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Radio frequencies in the high frequency and very high frequency bands HF and VHF (3 MHz to 300 MHz)
are challenging for Rydberg atom-based detection schemes, as resonant detection requires exciting the atoms
to extremely high energy states. We demonstrate a method for detecting and measuring radio frequency
carriers in these bands via a controlled Autler-Townes line splitting. Using a resonant 18 GHz field, the
absorption signal from Townes-Merritt sidebands created by a relatively low frequency, non-resonant field can
be enhanced. Notably, this technique uses a measurement of the optical frequency separation of an avoided
crossing to determine the amplitude of a non-resonant field. This technique also provides frequency-selective
measurements of electric fields in the hundreds of MHz range with resolution of order 10 MHz. To show this,
we demonstrate amplitude modulated signal transduction on a MHz-range carrier. We further demonstrate
reception of multiple tones simultaneously, creating a Rydberg ‘spectrum analyzer.’

I. INTRODUCTION

Highly excited Rydberg atomic states’? have been
used as self-calibrated sensors for both dc®® and resonant
radio frequency (RF)%? electric fields, due to the large
dc polarizability of the higher orbital angular momen-
tum states'®!! and the large transition dipole moments
of transitions between nearby Rydberg states. Atomic
energy levels are typically probed spectroscopically via
electromagnetically-induced transparency (EIT). RF and
dc electric fields are measured by changes in the EIT
spectrum, with values and uncertainties based on phys-
ical atomic quantities. Measurements of laser transmit-
tance alone are subject to many experimental sources of
noise, but frequency-space measurements of atomic states
using a scanning laser provide a more robust measure-
ment.

Autler-Townes (AT) splitting caused by resonant RF
fields provides measurement of GHz to THz fields, trace-
able to the International System of Units (SI)!?, often
with excellent accuracy. One advantage to using Rydberg
atoms for RF field sensing is their broad frequency range
of operation. This is enabled by the spectral density of
Rydberg states, with many large electric dipole moment
transitions with resonant frequencies from MHz to THz.
However, Rydberg transitions in the HF and VHF range
of 3 MHz to 300 MHz require either very high principal
quantum number states (n > 100), or high orbital an-
gular momentum states'®'4. Either method suffers from
weaker optical couplings for EIT, as well as contamina-
tion of the signal from the very large density of nearby
atomic states. Off-resonant generalized Rabi measure-
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ments are possible using nearby existing resonances °, or
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farther away using ac Stark shifts with a strong local os-
cillator (LO)'. A dc field can also be used to shift the
resonance, though this may require a very strong and spa-
tially homogeneous dc field. Power and frequency tun-
ing methods'” '° exist for shifting resonances to meet
an arbitrary field, but these require signals near exist-
ing resonances. The ability to detect low frequency or
long-wavelength signals would enable long-distance re-
ception in a compact form factor, with the active receiver
volume only a few cm?3, compared to meters or longer
classical dipole antennas®2%2!  enabling compact long-
distance reception for over-the-horizon, underground, or
underwater applications.

Here we present a method for the detection of arbi-
trary electric fields in the 3 MHz to 300 MHz range (we
will henceforth use HF and VHF interchangeably for the
purpose of this paper) using a Rydberg state with no
nearby HF or VHF transitions. We use a high-frequency
RF field that is resonant with a nearby Rydberg transi-
tion to ‘match’ the Rabi frequency with an applied HF
signal field. Tuning the Rabi frequency of the ‘match-
ing’ field effectively probes the Floquet sideband struc-
ture generated by the HF field. Absorption dips within
the AT peaks reveal an avoided energy crossing, at the
mid-point of the Floquet quasi-energy sidebands and the
central EIT line. The generation of the Floquet side-
bands can be referred to as the Townes-Merritt (TM)
effect?225, where cyclic modulation of state’s Stark shift
energy with a MHz-range field will produce quasi-energy
sidebands on the observed EIT line?° 3!, This effect has
been analyzed in other quantum systems as well as Ry-
dberg EIT32734,

To probe the TM or ‘Floquet’ sidebands caused by
an HF field, we drive a simultaneous AT splitting, which
splits both the center EIT peak and the sidebands. When
we ‘match’ the dressing field’s Rabi frequency to the ap-
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FIG. 1. Overview of the experiment.

(a) Atomic level diagram, (b) Experimental setup, and sample transmittance curves
comparing (c) unperturbed EIT, (d) the dressed AT splitting with Qg4

~ 21 x 150 MHz, and (e) with the HF field (Enr ~

0.14 V/cm) at 100 MHz (blue). The two pairs of observed line splittings are labelled +1 and +2. The Stark offset has been

removed for illustration.

plied HF, an avoided level crossing between the split-
ting EIT line and its sidebands is observed. The fre-
quency gap grows non-linearly with the HF field strength.
We briefly illustrate the effect in Fig. 1, showing (a) an
atomic energy level diagram, and (b) the experimental
setup, and in (c-e) we show transmittance spectra demon-
strating the effect of a 100 MHz HF field on microwave-
driven EIT-AT spectrum. We observe both first and sec-
ond order sidebands in transmittance signal at £50 MHz
and £100 MHz detuning from the central EIT line. With
appropriate atomic analysis, the non-linear HF field split-
ting gives measurements of electric field ac amplitude and
dc offset3®, as well as the frequency via the spectrum, and
phase can be measured with an LO. The splitting allows
for a measurement range continuous from a low end of the
EIT Doppler linewidth to an upper roll-off with broaden-
ing caused by field non-uniformity>%, roughly 5 MHz to
500 MHz in our demonstration. In principle, the range
can be extended up to GHz with uniform electric fields,
and sub-MHz with Doppler cancellation or cold atoms.

