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Electromagnetically induced transparency spectroscopy of Rydberg levels dressed by linearly
polarized rf fields: Complementary angular response for two types of transition ladders
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Rydberg atoms efficiently link photons between the radio-frequency (rf) and optical domains. They furnish a
medium in which the presence of an rf field imprints on the transmission of a probe laser beam by altering the
coherent coupling between atomic quantum states. The immutable atomic energy structure underpins quantum-
metrological rf-field measurements and has driven intensive efforts to realize inherently self-calibrated sensing
devices. Here, we investigate spectroscopic signatures owing to the quantization of atomic angular momentum.
Using an electromagnetically induced transparency (EIT) sensing scheme, specific combinations of atomic terms
are shown to give rise to universal, distinctive fingerprints in the detected optical fields upon rotating a linearly
polarized rf field. Employing a dressed state picture, we identify two types of atomic angular momentum ladders
that display strikingly disparate spectroscopic characteristics, including the distinctive absence or presence of
a central spectral EIT peak. Our study adds important insights into the prospects of Rydberg atomic gases for
quantum-metrological electric field characterization including polarimetry. In particular, it calls into question
prevailing interpretations of SI-traceable Rydberg atom electrometers.
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I. INTRODUCTION

Since the turn of the millennium, Rydberg atoms have
experienced a veritable renaissance, emerging as a workhorse
for quantum-technological applications [1]. Prompted by the
proposal to exploit their long-range dipolar interactions for
quantum-computational gate operations [2], extensive efforts
were devoted to making Rydberg atomic quantum information
processors a reality [3]. Along another avenue, Rydberg atoms
found themselves at the heart of vapor-based sensing applica-
tions [4-8] following the seminal 2012 work by Sedlacek et al.
[9].

Unlike Rydberg-based quantum computers and simulators,
which require laser-cooled atoms in an elaborate ultrahigh
vacuum setup, Rydberg sensing can be achieved with simple,
sealed glass cells. The cells contain a room-temperature gas
of alkali atoms to form a transducer “wired up” with laser
beams that read out measurements [10,11]. These sensors
capitalize on the spectacular magnitude of electric transition
dipole moments between Rydberg excited states to accurately
determine the amplitudes of 1f electric fields with frequencies
extending into the terahertz domain. Moreover, because such
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measurements can be tied to transitions between quantum
states of an atom, Rydberg atomic schemes establish an in-
herently self-calibrated rf-field probe [12,13].

The obvious metrological advantage of self-calibrated, SI-
traceable atomic probes over conventional, metallic dipole
antennas has triggered a worldwide surge in experiments de-
voted to vapor-based rf-field sensing [6,13—17]. The appealing
idea of SI traceability, where a spectroscopic measurement
is linked to Planck’s constant via an accurately calculated
transition dipole moment, is typically founded on the notion
of an ideal atomic four-level ladder. In this scenario, a linking
dipole moment can be unambiguously assigned. Real atoms,
however, exhibit a multistate structure including angular mo-
mentum states, and it therefore raises an important question
as to how this should be accounted for.

Rydberg atomic vapor-cell sensing offers unique capa-
bilities for measuring polarized rf fields. For example, an
isotropic response to a linearly polarized field is fundamen-
tally prohibited for a conventional electric receiver antenna
[18-20]. In contrast, by employing properly selected quan-
tum states of a Rydberg atomic system, it may realize an
ideal isotropic receiver, where a measurement of an incoming
linearly polarized rf field is independent of its directions of
propagation and polarization [10,21-23]. Alternatively, quan-
tum states can be selected to achieve a polarization-dependent
electromagnetically induced transparency (EIT) response that
enables atom-based rf vector electrometry [24-27]. For ex-
ample, Ref. [24] established an optical signal that would
vary quasisinusoidally when rotating the polarization of a
microwave field.

Published by the American Physical Society
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In this study, we take a closer look at the mechanism
giving rise to a polarization-dependent EIT signal for atoms
with Rydberg levels dressed by a linearly polarized rf field.
Specifically, we identify two types of quantum-state ladders
that display distinctive out-of-phase oscillatory optical read-
out signals when the polarization angle of an incoming rf
field is scanned. Using a “dressed state” picture, we provide
a framework for a physical understanding of the contrasting
polarimetric responses we observe in both experiment and
density matrix simulations. As a corollary, our work high-
lights that even in the simplest configuration with all fields
linearly copolarized, a real atomic system can generally not be
reduced to an effective four-level ladder of levels. This more
or less tacit assumption underpins the majority of reported
realizations of self-calibrated electrometers, which aim to link
electric field measurements to a single, well-defined atomic
dipole moment.

II. THEORY

A. Polarization-dependent rf sensing in Rydberg EIT—a
conceptual model

To elucidate how an EIT signal might depend on the polar-
ization of an applied rf field, we introduce in Fig. 1(a) the
energy level diagram for a fictitious four-level model atom
that includes angular momentum degeneracy for the ground
and second excited levels. A probe laser field linearly polar-
ized along the z axis matches the optical transition frequency
between the ground level g and an excited level i; choosing Z
as the quantization axis for the model atom, the probe field
can drive a m transition between |g, m = 0) (one of three
degenerate angular momentum states of the ground level) and
li, m = 0).

An optical probe beam interacting resonantly with a collec-
tion of model atoms on the g <> i transition will be attenuated
as light is scattered out of the probe mode. However, by adding
an additional laser field, which couples the excited level i
resonantly to a third level r;, the atomic medium can be made
transparent to the probe laser beam through the mechanism of
EIT [28]. For our model atom, the excited intermediate state
|i, m = 0) connects with a higher-lying state |r;, m = 0) (one
of three degenerate angular momentum states of the Rydberg
level ry) through an optical coupling field that is linearly copo-
larized with the probe field along Z. Because of the ascending
energies of the levels involved, the resulting EIT for the probe
field is referred to as a ladder scheme. The EIT transmission is
maximized for a coupling field detuning A, = 0 as illustrated
in Fig. 1(b).

