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We exploit polarization self-rotation in atomic rubid-
ium vapor to observe spontaneous symmetry breaking
and bistability of polarization patterns. We pump the
vapor cell with horizontally polarized light while the
vertical polarization, which is initially in the vacuum
state, is resonated in a ring cavity. Microscopic field
fluctuations in this mode experience cumulative gain
due to the compound action of amplification due to the
self-rotation and feedback through the resonator, even-
tually acquiring a macroscopic magnitude akin to an
optical parametric oscillator. The randomness of these
fluctuations results in a bistable, random macroscopic
polarization pattern at the output. We propose utilizing
this mechanism to simulate Ising-like interaction be-
tween multiple spatial modes and as a basis for a fully
optical coherent Ising machine.

http://dx.doi.org/10.1364/a0. XX XXXXXX

A nonlinear optical effect known as polarization self-rotation
(PSR) occurs as a result of the interaction of an elliptically po-
larized light with a nonlinear x®) medium. PSR consists in the
rotation of the polarization ellipse at a rate that increases with
the ellipticity [Fig. 1(a)]. In a Kerr medium, the refractive index
for each component depends on its intensity. Unequal refractive
indices result in different phase velocities, which in turn leads
to a rotation of the polarization ellipse [Fig. 1(b)].

Initially investigated in the 1970s [1], PSR gained renewed
attention in the early 2000s, when it was considered as a simple
source of squeezed light [2-4]. When a PSR-exhibiting medium
is pumped with linearly (e.g., horizontally) polarized light, mi-
croscopic field fluctuations in the orthogonal (vertical) polariza-
tion mode can manifest as microscopic ellipticity of the overall
polarization pattern. Microscopic self-rotation due to this ellip-
ticity brings about linear shear of the phase space of the vertical
polarization mode, squeezing the uncertainty circle.

In this work, we experimentally investigate the optical para-
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metric oscillation (OPO) induced by PSR. To that end, the ef-
fect on the vertical mode is enhanced by a cavity in which that
mode resonates [Fig. 1(c)]. For certain resonator lengths, the
amplification becomes cumulative, leading to a macroscopic
electromagnetic field amplitude in the steady state and thus to a
macroscopic ellipticity of the field polarization in the vapor cell.

Our PSR-based OPO shows a spontaneous symmetry break-
ing of the optical polarization state. The handedness of the
elliptical pattern in the steady-state is determined by the sign of
the initial fluctuation from which it originated. Consequently,
this handedness is random every time the parametric oscillation
is initiated and remains constant for as long as the oscillation is
sustained. In other words, the polarization state is bistable.

Bistability is a common feature of parametric oscillators and
Kerr cavities, observed in a variety of schemes [5-8]. For ex-
ample, Moroney et al. [9] observed polarization bistability with
a continuous wave in a high-Q fiber resonator with Kerr non-
linearity. Due to spontaneous symmetry breaking, one circular
component of the linearly polarized input light became domi-
nant inside the cavity, while the other one was reflected.

Bistable systems can be affected by various asymmetries in-
troducing a bias in the final binary distribution [9-12]. In our
scheme, the main source of the signal’s polarization bias is the
leakage of the pump in the cavity feedback loop. However, po-
larization selectivity of the resonator in combination with the
full control of the pump polarization allow us to minimize that
leak and observe random selection of one of the two helicities in
the output.

Atomic resonant enhancement in our system leads to a much
stronger nonlinearity than the x® nonlinearity in a fiber or the
x® nonlinearity in a crystal: significant squeezing of a contin-
uous wave mode can be obtained in a single pass through the
vapor cell. This makes the scheme attractive for the implemen-
tation of an all-optical coherent Ising machine. We discuss this
idea at the end of the paper.

