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Superradiant lasers operate in the bad-cavity regime, where the phase coherence is stored in the spin state
of an atomic medium rather than in the intracavity electric field. Such lasers use collective effects to sustain
lasing and could potentially reach considerably lower linewidths than a conventional laser. Here, we
investigate the properties of superradiant lasing in an ensemble of ultracold 88Sr atoms inside an optical
cavity. We extend the superradiant emission on the 7.5 kHz wide 3P1 → 1S0 intercombination line to several
milliseconds, and observe steady parameters suitable for emulating the performance of a continuous
superradiant laser by fine tuning the repumping rates. We reach a lasing linewidth of 820 Hz for 1.1 ms of
lasing, nearly an order of magnitude lower than the natural linewidth.
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Lasers emitting narrow frequency spectra have led to
numerous advances in precision-measurement technologies
and fundamental research. Optical atomic clocks, which
rely on narrow linewidth and ultrastable lasers, have
achieved fractional instabilities down to a few parts in
1019 [1–6]. However, such lasers require a separate high-
finesse cavity and the stability of atomic clocks is currently
limited by the duty cycle of the atomic interrogation.
Approaches to bring down the dead time between the
measurements include using multiple atomic ensembles to
bridge the time gap [7–10], nondestructive measurements
of the atomic ensemble [11,12], or using a conveyor-
belt scheme for continuous loading and interrogation of
atoms [13]. Another proposal to bring down the dead time
is to use the coupling between a cavity and a cold atom
sample to conduct passive cavity-assisted nonlinear spec-
troscopy [14–16] for laser stabilization, but it requires fine
tuning of the feedback bandwidth and meticulous man-
agement of technical noise.
Recently, interest has grown in developing an active

atomic clock [17–21] that removes the need for a separate
high-finesse cavity for short-term stabilization of a refer-
ence laser. In an active atomic clock, atoms emitting
coherently on a narrow transition into the mode of an
optical cavity constitute the frequency reference [22,23].
By operating in the bad-cavity regime, where the lasing
frequency is dictated by the linewidth of the atomic
ensemble rather than the cavity, it is possible to signifi-
cantly reduce frequency fluctuations of the laser due to
thermal noise in the cavity mirrors, which is a limitation in
current state-of-the-art clocks [24–26].
Several studies investigating pulsed superradiant light

[17,20,27] depend on single excitation pulses to generate

superradiant bursts. However, the collectively enhanced
emission rate inherently produces pulses with a shorter
duration than the natural lifetime of the respective transition,
resulting in Fourier limited spectral features of the emitted
light. Seminal work in [19] demonstrated extended super-
radiant pulses by repumping of the atoms and achieved
hundreds of microseconds of lasing on the kilohertz tran-
sition in 88Sr. Using 150 μs subsamples of many pulses and
centering the frequency spectrum of each, an average power
spectral density showed a line shape with a smaller width
than the natural linewidth of the lasing transition.
In this Letter, we use the repumping scheme presented

in [19] to produce pulses on the 689 nm 3P1,mj ¼ 0 → 1S0
intercombination transition with a natural linewidth
γl ¼ 2π × 7.5 kHz. By modifying the repumping rates
we stabilize lasing parameters and approach the frequency
behavior of a truly continuous superradiant laser. We use a
free-falling cloud of ultracold 88Sr atoms coupled to a low
finesse cavity to produce superradiant lasing pulses. We
achieve stable lasing power output and extend the emission
duration by shelving atoms in the metastable 3P2 level to
distribute the available gain over a longer time. With this
scheme, we maximize the length of the pulses in order to
analyze their frequency content and achieve more than 1 ms
of steady-state lasing with several 10−9 watts average
output power. We push the Fourier limit almost an order
of magnitude below the natural linewidth of the transition,
and demonstrate the feasibility of active lasing schemes for
future superradiant atomic clocks.
Our experimental system consists of N ¼ 4 × 107 88Sr