We next consider the effect of adding a linearly polarized
rf field to our model atom that resonantly couples the Rydberg
level r; to another Rydberg level r,. It is unimportant if r, lies
above or below r; in energy and without loss of generality
we will depict it above r; [see Fig. 1(a)]. For the rf-field
polarization aligned at an angle 6§ = 0° with respect to the
optical fields, the nondegenerate state |r,, m = 0) connects to
|r1, m = 0), the top rung of the EIT ladder. The rf coupling
|rp, m =0) < |r;, m =0) acts to disrupt the optical EIT
for A, = 0 through the Autler-Townes (AT) effect [29]. For
6 =90°, the |r;, m = 0) top rung of the EIT ladder is left
unconnected by the rf field and EIT proceeds exactly as if the
rf field had not been present.
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FIG. 1. (a) Level diagram of a four-level model atom with three-
fold degeneracy of its ground level (g) and second excited level
(r1). A linearly polarized probe field is resonant with the transition
from g to the first excited level i. A coupling field has a frequency
close to the transition from i to ry, giving rise to an EIT peak for
the transmitted probe field when its detuning A. is scanned [panel
(b)]. (c¢) The model atom dressed in an rf field that is parallelly
(6 = 0°) or perpendicularly (6 = 90°) polarized with respect to the
optical probe and coupling fields. The resulting AT splitting is shown
indicated with dashed lines. (d) Simulated probe transmission spectra
for 6 = 0°, 45°, 90°. Qgr denotes the Rabi frequency characterizing
the rf coupling.

Figure 1(c) shows level diagrams and the coupled states
for the two cases 68 = 0°, 90°; the state splitting resulting
from the coupling is indicated with dashed lines. Figure 1(d)
displays the associated EIT spectra of the optical probe trans-
mission versus the coupling laser field detuning A.. This is
double peaked (AT doublet) for &6 = 0° and single peaked for
6 = 90°, while a triple-peaked spectrum is found at 6 = 45°
(all spectra for angles between 6 = 0° and 8 = 90° will have
three peaks, with the height ratio between the central peak and
a sidelobe increasing with 9).

B. Rydberg atomic rf polarimetry in a complex multilevel atom

The simple EIT-probed model-atom level structure of
Fig. 1(a) displays two salient features when a linearly po-
larized rf field is added. For the polarization 6 = 0°, an AT
doublet is encountered in the spectrum due to a vertical, pure
m = 0 four-level ladder, while for & = 90° we have a pure
three-level system and a single central EIT peak. As such, the
EIT spectrum carries an imprint of the polarization state of
the rf field. A similar polarization dependence will generally
be encountered for real atoms with a more complex level
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FIG. 2. Hyperfine level diagrams for the S]F /32 <~ P3F/§3 < Ds;p <> P3p excitation ladder with the ultimate and penultimate levels
(Rydberg levels) resonantly coupled by an rf field, which is linearly polarized along the atomic quantization axis and drives 7 transitions
(orange arrows). Red and blue arrows show the allowed transitions for optical probe and coupling fields linear polarized (a) perpendicularly
to the rf field (optical o transitions) and (b) parallel to the rf field (optical 7 transitions). The F levels for the Rydberg states are energetically
degenerate, and have been offset vertically to illustrate the dipole-allowed transitions in play.

structure and this opens up the prospect of atomic rf po-
larimetry. Its utilization, however, necessitates a detailed
understanding of the polarization signature resulting from a
particular atomic level structure.

Figure 2(a) reproduces the essence of Fig. 1(a) of
Ref. [24], which considered the 35S} /32 DI 5P3F/§3 DI
53Ds5;; <> 54P;); ladder of 87Rb as a tool for vector elec-
trometry. The hyperfine sublevels (F levels) of the 53Ds,
level and the upper 54P;,, are unresolved, so to enable a vi-
sual tracking of all dipole-allowed transitions in the diagram,
relative vertical offsets (o< F') have been added to the Rydberg
substates [30]. The red crosses serve to illustrate that an rf
field polarized along the chosen quantization axis does not
directly connect the stretched states D5 (F =4, mp = +4)
to the upper P3;; Rydberg level. Reference [24] points out
that the system when probed with optical fields polarized
perpendicularly to the rf field—the situation encountered in
Fig. 2(a)—therefore presents three-level EIT excitation path-
ways [specifically, S(F =2, mp = £2) - P(F =3, mp =
+3) - D(F = 4, mp = +4)]. Reference [31] reiterates this
point, noting that the Ds/»(F = 4, mp = £4) states are “un-
split” by the rf field. The EIT spectrum for crossed rf and
optical polarizations (0 = 90°) will hence include a central
peak at zero detuning as either the probe or coupling field
frequency is scanned.

The scenario of parallel rf and optical polarizations is
captured in Fig. 2(b) [32]. Here, Ref. [24] argues that “In
this case, 7 transitions are driven throughout the system and
all excitation pathways experience a four-level system. The
theoretical and experimental spectra have two transmission
peaks...” Our theoretical treatment will, as we shall see, in
fact predict four transmission peaks for a S{ 3% < P77 <
Ds;, < P;; ladder system; the reason that only two peaks
are observed in Ref. [24] is because insufficient rf power is
applied to resolve the structure in the presence of line broad-
ening mechanisms. But more importantly, and at the heart of
understanding the physics in play, the absence of a central

