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Optical bistability (OB) of Rydberg atoms provides a new,
to the best of our knowledge, platform for studying nonequi-
librium physics and a potential resource for precision
metrology. To date, the observation of Rydberg OB has been
limited in free space. Here, we explore cavity-enhanced Ryd-
berg OB with a thermal cesium vapor cell. The signal of
Rydberg OB in a cavity is enhanced by more than one order
of magnitude compared with that in free space. The slope of
the phase transition signal at the critical point is enhanced
more than 10 times that without the cavity, implying an
enhancement of two orders of magnitude in the sensitivity
for Rydberg-based sensing and metrology. © 2023 Optica
Publishing Group

https://doi.org/10.1364/0L.486914

Optical bistability (OB) of Rydberg atoms provides an inter-
esting platform to study nonequilibrium physics [1-3] and
embraces important applications [4,5]. Owing to the large dipole
moments and strong interatomic interactions [6] associated
with Rydberg atoms [7,8], the OB can be directly observed
in free space. The feedback is applied by the generally assumed
dipole—dipole interactions [1,9]. However, recent research shows
that it could also be caused by ion-induced Stark shift [10,11].
To date, the Rydberg OB has been studied only in free space
[1,3-5,9,10,12]. Moreover, recently, Ding and his colleagues
studied the nonequilibrium phase transition and observed signa-
tures of self-organized criticality [3] in a thermal vapor of atoms
being optically excited to a strongly interacting Rydberg state.
They further proposed and experimentally tested sensitivity-
enhanced metrology at the critical point of the OB transition [5].
Benefiting from the many-body effects, the experiment showed
three orders of magnitude improvement in the measurement pre-
cision of the microwave (MW) electric fields. The precision is
limited by the maximum slope of the OB signal in the Rydberg
excitation.

The optical cavity can enhance the light-matter interaction
[13,14] and has been adopted in many experiments to improve
the precision of measurement [15] or induce long-range interac-
tion between atoms [16-20]. The OB of atoms with low energy
states can also be observed through electromagnetically induced
transparency (EIT) with the aid of an optical cavity [21-25]. In
this Letter, we investigate the OB of Rydberg atoms in an optical

0146-9592/23/112865-04 Journal © 2023 Optica Publishing Group

cavity. The results show that the OB signal of the Rydberg atoms
can be dramatically enhanced by the cavity. The slope of the
phase transition edge at the critical point can be increased more
than 10 times, implying a two orders of magnitude precision
enhancement for Rydberg-based sensing and metrology.

First, the difference between free space and cavity-enhanced
EIT and OB based on the Rydberg atoms is discussed from a
theoretical perspective. In both configurations, three-level atoms
are interacting with two laser beams and the corresponding
energy diagram is shown in Fig. 1(a), which is widely adopted
in Rydberg EIT and OB research. The three atomic states are the
ground state |g), excited state |e), and Rydberg state |r). A probe
(coupling) laser couples atomic transition |g) — |e) (Je) — |r))
with Rabi frequency Q, (€2,.) and frequency detuning A, (A,),
where T, is the decay rate from the Rydberg state |r), and T, is
the decay rate from the excited state |e). A transmission spec-
trum of the probe laser, obtained by scanning the frequency
of the coupling laser, is often extracted to study the Rydberg
EIT [26-30] and OB [1,3-5,9,10]. The EIT spectrum can be
theoretically obtained by modeling the system via complete
optical Bloch equations (OBEs) [3]. The interaction between
Rydberg atoms is included by the replacement A, — A, + A’,
with A’ the frequency shift of Rydberg atoms. We also have
A =V X p,. with p,, the population of the Rydberg state |r) and
V the interaction-shift coefficient.

By solving master equations in the steady-state condition, we
obtain the atomic susceptibility

— Py (1)

where N is the density of atoms; u, is the transition dipole
moment; and g is the dielectric constant. The imaginary and real
parts of the susceptibility, Im(y) and Re(y), represent, respec-
tively, the absorption and dispersion of the probe laser. Thus, for
the free space case, the transmission of the probe laser through
the medium is

TI-‘ — e—kpllm(/y)’ (2)

where k, is the wave vector of the probe laser and [/ is the length
of the medium.