We analyze the transformation of the field polarization pat-
tern under the joint action of PSR and the resonator. Interacting
with a rubidium vapor cell, elliptically polarized light experi-
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ences rotation of its optical axis by the angle ¢(¢), where ¢ is the
ellipticity. Subsequently, the vertical polarization is reflected by
a polarizing beam splitter into the resonator [Fig. 1(c)]. During a
roundtrip through the resonator, the field accrues a phase shift
1 and experiences a linear loss before being re-injected into ru-
bidium. The field transformation in one roundtrip can thus be
written as follows:

En
()
_ 0 0 cos(p) —sin(¢) En N En
0 e’ ] \sin(p) cos(e) 8‘(,"> 0/’

where €y, £y are the complex field amplitudes of the polariza-
tion components in the nth roundtrip and 1 — # is the intensity
loss in the cavity per roundtrip.

Fig. 1(d) visualizes the evolution of £y in the complex plane.
We use the horizontal component as phase reference, so £y is a
real number. PSR admixes this real horizontal amplitude into the
vertical mode [Fig. 1(d,ii)]. The subsequent roundtrip through
the resonator rotates the complex phase of the field and scales
it by factor /77 [Fig. 1(d,iii)]. The resulting vector undergoes
further horizontal displacement due to self-rotation (determined
by the new ellipticity) [Fig. 1(d,iv)], and so on.

To identify the conditions under which this recurrent trans-
formation leads to oscillation, we assume the initial ellipticity to
be small (¢ < 1). The self-rotation angle is then proportional to
the ellipticity [2]:

@ =~ gle, 2
where the proportionality coefficient ¢ depends on the intensity

of the incident light and its detuning from resonance. The ellip-
& H Imé& 1%

|Eal* + EvI?
for ¢ < 1. The vertical field com-

ticity itself (for £y € R) is defined as € = arcsin

mé'v
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ponent transformation according to Eq. (1) then becomes

[2], simplifying to e ~ L

XY x e €y + gltmEy). ®)

The threshold condition corresponds to ’8‘(,n+1>

| > || This
inequality can be solved by writing Eq. (3) in the matrix form
with respect to the real and imaginary parts of £, and finding the
eigenvalues A, of the transfer matrix. The threshold condition

is obtained by requiring maxy(|A1,2|) > 1, which resolves to

gl>1/yn— /1, @
with the highest gain observed at
§ = arctan (%l) . (5)

The infinite growth of |Ey | is limited by the pump depletion and
saturation of the self-rotation coefficient for large ellipticities.

To obtain the polarization of the field in the steady state, the
small-ellipticity condition must be relaxed, and Eq. (1) must be
solved numerically.

The bistability of this PSR-based OPO can be understood by
examining the top and bottom rows of Fig. 1(d). As is evident
from Eq. (3), the sign of the imaginary component of £y (and
hence the helicity of the polarization pattern) is preserved in each
roundtrip through the resonator. Depending on the initial value
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Fig. 1. Concept of the study. a) PSR effect. The magnitude and
direction of self-rotation depend on the ellipticity of the input
polarization and its handedness, respectively. b) Conceptual
explanation in an atomic X-system. Elliptically polarized light
is described as a sum of two circular components (04 and 0_)
with unequal intensities, interacting with the respective transi-
tions in the X-system. These components experience different
refractive indices due to optical pumping and ac Stark shift.
c) Scheme of the experiment. Rubidium vapor is pumped by
horizontally polarized light, while the vertical polarization is
resonated in a ring cavity. PBS: polarizing beam splitter; HWP:
half-wave plate; QWP: quarter-wave plate. d) Origin of op-
tical parametric oscillation and bistability. Complex electric
field vector of the vertical polarization component is shown:
(i) before entering the vapor cell, (ii) after passing through the
cell and experiencing PSR, (iii) after a roundtrip through the
cavity, before entering the cell for the second time, (iv) after
second passage through the cell. The phase of the developed
oscillation depends on the sign of the initial Im&y, giving rise
to bistability (see text for further details).

of this sign, £y will acquire one of the two opposite phases when
amplified. Because the self-rotation angle ¢(¢) is an odd function
of the ellipticity, it follows that whenever a vector (£y, £y) with
ellipticity ¢ is a steady state solution of Eq. (1), so is the vector
(En, &) with ellipticity —e.