transmission peak is not the result of & transitions being
driven throughout the system! As a case in point, we will con-
trast the ST 52 DA P3F/§3 < Ds;p <> Py system (which we
shall call type 1) to that of S{7*> < P{7° < D3p < Pip
(type II). Figure 3 shows a level diagram of the latter with
transitions for copolarized rf and optical fields. Similarly to
the Sf;z - P3F/§3 < Ds;, <> Psp; system in Fig. 2(b), only
7 transitions are driven throughout the system, yet, as we
shall demonstrate, the ST 52 DI P3F/§3 < D3pp < Py sys-
tem displays a dominant central transmission peak for 6 = 0°.
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FIG. 3. Hyperfine level diagrams for the S77* < P{7° <
D3/, < Py, excitation ladder with the ultimate and penultimate
levels (Rydberg levels) resonantly coupled (orange arrows) by an rf
field, which is linearly polarized along the atomic quantization axis.
The optical coupling (blue arrows) and probe (red arrows) fields are
also linearly polarized along the quantization axis and m transitions
are driven throughout the system.
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FIG. 4. rf-dressed Rydberg levels—procedure for finding the energy structure probed via EIT. (a) A linearly polarized 1f field couples states
of lower (J = 5/2, black) and upper (J/ = 3/2, gray) Rydberg levels via  transitions with dipole matrix elements as indicated. (b) Field-dressed
Rydberg levels with m;-dependent AT splitting. Each gray-black state in the diagram represents an equal two-component superposition of
J =5/2 and J = 3/2 states with the adjacent &+ indicating its symmetry. (c) Labelling the lower dressed manifold of panel (b) to include all
possible values for the nuclear spin projection m; so that each state inside the hexagon is designated by |m,, m;) (and hence mr = my; 4+ my)
as well as a symmetry parameter s. Each |m,, m;;s) can be expanded using Eq. (1), which facilitates the evaluation of the transition strength
for the optical coupling from a state |J' = 3/2, F' = 3, m, = my) through Eq. (2).

In fact, the central transmission peak encountered at 0 = 0°
dwarfs the central peak at & = 90°.

C. Criterion for a central EIT peak
1. Type-I system: absent central EIT peak for copolarized fields

To seek the actual underlying origin of the absent central
EIT peak of the system of Fig. 2(b),

Si2° < Pi3’ < Dsp < Py, 1)
——— ———’ —— ——
g i r r

we first consider, in isolation, the two Rydberg levels r| and
rp at energies €,, and €,,, respectively, dressed by a resonant
linearly polarized rf field with angular frequency wrr = |€,, —
€, |/h. As mentioned above, hyperfine structure is completely
negligible for the Rydberg levels, and this part of the prob-
lem can therefore be treated in a fine-structure basis where
it separates into a series of four individual, driven two-level
systems and two uncoupled r; spectator states (m; = £5/2).
The Rabi frequency for each two-level system depends on
|my| and varies as indicated in Fig. 4(a). As a result of the
resonant rf coupling, the AT effect leads to varying splittings
across the lower r; level as shown in Fig. 4(b). The energy
spectrum for the €, level now has five peaks where, for the
bare atom, there was only one—This results directly from the
¢§izﬁ-level structure [33].

Unlike the Rydberg levels r; and r,, the g and i levels
display resolvable hyperfine structure, and excitation to r
specifically departs from the F = 3 i level. It is important to
note that because of Laporte’s rule, an i-level state cannot cou-
ple to the r, component of a dressed state because the change
in orbital angular momentum between i and r, will then differ
from unity (for our experiments, both are described by spec-
troscopic P terms). Hence, we will exclusively be concerned

with the transitions from states |F =3, mp = —3)--- |F =
3, mp = 3) of the i level to the | components of the dressed
manifold centered on €,,.

To establish how the rf-field dressing of the atom affects the
optical EIT probing, we transform to a hyperfine basis, where
J is coupled to the spin of the atomic nucleus / = 3/2 to form
F =J + I. Figure 4(c) recasts the lower dressed manifold of
Fig. 4(b) (orange hexagon) to include the possible projections
my of the nuclear spin. In doing so, each state of Fig. 4(c)
is designated by quantum numbers m; and m; in addition
to a parameter s = 0, 1 that tracks the symmetry of the
parental dressed state of Fig. 4(b) from which it descends:
Every dressed state in Fig. 4(b) is either an equal symmetric
(s = +1) or antisymmetric (s = —1) superposition of r; and
r, components. The | spectator states that are unaffected by
the dressing field (m; = £5/2) are labeled by s = 0. Expand-
ing the ry part (i.e., J = 5/2) of each state of Fig. 4(c) as

Is| 4
\mymy; s) = [E} FZZI (JIFme|JmyImyg) |[Fmg), (1)

Fmp
Comgimg

we obtain the required transformation to the hyperfine basis.

Using the expansion Eq. (1), a measure for the strength of
an optical m transition from a particular state |J'F’m}) of the
i level (i.e., J/ = 3/2) to a state of the lower dressed Rydberg
manifold can now be found (see Appendix A):

[(J'F'myg| — eroldJmyImy; s) 12

4
= 3¢ > o AF m|ro|Fmg)
F=1
e A A A oy
-my my O —my mp my—mg)

@)
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FIG. 5. Diagram for evaluating the optical coupling from a state
|J' =3/2, F' =3, mp = mp) to a state in a field-dressed D3, <
Py, Rydberg manifold. The procedure for obtaining this diagram
follows that of Fig. 4 and each of the states |my, m;;s) can be
expanded using Eq. (1).

The first 3-j symbol of Eq. (2) vanishes if |m;| > J'. An
optical field copolarized with the linear rf dressing field can
therefore not couple any states of the Py_3, i-level manifold
to the dressed Rydberg states with m; = +5/2—the central
states in Fig. 4(c). As a result, the EIT spectrum obtained from
probing the rf-dressed Rydberg states will not display a central
peak.

2. Type-II system: Dominant central EIT peak
for copolarized fields

Using the S{ 3> < P§7° < Ds; < Py system (type-I
ladder) as an illustration, we have shown that, generally, for
copolarized fields the EIT spectrum will not have a central
peak if J,, > J;. Furthermore, an obvious requirement for a
central peak is J,, > J,,—The r; level needs to have specta-
tor states. An equivalent analysis of the superficially similar
system,

Si3° < Pi3° © Dy« P, (1D
N — N — N—— ——
g i i r

presented in Fig. 3 yields the dressed level diagram shown in
Fig. 5. When, for this type-II ladder, we consider the dipole
matrix elements for optical  transitions from the i level to
the Rydberg manifold, we see that |my;| = {%, %} <J = %
We therefore do not experience the vanishing of the first
3-j symbol in Eq. (2). Rather, its common, nonzero squared

magnitude,
2
J J 1 2
<_m, " 0) o m3, 3)

for the central m; = +3/2 states is ninefold that of the split
my = +1/2 states. Hence, despite the fact that “z transitions
are driven throughout the system,” a double-peak structure is
not predicted, but instead a triple-peak spectrum with a strong
central peak.