For the cavity-enhanced OB and EIT, a cavity on-resonance
with the probe light is introduced and the atomic vapor is placed
inside, as shown in Fig. 1(b). The corresponding transmission
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Fig. 1. (a) Energy level scheme used in both theory and exper-
iment. (b) Experimental setup: CM, cavity coupler; FA, fiber
amplifier; F-P cavity, Fabry—Pérot cavity; L, lens; M, mirror;
PBS, polarization beam splitter; PD, photodiode; PZT, piezoelectric
transducer; SAS, saturation absorption spectroscopy; SHG, second
harmonic generation; shutter, optical shutter; WM, wave meter; 1/2,
half-wave plate; 1/4, quarter-wave plate.

of the probe beam through the cavity—atom system has the
following form [31]:

Tl T2
Tc = R
Ty R\R, T2 — 2+/R\R,Tr cos(wlRe(x)/2c)

3

where 7T, (T,) and R, (R,) are the transmissivity and reflectiv-
ity of the input (output) mirror, respectively. The transmission
spectra can be analyzed by using Eq. (3). According to Eq. (2),
the transmission of a free space Rydberg atomic ensemble is
determined only by Im(y). However, the transmission of a cav-
ity—atom system is determined by both Im( y) and Re(y); Im(y)
changes the intracavity losses and then affects the impedance
mode matching of the cavity, and Re(y) alters the dispersion of
the cavity.

A comparison of the transmission spectra with and without
the cavity, which are calculated according to experimentally fea-
sible parameters, is shown in Fig. 2. Here, the frequency of the
probe laser is fixed at A, = 0, and the frequency of the coupling
laser A, is scanned. To quantitatively compare the results, we
deliberately set the intracavity circulating intensity (with cav-
ity) and propagating intensity in free space (without cavity) of
the probe laser with the same Rabi frequency at the frequency
far off from the resonance. When the Rydberg interaction is
absent, i.e., V = 0, both spectra show standard Lorentz shapes,
as shown in Fig. 2(a). The enhancement of the cavity is obvious
in that the amplitude of the transmission signal is enlarged by
10 times. This enhancement mainly comes from the improve-
ment of the impedance mode matching [32] of the probe laser
coupling into the cavity mode, owing to the change in Im(y) at
the double-resonance condition. When the Rydberg interaction
is considered, the typical hysteresis OB signal with A, scanned
is observed [Fig. 2(b)]. Here, not only the amplitude of the OB
signal but also the width of the OB is enlarged by the cavity.
The reason for the enhancement of the amplitude is the same as
in the case without Rydberg interaction, and the reason for the
enhancement of the OB width is the consequent boost of both the
population and Rydberg interaction of state |r). The enhance-
ment of OB width and amplitude will be eventually saturated as
the Rydberg excitation keeps increasing.

In the scenario of the precision measurement of the MW elec-
tric fields by Rydberg atoms, a steeper slope of the spectrum is
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Fig.2. Theoretical model for transmission spectra (a) without and
(b) with consideration of Rydberg interaction. The spectra of the
atom vapor in the cavity and free space are shown as black and red
lines. The blue dashed lines and numbers show the maximum slopes
k near the half transmission as indicated by points P, (cavity) and P,
(free space). In (b), the Rydberg interaction with V /27 = —100 MHz
is taken into account so that OB (phase transition) appears. The
OB width in the free space and cavity are 27 * 11.6 MHz and
27 * 12 MHz, respectively. The transmissive intensity (left axis)
is normalized to the baseline of the signal (level far off from
the resonance), and the peak height (right axis) is normalized
to the height of the peak in free space. The parameters for the
calculations are: N = 5 x 108cm™, / = 10 mm, Q,/27 = 13 MHz,
Q./2r =13 MHz, I,/2n = 5.2 MHgz, T, /2n = 3 MHz, R, = 0.95,
R, =0.98.

desired because it indicates a better measurement sensitivity.
The critical point of the phase transition due to the many-body
Rydberg interaction has been proven to enhance the precision by
three orders of magnitude [5]. Therefore, the cavity-enhanced
Rydberg signal implies a potential improvement in future appli-
cations. To show this point, the maximum slopes of the spectra
in Fig. 2(a) (shown as the dashed lines) are extracted. It is evi-
dent that, by using the cavity, the measurement precision can
be enhanced by approximately one order of magnitude due to a
higher transmittance. However, the value of slopes could not be
determined in Fig. 2(b) because the nonequilibrium dynamics of
the OB at the critical point cannot be obtained from a steady-state
solution. In practice, the slope is related to the laser’s sweeping
speed and the system’s relaxation and could be determined in
the following experiments. Nevertheless, it is anticipated that the
slope at the critical point of the cavity-enhanced OB is signif-
icantly enhanced due to its larger amplitude. The enhancement
is roughly proportional to the cavity finesse, with a coefficient
of approximately 0.56.