We foresee multiple applications of this technique in
electrometry, resonant signal reception, and spectrum
analysis across a frequency range that is not typically
available to resonant detection with Rydberg atoms. We
find the fundamental benefit is the extension of Ryd-
berg electrometry via line splittings to the MHz range.
The use of a power-dependent Rabi frequency to set an
atomic frequency reference enables tunable, frequency-
resonant detection across decades of carrier frequency.
Our current experimental setup has linewidths too broad
to precisely study the line splittings produced, although
in principle this method presents a new path to preci-
sion Rydberg electric field measurements using a spec-
tral line splitting, essentially combining both AT splitting
and TM sideband electrometry. We expect this method
to be modestly more sensitive than TM sideband mea-
surements, as we observe splitting before sidebands ap-
pear, although this remains to be studied. As previously

observed?%, this method also differentiates dc and ac com-
ponents of the field. We show that by scanning across
Rabi frequencies, one can create a Rydberg spectrum an-
alyzer capable of detecting multiple carriers, in addition
to their intermodulation tones. This strong intermod-
ulation suggests that frequency mixing can be used to
detect much weaker signals. We demonstrate that this
technique can resonantly ‘tune in’ to carriers at certain
frequencies across the VHF range, with resolution of or-
der 10 MHz. The transformation of the sideband peaks
into line splittings enables the use of related Rydberg
methods, such as an LO?7 to optimally split the line as to
be maximally sensitive to electric field perturbations, or
receive phase-coherent signals. We plan to perform more
careful electrometry and sensitivity comparison studies
in future work on this subject.

We discuss our experimental setup in Sec. II, and
present a combination of Floquet and dressed atom the-
ory in Sec. IIT and Appx. A. We show results of exper-
imental data against theory and the effect of multiple
simultaneous HF fields in Sec. IV. Looking toward appli-
cations, we demonstrate the ability to perform ‘pseudo-
resonant’ HF detection in Sec. VB, and conclude in
Sec. VI. In Appx. C, we list the non-standard symbols
used in this paper.

1. EXPERIMENTAL SETUP

The Rydberg EIT-AT setup is shown in the level dia-
gram of Fig. 1(a) and image of the experiment Fig. 1(b),
including two counter-propagating lasers, a cesium vapor
cell (75 mm x 25.4 mm @ ) between two parallel plates,
and a K-band microwave horn placed approximately
15 cm from the atoms. The 852 nm probe laser is held
near resonance on the D2 transition (65,9, F = 4| <
|6P; /5, F' = 5). The probe transmittance is measured
through differential detection, with and without the over-



lapping 510 nm coupling laser. The coupling laser fre-
quency detuning o from the |56D5/5) state EIT reso-
nance is scanned for an EIT spectrum measurement. The
probe beam had a (1/€?) waist diameter of 1.03 mm and
a power of 0.5 mW, yielding a probe Rabi frequency of
~ 2w x 31.5 MHz. The coupling beam had a waist
diameter of 1.7 mm and a power of 33 mW, yielding
a coupling Rabi frequency of ~ 27 x 0.9 MHz?®. In
this letter we plot the differential probe transmittance
intensity as a false-color axis while coupling laser detun-
ing d¢ /27 is scanned on the horizontal axis, averaged
over 5 traces in the oscilloscope before read-out. Scan-
ning either HF or RF power along the vertical axis gives
‘waterfall” spectrum plots of experimental data that we
compare against theory. Long-term drifting offsets of the
coupling laser are corrected using a simultaneous field-
free reference cell, and the frequency scale is given by
the low-field limit of the fine energy gap between the
|56D5/5) and [56D52) states (392 MHz®).

The resonant GHz dressing field is applied using a horn
antenna, also shown in Fig. 1(b). Given the long wave-
length of the HF and VHF bands, instead of using a
large antenna for propagation, we apply these RF fields
across two parallel plates (shown in Fig. 1(b))27 3139,
Each plate is 102 mmx45 mm in size, supplied electri-
cally by stranded wires screwed down at tapped holes
near the corner, and separated by two 25.4 mm insulat-
ing dowels on opposite corners. While the impedance
of the glass cell is unknown at low frequency, in theory
the glass vapor cell insulates against external dc-limit
electric fields*®. However, we observe a residual dc or
root-mean-squared (RMS) electric field in the following
atomic measurements, possibly due to internal residual
or laser-induced charges?®, or background radio waves.