III. EXPERIMENT

To verify the predicted complementarity in the po-
larization response of the two types of ladders en-
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FIG. 6. (a) Schematic of experimental setup. Probe and coupling
lasers are linearly polarized in the horizontal plane and counterprop-
agate through a spherical Rb vapor cell. A photomixing antenna
mounted in a motorized rotation stage emits linearly polarized rf ra-
diation along a vertical direction. (b) Atomic level structure for 8’Rb
applicable to both type-I and type-II ladders. (c) Probe transmission
spectra showing EIT peaks when the coupling laser frequency is
scanned. (d) Probe transmission spectra when resonant rf radiation
is applied to the 34Ds;,<>35P;,, (left column) and 35D;3,,<>36P, ),
(right column) transitions as a function of the coupling laser detuning
A; spectra for & = 0°, 6 = 45°, 90° are shown.

countered above, we perform optical EIT spectroscopy
on the SS{FEZ < 5P3F/§3 < 34Ds;; < 35P;) (type-l) and
55{732 <> 5P31;?3 <> 35D3/2 <> 36P1/2 (type-II) ladders Of
$7Rb.

Figure 6(a) shows a schematic of our experimental setup.
Using a photodetector, we measure the transmission of an
~780nm probe laser beam, propagating along a horizontal
axis through a centimeter-sized borosilicate glass cell contain-
ing a room-temperature rubidium vapor. The frequency of the
probe laser is fixed and resonant with the 573> < 5P§7°D>

line of 8’Rb [see Fig. 6(b)]. A counterpropagating ~480 nm

033089-5



MATTHEW CLOUTMAN et al.

PHYSICAL REVIEW RESEARCH 8, 033089 (2026)

coupling laser is scanning in frequency across the transitions
from 5P;, (F = 3) to either 34Ds, (type-I ladder) or 35D3 >
(type-II ladder).

Figure 6(c) shows the transmitted probe light for a fre-
quency scan of the coupling light over the i <> r; transitions
we utilize in our EIT sensing scheme (see Appendix B).
Both probe and coupling beams are linearly polarized in the
horizontal plane. A photomixing antenna (see Appendix C)
emits linearly polarized ~55GHz rf radiation down onto
the vapor cell along a vertical axis intersecting the horizon-
tally propagating optical beams. At the point of intersection,
the angle between polarizations of the rf field and the op-
tical fields is 0 [see Fig. 6(a)]. We can vary this angle by
rotating the photoconductive antenna about its axis, and be-
cause this axis intersects the center of the spherical vapour
cell, rotational symmetry dictates a constant rf power at the
center.

Figure 6(d) shows EIT spectra acquired for the reso-
nantly driven 34Ds,, <> 35P;,, (left panel, type-1 ladder)
and 35D3,, <> 36P;,; (right panel, type-1I ladder) Rydberg
transitions for 6 = 0°, 45°, and 90°. The polarization sig-
natures for the type-I ladder in the left panel are similar to
those reported for the 53Ds/, <> 54P;,; Rydberg transition
in Ref. [24]. In particular, for 6 = 0°, we note the absence
of a central peak and what appears to be an AT doublet. Our
dressed-picture analysis of the type-I system in Sec. [IC 1
predicted an effective four-peak spectrum (a five-peak spec-
trum with no central component) at & = 0°. However, the
differential splitting of the Doppler-broadened m; = +3/2
and my; = £5/2 lines is too small at our applied rf power
to be resolved. Rotating the emitter to 6 = 90°, we observe,
again in correspondence with Ref. [24], how the heights of
the split peaks reduce while a prominent central peak emerges
at A, = 0. Also for this situation, each of the split peaks in
fact contains two spectral features that are obscured in the
experiments by broadening.

Comparing the EIT spectra of the rf-dressed type-I ladder
to that of the type-II ladder, we note a compelling differ-
ence. In particular, for the type-1I case and 8 = 0°, where “m
transitions are driven throughout the system,” we observe a
prominent central peak at A, = 0 [see Fig. 6(d)]. Moreover, in
contrast to the 55F 52 DI 5P3F/§3 < 34Ds;; <> 35P;); lad-
der, the central peak is minimized at 6 = 90°.

The complementarity in spectral behavior for type-I and
type-1I ladders is elucidated further in the “spectrograms”
of Fig. 7, representing the sequentially recorded EIT spec-
tra when rotating the rf emitter in 5° increments for a full
360° revolution. The left and the right columns compare
the type-I and type-II cases as the power of the resonant
rf dressing field is varied through the applied bias voltage
to the photomixing antenna Vg;,s. In both cases, we observe
an evolution where the A. =0 EIT peak (horizontal line
features in the top row) progressively “breaks up” as an
tf field is introduced and its power increased. The breakup
happens in a complementary fashion, with the type-I ladder
developing transmission minima and maxima at the (6, A.)-
coordinates, where the type-II ladder presents its respective
maxima and minima. This happens along the line A, = 0, and
Fig. 7(b) shows the corresponding out-of-phase m-periodic
undulations.