The cavity-enhanced Rydberg OB is investigated experimen-
tally with a cesium (Cs) atomic vapor cell. The atomic energy
levels and the layout of the experimental setup are shown in
Fig. 1. The key device is an optical bow-tie cavity composed of
four cavity mirrors, two flat mirrors (CM1 and CM2), and two
plano—concave mirrors (CM3 and CM4) with a radius of curva-
ture of 100 mm. CM3 and CM4 are separated by approximately
120 mm, with a total cavity length of approximately 480 mm.
Therefore, the primary mode waist resides between CM3 and
CM4 with a size of 50 um, where a thermal Cs vapor cell with a
length of 10 mm and temperature of 30°C is placed. CM1 (with a
transmissivity of 5% at 852 nm) and CM2 (with a transmissivity
of 2% at 852 nm) serve as input and output couplers, respectively.
CM3 and CM4 are coated with high reflectivity (>99.9%) at
852 nm and high transmissivity (~90%) at 509 nm. The finesse
of the empty cavity is approximately 85, which is reduced to
approximately 20 when the vapor cell is counted, owing to the
atom absorption and the reflection of the cell walls. The cavity
length is stabilized by a piezoelectric transducer (PZT) mounted
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on CM4, which is achieved through an auxiliary locking beam
from a frequency-stabilized 840-nm diode laser.

Rydberg excitation is achieved by two lasers, as shown in
Fig. 1(a). The probe laser is an 852-nm laser, which is injected
from input coupler CM1 to resonantly drive the Cs atomic tran-
sition from the ground state |g) = |6Sl 2. F = 4) to the excited
state |e) = |6P3/2,F’ = 5>. The probe laser frequency is refer-
enced to the saturated absorption spectroscopy (SAS) of another
Cs vapor, and the cavity mode is tuned to be on-resonance
with the probe laser to enhance the intracavity laser intensity.
The coupling laser is a 509-nm laser, which is generated by
frequency doubling (second harmonic generation, SHG) of an
amplified fundamental 1018-nm laser via a fiber amplifier (FA).
The coupling laser is injected from coupler CM3, and the waist
is transformed to approximately 80 um by lens L1. The cou-
pling laser is scanned over the atomic transition from the excited
state ) = |6Ps o, F' = 5) to the Rydberg state |r) = |51S,,,) and
the frequency is monitored by a wavemeter. The frequencies of
both lasers are stabilized to a stable high-finesse Fabry—Pérot
(F-P) cavity, which serves as a frequency standard, via the
Pound-Drever—Hall (PDH) technique.

In our experiments, the transmission spectra of the probe
light with and without the cavity are recorded with the same
experimental setup. The switching between free space and
cavity-enhanced experimental configurations is achieved by an
intracavity shutter, which is placed between CM1 and CM2.
The spectra are measured by PD2 (C30659-900-R8A, Perkin
Elmer). The typical Rydberg OB spectra with and without cav-
ity are shown in Fig. 3. We can see that the peak height of the OB
signal is enhanced by approximately 10 times with the optical
cavity, which is consistent with the theory in Fig. 2 (b).

