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We examine spectral signatures of Rydberg atoms driven with near-resonant dual-tone radio-frequency (rf)
fields in the regime of strong driving. We experimentally demonstrate and theoretically model a variety of
nonlinear and multiphoton phenomena in the atomic Rydberg response that manifest in the electromagnetically-
induced-transparency spectra. Our results echo previous studies of two-level atoms driven with bichromatic
optical fields. In comparison to optical studies, the rf-driven Rydberg system utilizes a more complex excitation
pathway and electromagnetic fields from two different spectral regimes: a two-photon optical excitation con-
tinuously creates highly excited Rydberg atoms, while rf fields drive resonant coupling between the Rydberg
levels and generate strong mixing. However, our spectra reflect nearly identical effects of the dual-tone rf fields
on the atomic Rydberg observables, showing detuning-dependent splittings and Rabi-frequency-dependent peak
numbers and relative strengths, and avoided crossings at subharmonic resonances. We thus validate previous
two-state models in this more complex physical system. In the context of Rydberg electrometry, we use these
investigations to explore a technique in which we tune a known 1f field to observe spectra which give the

frequency and power of an unknown rf field using the complex dual-tone spectra.
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I. INTRODUCTION

Two-level atoms driven by intense bichromatic optical
fields have been the subject of extensive experimental [1-4]
and theoretical [5-10] investigation. In these systems, both
resonance fluorescence and absorption spectra have shown
physics beyond the single-frequency Rabi splitting character-
istic of atoms subject to monochromatic driving, including
detuning-dependent and Rabi-frequency-independent spec-
tral splittings, subharmonic resonances, and phase-dependent
atomic dynamics. These investigations point to a wealth of
multiphoton dynamics that are accessible to systems driven
by multiple frequencies: bichromatic electromagnetically in-
duced transparency (EIT) has been demonstrated in both
cold atoms [11] and hot vapors [12], and bichromatic and
multifrequency fields have been employed in novel cooling
methods for alkali atoms [13]. Looking beyond atomic va-
pors, the spectra of bichromatically driven solid-state systems
with single-molecule impurities [14] and nuclear spins of
nitrogen vacancy centers in diamond [15] have revealed well-
resolved subharmonic resonances and multiphoton effects,
while a bichromatically driven quantum-dot system demon-
strated predicted quantum interference effects in fluorescence
spectra [16,17].
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In the radio-frequency (rf) and microwave domains [mega-
hertz (MHz) and gigahertz (GHz)], dual-tone dressing has
been used to demonstrate a dynamically modulated Autler-
Townes (AT) effect in superconducting qubits, providing an
enhanced experimental toolbox for qubit manipulation and
control [18]. It has also been investigated in the context of
alignment-based magnetic resonance spectra in cesium, where
dual-tone driving between the ground-state hyperfine levels
modifies the standard AT splitting of the system dressed by
a single field [19]. In Rydberg atoms, dual-tone microwave
dressing was used to achieve a polarizability nulling ef-
fect [20]. An aspect of Rydberg systems that has been less
explored is their behavior under near-resonant dual- and mul-
titonal rf dressing.

Over the last decade, continuously detected Rydberg EIT
systems have proven to be an invaluable technology for sen-
sitive, external calibration-free electrometry using the AT
splitting (Rabi splitting) of Rydberg energy levels dressed
by an rf field [21]. Under single-tone resonant driving, the
AT spectra display splittings proportional to field strength,
providing a direct measurement of electric field; the number
and relative strengths of spectral peaks are independent of
field strength in this case. For strong driving with dual-tone
rf dressing, multiphoton effects may be expected to yield
spectra that are qualitatively different from those obtained
with single-tone driving.

Here, we extend the physics of bichromatic optical dress-
ing of atoms to the rf regime, using a two-level Rydberg
system probed by EIT in a warm atomic vapor of ®3Rb. The
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atomic population is driven from the ground electronic state
into a Rydberg state via an intermediate energy level using a
two-photon optical excitation scheme that employs indepen-
dent probe and coupling laser fields. We observe the EIT of the
probe laser field that appears due to a combination of ac Stark
splitting due to the coupling field and interference in the decay
of the dressed atomic levels [22-24]. Two near-resonant rf
fields couple this Rydberg state to an adjacent Rydberg state.
While the full dynamics of this system is rather complex, we
show that the experimental spectra may be modeled more sim-
ply by treating the two Rydberg levels as an isolated two-level
system driven by a dual-tone electromagnetic field. We use a
Floquet analysis to model the response of the dressed Rydberg
levels, obtaining good agreement with the rich experimental
spectra.

We emphasize that the experimental spectra are optically
detected (EIT) Rydberg-state energy spectra. The two-level
dressed-atom physics of the rf-Rydberg system is probed with
electromagnetic frequencies belonging to a spectral range dif-
ferent from those fields that create the multiphoton Floquet
spectra. Our results thus validate the applicability of two-level
dressed-atom physics in the rf domain, where the optical fields
that create the highly excited Rydberg atoms may in turn be
regarded as indirect probes that do not significantly alter the
relatively long-lived two-level system dynamics. Since the
Rydberg system displays a wide range of resonances from
GHz to MHz frequencies, these models may be validated
for a wide range of dressing-field frequencies. Further, the
large electric dipole moments of highly excited Rydberg states
allow the multiphoton dynamics of dual-tone dressed atoms
to be demonstrated with modest rf field amplitudes when
compared to optical dressing.

