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Abstract: We demonstrated stochastic switching in a bistable system implemented with the
Rydberg atomic ensemble, which is realized by cascaded Rydberg excitation in a cesium
vapor cell. Measurement of Rydberg state’s population by means of the electromagnetically
induced transparency allows us to investigate the nonlinear behavior in Rydberg atomic ensemble
experimentally. The transition between the two states of the bistable system is driven by
the intensity noise of the laser beams. Rydberg atomic ensemble accumulates energy in an
equilibrium situation and brings the nonlinear system across the threshold, where stochastic
switching occurs between the two states.
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1. Introduction

System resonance is a fundamental phenomenon pervading both nature and society. It reveals
the response of a system to the store and transfer of energy from an external forcing source to
an internal mode, where the forcing source includes the driving signal and stochastic noise [1].
Quantum particles have been proposed as components which compose nonlinear systems. Recent
developments in techniques have provided scalable approaches for studying the interplay of pure
quantum mechanical systems and their couplings to reservoirs. These techniques can be applied
to quantum information processing and quantum sensing [2].

The phenomena of stochastic switching in a bistable system have been observed in solid-state
crystals, ion systems, and double quantum dot systems [3—10]. For atomic systems, it has been
theoretically predicted that intrinsic interaction leads to stochastic resonances as well. For neutral
atoms, the properties of the interaction depend on the quantum state. The interaction of the atoms
in their ground state is dominated by van der Waals forces scaling as 1/RS at a short range R.
The excitation of the neutral atom to a high-lying Rydberg state results in strong dipole-dipole
interaction or van der Waals interaction, where long-range interaction is a promising candidate
for implementing a bistable system. Bistability is critical for producing stochastic switching,
where quantum stochastic switching can be driven by spin noise or quantum fluctuation. Based
on nonlinear systems with a cooperative Rydberg interaction, it may be possible to implement
atom-based sensing. Electric sensitivity of Rydberg atoms is a promising candidate to achieve
weak signal detection. The detection scheme is based on the sensitivity to the initial conditions
of either stochastic or chaotic systems, in which the states of the system change under very small
perturbations. This is different from the traditional methods.

‘We have demonstrated stochastic switching in Rydberg atomic ensemble. The double-state
potential system was formed under a cooperative interaction of Rydberg atoms. In this bistable
system, population transfer occurs between low and high population of Rydberg states.
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2. Experimental setup

The schematic diagram of experimental apparatus is shown in Fig. 1. An 852-nm external
cavity diode laser (ECDL) with a typical linewidth of ~ MHz is employed as a probe laser. The
output optical power of a 1018-nm ECDL laser is amplified to 5 W by an Ytterbium-doped fiber
amplifier (YDFA), and then is frequency-doubled in a PPLN crystal to produce a 509-nm laser.
The two beams are then overlapped in a cesium atomic vapor cell with a counterpropagating
configuration. The spherical cell has a radius of ~1.2 cm to match the Rayleigh length of the
focused beams: ~ 250 pm waist for the 509-nm laser and ~170 um waist for the 852-nm laser.
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Fig. 1. Schematic of the experimental apparatus. The 852-nm external cavity diode laser
(ECDL) was used as a probe laser. The 1018-nm laser from the ECDL was amplified
to 5 W by the fiber amplifier, and the frequency of the output beam was doubled in a
periodically poled lithium niobate (PPLN) crystal to produce a 509-nm laser (SHG). Then,
the 852-nm and 509-nm laser beams overlapped in the cell (Cs-cell) in a counterpropagating
configuration. OI, optical isolator; EOM, electro-optic modulator; A/2, half-wave plate; PBS,
polarization beam splitter cube; MS, Magnetic shielding; YDFA, Ytterbium-doped fiber
amplifier; SHG, second-harmonic generation; PD, photodiode detector; DM1, 852-nm HR
and 509-nm HT dichroic mirror; DM2, 852-nm HT and 509-nm HR dichroic mirror; DM3,
1018-nm HR and 509-nm HT dichroic mirror; D, optical dump; SAS,saturation absorption
spectroscopy.