IV. NUMERICAL SIMULATIONS

The transmitted probe laser intensity / in the spectrograms
of Fig. 7 is described by Beer-Lambert’s law

10, Ac) = Ipe™ @2, “

where [ is the intensity of the probe light before traversing
the distance ¢ through the vapor. The extinction coefficient
« is proportional to a weighted sum over the off-diagonal
elements of the density matrix that involves the combination
of g and i states (see Appendix D). To simulate the variation
of @(6, A.) over a spectrogram for a given rf dressing power,
we therefore calculate the steady-state atomic density matrix
under the combined influence of the optical and rf fields (see
Appendix D). The density matrix for each case includes all
individual |Fmg) hyperfine states of the ladder levels (see
Figs. 2 and 3). For the type-I ladder of Fig. 2 involving a
Ds;, <> P3» Rydberg transition, this amounts to 52 atomic
states, whereas the type-II ladder of Fig. 3, capped by the
35Dz, < 36P; ), transition, requires 36 atomic states. As in
Ref. [34], an auxiliary “dummy state” is included to incorpo-
rate effective incoherent decay from transit-time broadening,
and radiative decay from the Rydberg states to states not
explicitly included in the model.

In our simulations, the rf power is the only fitted quantity,
and other input parameters to the modeling are either directly
measured, as in the case of optical beam waists and powers, or
tabulated values, as in the case of 8’Rb atomic properties. Fig-
ure 8 showcases our ability to reliably simulate spectrograms
for both type-I and type-II ladders.

V. DISCUSSION

A. Atomic standards: Ideal four-level ladder
versus real multilevel atoms

The immense success of atomic clocks relies on the fact
that the transition frequency between unperturbed quantized
atomic states remains completely identical from atom to
atom [35]. This ensures quantum-enabled accuracy for cesium
clocks at either end of the world ticking at exactly the same
rate. In a similar quantum-metrological vein, Rydberg elec-
trometry also aims at capitalizing on atomic immutability and
dynamics governed by quantum mechanics. As highlighted
in Ref. [12], it can quantify an electric field in SI units from
a frequency measurement, fundamental constants, and fixed,
known atomic properties.

1. Autler-Townes splittings for a type-I system

For an ideal four-level ladder system, the AT splitting
that emerges in the EIT spectrum is directly proportional to
the amplitude of the rf-field dressing the topmost two Ry-
dberg states and the constant of proportionality is given by
a combination of fundamental constants and the transition
dipole moment between the Rydberg states. Because of the
quasi-one-electron character of Rydberg atoms, the latter can
be calculated to very high accuracy. Early work, including
Ref. [12], however, has introduced the misconception that for
a type-I ladder with linear copolarized fields, one is deal-
ing with a single transition dipole moment between r; and
ry, and this has been reiterated pervasively in the literature
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FIG. 7. (a) Spectrograms from EIT probing the rf-dressed 34Ds,, <> 35P;;, (left column) and 35D3;, <> 36P;, (right column) transi-
tions. The transmission of the probe field is measured on a parameter space spanned by the rf polarization angle 6 and the coupling laser
detuning A, (see Fig. 6). From the top row, which is a reference spectrogram with no applied rf field, moving down the rf power increases; the
rf power shows a monotonically increasing, albeit nonlinear dependence with the bias voltage Vj;,s of the photomixing antenna. (b) Transmitted

probe light on the A, = 0 axis of the Vg;,s = —1.5V spectrograms as a function of 6 (blue lines); sinusoidal fits are shown as dashed orange
lines.
[14,36-48]. In fact, two transition dipole moments are in play 2. Type-I system: manifestation of a nondoublet AT splitting

differing by a factor of \/2/3 ~ 0.8 [see Fig. 4(a)] and, as
noted in our above analysis, one will not be measuring a pure
AT doublet but a four-peaked spectrum.

Figure 9(a) presents the development in AT splitting when
moving our rf emitter up close (~2 cm) to the vapor cell (see
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FIG. 8. Simulated spectrograms (bottom row) for type-I (left
column) and type-II ladders (right column). The corresponding
experimental measurements (Vgi,s = —1.5 V) are shown for compar-
ison (top row).

Appendix C). To elucidate that each sidelobe in fact consists
of two underlying peaks, we focus our attention on the blue-
detuned branch (A, > 0), where we note how the split-out
peak becomes lopsided for high rf powers [see Fig. 9(b)].
If the goal is to establish an accurate electrometry standard
based on a type-I ladder system, the four-peak nature should
be accounted for because the splitting of each doublet pair
tunes at different rates: The inferred field amplitude will be
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FIG. 9. Electrometry using a type-lI system with copolarized
fields. (a) Experimentally observed AT splitting of the 34Ds,, level
centered on A, = 0. The feature at A, ~ —306 MHz is the 34D;,
level [see Fig. 6(c)]. Interaction with this state influences the A, < 0
AT peak. (b) Development in the A, > 0 AT peak with rf power
increasing (top to bottom) from 10 to 80 (arb. units) in uniform steps.
(c) Simulated spectrogram of the probe field transmission with artifi-
cially reduced broadening. (d) Simulated probe field transmission for
copolarized fields (¢ = 180°) with artificially reduced broadening.

FIG. 10. EIT spectrum recorded for a linearly polarized mi-
crowave field (9 =90°) dressing the 49Ds,, <> 50P;), transition
with a resonant ~18 GHz microwave field [49]. The experimental
data show a clear splitting of each sidelobe.

skewed if an unresolved four-peak spectrum is interpreted as
a pure doublet. Figure 9(c) shows a simulated spectrogram for
a type-I system with Doppler broadening “turned off,” from
which Fig. 9(d) picks out the copolarized-field spectrum that
underpins the skewing of the experimental high power trace
in Fig. 9(b).

For our setup in Fig. 6(a) using a photomixing antenna
to dress the 34Ds;, <> 35P;), transition in Fig. 6(b) with a
resonant 55 GHz field, we do not fully resolve the quintuplet
spectrum, but rather observe a skewing of sidelobes. Figure 10
presents an example EIT spectrum for the 49Ds,, <> 50P3),
transition dressed with resonant ~18 GHz radiation from a
microwave horn in an alternative setup [49]. The field is lin-
early polarized 6 = 90°, and the spectrum clearly shows five
distinct peaks [50], corroborating the nondoublet AT splitting
for a type-I ladder.