We distinguish our experiments from the ‘“atom-mixer”
configurations which used two rf tones applied to the atoms
to transfer an intermediate frequency into the optical do-
main, providing phase-sensitive detection for rf fields [25].
The atom mixer used a strong resonant local oscillator and
a weaker signal field several kilohertz (kHz) detuned and well
within the EIT linewidth. Further, only the resulting beat sig-
nal on the optical frequency of the probe was detected. Here,
we operate in the strong-driving regime, where both rf fields
contribute nontrivially to the multiphoton dynamics that are
integral to the spectra we observe. We explore configurations
in which one or both fields are far (<200 MHz) off resonance
from the Rydberg transition. We further distinguish these
experiments from previous bichromatic EIT configurations
[11,12] that used optical fields in a three-level A configuration
in contrast to our experiment, where the dual-tone rf-induced
Rabi splitting of two Rydberg levels is probed by a cascade
EIT system, and from the dual-tone driving of atomic energy
levels employed in Ref. [19], where the coupling is through
the magnetic dipole term.

We begin with a description of the experimental Rydberg
EIT setup in Sec. II and present our dual-tone two-level Flo-
quet theoretical model in Sec. IIl. Experimental results are
compared with computed spectra in Sec. IV for “symmetric”
cases and “asymmetric” cases in Sec. V, with an eye toward
applications. We conclude in Sec. VI. Extensions of our model
to include atomic fine structure and magnetic structure are
given in the Appendix.
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FIG. 1. Rydberg atom with applied dual-tone rf fields.

II. EXPERIMENT

We use a two-photon excitation scheme to create excited
Rydberg atoms in a 3Rb vapor cell at room temperature.
The excitation pathway 551, — 5P3» — nDs; is shown in
Fig. 1. We use a probe laser at 780 nm, locked to the F =
3 — F’ = 4 transition on the D, line of °Rb, and a counter-
propagating coupling laser at 480 nm to excite atoms into the
Rydberg state. We employ cascade EIT between the atomic
ground state and the Rydberg state as our detection scheme: as
the coupling laser is scanned through the Rydberg manifold,
EIT of the probe beam appears when the two-photon system
is resonant with a Rydberg state. Both lasers are power locked
with acousto-optic modulators. We isolate the EIT signal us-
ing differential detection of two power-balanced probe beams;
one beam overlaps with the coupling laser for EIT, and the
other provides an absorption reference.

In this experiment, we investigate the response of the
atomic Rydberg states to a dual-tone rf field addressing the
Rydberg transition 61Ds;, — 62P;, with transition dipole
moment g = 2366ea) and a resonant transition frequency of
9.226 GHz, calculated using the ARC software package [26].
The Rydberg transition resonance frequency wg is verified
using a single rf field at moderate power and balancing the
two AT split peaks. The tf fields are applied to the vapor cell
using a horn antenna that is oriented such that the rf fields
propagate perpendicular to the direction of propagation of the
optical fields. The rf fields and the probe and coupling lasers
are all linearly polarized in the Z direction, perpendicular to
the plane of the optical table. The two rf tones whose effects
we investigate in this work are outputs from a dual-output
signal generator with independently controllable powers and
detunings. The two outputs are combined with a power com-
biner and applied to the rf horn antenna. The two rf tones
are phase coherent when both are at the same frequency, and
the amplitude depends on the constant, but arbitrary, relative
phase between the two outputs. When different frequencies
are combined, the phase evolves at the beat-note frequency.

For our data, we use a frequency scale set by a scan of
the coupling laser detuning . over the states 61D3,, and
61Ds >, which have a fine-structure splitting of 50.339 MHz,
calculated using Ref. [26]. These EIT scans, simultaneously
collected in a reference cell away from the horn, also provide
a frequency reference to correct for offsets of the scans due to
laser drift and other environmental effects. A slight residual
“drift” toward negative . is observed with increased field,
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potentially as a result of residual field-dependent shifting in
the reference cell, which was poorly shielded from rf reflec-
tions. The two-level theory that we employ does not reproduce
these shifts; however, the spectral characteristics we empha-
size in this work remain unaffected.

III. THEORETICAL FRAMEWORK:
FLOQUET HAMILTONIAN

We now discuss a simplified theoretical model that we will
use to analyze our experimental data. We restrict this discus-
sion to the dynamics of a two-level atomic system composed
of two Rydberg states dressed by a dual-tone 1f field. The two-
level model reproduces the main features of the experimental
spectra with good agreement, which is one of the main results
of this work. Extensions to the two-level model that consider
atomic structure are discussed in the Appendix.

