
PHYSICAL REVIEW A 95, 033808 (2017)

Phase synchronization inside a superradiant laser
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Superradiant lasers may soon achieve state-of-the-art frequency purity, with linewidths of 1 mHz or less. In a
superradiant (or bad-cavity) laser, coherence is primarily stored in the atomic gain medium instead of the optical
field. This phase storage is characterized by spontaneous quantum synchronization of the optical dipole moments
of each atom. To observe this synchronization, we create two independent superradiant atomic ensembles lasing
in a single optical cavity and observe the dynamics of phase realignment, collective power enhancement, and
steady-state frequency locking. This work introduces superradiant ensembles as a testbed for fundamental study
of quantum synchronization as well and informs research on narrow linewidth superradiant lasers.
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I. INTRODUCTION

Phase synchronization between objects with periodic be-
havior emerges in every corner of the natural world, in phys-
ical, chemical, biological, and social systems [1]. Although
many of the classic examples of synchronization (fireflies,
Huygen’s clocks, etc.) are macroscopic and classical, syn-
chronization can also be observed in systems where quantum
mechanics may lead to inherently nonclassical behavior. Cold
atom systems [2–4], nanomechanical resonators [5–7], spin-
trolics [8,9], and frequency combs [10,11] are a few recent ex-
amples of systems that may be useful for gaining a basic under-
standing of how synchronization occurs in the quantum world.

A large amount of recent theoretical work has also been
devoted to understanding how quantum mechanics affects var-
ious aspects of synchronization [12–18]. In particular, a recent
theoretical study [19] has shown that quantum synchronization
can occur between two superradiant ensembles of atoms, each
emitting ultranarrow laser light into a single optical cavity. The
synchronization is manifested as the alignment of the coherent
optical dipoles of each ensemble, and at the synchronization
point, quantum noise is amplified, leading to a large amount
of fundamental broadening in the emission spectrum. Here we
present a first experimental demonstration of synchronization
between two superradiant atomic ensembles. While we do
not yet resolve intrinsically quantum behavior, we observe
and study key aspects of frequency and phase synchronization
between two ensembles of atoms emitting superradiant laser
light.

Synchronization is an inherent mechanism in steady-state
superradiant lasers that allows ultra-narrow linewidth optical
lasers (perhaps down to 1 mHz or less) that are highly
insensitive to both technical and thermal mirror vibrations
[20–23], an optical analog of the microwave hydrogen maser
[24]. In such a laser, cavity-mediated interactions combined
with repumping-induced dissipation cause the spontaneous
synchronization of the phases of the radiating optical dipoles of
individual atoms. In the absence of synchronization, the optical
dipoles would quickly dephase due to both homogeneous
and inhomogeneous broadening, leading to weaker incoherent
light emission with a linewidth directly reflecting the width
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of the broadened atomic transition. Synchronization is thus
key to overcoming atomic broadening in order to create
narrow optical frequency references that would find a broad
range of applications in timekeeping, long-baseline optical
interferometry, and precision measurement [25].

In this article, we study the synchronization of two distinct
subensembles of atoms whose relative optical dipole phases
can be externally controlled. We observe several synchroniza-
tion behaviors. First, we abruptly break the phase alignment
between the two collective optical dipoles and observe in
real time as synchronization heals the relative phase error,
reestablishing laser coherence. Second, we observe steady-
state synchronization of the two ensembles when a frequency
offset is introduced. We confirm synchronization by observing
collectively enhanced emission as well as frequency locking
of the emitted light.

II. EXPERIMENTAL SETUP

To form the superradiant laser gain medium, we pre-
pare N = 1.2 × 106 87Rb atoms at 20 μK within a one-
dimensional optical lattice in a high-finesse optical cavity
with power decay rate κ = 2π × 12 MHz and single-atom
cooperativity C = 5 × 10−3. The lasing transition is a Raman
transition from the |↑〉 ≡ |52S1/2,F = 2,mF = 0〉 to |↓〉 ≡
|52S1/2,F = 1,mF = 0〉 ground hyperfine states. In a dressed-
state picture, the effective atomic transition frequency is the
frequency of the spontaneously emitted Raman photon. The
transition frequency is controlled by Raman dressing lasers
applied transverse to the cavity axis and tuned 1.3 GHz
blue of the |↑〉 to |i〉 ≡ |52P3/2,F = 2〉 transition. Repumping
from |↓〉 back to |↑〉 at the single-atom rate W is achieved
by applying additional lasers transverse to the cavity mode.
The repump lasers are not phase matched with the Raman
dressing lasers and their spontaneously scattered photons are
not resonant with a cavity mode.