The 852-nm ECDL is stabilized to the 6S;/, (F=4) - 6P/, (F’=5) hyperfine transition via the
saturation absorption spectroscopy. The probe and coupling lasers’ wavelengths are measured by
a wavemeter (Model HighFinesse WS-7, wavelength deviation resolution is ~ 2 MHz), which is
calibrated by cesium atomic hyperfine transition line. The 509-nm laser is frequency stabilized
through electromagnetically induced transparency (EIT) spectroscopy. The two servo systems
include piezo-electric transducer (PZT) with a kilohertz bandwidth and radio-frequency (RF)
bias-Tee in current port with a gigahertz bandwidth. The bandwidth of the servo loop is over
100 kHz. The entire optical system adopts ultra-stable mirror mounts to suppress mechanical
noise. The RF synthesizer (Model E-8257D, Agilent Technologies), stabilized by using a
table-top rubidium atomic clock (Model FS527, SRS), is used to drive the phase-type electro-
optic modulator (EOM). Based on a RF modulation technique, we have measured the velocity
dependence of the hyperfine splitting of intermediate states and Doppler-free splitting of Rydberg
states with the room-temperature vapor cell, as shown in Fig. 2. Measuring the energy shift by
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using RF modulation technique only requires frequency interval of the spectra which are clearly

distinguishable.
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Fig. 2. (a) Energy level schematic of the cascade-type EIT of Cs atoms. The 852-nm probe
laser is resonant with the 6Sy 5 (F=4) - 6P3, (F’=5) transition. The 509-nm coupling laser
is resonant with the 6P state and the nS Rydberg state. (b) All hyperfine-transition EITs of
intermediate states are observed because of velocity-selective effects in the room-temperature
atomic cell.

3. Cooperative Rydberg interactions

The nonlinear system produced by neutral atoms requires the preparation of a Rydberg ensemble
in special quantum states.

Figure 2(a) shows cascade-type EIT of Cs atoms. The 852-nm probe laser and 509-nm
coupling laser are nearly resonant. The EIT transmission signal is monitored by scanning the
frequency of the coupling laser while locking the frequency of the probe laser. The strong
coupling laser is scanned across the upper transition. The EIT peaks appear when the probe laser
and coupling laser are two-photon resonant. The hyperfine splitting of 6Pz, intermediate states
can be observed due to the existence of different velocity classes of atoms [Fig. 2(b)]. For atoms
with velocity v moving in the same propagating direction as the probe field, the detuning of the
probe laser is Ap = —wp - v/c and that of the coupling laser is A¢ = Ap - w¢/wp. When the
two-photon condition is satisfied, considering Doppler mismatch, the hyperfine splitting of 6P3,
states scale as Ap,, = —(1 — we/wp) - Ap.

Under the weak probe field regime, the matrix element for the population can be calculated by
solving the steady-state optical Bloch equations. The profile of the transmission signal amounts
to a convolution of the Holtsmark probability distribution with the EIT line shape [10,11]. The
evolution of the cooperative ensemble can now be described by the modified two-level optical
Bloch equations [12]. Following the mean-field theory presented by Ref. [13], we simulate the
Rydberg population as a function of the coupling beam’s detuning, and the matrix expressions
are given by
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where T is the decay rate from the Rydberg state |2) to ground state |1), Q is the Rabi frequency.
The atoms in ground state are pumped to Rydberg state by probe laser and coupling laser. Here
Ay = A -V is effective detuning, A is the detuning between the laser and transition frequencies
and V is the energy shift of Rydberg atom due to the dipole-dipole interaction. The diagonal
matrix elements p;; represent the population of states and the off-diagonal matrix elements p;
represent the coherence between the states. Following Ref. [13], the expression of population
dependence is given by
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Figure 3(a) shows the population of the Rydberg state as a function of coupling laser detuning.
When there is weak interaction in the Rydberg ensemble, the population varies as a function of
coupling laser detuning, which is similar to a Lorentzian profile [gray dotted line in Fig. 3(a)].
When there are strong interactions, there is a sharp switching in the Rydberg population at
critical laser frequency [green dash lines in Fig. 3(a)]. Here, the interaction energy is +49 MHz,
the Rabi frequency of the coupling laser and the probe laser are both 11.5 MHz. The atomic
density-dependent cooperative interaction depends on the power and detuning of driving lasers.
We use the EIT method to measure the population-dependent effect. The transmission signal
depends on the atomic population. The simulation results are in qualitative agreement with
the experimental results. The transmission spectra of the cascaded transition 6S;/, (F=4) -
6P3,, (F’=5) - 50Ds,, presents non-symmetric profiles as the Rabi frequency of probe laser
being increased from ~3.4 MHz to ~12.5 MHz, as shown in Fig. 3(b). cooperative interaction
results in the nonlinear transition effect. Here, the observed peaks shift may be also due to the
ion-dependent energy shift and Cooperative interaction shift. The frequency of the probe laser
is optimized by blue detuning ~200 MHz relative to the 6S;/» (F=4) - 6P3/, (F’=5) transition.
Taking into account the Doppler mismatch, the corresponding frequency detuning of coupling
laser is Az, = —(1 — we/wp) - Ap =~ —135MHz. Note that the nonlinear collective interaction
is sensitive to the ground state atomic density. The optimized temperature of the atomic gas is
35°C, which corresponds to an atomic density of ~1.3 x 10 cm 3.