Consider two Rydberg states |a) and |b) dressed with a
dual-tone rf field of the form

E@t) = [|E | cos(wit) + |E>| cos(wat + P)]Z, (D)

where |E;| is the magnitude of the field at frequency w; and ®
is the relative phase between the two fields. We denote the bare
Rydberg atomic resonance as wy, so that §; = wg — w; and
8, = wy — w, are the detunings of the two field components
from the Rydberg resonance. We note that the trigonometric
identity

cos(6) + cos(¢p) = 2 cos (0 —12- ¢> cos <9 ; ¢)

suggests the interpretation of our dual-tone setup as a carrier
at the mean frequency, amplitude modulated at a rate of half
their difference.

Defining the Rabi frequencies of the two components as
Q; = —(a|d - Z|D)|E;|/h, where g, = (a| d |b) is the atomic
dipole moment and Z is the direction of linear polarization
of the applied 1f fields, the interaction Hamiltonian in the
rotating-wave approximation (RWA) is [27]

Qle—i851/2
2, 031/2+)

0

Hrwa = = ,
2 Qreidi/?
Qe /24 ®) —2s

where we define the difference and sum of the two rf detun-
ings 1) 1,2¢

8s =8 — 61 =wr —wy, 2

35 =01+ 6 = 2wy — (w1 + @2). 3)

We set ® = 0 in the subsequent analysis. Note that setting
|21] = |€2;] reduces Hrwa to the laboratory-frame Hamilto-
nian of a two-level system with energy separation %5 coupled
by a field at frequency &s5/2. A particular case is for §; =
—&,, where the Floquet modulation frequency is equal to the
detunings, §5/2 = |§;| = |82|, and in the RWA the states are
degenerate because X5 = 0.

Unlike the case of a two-level atom dressed by a monochro-
matic field, the dual-tone dressed system in the rotating frame
shows a residual time dependence in the off-diagonal coupling

terms, so that the Schrodinger equation for the system cannot
be integrated directly. Nevertheless, the time periodicity of the
residual driving confers a symmetry that allows a conserved
quasienergy for the system. We treat this residual time depen-
dence using a Floquet picture, following Shirley’s approach
to obtaining the Floquet modes and quasienergies of the peri-
odically modulated system [28]. This approach promotes the
time-dependent Hamiltonian from the state space H to an ex-
tended Floquet space where the eigenvectors are now labeled
by two indices: the eigenindex of the bare Hamiltonian and
the “photon-number” index of the Floquet mode of N photons
with a frequency at the Floquet frequency (wr = §5/2). In this
extended space, the harmonic components of the Schrédinger
eigenvalue equation obey a recursion relation:

0 0 ay 0 Q1/2\ (an+1
0o -z \on) T @2 0 by
O 92/2 an—1
“(ate %7)00)
= (e +thF)<Zz>. )

In the dressed-state basis and for equal Rabi frequencies
|21] = |2,] = |2], the ladder of states separated by the Flo-
quet frequency wr has a tridiagonal representation that leads
to a Bessel-function representation dy o Jy(2/wp) within a
dressed-state manifold, where dy are the expansion coeffi-
cients of the atom-field coupled dressed states in the bare-state
basis [7].

Using Eq. (4), we may build an infinite-dimensional
time-independent Floquet Hamiltonian Hy that satisfies the
eigenvalue equation Hr@y = ey@y. In practice, the infinite-
dimensional Hamiltonian is truncated to some large value
Nmax for which the solutions converge. All two-level models in
this work use Npya.x = 50, which was more than sufficient for
reasonable convergence. An example cutoff criterion is that
the population in the Npy,th sideband is small, i.e., <0.1% of
the population.

We obtain the eigenvectors and eigenenergies by diag-
onalizing the Floquet Hamiltonian Hy. These eigenvectors
and eigenenergies are the Floquet modes and quasienergies
€y, represented in the expanded Floquet basis. To compute
the Floquet-mode occupation given a specific input state, we
project the initial state into the Floquet basis and compute the
square of these amplitudes [28]. We plot the mode occupation
against quasienergy € to generate the theory waterfall plots.
The Floquet modes and quasienergies are sensitive to the
detunings and the individual Rabi frequencies of the applied
rf fields. In this work, we examine the spectral signatures of
the Rydberg response as these parameters are varied.

IV. EXPERIMENTAL RESULTS: SYMMETRIC DETUNING
AND POWER-BALANCED FIELDS

Our main results are the observed agreement between ex-
perimental Rydberg EIT spectra and a theoretical model of
the dual-tone driven Rydberg system. We predict and observe
many nonlinear and multiphoton effects due to the dual-tone
rf dressing.
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FIG. 2. (al)—(cl) Experimental and (a2)—(c2) theoretical waterfall plots showing Rydberg EIT spectra obtained through a simultaneous

scan of |Q2;| = |2,| = |2| with detunings §; =

—3, = § kept constant. The spectral features appear at coupling laser detunings spaced by the

symmetric detuning §. The columns correspond to § = 35, 55, and 85 MHz, from left to right. These locations are marked on the x axis to
emphasize the appearance of the spectral peaks at these locations. The features are reproduced in the theoretical Floquet quasienergy spectra,
with waterfall plots over 2 showing the mode occupations of Floquet modes against Floquet quasienergy €. The Floquet modes appear at
quasienergies spaced by §, and this spacing remains constant as we scan 2. The mode occupation has a sensitive dependence on €.

