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Laser-cooled gases of atoms interacting with the field of an optical cavity
are a versatile tool for quantum sensing and the simulation of quantum

systems. These systems can exhibit phenomena such as self-organization
phase transitions, lasing mechanisms, squeezed states and protection

of quantum coherence. However, investigations of these phenomena
typically occurinadiscontinuous manner due to the need to reload atomic
ensembles. Here we demonstrate hours-long continuous lasing from
laser-cooled ®Sratoms loaded into a ring cavity. The required inversion

to produce lasing arises frominversion in the atomic-momentum degrees
of freedom, which s linked to the self-organization phase transitions

and collective atomic recoil lasing observed previously only in a cyclic
fashion. We find that over abroad parameter range, the sensitivity of the
lasing frequency to changes in cavity frequency is significantly reduced
due to an atomic loss mechanism, suggesting a potential approach for
mitigating low-frequency cavity noise. Our findings open opportunities for
continuous cavity quantum electrodynamics experiments and robust and
continuous super-radiant lasers.

To achieve the sufficiently cold temperatures and high phase-space
densities necessary for quantum simulation'™, sensing’'?and lasing™ ",
atoms are typically cooled by sequentially applying periods of differ-
ent types of atomic cooling, causing the experiments to operatein a
naturally pulsed fashion. Developing continuous cold atom sources
will greatly advance sensing'®, extend the length of quantum simula-
tionsand increase the quantum gate depths that can be achieved with
neutral atoms. Recent advances include the continuous production
of a Bose-Einstein condensate”, continuous transport of atoms in a
lattice", continuous loading into a high-finesse optical ring cavity®,
and continuous replenishment of a large ytterbium tweezer array for
quantum computation and simulation®. Lasing in cold atoms has
been observed by establishing optical inversion on narrow-linewidth
atomic transitions'*>???, with the potential to realize robust, active
frequency references. Lasing has also been realized using Raman transi-
tions between atomic internal ground states™ 2, inversion on avirtual
ground state”” and Mollow gain on two-level optical transitions®**~°,
The strong coupling between atoms and the light field and their

interdependency also lead to feedback mechanisms that can stabilize
otherwise unstable states® .

We continuously load strontium atoms into a high-finesse ring
cavity” inwhich they are trapped using an 813-nm intracavity optical
lattice (Fig. 1a). The laser cooling required for loading the atoms is
primarily accomplished by using a continuous three-dimensional (3D)
red molasses at wavelength A, = 689 nm. There is an additional verti-
cally oriented slowing beam at 689 nmto facilitate capture intothe 3D
molasses. Once a threshold number of atoms is reached, we observe
continuous light emission from the cavity, also at 689 nm, lasting for
hours (Fig.1b). The threshold atom number for lasing is N = 300,000.
At this atom number, the collective dispersive cavity shift NU,, with

(g/21)°6c
82, +(y/2m)
than the cavity linewidth k= 2t x 50 kHz, leading to strong nonlinear
effects and self-organization of the atoms***. Here the cavity cou-
plingisg=2m x 3.5 kHz, the atom-cavity detuning 6., 1 MHzand the
excited-state linewidthy=2m x 7.5 kHz.

single-atom light shift Uy /21 = =12(2)Hz, is much larger
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Fig. 1| Experimental setup. a, Atoms are continuously loaded into a150-pK deep
813-nm lattice inside a high-finesse ring cavity from a 3D molasses (red cloud).
The lattice consists of two counterpropagating 813-nm beams (pink standing
wave), and can transport atoms along the cavity axis”. Several cooling lasers
overlap with atoms in the cavity mode: the 2D molasses, 3D molasses and vertical
slowing beams. The s-polarized laser light exiting the cavity is coupled into a fibre
and can be analysed either in the time domain on an SPCM or in the frequency
domainon areal-time spectrum analyser via a heterodyne beatnote with alocal
oscillator (LO) beam derived from the same laser as the cooling beams. Both cw
and ccw directions of the cavity are monitored. b, Lasing output power shows a
clear threshold behaviour relative to the atom number in the cavity mode,
reaching 3 x 10" photons s™ or approximately 90 nW at the highest atom number.
Statistical errors (s.d.) areincluded in the size oft[]e markers. ¢, All three cooling
lasersinteract with the 7.5-kHz-wide 689 nmlsglj_ to*P, transition (f,, m;= 0)

withan excited-state Zeeman splitting of Af=+1.2 MHz (Methods). The lasers are
red-detuned from the closest excited state 3 p;"f:_l (and hence, the dominant
scattering channel) by §,, = -80 kHz, §,,=-900 kHz and §,= -1.6 MHz. The
detuning of the bare cavity resonance frequency f. is defined with respect to the
atomic resonance frequency (f,, m;=0) as 6., = f. - f,. Absorption of a cooling
photon at frequency f;, and the subsequent emission of a photon at f, with
detuning 6, =f; - fpinto the cavity mode changes the momentum of the atoms by
~fik, which is partly absorbed by the lattice. d, Momentum-state distribution of
the atoms can be well approximated by the Maxwell-Boltzmann distribution,
which determines the probability distribution for the frequency of the emitted
photons inducing a Raman gain proportional to the gradient of the Maxwell-
Boltzmann distribution. The momentum-state population difference is the
maximum at one standard deviation, where one, thus, has the maximum gain as
seeninRIR spectroscopy*”*°.