atoms cooled to 2 μK using 461 and 689 nm magneto-
optical trap (MOT) stages. The MOT is positioned using
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bias magnetic fields to overlap with the fundamental mode
of a horizontal 21 cm long optical cavity, as depicted in
Fig. 1(a). The cavity has a finesse of 103, a linewidth
κ ¼ 2π × 780 kHz, and free spectral range (FSR) of
2π × 781 MHz. The radii of curvature of the mirrors are
9 m and the cavity mode waist radius is 450 μm. The cavity
length is locked with light one FSR away from atomic
resonance to ensure that the locking light does not
significantly interact with the atoms. The diameter of the
689 nm MOT in the end of the cooling cycle is 100 μm,
such that the atomic ensemble fits well within the
TEM00 cavity mode volume. The atoms are distributed
across the nodes and antinodes and therefore have inho-
mogeneous couplings to the cavity mode g0. We operate in
the single-atom weak coupling regime, with Purcell factor
[28] C ¼ ð4g20=κγlÞ ¼ 4.4 × 10−4, but in the collective
strong coupling regime, NC ≫ 1. This is verified
by a resolved normal-mode splitting measurement of
ΩN ¼ 2π × 5.7 MHz, which shows that the collective
vacuum Rabi frequency exceeds the other relevant
decoherence rates in the system: ΩN ≫ κ; γl. After cooling
the atoms, we switch off the MOT laser beams and
magnetic coils, leaving only a vertical bias field of 2 G.
This bias field provides a quantization axis and leads to a
splitting of 4.2 MHz between each of the 3P1 magnetic
sublevels.
By turning on 4 repump lasers [dotted arrows in

Fig. 1(b)] we incoherently populate 3P1, mj ¼ 0 which
results in superradiant laser emission. The polarization of
the 689 nm repump light is oriented perpendicularly to the
bias field, allowing only transitions to 3P1, m ¼ �1 states
with a detuning chosen to address only one state. The
688 nm repump light polarization is parallel to the bias field

to drive Δmj ¼ 0 transitions between 3P1, mj ¼ �1, and
3S1, mj ¼ �1, while not depleting the upper lasing level,
3P1,mj ¼ 0 state, due to selection rules. Two more repump
lasers at 679 and 707 nm counteract the branching decay
from 3S1 into the 3P0 and 3P2 levels. The 688, 679, and
707 nm repump lasers all operate close to saturation
intensity of the respective transitions. It is important that
the atoms reach the upper lasing level via spontaneous
decay to avoid the phase of the repump lasers being
imprinted on the lasing transition. Because the laser
operates in the bad-cavity regime, this would result in
the emission frequency being tied to the frequency of the
repump lasers.
All repump lasers are copropagating and oriented per-

pendicularly to the cavity axis, as shown in Fig. 1(a). This
ensures that the Doppler shift induced by repumping is
smallest for light emitted along the cavity axis, and it
maximizes the time where the Doppler width γD of the
atomic ensemble (which is the dominant broadening) is
much narrower than the cavity linewidth, such that we
operate in the bad-cavity regime κ=γD ≫ 1 throughout the
lasing emission. The copropagation of the repump lasers
also limits the variable light shifts (primarily from the 689
and 688 nm lasers) since the atoms stay well within the
Gaussian intensity profiles of the repump beams, even as
the cloud is accelerated by radiation pressure.
We estimate from numerical simulations that for each

emitted photon in the cavity mode an atom on average
absorbs nine repump photons and spontaneously emits
eight. The Doppler shift from the absorbed repump photons
for one lasing excitation cycle is ∼85 kHz, more than an
order of magnitude larger than γl. As the atoms are
repumped and accelerate out of the cavity mode, they
experience a 689 nm repump laser frequency with a
detuning that changes for each repumping cycle. When
all repump lasers are on resonance, the high repumping rate
into the upper lasing level results in a collectively enhanced
emission rate that exceeds the repumping rate of the 689 nm
repump laser ΩN > Γ689 due to our high intracavity atom
number.
This unstable balance between the repumping rate and