The  Rydberg  transition
dressing field is illustrated in Fig. 1(a), on
(56D5/9,my = %| < [54F7 /9, my = %), which has a
dipole transition strength of 1746 eag, and transition
frequency measured near 18.313(1) GHz, significantly
different than the expected resonance at 18.346 GHz3?,
indicating a potential stray field in the cell. This applied
frequency wy, must compensate for the differential
Stark shifting of both states with the HF power, Pyp.
This effective resonance is determined by hand-tuning
wqr at MHz intervals to obtain equal AT peaks in the
low-field limit, then the high-field limit when the HF is
applied. This shift was measured empirically at roughly
—579(14) MHz per mW applied at 100 MHz, and using
the power-to-field conversion determined in Sec. IV,
nearly —3.62(9) GHz per (V/cm)?2, about 4% below the
theory value from the difference in polarizabilities (see
Appx. A). This power conversion (v Pgp to |Egp|) is
measured at 100 MHz, and in general depends on the
frequency-dependent coupling of the plates and vapor
cell. In order to make this conversion, we require an
atomic theory for the measurement of Fyp using the
observed splittings.

driven by  the

I. THEORY

We employ a model where the Rabi frequency g4,
of the dressing field drives resonant transitions between
two Floquet ‘ladders’ of quasi-energy states, as illus-
trated in Fig. 1(a). We differentiate the method used
here, namely the Floquet expansion of a dressed two-
level system, from other methods which have observed
quantum systems with resonant and off-resonant mod-
ulating frequencies. These related but distinct experi-
mental methods include using a modulated RF field*! 46,
using multiple tones near Rydberg resonances*” 3, lever-
aging off-resonant ac Stark tuning using a resonance**54,
using continuous resonance tuning methods'”'8, or ob-
serving Floquet (TM) sidebands alone??:26-28:55  Anal-
ysis for two-level physics where the states are dressed
and driven have been performed?334-°6:57 "and the effect
can be extended to other driven two-level quantum sys-
tems. In preparation of this manuscript, we learned of a
prior work®® which examined a similar Rydberg system,
arriving at a closed-form expression for the microwave-
induced sideband splitting in the case of low microwave
power. Here, we especially consider the case where the
microwave Rabi frequency approaches the modulating
frequency, and both states have significant polarizabil-
ity.

We focus on the dynamics of a two-state Rydberg sys-
tem, leaving aside details of the two-photon cascade EIT
which populates Rydberg states and probes energy levels
spectrally*. We consider the states 156 D59, m; = %) =
|D) and [54F7/5,m; = 1) = |F) in Cesium, which are
subject to three relevant electric fields at different rates,
simultaneously, applied perpendicular to the table: 1) the
dressing field is nearly resonant to the strong D-F Ryd-
berg transition wg, ~ wp — wp, performing controlled
AT splitting, 2) an HF field of interest at a much lower
frequency wyr < wp —wp which populates Floquet side-
bands in the EIT spectrum, and 3) a dc or off-resonant
effective RMS background field which exists in the cell.

In the low-field limit, the Stark energy shift due to
the HF field evolves over time as —ap,pE(t)?/2, pro-
portional to electric field squared £(t)2, and dc polariz-
abilities ap,r, where the subscript ( - )p /F Tepresents
throughout the value for either individual state. Proper
Stark shift calculations are required at higher fields, con-
sidering contributions from many allowed dipole transi-
tions which couple to the electric field, contributing to to-
tal energy shift and population mixing. We show polariz-
ability calculations for | D) and |F') in Appx. B. We fit fre-
quency shift over £2 for effective polarizability in the field
range used in this work. Throughout this analysis we use
ap = —3003 MHz per (V/cm)? and ap = 12100 MHz
per (V/ecm)2. We utilize an effective polarizability for
its computational simplicity, although one could use a
‘multi-state’ computation using relevant states from the
Stark calculation for more accuracy, especially for high
fields. For instance, the |F") state represents < 90% of the
population for only 0.008 (V/cm)?, shown in Appx. B.
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FIG. 2. Comparison of experiment and theory, with the two pairs of avoided crossings labelled +1,+2. (a,c,e,g,i):

Experi-

mentally observed transmittance spectra showing a waterfall over applied dressing field vertically, with each plot from left to
right increasing amplitude (v/Prr) of a 100 MHz HF field. (b,d,f,h,j): Calculated state quasi-energy e, with state projection
of |56D5,2) as marker size, plotted as a corresponding waterfall over Qg,. Theory plots use Eq. = 0.02 V/cm, Npax = 24,

Ss = 1.1, scaling Qq4,/v/ Par = 85 x 2r MHz /vmW, varying Qq, and Enr as labeled.

We see good agreement between a multi-state model and
the one employed here over the modest field ranges used,
and we plan to investigate features which are only cap-
tured by a multi-state model in future work.