3. Apparent angle-dependent peak positions

The spectrogram in Fig. 9(c) underscores the important
point that for linearly polarized fields, the eigenenergy cor-
responding to a split-out peak does not change with 6: The
spectral features are straight vertical lines. While the position
of a peak remains fixed, its prominence in the spectrum will,
however, generally vary with 6. For two overlapping broad-
ened peaks, this may give the appearance of a single feature
that moves continuously as 6 changes. This effect can be
observed as wobbling of the sidelobes in the type-I column
of Fig. 8.

B. Allowed type-I transitions and the case of copolarized fields

To be clear, it is incorrect to talk about “the” dipole moment
between Ds;, and P3), levels for a linearly polarized dress-
ing field [42,43,47,48,51-55], because it depends on whether
my = |1/2| or my; = |3/2|. Itis also incorrect to resort to using
the my = |1/2| value [36,38,39,45,56,57], based on a rationale
of all fields being 7 polarized. This would be applicable in
the absence of hyperfine structure of the ground state [see
Figs. 11(a) and 11(b)], in which case the system is described
by two parallel, ideal four-state systems. For an atom in a
specific, resolved hyperfine state, we are, however, not dealing
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FIG. 11. Level diagrams fora J = %%%% system [panel (a)] and
aJ = %%%% system [panel (b)] driven by 7 transitions. Both realize

two parallel ideal four-level ladders (green background). (c) my = 1
ladder of Fig. 2(b) in isolation. The system cannot be broken down
into parts as shown in panel (d), i.e., (c)=(d). (e) Level splittings
obtained from diagonalizing the 7 x 7 matrix describing the rf cou-
pling (orange arrow) among the F states of the Rydberg levels
ry and r, when mp = 1. The different F' parts of r, and r, have
been color coded to visualize their contributions to each hybridized
dressed state. The diagonalization for the my = 1 ladder yields five
eigenenergies with separations and multiplicities as annotated.

with parallel four-state systems, even when driving with copo-
larized fields. This is evident from the diagrams in Figs. 2(b)
and 3: Moving up from any my state of the ground level, one
counts more than three transition arrows. Moreover, a vertical
cascade corresponding to a given myg [Fig. 11(c) shows the
example of mp = 1 from Fig. 2(b)] cannot be broken down
into individual “unique contributions” [see Fig. 11(d)] as was
recently stated in Ref. [58].

The claim of Ref. [58], that the EIT scheme acts to probe
the states of r; individually [59], is invalidated by the fact
that these states are degenerate (the hyperfine splittings of the
Rydberg levels are negligible). They are therefore indirectly
coupled with each other by the rf field via the states of 7, [60].
Instead, when treating the example of the mr = 1 cascade in
the hyperfine basis, the splittings of the system probed via
EIT are found by diagonalizing the entire 7 x 7 matrix that
describes the resonant rf interactions between the hyperfine
states of r; and r,. The result of this procedure is illustrated in
Fig. 11(e). As it should, it provides the same my = 1 dressed
energies encountered in the sequential procedure of Fig. 4,
where the eigenenergies are first found in the J basis, after
which the system is recast in the F' basis.

The insight that the copolarized cases of Figs. 2(b) and
3 are not represented by a collection of four-level systems
means that there is a priori no reason why they should give
rise to simple AT doublets. Indeed, as we have shown, the
type-1I system features a prominent central peak in its spec-
trum. Interestingly, the two sidelobes of the type-II triplet
tune as an ideal AT doublet with 1f power with a tuning rate
described by a single transition matrix element. The perfect
absence of a central peak of the 6 = 0° type-I system in
Fig. 2(b) can be interpreted as a destructive quantum me-
chanical interference between the multiple parallel pathways
represented by Eq. (2). Regardless, the spectrum does not
represent a simple AT doublet.

C. Complementary spectroscopic response
of type-I and type-II ladders

Our recorded polarization spectrograms in Fig. 7 for type-
I and type-1I ladders make the complementary response of
these two systems compellingly clear. In particular, their
transmissions recorded as a function of 6 for A, = 0 display
out-of-phase oscillations reminiscent of the powers transmit-
ted by and reflected off an optical polarization beam splitter.
Unfortunately, because the type-II oscillation rides on a sig-
nificant offset, the two “output ports” of our Rydberg-atomic
sensor do not readily serve to establish a general balanced rf
polarimeter [61] that would offer an absolute determination of
0 from measurements at a single angle.

VI. CONCLUSION AND OUTLOOK

In summary, we investigated two types of transition ladders
with complementary angular response. In particular, for all
fields addressing the systems being colinearly polarized, EIT
spectroscopy of a type-II ladder displays a prominent spectral
peak at A, = 0, while the A, = 0 signal for a type-I ladder is
identically zero. This happens despite an apparent similarity
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between the systems and 7 transitions being driven through-
out them.

In the current study, we have focused on the case of linearly
polarized optical and rf fields, and we have shown that either
of the two complementary spectroscopic signatures for type-I
and type-II ladders could serve to determine the angle of
polarization for the rf field. The simultaneous high fidelity of
our density matrix simulations for these complementary test
cases instils confidence in our simulation framework’s ability
to synthesize the probe light transmission for more complex
combinations of polarization states. In the future, we plan to
pursue the determination of arbitrary polarization states of the
incoming rf field through machine learning approaches, where
the polarization states of probe and coupling light are varied to
acquire a sequence of spectrograms. For this purpose, the data
diversity [62] provided by the profoundly different response
from type I and type II may provide a significant advantage.
This would open up a paradigm for quantum-metrological
[63] polarimeters that at its heart is enabled by the quanti-
zation of atomic angular momentum.