the collectively enhanced emission rate causes the ampli-
tude of the collective dipole to oscillate in time, producing a
spiked behavior in the lasing intensity. The high repumping
rate quickly heats and pushes the cloud out of the cavity
mode which terminates the lasing after only a few hundred
microseconds. By carefully adjusting the detuning of the
707 nm repump light, we can transition from an unstable
lasing regime with oscillatory output power toward a
steady-state lasing regime.
In the steady-state regime we reduce our repumping rate

out of 3P2 by detuning the 707 nm repump laser by 2π ×
60 MHz (about 9 times the linewidth of the 707 nm
transition, γ707) from the 3P2, mj ¼ 0 → 3S1, mj ¼ 0

transition. This shelves a significant fraction of the atoms

FIG. 1. (a) Experimental diagram. Repump laser beams at 679,
707, 688, and 689 nm are incident perpendicular to the cavity.
The polarizations of the 688 and 689 nm repump light are chosen
to avoid exciting or depleting 3P1,mj ¼ 0, and to limit light shifts
of the lasing transition. We beat the emitted light from the cavity
against a stable reference laser to measure the frequency stability
of the emitted pulse. (b) Level scheme of 88Sr showing the lasing
(solid arrow), the repumping (dotted arrows) and the spontaneous
decay (wavy arrows). We detune the 707 nm repump light by
2π × 60 MHz ≈ 9γ707 to shelve atoms in 3P2 during lasing.
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in the 3P2 level during lasing, which in turn reduces the
collective coupling of the atom-cavity system, leading to a
lower but more stable output power of the emission.
Additionally, the heating and deflection of the atom cloud
induced by repumping is reduced, allowing for longer
lasing pulses. The repumping scheme grants independent
tuning of the ground state depumping. We can lower the
power of the 689 nm repump laser down to a similar
magnitude as the saturation intensity, which limits power
broadening of the lasing transition as the repumping from
the ground state only needs to be strong enough to sustain
population inversion on the lasing transition, Γ689 ≥ γl [19].
Figure 2(a) shows the two lasing regimes. On the left y

axis and bottom x axis (in red) we show lasing where the
707 nm repump light is on resonance. In this regime, we
can achieve peak powers exceeding 600 nW. On the right y
axis and top x axis (in blue) the 707 nm repump laser is
detuned by 2π × 60 MHz, which generates less intense but
longer pulses with regions of steady-state lasing up
to 1.5 ms.
To quantify the effect of detuning the 707 nm repump

laser on the population dynamics, we compare the repump-
ing rates for our two lasing regimes in Fig. 2(b). We apply

all of the repump lasers for 100 μs, after which we turn off
the 689 nm repump laser which ends the superradiant
emission as the population inversion is not sustained.
Immediately after, we turn on the 461 nm MOT light
and measure via fluorescence the proportion of atoms that
returns to the ground state hσggi as a function of time.
In the oscillatory lasing regime, we find a characteristic

time for the atoms to return to the ground state τ ¼
20.4ð4Þ μs which is consistent with the free-space natural
decay from 3P1. For the steady-state regime, the time
constant τ ¼ 190ð19Þ μs is an order of magnitude larger.
We observe a step in fluorescence at the onset of the
measurement. This step provides an insight into the number
of atoms in the ground and excited state. For the oscillatory
regime this means that almost all of the atoms are either in
3P1, mj ¼ 0, or in the ground state. For the steady-state
regime we observe only 10%–15% of the atoms in the
ground state initially, i.e., most of the 4 × 107 atoms in the
cloud are shelved in 3P2 during lasing, and are only slowly
repumped back into the upper lasing level to sustain the
lasing. In Fig. 2(c) we measure the physical deflection of
the atom cloud due to photon recoils in the two lasing
regimes by fitting the center of mass position in the
absorption images. Each set of data points, red and blue,
corresponds to the regimes presented in Fig. 2(a) and the
repumping rates in Fig. 2(b). We fit high-order polynomials
as guides for the eye. The shaded red area indicates the
cavity waist radius. In the steady-state regime, the weak-
ened repumping rate reduces the physical deflection of the
atoms, allowing for a longer interaction with the cavity.
Here, the lasing terminates when the cloud leaves the cavity
mode volume and the collective coupling goes below its
lasing threshold. For the oscillatory regime, the acceler-
ation of the cloud quickly detunes the 689 nm repump
transition such that the repumping can no longer sustain
population inversion, terminating the lasing while the cloud
is still within the cavity mode volume.
We investigate the frequency contents of the steady-state

