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ABSTRACT

We demonstrate the continuous broadband microwave receivers based on AC Stark shifts and Floquet states of Rydberg levels in a cesium
atomic vapor cell. The resonant transition frequency of two adjacent Rydberg states 78 S;, and 78 Py, is tuned based on AC Stark effect of
70 MHz radio frequency (RF) field that is applied outside the vapor cell. The use of the j = 1/2 Rydberg states ensures that only a single m;
sublevel is involved. The generated Rydberg Floquet states act to enhance the sensitivity of the AC-Stark-tuned states when the frequency is
matched and further extend the bandwidths. We achieve microwave field measurements with over 1.172 GHz continuous frequency tuning
and a sensitivity ranging from 280.2 nVem 'Hz 2 to 14.6 u Vem ™ 'Hz 2. The achieving of continuous frequency and high sensitivity
microwave detection will promote the application of Rydberg receivers in the radar technique and wireless communication.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0227250

9%'62:20 ¥20T 19qWaAON S0

In recent years, remarkable progress has been made in Rydberg
atom-based electrometry™” due to their advantages in the calibration-
free measurement of weak microwave fields with high sensitivity, stabil-
ity, and accuracy. An optical Rydberg electromagnetically induced
transparency (EIT) and Autler-Townes (AT) splitting spectroscopy
have been employed to measure the properties of electric fields, includ-
ing SI-traceable standards for electric field strength,”* polarization mea-
surements,” subwavelength imaging,’ and the angle-of-arrival” with a
wide frequency range from DC to over 1 THz" ' The sensitivity of
Rydberg electrometry has been greatly improved to 55 nVem ™" Hz ™ />
using heterodyne technique'” and later to 30 nVem ™ Hz~ % by adding
a repumping method to enhance the EIT amplitude.” The state-of-the-
art sensitivity of Rydberg microwave electrometry is improved to
5.1nVem™ ' Hz "2 by selection of higher Rydberg states."*

In addition to high sensitivity, Rydberg atoms have plentiful
energy levels that cover an ultra-wide microwave frequency range.
However, the EIT-AT-based Rydberg electrometry restricts the mea-
surement of microwave fields to a series of discrete frequencies with a
narrow bandwidth since it relies on resonant or near-resonant transi-
tions between two Rydberg states. To achieve continuous-frequency
microwave field detection, an auxiliary microwave field resonant with

an adjacent Rydberg transition is applied to achieve a tunable Rydberg
resonant AT splitting,'”'” Alternatively, it can also be achieved by uti-
lizing AC Stark shift in combination with heterodyne technique, *"”
where a strong far off-resonant field acts as the local field to shift the
atomic energy levels,” or by utilizing the DC Stark effect to alter the
resonance frequency of the two Rydberg states, where the DC field is
applied by a pair of parallel electrode plates inside the atomic vapor
cell.”" However, the electrode plates inside the cell will reflect and per-
turb the microwave field, which will scramble its polarization.
Additionally, the measurement frequency range can be expanded using
the Zeeman effect to split and modify adjacent Rydberg level inter-
vals.”” Rydberg-state engineering for investigations of tuning schemes
for continuous frequency sensing”’ and assessment of the Rydberg
sensor sensitivity for wideband electric field sensing”* are demon-
strated. However, the sensitivity has a significant decrease when the
resonant transition frequency is largely tuned. For a strong far-off reso-
nant RF electric field, Floquet states generated by the RF-modulated
Rydberg states can be used to achieve continuous-frequency
measurements.”’” >