The electric field of our HF sinusoid and a dc off-
set can be written £(t) = Eg4. + Eur cos(wypt). The
FE,4. term can be considered to contain broadband back-
ground ac electric fields, effectively an RMS contribu-
tion to the average dc field value. Since the Stark shift
—ap,r|E(t)|?/2h is proportional to field squared, we use
the following abbreviations for the ac (~), dc (=), and
cross-term (X) components:

~ —ap,rEp
R
_ —ap/rE3,
T (1)
« _—ap/pEacEnr
D/F — h

letting us write the time-evolving Stark shifts:
—ap/rlE(t)? _ o
oh = Xpr+ XD
+ZB/F (einFt + e—inFt) /2 (2)
+EB/F (6i2wHFt _’_677;2WHFt) /2

When time-averaging, only the first two terms re-
main, the dc and HF RMS fields, which define our
time-averaged shifted resonance from wy, ~ wp — wp.
That is, due to a differential Stark shift from the
HF field intensity, an applied dressing field must shift

in order to observe equal AT splitting of the EIT
line, with a new effective detuning between the ap-
plied field wy, and the shifted resonance: 04, = wgr —
[(wp +3X7+ El?) — (wD +X5+ ZB)}. We adjust the
applied value of wy, to keep d4- =~ 0 in the high-field
limit, by optimizing the symmetry of spectral peaks.
We also invoke a detuning scaling parameter to com-
pensate for the difference in experimental resonance shift
and the theory values from the effective polarizabilities:
wir —(wrp —wp) = S5 x (L + X% — X, —X7}), where the
scaling parameter Ss = 1 gives the theoretical resonance
(5dr = O)

Aside from constant terms, there are oscillating com-
ponents: a dc-inclusive cross term at +lwyp with
strength EB/F/Q x Fg.FEgr, and an ac ‘intensity’ term

at 2wy p with strength ZB/F/Q x E%p. The recti-

fied oscillating field cos?(¢) = 1 (1 + cos(2¢)) doubles
the effective modulation frequency, making even quasi-
energy sidebands with multiples of 2wy from the cen-
ter EIT line®!. The dc field breaks this symmetry, en-
abling single wgypr photon transitions, thus odd side-
bands in multiples of wg #27. For the case of two applied
HF frequencies, we expect ac components which oscil-
late at sum and difference frequencies as cos(¢) cos(f) =
1 [cos(¢ — 6) + cos(¢ + 0)], which are demonstrated in
Sec. V.

We discuss the creation of a time-independent Hamil-
tonian using both Floquet states and the dressed-atom
approach in Appendix A. Diagonalizing this Hamilto-
nian reveals an overall energy structure where states
populate a ‘split ladder’ of states with eigen-energies
en+ ~ Nhwgp £ hfg,/2 around the original state en-



ergy €9 ~ X, + X3, for integer N. That is, on either
side of the EIT resonance £y, we observe a first order
pair of sidebands €41 at ¢g £ wyp, a second order pair
€19 at €9 & 2wy, and so on. Each quasi-energy ladder
state splits into the (£) AT dressed states ey, 1, approxi-
mately separated by Rabi frequency Q4. = @prFEqg-/h
with dipole moment ppr = (D|eZ|F), as shown in
Fig. 2(a,b). However, when these splitting sidebands ap-
proach each other (moving up the waterfall plot from
the bottom), we observe an avoided energy level cross-
ing which alters the state energies, and depends on both
the HF and dressing fields, as seen in Fig. 2(c-j) over in-
creasing Fyr. We find that the observed effect cannot
be interpreted as a simple linear second splitting of the
dressed Rydberg states, due to the apparent non-linear
splitting by the HF field, and the appearance of two pairs
of HF resonances.

The characteristic feature of this method is observed
as two pairs of avoided energy crossings in the spectrum
for Qg ~ wyr and Qg ~ 2wy in the presence of an HF
field wgp. The case of Q4, ~ wypr we refer to as the £1
feature (or €9+ =~ €+1,7), and the case of Qg ~ 2wyr
we call the £2 feature (or €9+ =~ €19 ). These split-
tings grow non-linearly with EE/F/wHF and EB/F/wHF,
respectively. The spectral location of the avoided level
crossing in the resonant case 4. = 0 (leaving aside the
shift of ¥ +X73) is at £wgp/2 for the first crossing and
t+wpyp for the second crossing. These are at the mid-
points between ¢¢ and €41, and g9 and 4.5, respectively.

To explain these additional avoided level crossings, we
find that we can identify allowed transitions by consid-
ering the parity of the states involved and counting pho-
tons. The +lwgpr modulation drives an allowed tran-
sition between adjacent Floquet states of opposite (odd)
parity, similarly for the +2wg r modulation allows a tran-
sition to the same (even) parity sideband. We note only
the first and second order sideband crossings with the
center g state are strongly avoided, while higher order
crossings (> 2) do not have a significant gap.