We present experiment alongside theoretical predictions,
using similar axes with different units, matching experimen-
tal and theory parameters. The energy spectrum is scanned
experimentally by laser detuning §., and state theory en-
ergy is given in units of the quasienergy €. The color or
darkness axis represents experimental transmittance (EIT),
alongside theory population projections of the 61Ds,, state
into the Floquet modes. The waterfall axis scans applied
field strength in ~/mW, pairing with Rabi frequencies 2. We
convert between Rabi frequency and applied field with a two-
point function using Rabi frequencies of 2z x {70, 160} MHz
for applied rf powers of {0.24,6.12} dBm (or rf field
strengths of {1.03,2.02} +/mW), which agrees well with the
experimental data and corresponds to a linear region of a
single-field Autler-Townes scan of Rabi frequencies. We com-
pensate the powers sent to the horn to maintain field strength
(v/mW or [€2]) across the horn’s frequency-dependent gain
curve.

In the following sections we discuss the spectral features
of experimentally obtained EIT spectra for a variety of con-
figurations of rf fields. The main features of our experimental
spectra are very well modeled by a simple two-state Hamilto-
nian that includes just the Rydberg states 61Ds,, and 62P;,,
coupled with a linearly polarized dual-tone rf field. In this
section, we demonstrate the effect of applied symmetric rf
dual-tone fields that are symmetrically detuned (§; = —8, =§)
from the Rydberg resonance frequency of 9.226 GHz and

power balanced, with equal Rabi frequencies (|2;| = |2,| =
[€2]). In Sec. IV A, we scan the Rabi frequency 2 for a few
fixed detunings 8, and in Sec. IV B, we scan the detuning § for
a few fixed Rabi frequencies €2.

A. Scanning Rabi frequencies

Our first set of results is presented in Fig. 2, which shows
waterfall plots of Rydberg EIT spectra as the symmetric de-
tuning § is held constant while both power-balanced Rabi
frequencies |€2| are simultaneously scanned. We present data
for three different values of §.

For this case, the two-state model predicts equal and op-
posite energy shifts of the states at each Rabi frequency;
the eigenvalues of the Floquet Hamiltonian are equal to the
elements on the diagonal. The quasienergies therefore remain
unchanged as the Rabi frequency is scanned, resulting in spec-
tra in which the spacing of the Floquet modes is set entirely
by the detunings, and this mode spacing remains constant as
Rabi frequencies are swept.

The Floquet-mode occupation is, however, sensitive to the
Rabi frequencies: higher Rabi frequencies populate modes
with higher photon numbers. The mode occupations follow
the Bessel functions in this two-state model (the inclusion of
more states causes deviations from this Bessel-function be-
havior): dy o Jy(§2/8), where N signifies the Floquet-mode
index and 2 and § are the balanced Rabi frequencies and
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FIG. 3. Bessel-function form of the mode occupation and cor-
responding EIT peak height for symmetrically detuned fields as
the power-balanced Rabi frequencies are simultaneously scanned.
(a) shows the line-outs (profile along the line) of the first three
Floquet modes for § = 55 MHz. We show the numerically computed
mode occupations at intervals (circles) superposed on analytic Bessel
functions (dash-dotted lines). In the same plot we show the experi-
mentally obtained EIT peak heights (triangles), which are connected
by lines to guide the eye. Blue, green, and purple elements in the plots
depict the zero-, first-, and second-order Floquet modes. (b) shows
the same line-outs for § = 85 MHz.

symmetric detunings of the two rf tones [7]. The Bessel func-
tions are visually represented in the data in Fig. 2, as seen by
following the peak heights corresponding to a specific value
of detuning & as we scan the dressing-field power (that is,
looking at a vertical slice of a waterfall plot at the locations
8. = N§).

In Fig. 3 we demonstrate the good agreement of a theoreti-
cal Bessel-function form with line-outs of vertical slices of the
experimental and theoretical waterfall plots in Figs. 2(b) and
2(c). We plot the closed-form Bessel functions for direct com-
parison. For our two-state model, we see that the numerical

computation matches up exactly with the analytic functional
form. The experimental line-outs are computed as an average
over a small window of frequencies (e or §.), compensating
the leftward drift with a linear shift of the averaging window
with Rabi dressing. In our data, we see that the experimental
line-outs map well to the numerical and analytic values for
the Bessel functions. We attribute small deviations of the ex-
perimental lines from the analytic expression to experimental
factors, including the presence of nearby atomic resonances
and uncertainties in the mapping between theoretical and ex-
perimental Rabi frequencies.

