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Directional Bistability and Nonreciprocal Lasing with Cold Atoms in a Ring Cavity
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We demonstrate lasing into counterpropagating modes of a ring cavity using a gas of cold atoms as a gain
medium. The laser operates under the usual conditions of magneto-optical trapping with no additional

fields. We characterize the threshold behavior of the laser and measure the second-order optical coherence.

The laser emission exhibits directional bistability, switching randomly between clockwise and counter-

clockwise modes, and a tunable nonreciprocity is observed as the atoms are displaced along the cavity axis.
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The unique features of cold atomic gases, including
coherences in electronic, spin, and motional degrees of
freedom, have enabled the realization of lasers with a wide
range of unconventional characteristics. Extremely narrow
gain resonances have been engineered, leading to sublu-
minal group velocities, extended coherence times, and
reduced sensitivity to environmental perturbations [1-4].
Cold-atom lasers operating on dipole-forbidden transitions
[5,6] have shown promise as active optical frequency
standards [7]. Both spatial order [8] and disorder [9] have
been shown to sustain mirrorless lasing, and momentum-
space coherences have enabled collective atomic recoil
lasing [10]. The quantum limit of lasing has been realized
with a single atom, resulting in nonclassical photon
statistics in the emitted field [11].

Missing from this body of work is a bidirectional ring
laser emitting light into counterpropagating traveling-wave
cavity modes. Such lasers can exhibit rich intermode
dynamics and nonreciprocal effects, breaking the symmetry
between propagation directions [12]. A prominent example
of a nonreciprocal laser is the ring laser gyro, which
exploits the Sagnac effect to convert angular rotation into
a beat frequency between clockwise (CW) and counter-
clockwise (CCW) modes [13,14]. A nonreciprocal dye ring
laser was used to investigate stochastic resonances [15],
and semiconductor microring lasers have been used for
studies of parity-time symmetry breaking [16-18] and
chiral effects [19-21].

In this Letter, we demonstrate bidirectional lasing with
cold atoms in a ring cavity. The laser is pumped by the same
fields used for magneto-optical cooling and trapping, with
no additions or modifications. The onset of lasing is
evidenced through threshold behavior with increasing atom
number and a transition from photon bunching to second-
order coherence. The laser exhibits bistable switching
between clockwise and counterclockwise modes, and
nonreciprocal behavior is observed.

Our experiment is shown schematically in Fig. 1(a).
Potassium-39 atoms are cooled in a two-dimensional
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magneto-optical trap (MOT) and continuously transferred
with a pushing laser to a three-dimensional MOT posi-
tioned at the waist of a triangular ring cavity under
ultrahigh vacuum [22]. The trapped cloud has a typical
root-mean-squared radius of 800 ym and a temperature of
1 mK. The light for cooling and pumping is near-resonant
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FIG. 1. Bidirectional cold-atom ring laser. (a) Experiment sche-
matic. A cloud of potassium-39 atoms is cooled and pumped (blue
beams), causing laser emission into the clockwise (CW) and
counterclockwise (CCW) modes of a three-mirror ring cavity
(red beams) [22]. (b) Energy level diagram. The MOT light drives
lasing through Mollow gain, dominated by the 2 <> 2’ transition
[23]. Spontaneous emission here refers to free-space (noncavity)
modes.
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with the manifold of [42S; ., F = 2) <> [42P5,, F') tran-
sitions, and light near resonance with F =1 <> F’ inco-
herently repopulates the F = 2 states (here F is the total
electronic plus nuclear angular momentum, and the prime
denotes an excited state); a level diagram is shown in Fig. 1
(b). A quadrupole magnetic field is on during all measure-
ments, with a gradient of 5.5 G/cm in the weak direction
along the cavity axis. The cavity length is 9.5 cm and the
linewidth « =27 x 1.8 MHz FWHM. The polarization
dependence of the dielectric mirror coatings, together with
the ring geometry, ensure the laser light is linearly polarized
normal to the cavity plane. The emission from one side of
the cavity is either imaged onto a commercial beam profiler
or spatially filtered with single mode fibers and detected
with a pair of analog avalanche photodiodes (APDs) or
single-photon counting modules. In the latter case, neutral
density filters are used above the lasing threshold to prevent
damage to the detectors.

Two gain mechanisms have been identified with cesium
and rubidium atoms during magneto-optical trapping or
under similar conditions—Raman gain between Zeeman
states within a single hyperfine level, and a nonlinear
process known as Mollow gain [2,27-29]. The latter occurs
with two-level atoms driven by strong, detuned fields, and
involves the absorption of two pump photons, the stimu-
lated emission of one photon into the cavity mode, and the
spontaneous emission of one photon into free space [30,31]
[see Fig. 1(b)]. We find that only Mollow gain exists in our
MOT [23]. In potassium-39 the excited-state hyperfine
splittings are on the order of the natural atomic linewidth,
I'=27x6.0 MHz (FWHM), so that Raman gain is
obscured by the nearby 2 < 1/, 3’ transitions.