lasing regime by overlapping the light emitted from the
cavity with a frequency stabilized 689 nm reference laser to
perform a heterodyne beat measurement. During lasing, the
atoms are heated by the repump process, which results in a
time-dependent cavity pulling [29] of the lasing frequency,
cpðtÞ ¼ 2γDðtÞ=ð2γD þ κÞ. We measure the cavity pulling
coefficient cpðtÞ by producing pulses in the steady-state
regime for five different cavity detunings from atomic
resonance δcav. In Fig. 3(a) we show a spectrogram of all
five pulses superimposed, where Δfb is the deviation from
the mean beat frequency. Each line is the beat signal of a
lasing pulse with a different cavity detuning. We determine
the peak frequencies belonging to each pulse for each time
bin in the spectrogram, fitting a straight line to extract cp as
shown in Fig. 3(b). In Fig. 3(c) we plot cpðtÞ. We observe
that cpðtÞ rises rapidly at first and can be approximated by

(b) (c)

(a)

FIG. 2. Two different regimes of lasing, governed by the
repumping rate. (a) In blue, on the right and top axis, a pulse
with the 707 nm repump laser detuned by 2π × 60 MHz. With
this detuning, the atoms are shelved in the 3P2 state for hundreds
of microseconds leading to a pulse with steady lasing intensities
for over a microsecond. In comparison, on the left and bottom
axis, in red, we show a pulse with the 707 nm repump laser tuned
to resonance. This pulse has a high peak output power of 600 nW,
but only lasts for 100 μs. (b) Fluorescence measurement of the
ground state atoms after turning off the 689 nm repump laser
immediately after 100 μs of repumping for the oscillatory (red)
and steady-state (blue) regimes. Exponential fits (in black) yield
the characteristic time constants of 20.4ð4Þ μs (oscillatory re-
gime) and 190ð19Þ μs (steady-state regime). (c) The mechanical
deflection of the MOT cloud measured by shadow imaging the
atoms after a variable time of flight. The shaded red area indicates
the waist radius of the cavity. The two different sets of data points
correspond to the pulses shown in (a) in red and blue.
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an exponential approach (dashed red). We tentatively
assign the increase in cavity pulling during the first
500 μs of lasing to a rapid increase in the effective sample
temperature. The beginning of the lasing pulse is domi-
nated by emission from atoms that absorbed fewer than the
average number of repumping photons before reaching the
upper lasing level. We make a linear fit to cpðtÞ (black line)
in the green shaded area to gauge the first order drift in
cavity pulling coefficient, and find a value of ΔcpðtÞ ¼
0.008ð3Þ for Δt ¼ 1 ms, which demonstrates low first
order sensitivity to the offset of the cavity locking point
after the initial 1 ms of lasing.
Next, we investigate the frequency stability of the

steady-state lasing regime with the cavity on atomic
resonance. Figure 4(a) shows a spectrogram of the beat
signal of a single pulse with overlapping 60 μs square
windows every 30 μs. We observe lasing regions where the
beat frequency, output power, and cavity pulling [as seen in
Fig. 3(c)] are most stable. We select this region to
investigate the linewidth of the beat signal as this period
provides steady parameters for the emulation of a continu-
ous steady-state superradiant laser. We estimate the power
spectral density (PSD) of the observed beat signal by
calculating the absolute square of the discrete Fourier
transform, and define the linewidth Δνl as the full width
at half maximum (FWHM) of the signal peak.
In Fig. 4(b) we find the PSD for a square signal window