In this work, we utilize the AC Stark effect of RF field and
Rydberg Floquet states to achieve continuous broadband measurements
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of microwave fields with Rydberg atoms in a '**Cs vapor cell. The basic
idea is that an RF field is applied to shift the resonant transition fre-
quency of two adjacent Rydberg states and generate Floquet even-
order sidebands that are coupled by the microwave fields to enhance
the sensitivity of the AC-Stark-tuned states when the frequency is
matched. Specifically, we excite the Cs ground atoms to 78, /, state
via a two-photon resonant EIT spectroscopy, and the microwave field
couples the transition of 78 S, ), — 78 P, /,, and sidebands of 78 P, /; as
well. We achieve the detection of microwave electric field from 7.377 to
6.205 GHz. The sensitivity of continuous broadband microwave field
receivers is detected using the heterodyne technique. We demonstrate
that the sensitivity is decreased with tuning the resonant transition fre-
quency, e.g., when the resonant frequency between 783, /, and 78 P,
is tuned from 7.377 to 6.652 GHz, the sensitivity is decreased from
280.2 nVem 'Hz~ 2 t0 9.566 u Vem ™ 'Hz 2. However, we find that
the sensitivity can be greatly improved if the 6.652 GHz microwave
field couples the Floquet sideband, and the sensitivity is
1.636 1 Vem 'Hz Y2, which is increased by a factor of 5.8. The use of
AC field allows us to place the metal electrodes outside the cell, such
that electrodes can be far away from the cell and will not perturb the
microwave field. Compared with our previous work,"” the choice of
both Rydberg states with j = 1/2 makes the EIT spectrum exhibit only
m; = 1/2-dependent shift, leading to narrower spectral lines even at
strong RF field.

The experiments are performed in a cylindrical cesium room-
temperature vapor cell that was 50 mm long and 25 mm diameter. The
experimental setup and relevant energy levels are shown in Figs. 1(a)
and 1(b). Two identical 852 nm laser beams act as a probe and a refer-
ence beam that are both parallel through the cell along the z-axis. A
510 nm coupling laser counter-propagates and overlaps with the probe
laser, but not the reference beam. The probe laser couples the
|6S1/2, F = 4) — |6P3),, F' = 5) resonant transition with a power of
175 uW and a diameter waist of 1600 um, while the coupling laser
with a power of 56.6 mW and a diameter waist of 1800 m drives the
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|6P3)5, F = 5) — |78S,,) transition, establishing the EIT spectrum.
The transmission of the probe and reference beams is detected by a dif-
ferential photodetector (DPD). The probe and coupling lasers keep co-
linear polarization along the x-axis. A pair of aluminum parallel-plate
electrodes (size 120 mm x 75mm x 1 mm) is placed outside the
vapor cell with a spacing of 47 mm. A 70 MHz REF field is provided by
a signal generator (Tektronix AFG3102C) using two lead wires and the
electric field vector points along the x-axis. The inhomogeneity of the
RF field along the beam paths within the cell is about +1.5%.” Two
microwave fields, denoted as a local oscillator (LO) field E;o and a
weak signal field Egjg, are simultaneously emitted from two horn
antennas (A-info LB-20180SF), incident to the cell with co-linear
polarization along the x-axis. The LO field frequency is resonant with
the transition of |78S;/,) — |78P;/;), while the signal field has a
0 = 20kHz detuning. In the presence of the RF field, the 78 S, ;, and
78 P/, Rydberg states exhibit different Stark shifts due to their differ-
ent polarizabilities, thereby altering their resonant transition frequency,
and further the RF field induces the Floquet states of Rydberg atom.”
In Fig. 2(a), we demonstrate the 78 S, , EIT spectra by scanning
the detuning of the coupling laser Ac at the indicated RF field
Ege = 0, 22.75, and 32.86 V/m. The value of Egg represents the root
mean square of RF field. The peak of the field-free EIT spectrum
defines the 0-detuning position. It is seen that the EIT peak is red-
shifted due to the AC Stark effect of RF field, and there is no splitting
because of only one magnetic substate m; = 1/2 for S Rydberg states.
In addition, we observe the second-order sidebands, which have band
indices N = =*2, separated by 140 MHz from the main peak, labeled
in the blue circles for EIT spectrum at Egg = 32.86 V/m. Then we per-
form a series of measurements such as in Fig. 2(a) by varying the
strength of RF field from 0 to 39.18 V/m in steps of 1.26 V/m and
obtain the Stark shift of EIT main peak as a function of Egg, shown as
the red diamonds in Fig. 2(b). We observe that the 78, ;, EIT peak
exhibits two peaks due to the space of avoided crossing larger than the
linewidth of the EIT at Epp > 32.86V/m. In the following, we