Deriving a closed-form expression for field values from
a splitting measurement remains non-trivial, (i.e. not lin-
ear with field as in AT splitting), as the combination of
both dressing and HF fields shift the avoid energy cross-
ings, and effective state polarizability depends on the
range of Eyp. This leaves us to diagonalize the Hamil-
tonian in Eq. A5 to find eigen-energies for various field
values, and compare those to experimental field waterfall
spectra, as in Sec. IV. We did not attempt to calculate
theory transmittance spectrum curves, although proper
fitting would require this, and such theory could incorpo-
rate the range of Rabi frequencies sampled and Doppler
effects, but is computationally expensive.

IV. RESULTS

The primary finding here is the ability to detect far
off-resonant HF and VHF signals using an induced line

splitting, in order to convert a relative transmittance
measurement to a more accurate frequency-space mea-
surement. With control over laser detuning d< and dress-
ing strength 4., we can measure an arbitrary HF field’s
frequency, dc and ac components in a single spectrum.
This provides a path to atomic measurements of field
amplitudes over decades of frequency range (3 MHz to
300 MHz here), with around one decade of dynamic range
demonstrated here. A sample measurement is shown in
Fig. 1, where transmittance spectra versus coupling laser
detuning show (c) Rydberg EIT, (d) resonant dressing
AT splitting, and (e) two pairs of absorption features, la-
belled +1 and +2. Spectra like Fig. 1(e) for different RF
powers are combined to create waterfall plots in following
figures.

In Fig. 2, we compare experimental waterfalls over AT
splitting g4, via controlled microwave power (top row),
with calculated state quasi-energies (bottom row), illus-
trating the ‘£1’ (Qu ~ wyr) and ‘2’ (g =~ 2wyF)
pairs of splittings. We vary Pyp so that Egyp changes
linearly between columns, then adjust wg, so that dg ~ 0
in the high Q4. limit. We use the overlay theory points
on transmittance data to ‘fit-by-eye’ to determine an in-
put power to applied field conversion for the HF, the
background field F4., and the dressing power-to-Rabi
frequency conversion. Comparing theory to experiment
yields an input power to applied field calibration factor
Cpr (VPuyr = Cpp|Egr|) conversion at 100 MHz of
Cpr =~ 0.40 V/cm per vmW. Due to the frequency-
dependent coupling of the plates and the glass cell, we
expect this conversion to change across applied wgyp.
We estimate a conservative error of order 10%, given
a combination of non-linear polarizability effects, EIT
linewidth, and non-uniformity of €4.. Additionally, the
existence of a +1 sideband suggests residual dc field in
the cell, estimated at around Eg4. = 20 mV/cm, using
the size of the 41 splittings as Fyp varies. We also use
this method to obtain the Rabi frequency conversion of
Qqr ~ 21 x 85 MHz per vVmW of dressing power Py,
using the low-field limit of HF in Fig. 2(a,b).

In Fig. 3, we show spectra in waterfalls over Egp
with fixed Qg4., showing the non-linear induced split-
ting within each AT peak, as well as the Stark shift-
ing of the |D) state with E% . Experimentally, Qg is
held constant (= wgyp or 2wyr), but wy,. is varied to
maintain d4. ~ 0 between rows. We do not compen-
sate for frequency-dependent horn gain as we maintain
signal generator output power across frequencies. The
comparison of theory with experiment shows character-
istic agreement, which we expect to break down over
the higher field values employed, as the real state en-
ergy shifts differ from the quadratic polarizability model
employed. The broadened lines in experimental AT spec-
tra represent a sample over many values of a spatially
non-uniform g, strength, while theory assumes a sin-
gle value of 24.. As well, a constant ap,r is employed
over all sets, but in general this depends on Fyprp am-
plitude. There is significant interplay in the level shifts
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FIG. 3. Effect of increasing HF field, comparing experimental transmittance data (top) with theory quasi-energy (bottom).
We show wgr = (a,b) 56 MHz, (c,d) 100 MHz, (e-h) 200 MHz, using 24, which demonstrate +2 (a-f), and +1 (g,h) splittings.
These plots hold g4, constant, keeping experimental dq, ~ 0 as Exr grows (Eq. = 20 mV /cm), using detuning scaling Ss =

(b) 1.05, (d) 1.1, (f) 0.8, and (h) 0.8.

due to both fields at high power, causing difficulty in ac-
curate modeling with simple two-level approximations,
or obtaining closed-form expressions for the gap. Nev-
ertheless, this measurement demonstrates a path toward
making a spectral measurement of Fyp and Ey., using
a controlled microwave dressing field.

V. APPLICATIONS

We demonstrate two applications for HF field detec-
tion using the approach presented here. The first ex-
ample demonstrates the ability to detect multiple low
frequencies fields and the second example demonstrate
the detection of a amplitude modulation (AM) of a HF
carrier.

A. Multiple Signal Detection

First, we demonstrate ability to detect multiple HF
field simultaneously, and the transmitted spectra for mul-
tiple simultaneous HF fields are shown Fig. 4. This figure
shows the spectra averaged over many values of Qg (as if
collapsing the plots of Fig. 2 vertically). We compare (a)
no HF field, (b) a 90 MHz, and (c) a 130 MHz field sepa-
rately, then (d) both simultaneously. For illustration, we
subtract the Stark shift so the avoided crossings are sym-
metric around zero. Notably, we observe Floquet states
at the sum and difference frequencies, which then appear
as absorption dips, noticeably stronger than either single
signal.