To create two spatially separate ensembles with inde-
pendently controlled optical dipoles, we apply two Raman
dressing lasers that address either the upper or lower portions
of the total trapped atomic ensemble (Fig. 1). This provides
independent control of the dressing laser phases αa,b, angular
frequencies ωa,b, and intensities as parametrized by a resonant-
Rabi flopping angular frequency �a,b for the |↑〉 to |i〉
transition. We can independently set the single-atom Raman
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FIG. 1. Experimental diagram and Raman lasing energy levels.
(a) Two spatially distinct beams (red, blue) dress an ensemble
of laser-cooled atoms inside an optical cavity, defining the two
superradiant ensembles a and b. Repumping beams (green) are also
applied transverse to the cavity. (b) Dressing beams induce Raman
decay from |↑〉 to |↓〉. Both emitted photon frequencies (wavy lines)
are within the linewidth κ of a single-cavity mode. The repumping
laser returns atoms back to |↑〉 via single-particle repumping at
rate W .

decay rates γa,b(≈ 2π × 250 Hz) by controlling each laser’s
intensity. The relative number of atoms Na,b in each ensemble
can be controlled by translating the spatial boundary between
the dressing lasers along the cavity axis.

Because we utilize Raman transitions for the lasing process,
the relevant total optical dipole phases that synchronize are
given by φa,b = ηa,b + αa,b. Here ηa,b is the phase associated
with the coherence that develops between the ground states
|↑〉 and |↓〉 in each ensemble. Since the dressing phases
are externally controlled parameters, the cavity-mediated
interactions drive changes in the ground-state coherences ηa,b

to synchronize the optical dipole phases φa,b.

III. PHASE SYNCHRONIZATION

We first study the dynamics of phase synchronization in the
time domain for two ensembles with degenerate frequencies
δ ≡ ωb − ωa = 0. The dressing and repumping lasers are all
turned on for 0.1 ms, during which time the two ensembles
reach a steady state in which they emit at the same frequency
and act as a single synchronized superradiant ensemble with
φa = φb. An electro-optic crystal is used to quickly jump
the phase αb of the b dressing laser by the amount �αb in
30 ns. The time scale of the jump is much faster than the
time dynamics of the resynchronization process and effectively
creates an instantaneous error in the alignment of the optical
phases φb = φa + �αb.

To observe how this phase error heals in time, we allow
the system to dynamically evolve for a variable amount of
time, Tevol = 0 to 1.5 μs, before we rapidly extinguish the
other dressing laser, �a→0. Subsequently, only ensemble b

radiates into the cavity mode. We infer the change in φb from
the difference in the phases �ψ of the emitted light just before
the phase jump and just after Tevol.

There are several other physical mechanisms that also affect
the observed value �ψ that are not directly related to the
synchronization between the optical dipoles. The primary
contribution to this background phase shift is population-
inversion-dependent cavity-frequency pulling [26]. To remove
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FIG. 2. Healing of an instantaneous phase error between optical
dipoles. (a) Timing diagram and visualization of atomic Bloch
vectors. Before time t = 0 the two dipoles interact and synchronize.
At t = 0, the dressing laser phase αb is jumped by 90◦. The ensembles’
interaction begins to heal the relative phase error. At t = Tevol,
dressing laser a is turned off (�a→0) so that only ensemble b radiates
into the cavity. The difference �ψ̄ in the phases of the radiated light
in the gray windows before t = 0 and after t = Tevol indicates the
change in the optical dipole phase �φb = �ψ̄ . The upper panels
provide cartoon visualizations of phasors representing the radiated
fields (red for a, blue for b, purple for the sum) and Bloch vectors. (b)
Light phase change �ψ̄ vs evolution time Tevol. The solid and open
points correspond to experiments with dipole ratios Rd = (1.5,4.0),
respectively. Vertical solid and dashed lines show the characteristic
time scale of the respective single-atom repumping rates for the
two data sets W−1 = (0.77,1.6) μs corresponding to (solid, open)
data. The solid and dashed curves are the results of a numerical
mean-field model for the respective data (red for ensemble a, blue for
ensemble b).

these less interesting contributions, we measure the light phase
difference �ψ± with heterodyne detection for equal magni-
tude but opposite sign phase jumps ±�αb. The computed
differential quantity �ψ̄ = (�ψ+ − �ψ−)/2 is insensitive to
these background systematic errors.

The measured quantity �ψ̄ as a function of the evolution
time Tevol is shown in Fig. 2(b). Here the phase jump is �αb =
90◦, and we see that �ψ̄ is also 90◦ near Tevol = 0. The phase
�ψ̄ then relaxes back toward 0◦, settling at an intermediate
value such that φa = φb. A theoretical comparison for the
data is derived using an approximate two-level mean-field
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model. The model uses independently measured experimental
parameters and is described in detail in Ref. [26]. The
qualitative behavior and approximate time scales for relaxation
are captured by the model.