The spectra of the Rydberg OB are then studied for a series
of Q,, with Q, being fixed, and the results are summarized in
Fig. 4. In free space, the OB signal is invisible with a low probe
light [as shown in Fig. 4(a6)] because of the low excitation of
the Rydberg state (p,. = 0), where the interaction between the
atoms can be omitted. The excitation of the Rydberg state (p,,)
increases by enhancing Q,,. Thus, the OB signal becomes visible,
and the amplitude and width become increasingly larger, owing
to the stronger Rydberg interaction. As a comparison, when
using the cavity, the OB signals appear at a lower probe power
[Fig. 4(b6)], by which the OB is invisible in free space. These
results are consistent with the theory, and our theory predicts
that the cavity enhances not only the OB amplitude but also the
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Fig. 3. Experimental results of Rydberg OB in free space and
cavity: spectra taken with same Rabi frequencies of coupling and
probe lights, Q./27 = Q,/2m = 13 MHz. Black curve: frequency
of coupling light scanned up. Red curve: frequency of coupling
light scanned down. Transmissive intensity is normalized to level
of baseline of probe light. Light gray curve: theoretical prediction
of cavity-enhanced Rydberg OB.
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Fig. 4. Experimental results of Rydberg OB in: (al) to (a6) free
space; (bl) to (b6) cavity. Spectra taken with fixed Rabi frequency
of coupling light, with Q./27 = 20 MHz and a series of probe light
Rabi frequencies, Q, /27 of: (a6), (b6) 11 MHz; (a5), (b5) 17 MHz;
(a4), (b4) 20 MHz; (a3), (b3) 24 MHz; (a2), (b2) 27 MHz; (al), (bl)
30 MHz. The power of probe light in front of CM1 is displayed in
each sub-figure in the small panel with black line. The spectra are
obtained with the frequency of coupling light scanned (black curve)
up and (red curve) down, with scanning speed 27 x 0.01 MHz/s.
The spectra are shown as both the transmissive intensity [normalized
to level of baseline in (a6)] of the probe light versus A, (left axis).
The numbers associated with the dashed lines are the maximum
slopes k at the critical points. The variance of the noise associated
with each spectrum is also indicated as Var(u), which is the mean
square root of the fluctuations and normalized to the baseline of
(ab).

OB frequency shift and width, compared with the cases in free
space.

The maximum slope k of the OB spectra at the critical point
provides a potential approach for measuring the MW electric
field [5]. As discussed, steady-state semiclassical theory cannot
give direct evidence for the enhancing effect of the slope by using
the cavity. Here, we extracted the value of k for each spectrum
and marked it in Fig. 4. The variances of the noise associated
with the spectra are also measured and shown as Var(y) in each
sub-figure. We found that, compared with the maximum slope
without OB [Fig. 4(a6)], k is enhanced by more than 10 times on
average (45 times at most) with the OB in free space [Figs. 4(a2)
to 4(a6)]. The noise is enlarged only approximately 1.5 times at
most. These results agree well with Ding et al. [5]. By adopting
the cavity, k is further enhanced by approximately 15 times,
and the noise is enlarged by another 1.2 on average (1.5 times
at most). The enlarged noise mainly comes from the instability
of the cavity, which is determined by the cavity-locking loops.
The noise could be suppressed further by optimizing the locking
loop.

Fisher information (FI) is a figure of merit to evaluate
the sensitivity of the measurement. According to Ding et
al. [5], the enhancement ratio for FI can be calculated as
(k*/Var(u))/ (k% / Var(u)), in which k and k, are the slopes of the
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Fig. 5. Enhancement ratio for FI versus Rabi frequency of probe
light. The enhancement ratio for FI is calculated from the maximum
slope k and noise level Var(u) associated with OB in Fig. 4 and
those associated with the Rydberg EIT [Fig. 4(a6)]. Up and down in
parentheses denote scanning directions of coupling light frequency
to obtain spectra.

two spectra and Var(u) and Var(uy) are the associated noise lev-
els, respectively. The enhancement ratio for FI of every spectrum
with OB in Fig. 4 over the Rydberg EIT [Fig. 4(a6)] is calcu-
lated and summarized in Fig. 5. It is clear that the FI, as well as
the measurement sensitivity, can be enhanced by three orders of
magnitude with OB in free space, which has been shown in Ding
et al. [5]. Here, by using a cavity, the maximum slope k of OB
can be improved by 750 times, whereas the FI can be enhanced
by 10° compared with the free space Rydberg EIT, which is two
orders of magnitude above that obtained from the OB in free
space [5].

In summary, we studied the cavity-enhanced OB of the Ryd-
berg atomic ensemble in both theory and experiment. To the
best of our knowledge, this is the first time that the Rydberg-
induced nonlinear OB effect has been studied experimentally
within an optical cavity. We observed a more than 10-fold
enhancement of the OB spectrum in a cavity than in free space.
At the same time, improvements in the OB frequency shift,
width, and threshold were also observed. Our experiments also
show that the slope of the spectrum at the critical point can be
enhanced by 15 times, and the FI can be enhanced by another
two orders of magnitude. Therefore, the measurement sensitiv-
ity of the MW field could be significantly improved by using
the cavity-enhanced Rydberg OB effect. This also provides a
new platform for the study of nonequilibrium many-body sys-
tems with both short-range Rydberg interactions and long-range
cavity-mediated interactions.
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