We note that the original investigations of bichromatic
optical driving of two-level atoms showed distinct linewidths
for the odd and even Floquet modes; these widths were later
shown to depend on the ratio of the Rabi frequency to the
Floquet frequency (85/2), as well as the natural widths of the
atomic states [7]. In our data, the two Rydberg levels have
very similar decay rates and state decay linewidths in the kHz
regime—the state lifetimes at room temperature, computed
using Ref. [26], are 761p;, &~ 110us and Tep,, ~ 145 us—
and we observe no obvious difference in the linewidths of the
even and odd peaks, which are primarily set by the Doppler-
broadened EIT linewidth (typically several MHz).

B. Scanning detunings

Our second set of results is presented in Fig. 4, which
shows waterfall plots of Rydberg EIT spectra as the power-
balanced equal Rabi frequencies of the two fields are constant
while the symmetric detunings §; = —§, = § are simultane-
ously scanned. We present data for three different values of
Q. We note that the spectra are primarily visible in the range
—Q <, < +L.

Again, the symmetric detunings each produce equal and
opposite energy shifts of the states, and the eigenvalues of the
Floquet Hamiltonian are determined by its diagonal elements.
These eigenvalues are thus spaced by multiples of the Floquet
frequency wp = 85/2. The mode spacing changes linearly
over the waterfall plot with detuning—this is in contrast to
Fig. 2, where the constant detunings (labeled in each plot)
result in equal-spaced spectral features over the waterfall with
Rabi frequency.

Here, we see that for the three different values of the Rabi
frequency the behavior of the quasienergies with detuning
remains the same. However, higher Rabi frequencies drive
population to higher-order Floquet modes, resulting in a larger
fanning out of the spectra; note the different scales of the color
maps for the three cases, as population is spread out among
a greater number of Floquet modes. The Bessel functions
determining the mode occupation, dy o Jy(£2/8), are less
visually apparent in these spectra because the denominator of
the Bessel-function argument changes over the waterfall.

An important aspect of Rydberg systems is the strong
interaction between Rydberg atoms. For resonant microwave
dressing, an enhanced blockade effect can modify or suppress
the EIT signal even for weak microwave powers [29]. This
places a limit on the minimum detuning &, which scales with
the microwave power, beyond which (closer to resonance)
interaction effects play a larger role; these effects may con-
tribute to the appearance of the spectra close to § = 0.
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FIG. 4. (al)—(c1) Experimental and (a2)—(c2) theoretical waterfall plots showing a simultaneous scan of §; = —§, = § while the two Rabi
frequencies |2;| = |2,]| = 2 are kept constant. The mode quasienergies are shown to increase with § in each waterfall plot, and the splitting

between the Floquet modes is linear in é for the range of 2 shown. Increasing the Rabi frequency has the effect of populating Floquet modes
with a higher Floquet photon index. At higher driving Rabi frequencies we see an overall shift of the spectra toward lower energy [as seen in
(c1)]. We attribute this shift to imperfect shielding of our reference cell from the applied rf fields.

V. APPLICATION SCENARIO: ASYMMETRIC
AND UNBALANCED FIELDS

With an eye toward application scenarios, we consider the
case where one field parameter is held and the other controlled
field is swept in power or detuning while we observe the
dual-tone Rydberg EIT spectrum. We note that any particular
spectrum can give information about both tones; moreover,
if one can “tune” into the symmetric and balanced cases, the
known field strength and frequency can give the “unknown”
rf signal’s parameters. We illustrate here trends which ap-
pear as one moves away in either asymmetric-detuning or
unbalanced-power scenarios.

In Sec. IV A we demonstrated the dependence of the sym-
metric dual-tone spectra on detuning and Rabi frequency. The
quasienergies remain constant with Rabi frequency for sym-
metric detunings and unbalanced Rabi frequencies. In general,
the spectra are more complex functions of these parameters.
For instance, for asymmetric detunings or Rabi frequencies,
the quasienergies oscillate as the symmetric Rabi frequencies
are simultaneously scanned. The spectra in Figs. 2 and 4 offer
a tool for characterizing an unknown rf frequency through
frequency and power matching with scans of the Rabi fre-
quencies and detuning.

A. Unbalanced power with symmetric detuning

Our third set of results is presented in Fig. 5, which shows
waterfall plots of Rydberg EIT spectra for unbalanced, but

constant, Rabi frequencies as the symmetric detunings §; =
—& = 6 are simultaneously scanned. In these plots, |2;| =
1 /mW was held constant, and we present data for five dif-
ferent values of |21 |. The mismatched Rabi frequencies cause
an asymmetric spectrum in which the shift is indicative of the
relative Rabi frequencies. A similar behavior can be observed
for mismatched detunings. These asymmetric spectra thus
allow a determination of the detuning of an unknown rf field
based on the symmetry of the quasienergy curves.

At low values of €; as in Figs. 5(a) and 5(b), the plots
resemble one half of an avoided crossing as the stronger €2,
field moves off resonance forming a few visible avoided cross-
ings. When Q| = €25, as in Figs. 5(cl) and 5(c2), the features
represent the prior symmetric case and illustrate a “tuning
in” of the balanced-power condition. When Q; > €, as in
Figs. 5(d) and 5(e), we observe additional significant avoided
crossings due to both fields, as the system trends toward the
strong avoided crossing from €2, with detuning opposite that
in Fig. 5(a). These data also demonstrate a key feature of this
experimental system, that EIT-accessible states appear within
—Q12 < |8¢c| < 21,2 of the original EIT resonances.