Figure 4 shows the dependence of the nonlinear effects on coupling laser intensity and frequency.
The Rabi frequency of the coupling laser beams are increased from ~5.1 MHz to ~12.7 MHz.
When the intensity of coupling beam is weak, the profile of transmission signal is similar to a
Lorentzian function or a Voigt function. In the case of strong coupling beam’s intensity, at critical
frequency, there is a sharp switching in the transmission signal. The switching of nonlinear effect
is caused by cooperative interactions in the Rydberg atomic ensemble. These interactions include
the dipole—dipole interaction between Rydberg atoms [12—14], the charge-induced interaction
between the Rydberg atoms and the charge produced by the spontaneous ionization of the
Rydberg atoms [10,15—18]. The hysteresis phenomenon of Rydberg population depends on
the laser scanning direction. The frequency of the probe laser is optimized to blue detuning of
~200 MHz relative to the 6Sy/, (F=4) - 6P3/, (F’=5) transition. The probe laser is blue detuned
by ~450 MHz relative to the 65/, (F=4) - 6P3/, (F’=4) transition, where the far-off resonance
condition significantly reduces the pumping effects of Rydberg population. This may be the
reason why there is no nonlinear effect for 6S;/, (F=4) - 6Pz, (F'=4) - 50Ds/; transition. In
contrast to the power-dependent effect of probe laser, as shown in Fig. 3(b), the transmission
windows of the EIT signal are not obviously shifted. The peaks shift may arise from Stark shift
due to auto-ionization of the Rydberg atoms [10,18-20]. In addition, strong driving from the
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Fig. 3. (a) The population of the Rydberg state as a function of coupling laser frequency
detuning. The gray dotted line is a Lorentzian profile shape. The red and blue lines plot the
low and high Rydberg populations, respectively. The sign of the interaction frequency shift
relative to the unperturbed resonance depends on the angular momentum states. Here, the
Rabi frequency of the coupling laser and the probe laser are both 11.5 MHz. The interaction
energy is +49 MHz. (b) The transmission spectra of the cascaded transition of 6Sy ;, (F=4) -
6P3/> (F’=5) - 50Ds, present non-symmetric profiles, the Rabi frequency of probe laser
are increased from ~3.4 MHz to ~12.5 MHz.

probe laser inhibits the ensemble occupation of the Rydberg state, which effectively suppresses
avalanche ionization, resulting in a shift in the EIT window with probe laser power [19].
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Fig. 4. Time series plots for two 6P hyperfine states with various coupling laser intensity.
Distinctive nonlinear characteristics from EIT spectra are observed for the 6S; /> (F=4) -
6P3/5 (F’=5) - 50D5 , transition. The probe laser is optimized to blue detuning of ~200 MHz
relative to the 63, (F=4) - 6P3, (F’=5) transition. The Rabi frequency of the probe laser
is ~ 4 MHz.

4. Stochastic switching in a bistable system

Stochastic switching in a bistable system is similar to the threshold-crossing excitable system.
The system accumulates energy in the resting state. Perturbations above a certain threshold may
induce large excursions triggering transitions. When noise is injected into a bistable system, the
collective interaction assists the intrinsic oscillator in eliciting an efficient response by overcoming
the potential barrier. Then, the resting condition is transformed into a firing condition. The
bistable system can be described by the universal scaling theory of the FitzZHugh—Nagumo model
[21], which is a simplified version of the Hodgkin—Huxley model [22,23]. Similarly, a Rydberg
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atomic ensemble with long-range cooperative interaction can also perform the nonlinear system.
In the case of low atomic density, the Rydberg excitations are independent, and the mutual
interactions do not affect the system dynamics. As the atomic density increases, the interaction
of the nearest neighbors strongly prevents the generation of new Rydberg atoms. When the
number of interacting Rydberg atoms is above a critical number, the cooperative shift exceeds the
width of the electron shelving resonance where the system state does not change with the laser
frequency detuning in a finite range. This results in low and high Rydberg population [12,13].
The hysteresis phenomenon of Rydberg population depends on the laser scanning direction.
The low and high Rydberg populations form the two stable states of system. When the driving
energy is small, there is no cross motion. When the cumulative energy of the system is above the
potential barrier, switching between the two states occurs.