Since the atomic dipoles resynchronize to the average
dipole moment, the equilibrium phase at large Tevol is primarily
determined by the ratio of the relative magnitudes of the
optical dipoles of the two ensembles just before the evolution
period. The magnitude of each collective dipole is proportional
to the number of participating synchronized atoms (Na,b) and
the emitted electric field per atom (∝ √

γa,b). The relative
dipole magnitude is then roughly characterized by Rd ≡
(Nb

√
γb)/(Na

√
γa) = 1.5 and 4.0 for the solid and open data

sets in Fig. 2(b). Assuming that the total collective dipole
phase is constant in time, for Tevol � W−1 and �α = 90◦
the measured phase �ψ̄ will relax to �ψ̄e ≡ tan−1(Rd ).
The steady-state phase given by numerical solutions to the
mean-field model is �ψ̄n, with independently measured inputs
Na,b, �a,b, and W .

For the data with more balanced populations (solid), the
ensembles equally pull each other’s optical phases φa,b and the
light phase relaxes to �ψ̄ = 51(3)◦, close to (�ψ̄e,�ψ̄n) =
(56◦,55◦). The oscillations that appear in the model depend
strongly on the damping rate W . In the more imbalanced (open)
data, the unobserved φa is pulled more rapidly toward the phase
of φb. At the longest Tevol in the data, �ψ̄ = 71(2)◦, while
(�ψ̄e,�ψ̄n) = (79◦,73◦), i.e., closer to the phase of ensemble
b at Tevol = 0.

Synchronization necessarily implies moving from a state of
higher entropy to a state of lower entropy, requiring dissipation
into a bath of states that absorb the entropy. In our atom-cavity
system, one dissipation mechanism for synchronization is
the spontaneously scattered optical pumping light involved
in reexciting the atoms from |↓〉 to |↑〉 at rate W . Because our
atomic ensemble is optically thin in the direction transverse to
the laser cavity, the scattering process for the ith atom is not
collective and causes single-atom collapse, erasing the relative
quantum phase φi in the single-atom superposition state:
cos(θi/2)|↑i〉 + eıφi sin(θi/2)|↓i〉→| ↑i〉. It is this relative
phase φi that encodes the phase of the single-atom dipole and
thus the phase of the light ψi = φi that is radiated by the single
oscillator. It is helpful to visualize φi as the azimuthal phase on
the single-dipole Bloch sphere and the angle θi as a polar angle.
The quantum collapse serves to erase any relative phase error
�φi = φi − φavg that has accumulated in time between the
individual atom’s optical dipole and an appropriately defined
average of the phases of all of the optical dipoles of the
participating atoms φavg.

The total cavity field is the sum of the optical fields radiated
by each atom, with the resulting phase ψavg = φavg. This cavity
field drives a unitary rotation of a single-atom optical dipole
about an axis close to the equatorial plane but not necessarily
on the equator due to inhomogeneous broadening, leading
to a phase φi that may not equal φavg. The combination of
realignment to the average and subsequent erasure of phase
errors through repumping is a useful physical picture for the
origin of the quantum synchronization process. This simple
model demonstrates why the time scale for synchronization is
approximately given by the repumping rate W , and also why
the final relaxation phase is approximately tan−1(Rd ).

IV. STEADY-STATE SYNCHRONIZATION

We observe steady-state synchronization behavior by vary-
ing the frequency offset δ between the two ensembles’
dressing lasers. When the two ensembles are detuned far
away, they emit at their respective atomic transitions, behaving
as two independent superradiant lasers in the same cavity
mode. However, when the detuning between the ensembles is
sufficiently small, the ensembles will phase synchronize and
emit as a single laser. For the reasons previously discussed,
the detuning δ over which synchronization occurs is set by the
repumping rate W . Within a frequency range W we observe
signatures of synchronization in both the laser output power
and the output frequency spectrum.

The phase alignment of the two ensembles is first evident
in the output power through the observation of a collective
enhancement. Due to constructive interference, the output
power is nominally expected to increase by a factor of 2 when
the ensembles synchronize. This observation is presented in
Fig. 3. The observed maximum synchronized power output is a
factor of 2.2(1) greater than the unsynchronized power output.
The enhancement is, in fact, expected to deviate slightly from
exactly 2.0 due to output power quenching from repumping
[21,27]. Additionally, the slight asymmetry of the total power
for positive and negative δ is also reflected in the asymmetric
behavior in the spectra of Fig. 4 and discussed below.