B. HF Carrier AM Detection

The ability to continuously measure amplitude of an
HF carrier via a laser power transmittance allows for
real-time, down-converted reception of amplitude mod-
ulated (AM) signals. Notably, this cm-sized atom sensor
package is capable of simultaneous reception of meters-
long wavelength carriers and microwave frequencies. To
demonstrate AM reception, we modulate Exr at 50%
depth using a 10 kHz AM signal, measuring EIT spectra
across carrier frequencies wyp while g4, provides a sig-
nificant fixed splitting. We then use a lock-in amplifier on
the laser transmittance signal, referenced to the AM sig-
nal, while scanning d¢, tuning lock-in phase to optimize
positive peaks. In-phase peaks in the spectrum indicate
resonant reception is possible by tuning Q4. and d¢c. In
Fig. 5(a), we show in-phase lock-in amplifier signal as
the color axis, across scanning coupling laser frequency,
in a waterfall over wyp, with Q4,./27 held fixed near
200 MHz. As a result of the induced splitting central to
this work, we observe in-phase modulation of the trans-
mittance signal in both AT peaks, when both +lwgyp
and +2wyp are brought resonant with g4.. We observe
signals using only ~20 uW carrier power, with 50% am-
plitude modulation, and notably, the Floquet sidebands
alone are not visible outside the parts of the spectrum
populated by AT peaks. For constant power, the electric
field Egp from the plate’s impedance depends on wgyp,
and we plot v/1 — 10511/10_ using reflection coefficient of
the plates S7; in dB, measured by a scalar network an-
alyzer in Fig. 5(b). We also observe the intensity-based
Stark shifting® of all EIT peaks in the absence of a res-
onant wyp carrier, visible in the broad in- and out-of-
phase coloring on the right and left sides of each AT
peak, around d¢ ~ +100.
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FIG. 4. Demonstration of multiple simultaneous tones. We
average spectra over a wide range of 4., and remove the
Stark offset. We compare (a) no HF signal, (b) a 90 MHz,
(c) 130 MHz HF field, and (d) both fields, each at Pyr =
—10 dBm(= 0.14 V/cm at 100 MHz). We denote the +2 and
the +£1 absorption features by solid lines and dashed lines,
respectively, for the single tones (b,c). When both signals are
applied in (d), we denote additional features at half the sum
(solid) and difference (dashed) frequencies.

In Fig. 5(c), we plot lock-in data slices to simulate the
tuned in or ‘pseudo-resonant’ case by fixed laser detuning
0c (and Qg4,), and scanning wy p with 5 MHz steps. Res-
onant peaks in the lock-in data demonstrate the ability
to pick out particular carrier frequencies using laser de-
tuning alone. From Fig. 5(c), we can estimate linewidth
of order 10 MHz to 20 MHz, using a 5 MHz step size,
and this will be the subject of future study.

VI. CONCLUSION

We have demonstrated a method to detect relatively
low frequency (3 MHz to 300 MHz) fields using Rydberg
states of atoms, by driving AT splitting with Rabi fre-
quency approximately matching the HF frequency, and
its second harmonic. By controlling microwave and op-
tical parameters, we can create a quantum system with
spectral hallmarks of resonant splitting, using the ‘reso-
nance’ of the Rabi frequency, an atomic dynamic. The
low end of the frequency range is set by EIT linewidth,
and the upper end is set by dressing field uniformity.
One advantage of the Rydberg sensor is its small size
relative to the meters-long wavelengths being measured.
This enables, for instance, over-the-horizon reception us-

ing a portable Rydberg sensor. The ability to detect
VHF carriers via a line splitting enables automatic down-
conversion, where amplitude modulation is imprinted in
the optical transmission, foregoing the need to record at
the carrier frequency and demodulate. The demonstrated
minimum detectable field is on par with previous TM
sideband measurements?%:27:39 below single V/cm at 100
MHz, although this sensitivity strongly depends on state
polarizability, the applied frequency, and linewidths. We
have observed a modest increase in sensitivity from TM
observation using this method, and we plan to quantify
this in future work. We also believe this new splitting
method could be improved with a LO, or other bias-
ing methods. The observation of a second non-linear
splitting due to Fypr enables a path to measure field
intensity in the HF and VHF range, as well as dc field
components, and the frequency of multiple fields simul-
taneously, from atomic transmittance spectra. Due to
intermodulation, spectra will become complicated when
multi-channel schemes are used, or significant noise is
present. While the two-level Floquet theory compari-
son was able to capture many of the spectral features
observed, we expect the precision of this style of field
measurement can be improved using a multi-state Stark-
shifted approach, especially at higher field values.