Implementations of Rydberg atomic electrometers found in
the literature typically favor type-I ladders over type-II ladders
and Fig. 6(d) reveals why this might be so. For a type-II ladder,
the EIT-probed spectrum is dominated by a strong central
peak, no matter the polarization angle. In contrast, a type-I
ladder displays no central peak for copolarized fields (6 = 0):
The spectrum contains only split-out parts. An insight of this
article is that these split-out parts do not form a simple AT
doublet as encountered for an ideal four-level system [the
6 = 0° case of Fig. 1(d)]. Due to broadening mechanisms, the
effect on experimentally measured spectra may or may not
be subtle depending on the rf power in play. Also, depending
on the application, the implications may or may not be im-
portant. For example, for Rydberg atomic radio receivers in

J

Fm [ Fm
CJmJ;m, (F mF|r0|FmF> = chmﬁm,
F=1

4
Ref. [67], p. 84 Fmp
- JmyImy
F=1

communication [64—-66], this is likely to have little practical
consequence. On the other hand, for metrological field probes
with SI traceability as a selling point, accounting for the
multivalued eigenenergy spectrum would seem inevitable if
striving for the ultimate in accuracy.
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APPENDIX A: OPTICAL COUPLING (r TRANSITION)
FROM A STATE OF THE INTERMEDIATE LEVEL
TO A DRESSED RYDBERG STATE

To arrive at Eq. (2), we must evaluate
|ZF 1Cfn'1'j§ml 'mj|ro|Fmp)|>. Using the Wigner-Eckart
theorem, we have

FmF _1
Fmpl()(2F +1) 2(F lrollF7)

Chn (QF 4 1) 3 (= 1)/ 1+

x /(2F' +

+oeF+olr 5 i

4
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F=1

APPENDIX B: EIT SPECTROSCOPY

All calculations of transition frequencies were performed
using the open-source library Alkali Rydberg Calculator
(ARC) [69]. The coupling laser was calibrated by scanning its

frequency ~500 MHz across the transitions from P/, (F = 3)
to the nD3; and nDs;; Rydberg states generating two EIT
peaks; here, n = 34 or n = 35 [cf. Fig. 6(c)]. The probe and
coupling beam powers were 0.5 and 300 mW, respectively,
and their 1/¢* diameters were 2.0 and 1.9 mm. To enable
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lock-in detection, the amplitude of the coupling beam was
modulated at 10 kHz with an optical chopper. Probe and
coupling beams were both linearly polarized in the horizontal
plane after passing through polarizing beam splitter cubes and
entered the vapor cell in a counterpropagating configuration
to suppress Doppler broadening.

APPENDIX C: rf DRESSING FIELD

The ~55 GHz rf field dressing our Rydberg atoms was pro-
duced by a photomixing antenna (Toptica Tera-Beam 1550).
Two ~1550nm fiber-coupled distributed-feedback (DFB)
lasers are combined to produce a beatnote with frequency frr
on an InGaAs photoconductive chip mounted on a bowtie-
shaped antenna. The photomixing process produces linearly
polarized radiation at frpr, which is collimated to a beam
diverging at 12° by a silicon lens. The frequencies of the
DFB lasers are temperature tuned, allowing us to target
the 34D5/2 <~ 35P3/2 and 35D3/2 <~ 36P1/2 transitions at
56.714 and 53.840 GHz, respectively. The emitter is posi-
tioned 15 cm above the vapor cell, which is mounted on a
wooden post to minimize metallic interference.

Running the experiment with the rf dressing field tuned
to a Si/» <> Py, transition, we verify that this gives rise to
a spectrogram with the two straight horizontal lines [21].
This ascertains that rf radiation reflected back onto the cell
is insignificant: Reflected rf radiation field can change the
resulting polarization state at the atoms to become elliptical
and bend and split the lines in the Sy, <> Pi;» spectrogram
as described and modeled in Ref. [22]; elliptical polarization
gives rise to four peaks in the spectrum. For type-I and type-II
ladders, the number of peaks in the spectrum would increase
as5 — 9and 3 — 5[70], if the rf radiation had a (significant)
elliptical polarization component; this is not what we observe
in our experiments and indicates linearly polarized radiation
at the location of the atoms. Also, in the type-I ladder exper-
iment, we do not observe a central EIT peak component for
nominally copolarized field, which would result if an ellipti-
cally polarized component had been present in this setting. rf
dressing the 58Ds/, <> 59P3/, Rydberg transition in cesium,
Ref. [71] reports a spectrum for nominally copolarized fields,
which displays a small central, but nevertheless incompati-
ble, A = 0 component [see Fig. 5(b) in Ref. [71]]. A A =0
component can result from linearly polarized rf field with
6 # 0, , in which case the complete spectrum should contain
five peaks (see Fig. 9), assuming these can be resolved. Rather,
the spectrum in Fig. 5(b) in Ref. [71] is compatible with a total
of nine spectral peaks—the result of an elliptically polarized
rf field [72].

For the measurements presented in Figs. 9(b) and 9(c),
the emitter was positioned very close (<2cm) to the cell.
A 0.75-mm-pitch wire grid polarizer was mounted between
the emitter and the cell to suppress effects of a complex rf-
field polarization [22] and ensure a linear polarization at the
position of the atoms.

APPENDIX D: DENSITY MATRIX CALCULATIONS

This Appendix provides details on computing the density
matrix, and connecting it to experimental observations. In
particular, we give the matrix form of the operators necessary

to formulate a master equation expanded over the hyperfine
|Fmpg) basis. The Python computer code used to produce
the simulated results of Fig. 8 is available in Supplemental
Material [80].