of increasingly longer time periods ΔT within the region
shown in Fig. 4(a). We measure the linewidth for each ΔT
by fitting the absolute square of a sinc function, and plot the
Fourier limited linewidth of a square signal window
Δνl=2π ¼ 0.89=ΔT [30] (yellow straight line). If we
include more of the pulse in the integration than pictured
in Fig. 4(a), Δfb starts to drift due to unstable lasing
dynamics and technical noise. The dashed purple line
indicates the natural linewidth of the bare lasing transition
γl=2π. In Fig. 4(c) we show the PSD of the beat signal (blue

circles) of the chosen region of interest in the pulse for a
1.1 ms integration time. The signal has been zero padded to
interpolate the spectrum to a finer resolution, which adds
more points to aid the illustration but does not change the
measured linewidth. The solid red line is the PSD of a
constant amplitude, pure sine burst with the same center
frequency and duration as the beat signal. We reach a
linewidth of Δνl=2π ¼ 820 Hz, almost an order of magni-
tude lower than the natural linewidth of the transition. The
good agreement between the PSD of the beat signal and the
pure sine burst suggests thatΔνl is Fourier limited, which is
also evident by how the data points lie on the Fourier
limited line in 4(b). While every superradiant pulse we
generate exhibits subnatural linewidth features in the
spectrum, the shot-to-shot reproducibility is limited by
technical noise of the system.
Our experiment demonstrates subnatural linewidth light

from a single superradiant laser pulse. The continuous
repumping scheme combined with carefully adjusted
repumping rates allow for pulses long enough to observe
steady-state behavior and achieve lasing at technologically
relevant powers. Using 3P2 to shelve atoms has interesting
prospects for future experiments where the repump process
during lasing simultaneously cools the atoms. A MOT
centered in an optical cavity operating with 3P2 as the lower
state [31,32], could get continuously loaded directly from

(c)

(a)

(b)

FIG. 3. (a) Combined spectrogram of five pulses with different
cavity detunings, δcav=2π, from −600 to 600 kHz in steps of
300 kHz. (b) We find the time-dependent cp from the slope of a
straight line fit between the cavity offset and the lasing frequency.
(c) The calculated cavity pulling coefficient cpðtÞ. We observe a
region (green rectangle) whereΔcpðtÞ ¼ 0.008ð3Þ forΔt ¼ 1 ms
(black solid line fit).

(c)

(a)

(b)(

FIG. 4. (a) A spectrogram of the measured beat signal fb, with a
window size of 60 μs. The lasing frequency is stable in the
middle of the pulse, but drifts toward the end of the pulse when
the power drops. (b) Finding the FWHM of the PSD of
increasingly longer portions of the pulse of the section marked
in (a). On top of the data points we plot the Fourier limit of the
square signal window. The good agreement suggests that the
observed linewidth is Fourier limited. The natural linewidth of
7.5 kHz is indicated with a horizontal dashed purple line. (c) The
PSD of the beat signal for the steady-state lasing region in (a),
producing the data point singled out with a black dashed
rectangle in (b). The solid red line is the PSD of a Fourier
transform of a pure sine burst of constant amplitude with the same
center frequency and duration as the beat signal.
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an atomic beam. Then, turning on a weak or detuned
707 nm repump laser would allow for a slow leak of atoms
to the upper lasing level to enable continuous superradiant
emission. The proof of principle in this Letter will inspire
further research [33–36] into fully continuous active atomic
clocks, especially with even narrower transitions, such as
the 3P0 → 1S0 mHz transition in 87Sr [20,22,37], which has
the potential to compete with state-of-the-art lattice clocks.
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053116 (2022).