78P i ---------- L) 6f
1 |
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78S1/2 E_ _________________
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65y —

FIG. 1. (a) Experimental setup. An 852 nm probe laser counter-propagates and overlaps with a 510 nm Rydberg laser in the cell. The transmission of the probe and reference
beam is detected by a differential photodetector (DPD) after passing through a dichroic mirror (DM). An RF field is applied by a pair of aluminum parallel-plate electrodes out-
side the vapor cell. Two microwave fields, denoted as E| o and Egg, are emitted from two horn antennas. (b) Energy-level diagram. The probe laser is resonant with the transi-
tion of |6Sy/5, F = 4) — |6P32, F' = 5), and the coupling laser drives the transition of [6P;/5, F' = 5) — 78Sy 5). The LO field E o couples the resonant transition of
78 Sy, and 78 Py 5, sidebands of 78 Py, as well, while the signal field Esjg has a frequency difference Jr with the LO field. The right part shows the energy shift of the two
Rydberg states and the generation of Floquet sidebands in the presence of the RF field.
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FIG. 2. (a) Measured EIT spectra of the 78 Sy, state at RF field strengths of 0
(black solid line), 22.75V/m (red dashed line), and 32.86 V/m (blue dotted line),
respectively. The second-order sidebands are labeled with blue circles and zoomed
in inset. (b) Stark shifts of 78 Sy, and 78 P; ;, Rydberg states. Red diamonds rep-
resent the measured Stark shifts of 78 Sy, Rydberg state. Black solid and blue
dashed lines represent theoretical calculations of Stark shifts for 78 S;/, and
78 Py, states.

demonstrate our experiments at Egg < 32.86 V/m for simple illustra-
tion. The black solid line and blue dashed line represent calculated DC
Stark shifts of the 78 S;/, and 78 P, /, states using the alkali-Rydberg
calculator (ARC).”” Since the RF field frequency is much smaller than
the characteristic atomic frequency, the AC shift follows from the DC
polarizability for the given 78, state.”” The experimental RF field
(x-axis) is calibrated by the theoretical calculations. We can see that
the Stark shift of 78 P, /, is much larger than that of 783, ), thereby
altering the microwave resonant transition frequency.

In Fig. 3(a), we demonstrate the EIT-AT spectra with a micro-
wave field coupling the transition of 78 S, , — 78 Py, at the indicated
RF field Epp =0 and 15.16V/m, as well as the transition of
78S/, — N=2 of 78 Py, at Egg = 15.16 V/m. The microwave fre-
quency is adjusted to split the two peaks symmetrically, thus extracting
the corresponding microwave resonant frequencies 7.377, 7.143, and
7.004 GHz, respectively. We observe that the red and blue spectra have
a 139 MHz frequency difference at Egrg = 15.16 V/m, which is roughly
equal to 2 x 70 MHz, from which we can expect the red EIT-AT spec-
trum coming from the microwave coupled transition of 78 S;, to the
N =2 of 78 P,/,. By measuring such EIT-AT spectra at different RF
fields, we obtain the dependence of microwave resonant transition

ARTICLE pubs.aip.org/aip/apl
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FIG. 3. (a) Measured EIT-AT spectra with a microwave field coupling the transition
of 78 81/, — 78 Py at Ege =0VI/m (black solid ling) and 15.16 V/m (blue dotted
line), as well the transition of 78S;, — sideband N=2 of 78P;, at Err
=15.16 VIm (red dashed line). Vertical dashed lines represent the resonant EIT-AT
transmission for the corresponding Egr. (b) Measurements of microwave resonance
frequencies as a function of the RF electric field Ege for the transition of
78 81/, — T8 Py 5 (black squares) and the transition of 78 Sy, to the Floquet side-
bands of 78 Py, states [second-order (red circles), fourth-order (blue triangles),
and sixth-order (green inverted triangles)]. The black solid line represents the theo-
retical calculation, and others are the guidelines for the even-order sidebands.