B. Asymmetric detuning with balanced power

Our final set of results is presented in Fig. 6, which shows
waterfall plots of Rydberg EIT spectra in which the equal
Rabi frequencies of the two fields and the detuning §, are held
constant while §; is swept through the resonance. We present
data for seven different values of §,.
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FIG. 5. (al)—(el) Experimental and (a2)—(e2) theoretical water-
fall plots show a simultaneous scan of §; = —§, = § while the
two Rabi frequencies |€2;|, as labeled, and |Q2;| = I+/mW are
kept constant. The imbalance in Rabi frequencies is apparent from
the asymmetric spectra, with the shift indicating the relative Rabi

strengths as the Rabi frequency |€2,| is larger or smaller than |2, |.

This is a realistic scenario, for instance, in the case where
spurious signals or jamming signals are present. More com-
plex spectra arise in this case. We make several observations
of the main features of such spectra in the two-field case
below.

First, when &, is far off resonance, the spectrum is essen-
tially the Autler-Townes spectrum of a single field as it sweeps

through the Rydberg resonance. The spectra are largely mir-
rored for the cases where the constant detuning is §, vs —45,
for example, Figs. 6(al) and 6(gl).

Second, we mark the equal-detuning §; = §, case with red
lines in Fig. 6. In this condition, the two frequencies match,
and their combination is a single tone of arbitrary phase and
amplitude due to the rf source. When the frequencies nearly
match, we observe many closely spaced spectral lines when
8 K 2, owing to the IJN(Q/<S)|2 dependence of mode oc-
cupations. We note that the theoretical model does not give
the AT-split lines seen in the experimental data at the red
lines since there is no residual Floquet time dependence in
the microwave dressing fields, and this case would need to be
computed independently.

Third, in Figs. 6(d1) and 6(d2), we have the case where
8, = 0; that is, one field is on resonance with the Rydberg
transition. The red lines thus indicate the case where both
fields are on resonance. This case is interesting in that the
data on either side of this red line (and with §; detuned up
to several tens of kHz) correspond to the atom-mixer config-
urations typically used to detect rf fields within a heterodyne
configuration [25].

Avoided crossings appear at subharmonic resonances
[marked with dashed blue lines in Fig. 6(d2)] of the Rabi fre-
quency €2; when 8, = 0, these resonances are at §; = =Q/k,
with small shifts from these values caused by ac Stark shifts
from the applied fields. In our spectra, these subharmonic
resonances are further shifted due to the different generalized
Rabi frequencies of our fields since the field strengths were
kept equal as the detuning of a single field was scanned.

The subharmonic resonances indicate multiphoton res-
onances in the dual-tone dressed system, as discussed in
previous experimental studies [15,18,30]. At large detun-
ings d;, the spectral lines reflect the single-field splitting of
the on-resonance field, appearing at 6. = £|Q2|/2 = £|Q2|/2,
marked by dashed blue vertical lines. The first subharmonic
resonance, k = 1, occurs when the second field becomes
resonant with a single-photon transition between single-field
dressed states, causing a secondary splitting. The spectral
structure is thus a doublet with a separation of |€2;| and
an intradoublet splitting of |€2;|/2. The dashed red vertical
lines indicate values =£|2;|/4 on either side of the |2;]/2
line. The second subharmonic resonance, k = 2, indicates
a two-photon resonance between the single-field dressed
states. These resonances appear at §, = £|€2,|/2, 0. Other
subharmonic resonances with k = 3 and above are not easily
resolved in our data. A similar investigation which appeared
recently gives a closed-form expression for the splittings in-
duced using the Jaynes-Cummings model for applications in
electrometry [31].

VI. DISCUSSION AND CONCLUSION

In this work we have explored the EIT spectra of Ryd-
berg atoms dressed with intense dual-tone rf fields. These
spectra are qualitatively different from the Autler-Townes
spectra of Rydberg atoms dressed with a single field. The large
dipole moments of Rydberg atoms allow these effects to be
investigated with modest rf powers. Our analysis validates
the broad applicability of theoretical models that treat the
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FIG. 6. (al)—(gl) Experimental waterfall plots showing the obtained spectra against coupling laser frequency 4. as the detuning 8, is
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represent the Floquet-mode occupations as the widths of the spectral lines. The overlap of the Floquet quasienergies with the zero Floquet mode
of 61Ds); is shown in blue, while the overlap with the zero Floquet mode of 61Dj), is shown in green. We scale the initial state occupations to
reflect the relative peak heights of the 61D5,, and 61Ds, states in order to facilitate a comparison.

two-level dynamics of the rf-dressed Rydberg levels, while
the optical fields act as indirect probes of the rf-induced
multiphoton dynamics. This will allow simplified treatment
of dual-tone and multitone 1f dressing in the Rydberg sys-
tem that circumvents computationally intensive steady-state
calculations with the full system density matrix. Such steady-
state calculations, moreover, are nontrivial to perform in the
case of dissipative systems subject to driving outside the
high-frequency regime, where the interplay of driving and
dissipation becomes important.