For the experiment, we utilize a Vitawave external-cavity
diode laser, which emits continuous-wave light at 795 nm with a
power of 13.5 mW, resonant with the D; transition in 85Rb. For
PSR measurements, the laser is set to horizontal polarization and
directed into a rubidium cell heated to 70°C and placed inside
a telescope formed by two f = 30 cm lenses. The transmitted
beam is subjected to polarimetric balanced detection in a 45°
basis (see Supplementary 1 for more experimental details).

The self-rotation is measured as a function of the laser detun-
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Fig. 2. Experimental observation of PSR. Data for both plots 08 08
are acquired at the pump power P = 13.5 mW. a) Coefficient \\M 0.6 ‘\M 0.6
of absorption al (blue line, left scale) and self-rotation parame- KEO 4 i GEO 4 M
ter ¢/ (red line, right scale) measured across the Rb D1 transi- o ++ £
tion. Zero detuning corresponds to the maximum absorption 02 + 02 +
wavelength. The absorption coefficient «! is calculated as the 0.0 Btatusasetitedsd 00UULLLLLLILLILLLL
natural logarithm of the ratio of the transmitted and input in- 02 04 06 08 02 04 06 08
Efficiency n Efficiency n

tensities. The green region marks the frequency range where
bistability is observed. b) Dependence of the polarization el-
lipse rotation angle on initial ellipticity at frequency detuning
A = 0.35 GHz. Experimental data (blue dots) is compared to
the theoretically obtained curve (red line) from Eq. (6).

ing [Fig. 2(a)] and ellipticity [Fig. 2(b)]. For the latter dependence,
we also obtain a theoretical prediction based on an X-shaped
level structure [Fig. 1(b)] (more details in Supplementary 2):

_ Césin(2¢)
? = 24802 + 1+ cos(de)]I/ Isat’

where [ is the optical intensity, It the saturation intensity of
the transition, ¢ the ratio of the detuning and the resonance line
width, and C a proportionality coefficient. A good fit to the
experimental data is found for § = 0.1 and I/ Isat = 10. We can
see that the proportionality ¢ o € holds for small ellipticities.
The difference between the experimental and theoretical curves
is due to simplified treatment of the complex rubidium energy
structure as a four-level system without Doppler broadening.

To observe bistability, we build the setup shown in Fig. 1(c)
(see Supplementary 4 for details). The laser is tuned into the
range with the lowest losses and the highest nonlinearity [shown
in pale green in Fig. 2(a)]. A small fraction of the field is de-
flected from the cavity before the cell with a highly transmissive
beam splitter, which was tested to have a negligible effect on the
relative phase of the horizontal and vertical polarization. The
reflected beam is subjected to polarimetric measurement in the
circular basis via two photodetectors. The pump polarization is
carefully adjusted by two waveplates to eliminate leakage into
the cavity in the absence of PSR.

The signal from these photodetectors, while the phase of the
resonator is scanned with a piezoelectric transducer, is shown in
Fig. 3(a). Whenever the phase passes through a cavity resonance,
oscillation emerges with randomly either the right or left circular
component being prevalent.

To investigate the dependence of the bistable state on the
losses in the resonator, we measure the output polarization in
circular and canonical bases to evaluate (see Supplementary 3
for a derivation):

(6)

ImEV _ IL - IR and ReSV _ IV - (Im8V)2 )

& H To2I H & H & H
where Ig, I;, and Iy are the intensities of the right circular, left
circular, and horizontal polarization components respectively.
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Fig. 3. Bistability measurements. a) Signals from the two pho-
todiodes performing polarization measurements in the circular
basis during two successive phase scans of the cavity. b) Real
and imaginary parts of the steady-state vertical amplitude as
a function of loss in the resonator. The red theoretical curve is
obtained by numerically solving Eq. (1) with the self-rotation
angle computed from Eq. (6). The blue shaded area shows the
threshold calculated from Eq. (4) with the self-rotation param-
eter ¢ obtained from the data in Fig. 2(b). All measurements
are performed with a fixed frequency detuning A = 0.35 GHz
and pump power P = 13.5 mW. Small non-zero values of
Re€y under the threshold is due to imperfect balancing of the
polarization measurement.