Lasing can occur when the gain exceeds the fractional
round-trip power loss of the cold cavity, which is below
4 x 1073 in our experiment. As the gain depends on atom
number, the lasing threshold can be crossed at constant
pump intensity and detuning by varying the flux of the
atomic beam loading the MOT through its dependence on
the pushing laser intensity; since the cloud size is larger
than the cavity waist (90 x 130 um? for the TEM, trans-
verse electromagnetic modes), the effective number of
atoms in the cavity is around 200 times smaller than
the total number in the MOT. Typical data are shown in
Fig. 2(a). To set the scale, an output power of 0.85 nW
corresponds to the saturation intensity /., = 1.75mW /cm?
at the cavity waist (or mean number of photons of around
390). These data were obtained with the beam profiler so
that all TEM modes were detected, with intensities inte-
grated over the 1 ms exposure time. Threshold is reached
first for the TEMy, modes, after which increasing the
number of atoms drives spatially multimode emission in
both directions. The observed slope efficiency suggests that
an atom within the cavity mode volume undergoes stimu-
lated emission at a rate ~2 x 10° s~!, which is around 30%
of the estimated spontaneous emission rate.
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FIG. 2. Transition to lasing. (a) Threshold behavior of the ring
laser output power as the atom number is increased, with a fixed
pump intensity of 18 mW /cm? and detuning of —27 MHz from the
2 <> 3 transition. Blue circles (red triangles) are data for the CW
(CCW) mode, and the black line is a fit to both sets of data. The onset
of lasing occurs for a total atom number in the MOT of 6.2(8) x 107,
and the measured slope efficiency is 2.8(2) fW/atom. (b) Second-
order optical coherence of the CW TEM,, mode below (4 x 107
atoms, blue triangles) and above (8 x 107 atoms, red circles)
threshold.

To provide further evidence of lasing, the second-order
optical coherence ¢®)(z) was measured for the CW TEM
mode above and below threshold in a Hanbury Brown-—
Twiss interferometer; the results are shown in Fig. 2(b).
Below threshold the photon counts exhibit super-
Poissonian statistics and bunching characteristic of a
thermal state, with ¢ (0) = 2.160(15) and a coherence
time of 170(5) ns. This timescale is twice the measured
energy decay time of the cavity (1/x). The fact that the
coherence time is longer than 1/ can be understood as a
consequence of the below-threshold gain medium, which
partially compensates the round-trip losses in the cavity
[23]. Above threshold, we find g(z)(r) ~ 1, as expected for
an ideal laser, provided we account for the random direc-
tional switching described in detail below [23].
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A homogeneously broadened ring laser cannot emit
simultaneously into both directions, due to competition
for gain in the saturated medium [13,32]. The dimension-
less third-order equations of motion for the lasing fields are

Ey =[a, + pi(1) = |Ei* = E|Eo]Y)E, + ¢4 (1),
Ey = [ay + py(t) = |Ey* = E|E\PIE; + qo(1). (1)

Here, 1 and 2 label the CW and CCW modes, respectively,
and the a; are the corresponding pump parameters, equal to
the ratio of pump intensity to threshold pump intensity
minus 1. The p; and ¢, are Langevin noise terms describing
the effects of pump fluctuations and spontaneous emission,
respectively. For a homogeneously broadened laser, the
cross-coupling constant £ can be as large as 2, leading to the
possibility of bistable behavior.

We observe such directional bistability in the cold-atom
ring laser, as shown in Fig. 3(a). The laser emits quasi-
continuously into one mode at a time, switching between
CW and CCW directions at random intervals. As discussed
in earlier work on dye ring lasers, this switching is
dominated by the quantum noise terms ¢;(¢), even when
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FIG. 3. Directional bistability. (a) Random switching between

modes. Photon counts from each direction, integrated over 60 us,
revealing quasicontinuous unidirectional lasing. (b) Probability
density Pccw for lasing into the CCW direction, obtained from
the analog APD signal without attenuation. Data are in blue and
the theoretical prediction from Eq. (1) is in red. (c) Normalized
cross-correlation between directions, obtained from the photon
counts with a resolution of 10 ps. Zero corresponds to perfect
anticorrelations and 1 to uncorrelated counts. Data are in blue and
the red curve shows a double exponential with time constants 0.6
and 4 ms.

the pump noise terms p;(7) are relatively large [33,34]. As
such, the switching represents a remarkably macroscopic
effect of individual spontaneous emission events. In
Fig. 3(b) we show the probability density for the CCW
lasing power obtained from one of the APDs. The bimodal
distribution is clear, reflecting the nearly perfect on-off
nature of the switching. The experimentally determined
probability density is in excellent agreement with the
theoretical prediction obtained from Eq. (1) [32]. The
calculation assumes a mean pump parameter a =
(ay +a,y)/2 =8.7 and difference Aa = a; —a, = 0.24
(we show below how the asymmetry Aa can be controlled
in our experiment). The normalized cross-correlation
between CW and CCW directions, shown in Fig. 3(c),
highlights the strong suppression of simultaneous emission,
being only 0.04 at zero delay time. The correlation tends to
1 on a timescale of order 1 ms, reflecting the characteristic
dwell time for continuous emission into either direction.
Specifically, the data are well described by a double
exponential curve with time constants of 0.6 and 4 ms.
The existence of two such timescales in a semiconductor
ring laser was interpreted in terms of the phase-space
topology of the solutions to Eq. (1) in Ref. [35].