frequency on the RF field Egg, shown in Fig. 3(b). The black squares
show that we continuously tune the resonant transition frequency of
788y, —78Py); transition for the frequency range of 7.377-
6.652 GHz by varying the RF field strength. The resonant transition
microwave frequency between the 78 S, /, and sidebands of 78 P, /, are
shown as red circles (second-order sidebands), blue triangles (fourth-
order sidebands), and green inverted triangles (sixth-order sidebands).
By utilizing the sidebands, we further extend the measurement band-
width to a frequency range of 7.377-6.205 GHz. The black solid line
represents the resonant frequency between 78S,,, and 78 P/, as a
function of Egg calculated using ARC, which verifies the microwave
coupling the transition between the main peaks of 78 S, /, and 78 Py 5.
Other solid lines represent the guidelines for the resonant transition
frequency between 78 S, /, and even-order sidebands of 78 Py 5.

Finally, we test the sensitivity of the Rydberg microwave receiver
using the heterodyne technique for the microwave frequencies of
6.205-7.377 GHz range. When both the LO and the signal fields are
incident on the Rydberg system, the transmission of the probe laser
exhibits 20 kHz oscillations that are proportional to the strength of the
applied signal microwave field, from which we can obtain the mini-
mum detectable microwave field strength by measuring the power of
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FIG. 4. (a) Measurements of sensitivity of the receiver with the LO field resonance with the transition of 78 Sy, — 78 Py, at Ere =0 and 21.48 V/m, corresponding to
fio =7.377 GHz (black hollow squares) and 6.972 GHz (black solid squares), as well resonance with the transition of 78 Sy, — N =2 of 78 Py, at Err = 16.43 V/m, where
flo =6.972 GHz (red circles). The blue solid diamonds show the EIT-AT splitting in a strong field region and the blue solid line shows the calibrated electric field. (b) The sensi-
tivity of the Rydberg receiver as a function of microwave frequency range of 7.377-6.205 GHz. The microwave field resonant couples the transition of 78 Sy, — 78 Py 5 (black
squares), and the transition of 78 Sy, to Floquet sidebands of 78 Py (red circles, blue triangles, and green inverted triangles). Each data point is taken at its resonant coupling
laser frequency and optimized LO field. (c) The measured EIT-AT spectra for the transition of 78 Sy , — 78 Py, (black solid line) and 78 Sy, — N =4 of 78 P; ), (blue dashed
line) with Lo = 6.652 GHz and E| o = 74.94 VIm. (d) The optimized LO field strength is applied for each frequency measurement in (b).

oscillation signals using a spectrum analyzer.'” The inset of Fig. 4(a)
shows the measured power spectrum of the oscillation probe laser for
the case of RF field free at three indicated signal fields Egjg. We can see
that the center frequency is located at 20 kHz, and the amplitude of the
signal increases with signal field strength. Here, for each MW fre-
quency we used, the coupling laser is locked to the resonant EIT-AT
transition,”” i.e., locked to the dip point of the EIT-AT spectrum, as
shown the vertical dashed line in Fig. 3(a).

In Fig. 4(a), we demonstrate the sensitivity of the Rydberg receiver
for the resonant transition between 78 S, /, and main peak of 78 Py, at
Ege = 0, 21.48 V/m, corresponding microwave resonant transition fre-
quency of fio = 7.377 GHz and 6.972 GHz, as well for the resonant
transition between 78S, /, and N=2 of 78 Py, at Erp = 1643 V/m,
where fio =6.972 GHz. During the experiments, we first calibrate the
electric field as a function of \/Pgi using the EIT-AT splitting (blue
solid diamonds) and far-field formula (blue solid line), see our previous
work'? for more details. We identified the minimum +/Pgg value with
a detectable heterodyne response by referencing the calibrated blue line,
obtaining the corresponding minimum detectable microwave field:
280.2 nVem ‘Hz 2 for Epr =0,2.743 u Vem ' Hz Y2 for AC tuning
at Epp = 21.48 V/m, and 707.5 nVem ™' Hz™? for N = 2 Floquet side-
band at Egp =16.43 V/m, respectively. The measurements are per-
formed using a spectrum analyzer (Rohde & Schwarz FSVA3013) with
a resolution bandwidth of 1 Hz (measurement time of T =1 s).