The resulting data are demonstrated in Fig. 3(b). We observe that
the bistability is significantly tolerant to losses, a consequence of
a high phase-dependent gain in each roundtrip.

To demonstrate the randomness of the bistable states, we
acquire a series of M = 700 oscillation events, ascribe a value
sy = £1 to each event according to its helicity, and calculate the
auto-correlation

1 M
K(m) = i Y sucSugm. (8)
n=0
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Fig. 4. Auto-correlation function for experimental values of
binary phases (blue dots). Double standard deviation inter-
vals for the experimental auto-correlation function and for the
auto-correlation function of the ideal independent binary dis-
tribution are also shown.
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As can be seen in Fig. 4, this function behaves similarly to that
of a fair coin: the standard deviations of K(m) (for m # 0) for the
experimental data and ideal Bernoulli distributions are almost
equal. This suggests that the randomness observed is likely to
originate from quantum vacuum fluctuations, as is normally the
case with OPOs [10]. However, it cannot be excluded that the
fluctuations are of classical origin, such as fast oscillations of the
pump polarization or external magnetic field.

Such randomness can be a basis for a random number gen-
erator [10, 11]. While the random data in this experiment are
acquired at a rate limited by the cavity scan speed, a more funda-
mental physical limitation is imposed by the atomic relaxation
time and the duration of several roundtrips through the res-
onator, both on time scales of tens of nanoseconds. Higher rates
can be obtained by spatial demultiplexing, as discussed below.

In summary, we demonstrated that polarization self-rotation
could be utilized to generate bistable polarization states of light.
Spontaneous symmetry breaking for the initially horizontally
polarized light was achieved thanks to the resonant optical non-
linearity of rubidium vapor cell in a vertical polarization selec-
tive resonator. As a result, the field in the resonator becomes
elliptically polarized with a random helicity, as evidenced by
statistical analysis.

The optical system presented in this paper can be scaled
up: several independent bistable spatial modes can be obtained
simultaneously by focusing multiple spatially separated laser
beams in the same vapor cell. These modes can be arbitrarily
coupled by placing a spatial light modulator into the resonator
using spatial matrix-vector multiplication methods developed
in the context of optical neural networks [13, 14]. This system
of coupled optical parametric oscillators would implement an
all-optical coherent Ising machine (CIM), i.e. an analog optical
neural network capable of evolving into the ground state of an
Ising Hamiltonian [15, 16].

In the original optoelectronic CIM [17-19], the pulsed modes
are coupled through classical measurement and feedback, which
precludes their entanglement and hence quantum computational
advantage [20]. An all-optical CIM, in which the interaction be-
tween modes occurs via interference, would address this short-
coming. Existing solutions, based on pulsed modes and fiber
interferometers, either involved very few oscillators [21] or had
the coupling limited to nearest neighbors [22]. Leveraging the
resolution of spatial light modulators to couple spatially sepa-
rated continuous-wave bistable modes appears to be a promising
path toward scalability. The number of modes in this setting is
then limited by the vapor cell area. While each mode in the cell
is < 0.25 mm wide, spurious cross-talk between modes may im-
pose a lower limit on the distance between neighboring modes.
This effect can be curtailed by constructing an array of microcells
with longitudinal partitioning.

In addition to applications for combinatorial optimization, it
is interesting to explore the potential of this all-optical CIM as a
quantum simulator of condensed matter physics. Such studies
have been actively pursued with the D-Wave annealer, such as
e.g. a recent simulation of nonequilibrium dynamics of a mag-
netic spin system undergoing a quantum phase transition [23].
The promise of multiple coupled OPOs in this context has been
shown theoretically [24, 25], but experimental research has so
far been limited to the optoelectronic scheme [26].

The bistability, especially near the exceptional point, is highly
sensitive to fluctuations of the system parameters, particularly
an external magnetic field. Hence the setup may also prove
promising as a magnetic field sensor.
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We believe the system presented in this work offers signifi-
cant potential for many academic and practical applications in
quantum optics and analog computing.
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