The nonlinear interaction of the Rydberg atoms creates a two-state system. The barrier heights
of the two-state can be controlled by adjusting the laser parameters. The laser beams with white
Gaussian noise provide the perturbations or driving force. When the lasers derive the atomic
Rydberg ensemble, the noise of laser acts on the bistable system, the cumulative energy of the
system in the equilibrium state is above the barrier height, and a transition occurs between the two
states of the bistable system. Figure 5(a) shows the experimental implementation of the stochastic
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Fig. 5. Typical stochastic switching spectra: (a) Noise-induced switching traces in the
nonlinear system produced by the cooperative interaction of the Rydberg atomic ensemble.
G and E indicate the transmission signals for the populations of the low and high Rydberg
states, respectively. For simplicity, we only show the fluctuation of EIT transmission single;
(b) More detailed results, the step-like signal in detail is almost stochastic switching; (c)
Histogram of the photon counting data—the discretely separated count peaks (red and green
fitted lines) represent two equilibrium points in the Rydberg atomic ensemble system. Both
peaks are fitted by a Gaussian function. The histogram of EIT fluctuation collected by
a high-speed (Bandwidth 10 MHz) photodiode detector (Model 2015, New Focus). The
voltage signal is input a digital oscilloscope (DPO7104, Tektronix), where the maximum
real-time sampling rate is up to 10 GS/s. In order to reduce the signal fluctuation of
discrimination, the bin size is 0.001 V.
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switching for Rydberg atomic ensemble in the 50Ds , state, as detailed in Fig. 5(b). The spectra
of a time series plot are obtained by tuning the coupling laser frequency. The tolerance frequency
range of stochastic switching is less than 10 MHz. The Rabi frequencies of the probe laser and the
coupling laser are ~11.5 MHz and ~11.5 MHz, respectively. In the experiments, the frequency
of the probe laser is blue detuned by about 200 MHz relative to the 6S;/, (F=4) - 6P3, (F’=5)
transition.

Almost all of the stochastic switching characteristics originate from the transition between the
populations of the low and high Rydberg states. The average durations of these states are ~174
ps and ~178 ps, respectively. Typical rise and fall times are ~66 us and ~83 ps, respectively.
Figure 5(c) shows the count of events of the transmission signal. The relative occurrences number
of bistability states are 49.5% and 50.5%. Clearly well-separated peaks demonstrate that there
are two equilibrium points in the Rydberg atomic ensemble. The wide range of state distributions
is due to system fluctuations and the conversion of the laser phase noise to amplitude noise in
the EIT system. The transition characteristics are analogous to the excitation of the two-level
system. The bistable system is subjected to a certain amount of internal or external random
perturbations. State coherence is characterized by autocorrelations, where coherence times
of ~128 ps are typical. The aperiodicity character shows that the transitions are driven by a
stochastic distribution noise.

5. Summary and outlook

We explored the stochastic switching of a bistable system in the cesium Rydberg atomic ensemble.
The cooperative interaction of the Rydberg atoms produces a bistable double-state system. The
collective state of the Rydberg atoms accumulates energy in an equilibrium situation. External
noise occasionally gives the system a kick which is large enough to cross the barrier of the
double-state. Lee et al [24] theoretically demonstrated a collective quantum jumps of Rydberg
atomic ensemble, where atomic spontaneous decay drives the stochastic jump. The quantum
jump should work under the condition of cryogenic temperature to avoid the blackbody radiation.
The conditions needed in experiment are difficult to be satisfied. Conservatively speaking, the
cooperative interactions of the Rydberg atomic ensemble are used to establish a bistable system
in our work, but the driving force of the stochastic switching may be not quantum noise. A
practical case that the classical and quantum effect may be acting jointly in our experiments. An
indicator of stochastic resonance is that the flow of information through a system is maximized
when the input noise intensity matches the system response. This phenomenon is one of the
fundamental laws in physics, engineering, biology, and etc. A quantum nonlinear system will be
useful for implementing resonance sensing and precision measurements.
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