[11] R. Hobson, W. Bowden, A. Vianello, I. R. Hill, and P. Gill,
Opt. Express 27, 37099 (2019).

[12] G. Vallet, E. Bookjans, U. Eismann, S. Bilicki, R. L. Targat,
and J. Lodewyck, New J. Phys. 19, 083002 (2017).

[13] H. Katori, Appl. Phys. Express 14, 072006 (2021).
[14] M. J. Martin, D. Meiser, J. W. Thomsen, J. Ye, and M. J.

Holland, Phys. Rev. A 84, 063813 (2011).
[15] P. G. Westergaard, B. T. R. Christensen, D. Tieri, R. Matin,

J. Cooper, M. Holland, J. Ye, and J. W. Thomsen, Phys. Rev.
Lett. 114, 093002 (2015).

[16] B. T. R. Christensen, M. R. Henriksen, S. A. Schäffer, P. G.
Westergaard, D. Tieri, J. Ye, M. J. Holland, and J. W.
Thomsen, Phys. Rev. A 92, 053820 (2015).

[17] S. A. Schäffer, M. Tang, M. R. Henriksen, A. A. Jørgensen,
B. T. R. Christensen, and J. W. Thomsen, Phys. Rev. A 101,
013819 (2020).

[18] J. G. Bohnet, Z. Chen, J. M.Weiner, D.Meiser,M. J. Holland,
and J. K. Thompson, Nature (London) 484, 78 (2012).

[19] M. A. Norcia and J. K. Thompson, Phys. Rev. X 6, 011025
(2016).

[20] M. A. Norcia, J. R. K. Cline, J. A. Muniz, J. M. Robinson,
R. B. Hutson, A. Goban, G. E. Marti, J. Ye, and J. K.
Thompson, Phys. Rev. X 8, 021036 (2018).

[21] F. Haake, M. I. Kolobov, C. Fabre, E. Giacobino, and S.
Reynaud, Phys. Rev. Lett. 71, 995 (1993).

[22] D. Meiser, J. Ye, D. R. Carlson, and M. J. Holland, Phys.
Rev. Lett. 102, 163601 (2009).

[23] J. Chen, Chin. Sci. Bull. 54, 348 (2009).
[24] K. Numata, A. Kemery, and J. Camp, Phys. Rev. Lett. 93,

250602 (2004).
[25] G. D. Cole, W. Zhang, M. J. Martin, J. Ye, and M.

Aspelmeyer, Nat. Photonics 7, 644 (2013).
[26] A. D. Ludlow, M. M. Boyd, J. Ye, E. Peik, and P. O.

Schmidt, Rev. Mod. Phys. 87, 637 (2015).
[27] M. Tang, S. A. Schäffer, A. A. Jørgensen, M. R. Henriksen,

B. T. R. Christensen, J. H. Müller, and J. W. Thomsen, Phys.
Rev. Res. 3, 033258 (2021).

[28] H. Tanji-Suzuki, I. D. Leroux, M. H. Schleier-Smith, M.
Cetina, A. T. Grier, J. Simon, and V. Vuletić, Adv. At. Mol.
Opt. Phys. 60, 201 (2011).

[29] J. G. Bohnet, Z. Chen, J. M. Weiner, K. C. Cox, and J. K.
Thompson, Phys. Rev. Lett. 109, 253602 (2012).

[30] F. Riehle, Frequency Standards (John Wiley & Sons Ltd.,
New York, 2003), Chap. 5, pp. 117–165.

[31] J. Grünert and A. Hemmerich, Appl. Phys. B 73, 815 (2001).
[32] R. Hobson, W. Bowden, A. Vianello, I. R. Hill, and P. Gill,

Phys. Rev. A 101, 013420 (2020).
[33] J. R. K. Cline, V. M. Schäfer, Z. Niu, D. J. Young, T. H.