Dual-tone rf dressing of Rydberg states unlocks a different
toolbox that we believe has implications for novel detection
schemes in low-frequency rf field sensing. For instance, we
may realize phase-sensitive detection of fields in the 100-MHz
range by coupling the energy levels of the synthetic Floquet
dimension with the low-frequency field to be detected, cre-
ating a three-frequency loop scheme. Previous schemes for
electric-field detection in the low-frequency and dc regimes
employed similar Floquet sideband techniques [32—34]. How-
ever, in those studies, the Stark shifting of energies caused
field-dependent shifts of the atomic spectra, which necessi-
tates careful calculation and retuning due to Stark shifts at the
higher fields necessary to generate higher-order Floquet side-
bands. In contrast, the symmetric shifts caused by symmetric
dual-tone drives in the Rydberg system allow the observation
of spectra in high Floquet modes without the added complica-
tion of overall spectral shifts.

One effect worth commenting on is evidenced in data and
theory, where EIT spectra appear to be confined to within §. <
2/2 of resonance. In the simplest form, in Fig. 2 the spectra
appear in a fan-shaped spectral envelope within §. < €2/2 as
2 increases up the waterfall. In Figs. 4 and 5, in waterfalls
over detuning, the relative peak strengths evolve as Bessel

functions, but all peaks remain within =~ of the original EIT
peak.

Our work enhances our understanding of the behavior of
the system in an amplitude-modulated field; in general, the
symmetric dual-tone dressing may be described as a 100%
sine-wave amplitude-modulated field. Amplitude modulation
has been gainfully demonstrated for Rydberg-based antennas,
where studies of bandwidth and sensitivity are at the forefront
of research in the field. The investigations performed in this
paper allow us to place on firmer footing our understanding
of the response of the system to amplitude modulation and
to a variety of dressing-field configurations. Our theoretical
model can also be easily extended to take into account atomic
structure, as we discuss in the Appendix. Further directions of
inquiry include investigations of the complex atomic response
in frequency-modulated driving fields, as in Refs. [30,35].
The sensitivity and accuracy of determining the amplitude and
frequency selectivity of an unknown signal will be the topic of
a future investigation.

Our investigations of these complex spectra will also be
important as Rydberg atom-based electrometry transitions to
real-world applications, where simple AT spectra may be sig-
nificantly distorted and complicated by spurious tones that
may be present, for example, in the case of electromagnetic
signal jamming. A deeper understanding of the response of
Rydberg systems to multiple tones with variable detunings
and powers will be necessary in order to unravel complex
real-world spectra and to obtain meaningful results.

ACKNOWLEDGMENTS

The authors would like to express their gratitude for con-
versations on further extensions of the theoretical model with

033712-9



MAITREYI JAYASEELAN et al.

PHYSICAL REVIEW A 108, 033712 (2023)

62/2m = —200 (MHz)

200
~ 100 ~ ‘
2
3
[a\l
~ 04
s
é = 1
=
—-100 -
— (a)
—-200 T T T
—-250 0 250
bc/2m(MHz)

d2/2m = 200 (MHz)  16-level model

200
= 100 A
jus)
=)
[S3
Q
S 07
>
—
o
&)
=
=
—-100 -
(b)
-200 T
250

e/2m(MHz)

FIG. 8. The 16-state model: (a) The data from Fig. 6 (al), with asymmetric detunings and power-balanced Rabi frequencies, as the detuning
81 is scanned. (b) Including the magnetic sublevels m; of the fine states in the model reproduces more features from the data. Here, for visibility
we represent the Floquet-mode occupations as the widths of the spectral lines. The overlap of the Floquet quasienergies with the m; = +1/2
sublevels of the zero Floquet mode of 61Ds, is shown in navy, the overlap with the m; = £1/2 sublevels of the zero Floquet mode of 61D3; is
shown in green, and other m; components (|n;| > 1/2) of both lines are shown in red. We scale the initial-state occupations of the m; = +1/2
components of 61D3,, and 61Ds,, to reflect their relative peak heights from a simple EIT scan and scale the initial-state occupations of all
the other m; sublevels to be 10% of the m; = £1/2 occupation of 61Ds,; in general, they would depend on the polarization anisotropy and

mixing of the magnetic sublevels.

R. M. Potvliege, E. L. Shirley, and S. Eckel. This work was
funded by the NIST-on-a-Chip (NOAC) Program.

APPENDIX: FINE STRUCTURE
AND MAGNETIC SUBLEVELS

An examination of the data in Figs. 4 and 6 shows some
spectral structure that is not accounted for in our two-level
model. In this Appendix we present extensions of the two-
level analysis that include the fine-structure splitting of the
two Rydberg states and also the magnetic sublevels of the fine-
structure states.

1. Four-level model: Fine structure of Rydberg levels

We show in Fig. 7(a) the data from Fig. 4(al), emphasiz-
ing spectral features that are not reproduced in the two-level
model. In Fig. 7(b) we show results from a four-state com-
putation that includes the states 61Ds,,, 61D3/2, 62P;/,, and
62P; /> (see Sec. A 3). The results reproduce some of the finer
spectral structure that we observe in the data.