Following the above-mentioned process, we measure the detectable
microwave electric field in a frequency range from 7.377 to 6.205 GHz,
with the microwave field coupling both the main peak and the side-
bands, as shown in Fig. 4(b). The black squares represent the measured
sensitivity as a function of Egg for microwave field resonant coupling
788/, — 78 P/, transition (zero-order sideband), the sensitivity is
decreased from 280.2 nVem 'Hz 2 to 9.566 4 Vem™ ' Hz 2 with
tuning the transition frequency from 7.377 to 6.652 GHz. The red circles,
blue triangles, and green inverted triangles represent the measured sensi-
tivity for microwave field coupling the transition of 78 S, /; to the second,

fourth, and sixth-order Floquet sidebands of 78 P, ,, respectively. We
can see that the sensitivity is greatly decreased when the microwave fre-
quency is smaller than 7.2GHz for the 78S,/, — 78 P/, transition,
while it can be substantially improved using the microwave field cou-
pling the transition of 78 S, /, to sidebands of 78 P, /. For example, this
is true for an LO frequency of 6.652 GHz, marked with a vertical dashed
line. The sensitivity is 1.636 4 Vem™ ' Hz ' for the microwave field
coupling sidebands N = 4 transition, which is increased by a factor of 5.8
comparison with the sensitivity of 9.566 1t Vem ™' Hz~"'* for the micro-
wave field coupling main transition.

To explore the underlying reasons, we measure EIT-AT spectra
for the transition of 78 S,/, — 78 Py, and 78 S,/, — N =4 of 78 P )
with fixed fio = 6.652 GHz and Ejo = 74.94 V/m, shown in Fig. 4(c).
It is seen that the EIT-AT spectrum for 78 S;, — N =4 of 78 P, , has
bigger EIT amplitude and AT splitting (transition dipole moments),
leading to higher sensitivity. It should be noted that before measure-
ments of the sensitivity for each point in Fig. 4(b), we optimize the sys-
tem by optimizing the LO field strength and keeping other
experimental parameters constant. Figure 4(d) shows the optimized
LO field strength applied for each frequency measurement in Fig. 4(b),
which varies from 10.58 to 167.77 V/m.

In this work, we demonstrated the continuous-frequency mea-
surement of a weak microwave electric field over 1.0 GHz by using the
AC Stark shift and Floquet states of Rydberg atoms in a room-
temperature cesium vapor cell. The applied RF field is used to shift the
Rydberg levels of 78 S, /, and 78 Py /, that exhibit different Stark shifts,
altering the resonant transition frequency of two Rydberg states.
Meanwhile, the Rydberg levels exhibit RF Floquet sidebands, which
are used to extend the bandwidths further. The Stark shift of 78 S, is
measured by utilizing Rydberg-EIT spectra, and the corresponding res-
onant microwave transition is obtained by measuring EIT-AT split-
tings for both the transition of 78 S;, — 78 P;/, and the transition of
78S, , to sidebands of 78 P, /,. The sensitivity of the Rydberg micro-
wave receiver is demonstrated by using the heterodyne technique. Our
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work provides an effective method to extend the bandwidth and
enhance sensitivity by using AC Stark shift in combination with the
Floquet states of Rydberg atom. In principle, we can achieve a wider
bandwidth with Rydberg levels after avoiding crossing or using a high-
frequency RF field. The work here is significant for improving the
Rydberg-EIT-based microwave field sensitivity and bandwidth
measurement.
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