within 3 MHz from their angular averages, over-
laid on Fig. 3(a) as two red dashed lines split by 49 MHz.

Probe transmission (arb. units)

\

—_
=
S

\

o -
=)

0 50 100
Ac (MHz)

FIG. 2. Probe transmission as the coupling laser frequency is
scanned. Black dashed line is the bare EIT (no MW field). Cir-
cles, squares, and triangles represent cases with a MW field
oriented at Oyrw = 0°, 45°, and 90°, respectively.

For a resonant MW field, this frequency splitting is related
to the MW Rabi frequency Qyw by [4]

wi £
h b

Q
Af = S
2

Qmw = (5)
where pu;; is the transition dipole moment between states
li) and |j) and E is the electric field amplitude. We attribute
the small variation in the observed AT splitting to the MW
field distribution not being cylindrically symmetric about
the axis of rotation [26,27].

B. S1/; < Pj3); transition

So far we have investigated a linear MW field dress-
ingaJ = 1/2 <> J' = 1/2 system and established that this
gives rise to two eigenenergies for the coupling Hamilto-
nian and in turn two peaks in the EIT spectrum. Moreover,
the positions and heights of these peaks remain constant as
the MW polarization angle is scanned. In general, the num-
ber of unique eigenenergies for a coupled system |J) <
|J’) (subject to dipole transition selection rules) can be
shown to be (see Appendix A)

J+J +1, 2Jodd
Neig = yJ +J'+2, 2Jeven,J #J’ (6)
J+J +1, 2Jeven,J =J .

We stress that the N, eigenenergies are polarization insen-
sitive. For J =J’, the number of (stationary) peaks in
the EIT spectrum equals Nig, as for the Sj/, <> Py, case
considered above. For J # J’, the number of peaks will
depend on which of the two the EIT coupling laser con-
nects to (see Appendix B). If the last optical rung on the
EIT ladder corresponds to the larger of J and J’, the peak
number equals N,. However, if the coupling laser light
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FIG. 3. Polarization scans of the (a) 365}/, <> 36P;,, and (b)

36812 <> 36P3), transitions as the coupling laser frequency is
scanned. Probe transmission is normalized relative to the height
of an unperturbed EIT trace; each plot is the average of 10
scans. Two Gaussians are fitted to obtain peak centers; their mean
positions are plotted as red dashed lines. (c) The m; magnetic
sublevels involved in the 368/, <> 36P;3), transition, and MW
couplings for Ow = 0°,45°, and 90°.

connects to the level with the lower of the two, the number
of peaks will be Nej; — 1. Hence if for the topmost level
of the ladder [Fig. 1(a)] we make use of 363, rather than
36P1 /2, we would still expect only two peaks in the EIT
spectrum despite the Sy, <> P3/; coupling matrix hav-
ing three eigenvalues. Indeed, Fig. 3(b) presents results
from experimental measurements with the microwave field
tuned in resonance with the 36S;,, <> 36P3, transition
at 88.697 GHz, revealing two peaks split by 70 MHz.
This splitting is approximately 40% larger than for the
3681/, <> 36P; transition and since the difference in tran-
sition dipole moments for the two is only approximately
2%, this must be the direct result of a change in MW
power at the atoms’ location [cf. Eq. (5)]. We ascribe the
frequency dependence of the emitted power to the MW

source. As such, the polarization insensitivity of the S <> P
transitions of Figs. 3(a) and 3(b) makes this experimen-
tal scheme a promising candidate for measuring emitter
properties.

IV. DISCUSSION AND CONCLUSION

Figure 3(c) shows how the 36S),, and 36P;,, magnetic
sublevels are coupled for linearly polarized MWs at angles
of 0°, 45°, and 90° with respect to the quantization axis.
For the 0° case it is straightforward to see that the system
will have three eigenenergies, as it is represented by two
independent, identical, coupled two-level systems in addi-
tion to two uncoupled energy-degenerate states, coined
spectator states [28]. With the coupling laser connecting
to the Sy, level it is clear that the spectator states will
have no influence on the EIT spectrum. For the repre-
sentations of the 45° and 90° cases, which both contain
linkages between > 2 states, the number of eigenenergies
is not obvious from inspection of the diagrams in Fig. 3(c).
The Morris-Shore transformation [28] provides the Hilbert
space coordinate transforms that will turn the linked sys-
tems into the unlinked one. While this method lends itself
to more general polarization states [29], for the purely lin-
early polarized radiation considered in the present work
this is simply achieved by picking a quantization axis
coaxially with the polarization.