First, the green arrows in Fig. 7 highlight the appearance
of the 61D3; fine state to the left of the zero-detuning cou-
pling laser resonance (8, = 0) in the EIT spectra. This feature
indicates an initial population in the 61Ds, state that does not
appear to participate significantly in the dynamics. We like-
wise note that the 61Ds,, population does not show significant
mixing into this state.

Second, the blue arrows in Fig. 7 show an apparent splitting
of the spectral line due to an avoided crossing with the Floquet
quasienergies associated with the fine structure. A similar
avoided crossing appears on the left of the central mode.

Third, the black arrow highlights a spectral feature due to
the fine structure that persists and appears more clearly for
the slightly higher Rabi frequency in Fig. 4(b1): this feature is
quite pronounced above the N = 2 mode and is absent above
the N = —2 mode.

Fourth, an interesting feature that is not reproduced by our
model is seen at quasienergies of ~ —75 MHz in Fig. 4(b1).
This is likely due to mixing from the hyperfine levels on the
optical transition, which is expected to appear at this energy
when Doppler mismatch is accounted for.

2. Sixteen-level model: Magnetic sublevels
of Rydberg fine structure

The two-state and four-state models implicitly assume lin-
ear optical and rf polarizations. For imperfect rf polarization,
faint additional lines appear in the experimental data. We
confirm the locations of some of these additional features with
a 16-level Hamiltonian that includes the magnetic subevels
my of the Rydberg fine structure (see Sec. A 3). In Fig. 8(b)
we show results from a 16-state computation that includes the
my sublevels of states 61D5,>, 61D35, 62P3/5, and 62P; ;. We

TABLE I. Relevant atomic energy gaps, expressed in units of
frequency.

Atomic energy gaps (1/h) Value

rf transition 61 D5/2 — 62 P3/2 9.226 GHz
Fine gap 61D (J =5/2 < J =3/2) 50.339 MHz
Fine gap 62P (J =3/2 < J =1/2) 415.72 MHz
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TABLE II. Relevant o~ -, -, and o *-transition dipole moments used in calculations, in atomic units of eay.

Fine states o~ transitions (Amy; = —1)

7 transitions (Am; = 0)

o transitions (Am; = +1)

my =-3/2 - —5/2

§262P5/2.61Ds), —3055
§62P;5.61D3)5 0
§62P; )5.61D3)5 0
my=—1/2 - =3/2
—2366

§62P;5.61Ds)5
§62Py,61D3)2 789
§62Py/,61D3)2 —2765
my=1/2—> —1/2
§262P5/2.61Ds), —1673
§62P;5.61D3)5 911

§%62P) /2.61D3) —1596

my =3/2— 1/2
§62P;5.61Ds)5 —966
§62Py,61D3)5 789
§%62P,5.61D3) 0

my =—-3/2 - =3/2 my=-3/2 > —1/2

1932 —966
967 —789
0 0
my=—1/2— —1/2 my=—1/2—>1/2
2366 —1673
322 —911
2258 —1596
my=1/2—1/2 my=1/2— 3/2
2366 —2366
—322 —789
2258 —2765
my =3/2 — 3/2 my=3/2—>5/2
1932 —3055
—-967 0
0 0

highlight relevant features of our spectra that are reproduced
in this extended model below.

First, the green arrows in Fig. 8 highlight the 61D/, fine
state in the EIT spectra.

Second, the red arrows indicate the contamination of the
Floquet quasienergy levels with |m;| > 1/2 sublevels of the
Rydberg states that are not accounted for in the two-state and
four-state models.

Third, the complex spectra in the vicinity of the black
arrows are also polarization effects that are reproduced only
in the 16-state model. The mixing between the 61Ds,, and
61D;, states appears to take place via different m; sublevels,
as indicated by the overlap of colors in the numerical Floquet
spectra in the vicinity of these features.

We note that the inclusion of the fine states and the my
states is necessary to explain the slight asymmetry of the
spectra in comparing, for instance, Figs. 6(al) and 6(gl). As
an additional point of interest, we note that the magnetic sub-
levels are not usually resolved in the standard Autler-Townes
EIT spectra that we use for electrometry, and their behavior

in different experimental configurations contributes to our un-
derstanding of the Rydberg atomic system. A careful analysis
of the relative strengths of the features that correspond to the
different m; sublevels could be used to analyze the polariza-
tion of rf fields in the spirit of previously investigated vector
electrometry schemes [36].

3. Details of theoretical modeling

Here, we give further parameters used in computing the
4-level and 16-level spectra, computed using the ARC package
[26].

We show the numerical values used in our calculations:
here we provide energy offsets for the atomic fine-structure
(Table I) and my-resolved dipole strengths for each available
polarization (Table II).

Our Rydberg EIT spectra reflect the overlap of the Floquet
modes with the bare Rydberg state 61Ds,, and state 61D;>,
which are both detected in our EIT scans.
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