We can also observe the transition from synchronized to
unsynchronized behavior in the laser frequency spectrum by
making heterodyne measurements of the light emitted from the
cavity. In the spectrograms of Fig. 4, each row is a frequency
spectrum of emitted light from the cavity, with brighter colors
indicating higher power. Each power spectrum is calculated
from 80 μs of the time record. The two-dimensional power
spectrum is created by repeating the measurement at a series
of different detunings δ, with values shown along the vertical
axis.

For |δ| � W , the two ensembles of atoms emit at fre-
quencies very close to the unperturbed Raman transition
frequencies. As |δ| decreases, the emission frequencies are
pulled toward each other as the rate of relative phase error
introduction δ nears the error erasure rate W . We note that we
do not observe nor expect a region of repulsive synchronization
that appears when injection locking a single superradiant
ensemble to an externally applied drive [28], since the effective
drive strength of either of the ensembles on the other does not
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FIG. 3. Total power output vs detuning for the data shown in
Fig. 4(a). Vertical dashed lines are at the repumping rate ±W/2π .
The horizontal dashed line is the predicted maximum synchronized
output power.
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FIG. 4. Spectrograms of light emitted from two superradiant
ensembles. The vertical axis is the Fourier frequency of each power
spectrum and the horizontal axis is the detuning of the dressing lasers
δ. The power (color scale) is normalized to the maximum power
across the entire spectrogram. (a) Each power spectrum displayed
here represents the mean of five power spectra at each δ. Collective
dipoles are roughly balanced with Na/Nb = 0.6 and γa/γb = 0.8. (b)
Asymmetric operating conditions: Na/Nb = 1.1 and γa/γb = 1.6.

exceed the detuning δ when δ > W . For |δ| � W , the erasure
of phase errors dominates and the two ensembles radiate at a
single frequency.

The observed spectrum qualitatively agrees with the mean-
field expectation [19], exhibiting a hyperboliclike approach
(Region I) to the synchronized state (Region II). However,
there is significant asymmetry in the power spectrum. Part of
this asymmetry arises from a finite detuning of the average
Raman transition frequency from resonance with the cavity
resonance frequency by the amount δc = −2π × 4 MHz ≈
κ/3, an operating condition favorable for suppressing relax-
ation oscillations [26,29] yet one that introduces an imbalance
in the coupling to the cavity between ensembles. Other causes
of asymmetry are imbalances in the optical dipole magnitudes
(both N and γ ) for the data in Fig. 4. Numerical modeling
indicates that the effects of these small asymmetries are
magnified by the interaction between the ensembles.

We also show in Fig. 4(b) that distinct qualitative behaviors
can be observed depending on the operating parameters. These
data show a significant asymmetry in the emitted power (iii)
from each ensemble for δ > 0 and δ < 0. Many of these
behaviors are observed in numerical mean-field models of our
system, but other features, indicated in Fig. 4(b), are not: (i) the
parallel-running frequency component in the top left quadrant,
(ii) the extra frequency components at ±δ/2π , and (iii) the
asymmetry in the observed linewidth of the two emission peaks
of both Figs. 4(a) and 4(b). The fractional power in each side-
band (ii) is small, < 8% of the total power in each spectrum.

In prior studies, linewidth broadening was seen to arise
from an inversion-dependent frequency-pulling mechanism
that here would cause a common broadening of both peaks
[21,26]. Attempts to identify other classical mechanisms
for the asymmetric broadening (e.g., fluctuating ac Stark
shifts or interference between dressing beams) have been
unsuccessful and the broadening phenomenon remains an
interesting topic for future theoretical and experimental study,
with the intriguing possibility that this is a fundamental
quantum noise effect [19].

V. CONCLUSION

Overall, the three observations of this paper clearly demon-
strate the key elements of synchronization in the gain medium
of a superradiant laser, offering a unique ability to observe the
establishment of coherence in the laser (Fig. 1). We believe
these observations are a first step toward understanding what
role intrinsically quantum effects play in the synchroniza-
tion process. Moreover, some of the unexplained behavior,
particularly the unexplained broadening in Fig. 4, may hint
at the quantum noise amplification predicted by Ref. [19].
However, significant further study will be required to identify
intrinsically quantum behavior.

In addition to future fundamental studies of quantum
synchronization, we expect this work to be useful for future
technologically relevant implementations of superradiant en-
sembles that would produce optically narrow light [20,21].
For instance, two ensembles that utilize atomic transitions
with opposite sensitivity to magnetic fields could use synchro-
nization to cancel magnetic field noise, without alternating
measurements as is done in passive optical lattice clocks [30].
Also, this work points toward a coupled atom-cavity system for
exploring quantum noise in phase transition models [19], using
atomic synchronization for enhanced Ramsey spectroscopy
[31], and overcoming the Dick effect by transferring coherence
between atomic clocks [32,33].
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