1. Master equation

Polarization spectrograms (see Fig. 9) are simulated with
QUTIP [73] by finding the steady-state atomic density matrix,
Pss» under the combined action of the three fields; tf, coupling
(c), and probe (p). The evolution of the density matrix, p, is
governed by the Lindblad master equation [74]

.1 Y
p=lH pl+ ) S QLpL{ — (LiLi.p)). (1)
k

The atomic Hamiltonian, H, in the dipole and rotating-wave
approximations [75], takes the block form

0 Q 0 0
gl -2, Q. 0
210 QF —2(8p +dc) Qe
0 O Q;kf _2(8p + 80 + arf)

(D2)

Here, the polarizations and Rabi frequencies of the probe,
coupling, and rf fields are encoded in the coupling operators
Q between manifolds (see Appendix D 2), represented in
Eq. (D2) using an ordered basis of the g, i, r, and r, lev-
els. The detuning blocks §; are scalar matrices because the
individual states acted on by each block are not resolved.
The problem is described in the |Fmyp) basis, to deal with
the fact that the probe laser field resolves transitions between
hyperfine states. The second, dissipative term of Eq. (D1) is
composed of collapse operators L; with corresponding decay
rates ;. A representation of L; for radiative decay in the
|Fmp) basis is given in Appendix D 2 below. This term facil-
itates the inclusion of two classes of state decay: spontaneous
emission, which has an operator for each possible polariza-
tion of the radiated photon, and incoherent decay, which is
modeled with an auxiliary “dummy state” [34]. Incoherent
decay includes transit-time broadening of all states, but it also
describes some radiative decay of the Rydberg states, which
usually involves the emission of multiple photons on a decay
path outside the state space of the simulation. The “dummy
state” then decays rapidly, with equal probability, to each
sublevel of the ground-level manifold.

Unlike Ref. [34], which time evolved the system’s master
equation from an equally populated ground-state manifold, we
directly solve for the steady state of the system. This entails
finding the nontrivial zero of the Liouvillian superoperator £
by recasting the density matrix as a vector (“vec-ing”) [76,77],
and solving the equation ps, = Lpg = 0, using standard lin-
ear algebra techniques.

While the counterpropagating arrangement of coupling and
probe beams compensates for the Doppler effect, we include
the residual Doppler broadening of the room-temperature
vapor by performing simulations with detunings that corre-
spond to a range of atomic velocities along the probe/coupling
beams, and averaging them according to the Maxwell-
Boltzmann distribution. Our lock-in detection scheme is
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accounted for by removing a constant offset in the simulation:
the resonant extinction of the probe beam without the coupling
field.

2. Operators
a. Field-induced couplings

The coupling operator €2; for each field (k = p, c, rf) is
given by
s Ey
h K
where E is the electric field and U is a vector operator de-
scribing the dipole moments between states driven resonantly.
To populate the coupling matrix [Eq. (D2)], we make
use of a spherical basis expansion [78]. The spherical basis
components £ of the unit vector along the electric field

direction (i.e., E = |E|E) are given in terms of the Cartesian
components by

Q = (D3)

Physically, ¢ = —1, 0, 41 represents the change in angular
momentum associated with o~, 7w, and o excitations, re-
spectively. Similarly, we expand fi; over the spherical basis
€4, to introduce the angular component matrices u,((q):

- §: 2 (@)
M X €qUt; .
q=—1,0,1

D7)

Using the spherical basis expansions, we factor the coupling
operators into a scalar radial component Q,((’) (the radial Rabi
frequency) and an angular component

Qk = QI(:) Z EA]fq)u,((q),
q=-1,0,1

(D8)

where the radial Rabi frequency between levels of principal
quantum numbers n and #/, and orbital angular momenta L
and L' is

o0
@ = Ele [ rRdr vl orint)  ©9)
0

. | A
EV = ——(E, +iE)), (D4)
0 2 R in terms of the radial wavefunctions v (). We calculate this
EO=E, (D5)  integral using the ARC [69].
1 In the hyperfine basis, the elements of each matrix u]((q) in
ECD = —(E, —iE)) (D6)  Eq. (D8) are
V2 ‘
|
(SLIFmp |l |S'L'J F'mly) = (— 1! FSHH A =m JOL £ 1)L + 1)(2] + D(Q2J + 1)Q2F + HF' + 1)
L 1 LY\|L S\|\J/ F' I F’ 1 F
X(o 0 O){J 1}{F J 1}<—m; q mp)‘ (D10)

b. Decay

Decays that maintain coherence between states correspond
to the emission of a photon via ¢*, 7, and o~ transi-
tions, associated with atomic angular momentum changes
qg = —1, 0, 1, respectively. A decay path between two states
is described by a collapse operator, L("), for each ¢, with
elements

(SLIFmp LS LT F'mly)|*
= QL+ DQ2J + )T + DQF + DQF +1)

2 o F IV F 1 FY\
J L 1| |\F J 1 \-mp g mp)~
(D11)

The right-hand side of this equation is proportional to the
squared right-hand side of Eq. (D10), with the notable feature
that, for a given initial state, the sum over all ¢ and possible
jumps is unity, so the decay path’s y; is the total radiative rate.

In our system, the decay from the Rydberg states is domi-
nated by the nonradiative transit-time broadening [79] with a
rate yrrg ~ 27 x 200kHz. Additionally, the vast majority of
possible radiative Rydberg decay paths pass through states not
included in our model. These (effectively) incoherent decay
paths are modeled by means of a “dummy state” with no
angular momentum character. Excited states decay to this
dummy state via a collapse operator with a single nonzero
element. In the case of the i-level states, the rate is given by the

(

transit-time broadening. For the two Rydberg levels, the total
radiative decay rate to states other than |i) is added to this.
The “dummy state” itself decays rapidly into the |g) manifold
(with a near-infinite y). We note the rudimentary model for
transit-time broadening used is valid for large beams, where
the radiative decay rate is larger than the transit rate, and
this system’s dominant radiative decay process is the y; =~
2w x 6 MHz.

3. Probe extinction

As discussed in Sec. IV, the extinction of the probe
beam of polarization ¢ through an atomic vapor follows the
Beer-Lambert law [Eq. (4)]. The extinction coefficient for a
g-polarized field, «'?, through a vapor of density 7 at a tran-
sition of frequency w), is composed of off-diagonal elements
of the atomic density matrix p:

with the sum running over the g-coupled states of the g- and
i-level manifolds. The density matrix is the steady state of
the master equation (D1) with the atomic Hamiltonian equa-
tion (D2), and the operators described in Appendix D 2.
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