As stated above, the eigenenergies found when coupling
two Rydberg levels with linearly polarized MWs are uni-
versally insensitive to the polarization angle. In turn this
means that the peak positions for an EIT signal probing
a level with splittings remain constant. The prominence
of each (stationary) peak will, however, vary in general.
The invariance of the EIT signals with angle in Figs. 3(a)
and 3(b) is a special case of the coupling light connecting
toaJ = 1/2 level and the associated symmetry. Stationary
eigenenergies are a necessary but not sufficient condition
for the invariance, and in general the EIT signal can carry
an imprint of the polarization angle, as demonstrated in
Ref. [16] for a Sy, < P3/, <> Dsj <> P3, ladder. In a
future publication we will contrast a Sy /,P3/2Ds/2P3> lad-
der with a Sy/,P3/2D3/2P1 /> ladder. These two scenarios
display distinctly different angular EIT signatures and may
form the basis of a differential polarimetry scheme for MW
and terahertz radiation. Meanwhile, S <> P Rydberg tran-
sitions, which are the focus of the present paper, can, as
we have demonstrated, not be used for polarimetry. Rather,
such transitions should be sought in applications where
insensitivity to polarization effects is desired.
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APPENDIX A: NUMBER OF COUPLING
HAMILTONIAN EIGENVALUES

Here we underpin Eq. (6), which states the number of
unique eigenenergies N, for a system |J) < |J ’) coupled
by a linearly polarized field.

The selection rules for dipole transitions imply AJ =
0,%+1 [30], and we first consider the case AJ =1, so
that J* = J + 1. Figure 4(a) shows a schematic level dia-
gram indicating the allowed Am; = 0 transitions [31].
The system has a total of 4/ + 4 states that we will enu-
merate as indicated in Fig. 4(b). Prescribing the ordering
of states using this particular enumeration, the coupling
matrix becomes block diagonal [see Fig. 4(c)] with 2J + 1

(a)
m, -YH g -U-b L J-1 J J+1
m =
(b) Sublevel and block enumeration
4743 2 4 47 42 4T+
1 2 27 2J+1|
1 3 S 47-1 4T+
(c) -L./Ji
r
B,
o B
0 - 6ol
[0 0 0 Jarsa
(d) o o
1 2 27 27+l
FIG. 4. (a) Magnetic sublevels m; and m/, for a J <> J' tran-

sition with J' =J + 1, driven with a linearly polarized field;
the quantization axis has been chosen along the polarization.
By enumerating the sublevels (green numbers) and transitions
(red numbers) as shown in (b), the coupling Hamiltonian will be
represented by the block-diagonal matrix in (c). Each allowed
transition 1,2,...,2J 4+ 1 corresponds to a 2 x 2 block on the
diagonal of this coupling matrix. (d) Dressed state representation
of the coupled J <> J' system.

nonzero Hermitian 2 x 2 blocks, each corresponding to an
allowed Am; = 0 transition designated by red numbering
in Fig. 4(b). Furthermore, the coupling matrix contains one
2 x 2 null-matrix block arising from the stretched specta-
tor states of the J’ level. Each of the nonzero blocks is
itself off-diagonal and has two nonzero eigenvalues [32].
We note the symmetry of the system [31]: transition 1 of
Fig. 4(b) has the same strength as transition 2J 4+ 1, tran-
sition 2 has the same strength as transition 2J, etc. This
ensures that the corresponding pairs of coupling matrix
blocks will share eigenvalues. Incorporating this degener-
acy, the nonzero blocks amount to 2J + 1 = J + J’ unique
eigenvalues if the number of blocks is even (2J odd) and
2J 42 =J +J + 1 unique eigenvalues if the number of
blocks is odd (2J even). When including the zero eigen-
value of the null block the total number of eigenvalues
becomes J +J' + 1 and J +J' + 2 [cf. Eq. (6), first and
second case], respectively. These results remain valid if
AJ =—1.

For AJ = 0[33], thereare 2J + 1 =J +J’ + 1 dipole-
allowed transitions if 2J + 1 is even (2J odd) and hence
J +J’' + 1 unique nonzero eigenvalues, and there is no
zero eigenvalue from a null block contributing to N, due
the absence of stretched spectator states. Finally, for AJ =
0 and 2J + 1 odd (2J even), there are only 2J =J +J'
allowed transitions, because m; = 0 <> m;, = 0 is dipole
forbidden when J = J’ [30]. Hence the coupling matrix
will possess a zero eigenvalue in addition to the J +J’
nonzero eigenvalues so that Nej; = J +J' + 1 [cf. Eq. (6),
third case].

APPENDIX B: NUMBER OF EIT SPECTRUM
PEAKS

Figure 4(d) presents the coupled system of Figs. 4(a)
and 4(b) in a dressed state picture [34]. Centered on the
lower J level is a series of Autler-Townes doublets, each
split by an energy equal to the difference between the two
eigenvalues of the corresponding coupling block. Prob-
ing this level as the upper rung in an EIT ladder scheme
would give rise to a spectrum with a number of peaks equal
to Nejg — 1. The corresponding spectrum for the upper J’
level would additionally include a degenerate peak from
the two uncoupled, unsplit spectator states (black lines)
and hence would contain N, peaks.
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