The nonzero value of Aa inferred from Fig. 3(b) implies
an asymmetry between the counterpropagating TEM,,
modes. In dye ring lasers, nonreciprocity has been con-
trolled by incorporating an intracavity acousto-optic modu-
lator [15] or Faraday rotator [36]. In our laser, the
directional asymmetry can be tuned by moving the cloud.
This is done by adding a uniform magnetic field along the
cavity axis and varying its magnitude. In Figs. 4(a)—4(c),
we show the time-averaged output powers as the cavity
length is scanned for three different cloud positions. As the
cloud moves, the optimum cavity lengths for the CW and
CCW modes shift relative to one another, while the
summed power remains stationary. The changes in average
power are dominated by changes in the average duration of
lasing, with relatively little variation in peak pulse power.
The amplitude of the right peak (i.e., the peak with longer
optimum cavity length) is always smaller than the left due
to the influence of nearby higher-order TEM modes which
are present but suppressed in the detected signal by the
single mode fibers. The maximum observed shift between
optimum cavity lengths corresponds to a frequency non-
reciprocity of ~2 MHz when referenced to the empty
cavity tuning, which is much larger than what is observed
in conventional ring lasers [12]. Figure 4(d) shows how the
CCW lasing probability II-cw varies with cloud position
for two different values of cavity length. For comparison,
the solid curves show the theoretical prediction derived
from Eq. (1) [33] under the empirically motivated
assumption that Aa changes linearly with cloud position
while a remains constant.

The lasing asymmetry varies with position over a length
scale which is comparable to the cloud size (the Rayleigh
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FIG. 4. Nonreciprocal lasing. (a)—(c) Time-averaged output power of the CW mode (blue curve), CCW mode (red curve), and sum
(gray curve), as the cavity length is scanned for different cloud positions. The position in (a)—(c) was —0.51, 0.00, and 0.51 mm,
respectively, referenced to the observed center of symmetry. (d) Normalized lasing probability for the CCW direction. Points are data
and lines are the theoretical predictions derived from Eq. (1); in both cases the color magenta or cyan corresponds to the cavity lengths

highlighted with vertical dashed lines in (a)—(c).

range of the cavity modes is around 50 x longer). When the
magnetic field gradient is changed, the symmetry point also
moves, suggesting that the location of reciprocal lasing is
not dictated by the geometry of the cavity modes. Naively
one expects the trapped cloud to be located at the zero of
the magnetic field, but experience shows that the cloud
position also depends in a nontrivial way on the alignment,
intensities, and polarizations of the cooling laser beams. We
believe that the true position reflects a compromise between
the location where B = 0 and the complex influence of the
radiation pressure, and that reciprocal lasing occurs when
the cloud is exactly centered on the magnetic field. When
the cloud is displaced from this position, nonreciprocity
could arise due to the varying strength and direction of the
magnetic field across the cloud or an asymmetry among the
Zeeman state populations from optical pumping. Such
imbalances can lead to Faraday rotation and nonreciprocal
losses such as those harnessed in Zeeman laser gyros with
uniform applied fields [37].

We can now compare our observations with previous
experiments. To our knowledge only two experiments have
reported lasing with MOTs operating under normal con-
ditions and without additional fields, in both cases using
standing-wave cavities. The first cold-atom laser employed
cesium atoms with a low-finesse cavity built around the
vacuum chamber [1]. Heterodyne measurements of the
emission identified Raman gain as the underlying mecha-
nism. As mentioned above, we do not observe Raman gain
in potassium-39, as the pump light is always near-resonant
with multiple transitions. Recently, a rubidium-87 MOT
was made to lase in the collective strong coupling regime of
cavity QED [38]. The gain was attributed to a Mollow-type

mechanism driven by the combined pump and cavity
fields. Although broadly similar to our experiment in terms
of cavity QED parameters, our results are qualitatively
different in many aspects. Most significantly, we do not
observe doublets in the emission as the cavity length is
scanned, and our lasing power is several orders of magni-
tude brighter than the Purcell-enhanced scattering below
threshold.

In the future we aim to achieve simultaneous bidirec-
tional lasing either by inducing inhomogeneous broadening
or by pumping the two directions separately using four-
wave mixing [2]. This would open up the possibility of
active rotation sensing with cold atoms. Finally, we plan to
investigate what role, if any, light-matter coherence can
play in our system. The N-atom vacuum Rabi frequency far
exceeds the decay rates k and I', as well as the excited-state
hyperfine and TEM mode splittings [22]. We have observed
that in the absence of lasing the vacuum Rabi splitting
survives the dissipative processes acting within the MOT,
motivating a search for evidence of Rabi oscillations or
coherent intermode coupling in the laser emission.
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