Looking toward applications, we demonstrated sig-
nal detection on HF carriers, demonstrating its effec-
tive band-pass of order 10 MHz through Rabi matching,
which is unavailable to previous Stark-based reception
without an LO. One apparent limitation of the current
apparatus is the non-uniform g,-, which will be improved
upon in future experiments. As a receiver, this com-
pact cm-sized atomic vapor cell is significantly smaller
than wavelength-scale antennas, yet enables a quantum
receiver for HF and VHF signals.

DATA AVAILABILITY

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.

Appendix A: Two-level Floquet Theory

When the oscillating HF field modulates state energy
faster than the linewidth and away from atomic en-
ergy resonances with allowed transitions, one observes
induced quasi-energy states at spacing of fiwg g, forming
an energy ladder Nhwgyp for integer N. Floquet the-
ory prescribes a method to expand the basis states of
a time-dependent Hamiltonian (ih4¢ = H(t)c(t), where
c(t) = {d(t), f(¢)}, the time-evolving state coefficients),
into an infinite ladder of states

o0

Z ey exp (—ient/h)

N=—o0

c(t) =



350 - 1 1 | 1 | |

\ Iﬁ

| |
(] o (]
L(P V9]

300 -

el

— ] N

[4)] o [#)]

o o o
| | |

Applied wy

[42]
o
|

-250 -
-200 -
-150 -
-100 -
100 -
200 -

Ae /27 (MHz)

<
. e by
o 2 ()
Z0
- 2 2
< . . . . . .
- 0
1.5 0 50 100 150 200 250 300 350
r Applied wyr
1
- 0.5
0
{05 750
@n
» -1 g
4
15 8
A
N P
25

250 -

0 50 100 150 200 250 300 350
Applied wyr

FIG. 5. Detection of AM signals across HF carrier frequency. (a) We plot in-phase lock-in amplifier of the laser transmittance
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field amplitude from plate impedence measurements (c¢) Corresponding vertical slices of lock-in signal, as if fixing Ac and Qg

Each new basis state has quasi-energy ey = eg+Nhwgrr,
relative to the time-average state energies at ep/po/h =
wp/F + EB/F + EB/F. Population probabilities are cal-
culated by mapping the initial |dg|?> = 1 state into a new
diagonalized basis, and normalizing the resulting eigen-
vectors. The coefficients of the the D and F states’ N*®
sideband are given by dy and fy respectively, which are
rendered time-independent by this approach. In the ab-
sence of a dc field, this ‘ladder’ of energy states has spac-
ing 2Nwg r, as has been observed in Rydberg atoms?6-31,
well-predicted by this Floquet theory. In the limiting case
of Fg. = 0 and N — +oo Floquet states, the height of
the N sideband is given as Bessel functions of order

N: J% (%) Calculating a finite Floquet basis re-
quires a truncation of states (from —Ny,40 t0 Nypas, we
use Npae = 24 throughout) for both the D and F' lad-

ders, and for our purposes must include the rf dressing
and the dc field.

The time-dependent terms of Eq. 2 will time-average
to 0, so we have (£€%) = E2 + E%’F, using the RMS
value for the ac part. With this field present, the D
and F states shift on average by X, + X3 > 0, and
Y% + X% < 0. The Stark shift in both states brings
the applied dressing frequency wg, down to the shifted
resonance with 4. (defined in Sec. IIT) kept near zero
as the fields increase. For these states, this differential
shifting drops the observed resonance by (ap —ap)/2 =
—7.552 GHz per (V/cm)?.

Applying rf fields nearly resonant to an allowed
atomic transition (here, wg, ~ wp — wp), one can
determine energy levels of the atom-photon-interaction

using dressed atom theory. The two-level cou-
pling between the |D) and |F) state has dipole
strength (56 D59, m; = %| ez [54F5 5, my = %) = ppr ~
1746 eag ~ 2234 MHz per (V/cm). The time-dependent
two-level Hamiltonian is

H(t)/h =

(wD — OéD(€2(OJHFt)/2 + war

Qg cos(wgrt)
Qg cos(wayt)

wWp — apé'z(wHFt)/2
(A1)

using shorthand £*(wgrt) = (Eg. + Enr cos(wHFt))2.
Taking the time-average Stark shifts, we have a well-
defined dg4,-, and using the rotating wave approximation
(RWA) to shortcut another Floquet basis, we write the
typical dressed atom Hamiltonian for the two-level atom-
photon basis {|D, (Ngr + 1)war) , |F, Narwar)} and set-
ting wp = O:

0 er/2 ) (A2)

Hatomfphoton =h ( er/2 —Sar

Driving this transition resonantly (64, = 0), we induce
AT splitting linear with the field applied, given by the
Rabi frequency: Qg = pprEq4-/h. Off resonance, eigen-
energies are given by g9+ = & (=04, + /63, + Qflr) not-
ing that d4, is defined including time-averaged shifts, and
therefore wy, must shift with Py r to maintain d4, ~ 0.
The dressing field forms an effective two-level system for
each of pair of quasi-energy states, connecting each dy
component to the same N’s fy state, splitting either
state’s en quasi-energy into ey + dressed state compo-
nents.