Yoon, and J. K. Thompson, arXiv:2211.00158.
[34] F. Fama, S. Zhou, C. Beli Silva, M. Tang, S. Alaric Schaffer,

S. Bennetts, and F. Schreck, in APS Division of Atomic,
Molecular and Optical Physics Meeting Abstracts, APS
Meeting Abstracts, Vol. 2022 (APS, Orlando, 2022).

[35] M.Bober, S.Bilicki,A.Gogyan,D.Kovačiá, P.Morzyński,M.
Narożnik, A. Tonoyan, V. Singh, M. Witkowski, and M.
Zawada, in Proceedings of the 2021 Joint Conference of the
European Frequency and Time Forum and IEEE Inter-
national Frequency Control Symposium (EFTF/IFCS) (IEEE,
virtual, 2021).

[36] S. B. Jäger, H. Liu, J. Cooper, T. L. Nicholson, and M. J.
Holland, Phys. Rev. A 104, 033711 (2021).

[37] H. Liu, S. B. Jäger, X. Yu, S. Touzard, A. Shankar, M. J.
Holland, and T. L. Nicholson, Phys. Rev. Lett. 125, 253602
(2020).

PHYSICAL REVIEW LETTERS 130, 223402 (2023)

223402-5

https://doi.org/10.1126/science.aam5538
https://doi.org/10.1103/PhysRevLett.123.033201
https://doi.org/10.1038/s41586-018-0738-2
https://doi.org/10.1038/s41586-018-0738-2
https://doi.org/10.1038/nature12941
https://doi.org/10.1038/nphoton.2015.5
https://doi.org/10.1103/PhysRevLett.116.063001
https://doi.org/10.1038/nphoton.2016.231
https://doi.org/10.1103/PhysRevLett.111.090802
https://doi.org/10.1103/PhysRevLett.111.090802
https://doi.org/10.1038/s41567-022-01794-7
https://doi.org/10.1103/PhysRevA.105.053116
https://doi.org/10.1103/PhysRevA.105.053116
https://doi.org/10.1364/OE.27.037099
https://doi.org/10.1088/1367-2630/aa7c84
https://doi.org/10.35848/1882-0786/ac0e16
https://doi.org/10.1103/PhysRevA.84.063813
https://doi.org/10.1103/PhysRevLett.114.093002
https://doi.org/10.1103/PhysRevLett.114.093002
https://doi.org/10.1103/PhysRevA.92.053820
https://doi.org/10.1103/PhysRevA.101.013819
https://doi.org/10.1103/PhysRevA.101.013819
https://doi.org/10.1038/nature10920
https://doi.org/10.1103/PhysRevX.6.011025
https://doi.org/10.1103/PhysRevX.6.011025
https://doi.org/10.1103/PhysRevX.8.021036
https://doi.org/10.1103/PhysRevLett.71.995
https://doi.org/10.1103/PhysRevLett.102.163601
https://doi.org/10.1103/PhysRevLett.102.163601
https://doi.org/10.1007/s11434-009-0073-y
https://doi.org/10.1103/PhysRevLett.93.250602
https://doi.org/10.1103/PhysRevLett.93.250602
https://doi.org/10.1038/nphoton.2013.174
https://doi.org/10.1103/RevModPhys.87.637
https://doi.org/10.1103/PhysRevResearch.3.033258
https://doi.org/10.1103/PhysRevResearch.3.033258
https://doi.org/10.1016/B978-0-12-385508-4.00004-8
https://doi.org/10.1016/B978-0-12-385508-4.00004-8
https://doi.org/10.1103/PhysRevLett.109.253602
https://doi.org/10.1007/s003400100768
https://doi.org/10.1103/PhysRevA.101.013420
https://arXiv.org/abs/2211.00158
https://doi.org/10.1103/PhysRevA.104.033711
https://doi.org/10.1103/PhysRevLett.125.253602
https://doi.org/10.1103/PhysRevLett.125.253602