Looking to the time-dependent terms of Eq. 2, we have
rotating components at wy g with strength ZE/F/Q, the
dc mixing term, and at 2wy with strength EB/F/Z the

pure ac term. These terms connect Floquet states with
AN = 41, and AN = 42, in addition to the dress-
ing between the dy and fy states. We can write the
Schrodinger equation as a system of linear equations:

edy =35 + XD +war + Nwpr) dy
+ 22/2 (dN-H + dN—l)

efn =27 + X% + Nwnr) fn
+35/2 (fn41 + fv-1)
+X%/2 (fnye + fy-2)
+ Q4 /2 dn

(A4)

The resulting Hamiltonian and basis state vector for
this dressed-Floquet system is given in Eq. A5, using
wp + X5 + X3 as the 0 energy reference. The diago-
nal blocks include on the diagonal the quasi-energy lad-

(A3) der, shifted by time-averaged fields and rendered near-
+35/2 (dny2 +dn-2) degenerate between diagonal blocks by the addition of
+Q4r/2 fN hwgy, included in d4, ~ 0. Just off the diagonal, we have

the wyp and 2wy interactions between (near-) neigh-
boring quasi-energies. In the off-diagonal blocks, we have
the dressing coupling )4, between corresponding near-
and resonant states.
7:l<dN...> :E/h<dN...> _
o\ fn... .-
uX/2 S%/2 0 0 0 k 0 0 0 0 0 - :
$5/2 —2wpp $5/2 53 0 0 0 0 Qqr/2 0 0 0 0 0 d_2
$3/2 £5/2 —wgrp E5/2 £3/2 0 0 0 Qar/2 0 0 0 0 d_1
0 ¥3/2 £5/2 0 x5/2 ¥x/2 0 0 0 0 Qar/2 0 0 0 do
0 0 $5/2 £5/2 wprp $5/2 S3/2| 0 0 0 0 Qar/2 0 0 dy
0 0 0 $3/2 £5/2 2wpp X5/2] 0 0 0 0 0 Qar/2 0 da
0 0 0 x3/2 x5/2 0 0 0 0 0
0 0 0 0 0 0 nX/2 n%/2 0 0 0 . :
0 Qgr /2 0 0 0 0 0 |Z5/2 —2wyp —bgr $5/2 =% 0 0 0 fo2
0 0 Qar/2 0 0 0 0 |Xx/2 $R/2 —wHF — 84r Lp/2 £%/2 0 0 f-1
0 0 0  Qu/2 0 0 0 0 $%/2 Tx/2 —8ar Ta/2 £%/2 0 fo
0 0 0 0 Q4./2 0 0 0 0 $%/2 S5/2 war — 84y Ta/2 $%/2 f1
0 0 0 0 0 Qu/2 O 0 0 0 S%/2 B5/2 2wyp —dar B5/2 fa
0 0 0 0 0 0 0 0 0 S5/2 $5/2 :

Appendix B: Determining Effective Polarizability

A true Stark energy shift calculation'® considers cou-
pling to all other atomic states, but in the low field limit,
an effective quadratic polarization coefficient is fit from
this process. Rather than use the low-field limit for polar-
izability, we calculate effective polarizabilities in-house,
given slightly non-quadratic behavior, for fields up to
~ 0.4 V/cm. In Fig. 6, we demonstrate an example of
calculating the Stark shift from a dc electric field when
including all the states which significantly contribute to
the energy shift. In principle, this effective polarizability
value changes for different maximum fields, which alters
the implied measurements of electric field from a spectral
gap.

(A5)

(
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Symbol Meaning
EIT Electromagnetically-Induced Transparency
AT Autler-Townes effect, dressed state splitting
HF High Frequency radio band, 3 MHz to 30 MHz
VHF Very High Frequency radio band, 30 MHz to 300 MHz
™ Townes-Merritt effect, Floquet quasi-energy sidebands
oc Coupling laser detuning from low-field (reference cell) EIT resonance
W Dressing field angular frequency
Qar Dressing field Rabi frequency
Pyr Power applied to plates
Enr Electric field measured by the atoms
FEac Static electric field inside vapor cell
E(t) Time-evolving total electric field seen by the atoms
(- )pyr Two values represented, for 56Ds /5 and 54F7 /5
hwp,r Energy of the unperturbed {D,F} state
ap/F Polarizability of the {D,F} state
hEh e Energy shift from dc + RMS electric field of the {D,F} state. See Eq. 1
a5 r Energy shift from the HF RMS electric field of the {D,F} state. See Eq. 1
hZE/F Energy shift from ac/dc cross term of the {D,F} state. See Eq. 1
Odr Detuning of wg, from the shifted |D) and |F') state energy gap
Ss Scaling parameter for é4,, near 1.0
EN N®" Floquet sideband quasi-energy
(- )=+ Two values represented, for the upper (+) and lower (—) AT dressed state

TABLE I. Table of non-standard variables used in this paper.
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