The appearance of lasing in this system is surprising at first, as
lasing requires inversion between two quantum states, and there is no
obvious dedicated pump mechanism applied to establish inversion.
Raman lasing between Zeeman sublevels is excluded since %Sr, the
isotope of strontium used here, has only asingle ground state (Fig. 1c).
Last, Mollow gain (for example, viaa three-photon process) is excluded
based on the observed frequency of the emitted light***5°,

However, the molasses cooling itself creates a very cold and
close-to-thermal ensemble with more atoms concentrated at
lower-momentum states than higher-momentum states. Thus, there
is population inversion between radial-momentum states differ-
ing by about one-photon recoil momentum. This inversion creates
two-photon Raman gain between the momentum states® in which a
pump photon is absorbed and a lower-frequency photon is emitted,
with the corresponding atom moving from a lower-momentum state
toahigher-momentum state. This gainhasbeen termed recoil-induced
resonance (RIR) gain” and can lead to lasing if it is sufficiently large
to balance cavity losses. The predicted gain curve under simplifying
approximations for thework hereis showninFig.1d (Methods)*. Only
the transverse-momentumstates provide gain because the axialmotion
oftheatomsislargely frozen out since the one-dimensional opticallat-
ticelocalizes eachatomatalattice antinode to muchless thanA,. Pulsed
lasing driven by RIR gain has been observed using a Bose-Einstein

condensate and thermal atoms**™°. In a related regime, collective
atomic recoil lasing (CARL)*****! has been observed by pumping a
ring cavity in one direction and observing the build up of backscat-
tered light, with the underlying gain mechanism being the same as in
RIR gain and with connections to free-electronlasers*’. The collective
enhancementin pump scattering can also be viewed as arising from the
atoms spontaneously forming an atomic density grating from which
the pump light scatters. The molasses cooling here both continuously
replenishes the atoms in the cavity and repumps the atoms back to
low-momentum states to continuously maintaininversion and hence
gain, as was observed transiently for CARL***°, Here it is additionally
associated with stabilizing the lasing frequency in time compared with
that without laser cooling.

Our system operates in a cross-over regime in which the cavity
linewidth is comparable to or smaller than the gain linewidth™, limit-
ing sufficient gain to low temperatures and a narrow spectral region.
Yet, when scanning the cavity frequency, the lasing frequency does
not follow it but remains constant over a large range. We identify a
self-regulated atomicloss mechanism tied to cavity heating* that keeps
the effective dressed cavity frequency constant and close to resonant
with the frequency of the the recoil-induced gain.

Tobetter understand the nature of our lasing mechanism, we have
characterized the frequency, frequency dependencies, coherence,
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Fig. 2| Characterization of emitted light. a, When scanning the bare cavity
detuningf,, four zones of light emission can be identified, differing by the
frequency of the emitted light 6,. Between zones Il and Ill and zones Il and IV,
there are dark zones with no light emission (grey-shaded areas). The cooling
lasers closest in frequency are the 3D molasses at §, = 0 and the slowing
beamatf,, indicated by the dotted line. Errors (s.d.) areincluded in the size
of the markers. b, g® correlation function for the different zones. For zonel,
g?(1>0) =1and g®(1) =1 throughout, confirming coherent continuous-wave
laser emission. For zones II-1V, amplitude oscillations cause oscillations in
g?(1), which become larger in amplitude and periodicity for higher-up zones.
¢, Beatnote of the lasing light in zone I with alocal oscillator derived from the
coolinglaser has alinewidth of FWHM = 7(1) kHz. d, Frequency difference of

Transport velocity, v; (cm s™)

Beatnote frequency, f (kHz)

the light emitted into cw (f, .,,) and ccw (f; .,,) directions when transporting
the atoms along the cavity axis at different velocities. The transport velocity

is defined as v, = 6Aq;. Forup to1cm s™, the frequency difference follows

the expected Doppler shift. Above this velocity, the measured frequency
difference decreases again, as the atoms are no longer pinned inside the lattice
and, therefore, do not travel with the lattice velocity anymore. e, Beatnote
between the cw and ccw emitted light has an FWHM linewidth of <18(1) Hz for
astationary lattice (Fourier limited by the measurement time) and <200 Hz for
small transport velocities (v, < 0.8 cm s™). For faster transport (v, 2 2.4 cms™),
coherence between the two lasing directions is lost. The black arrows on the top
of each plotindicate Doppler-shift frequencies.

linewidth, directionality and dependence on pinning of the atoms
inside a lattice of the emitted light. A scan of the empty cavity mode
detuning from the atomic transition frequency 6., =f. - f, over alarge
range, keepingall other operating conditions constant, reveals that the
frequency and power of the emitted light exhibit four distinct regimes.
We label these regimes as zones I-1V (Fig. 2a). Here the emitted light
frequency f; is shown via its detuning 6, = f, - f5, from the frequency
ofthe 3D molasses laser light f;,. Asf. is scanned, the lasing frequency
undergoes discontinuous jumps, in some cases by more than1 MHz.

Each zone exhibits different pulling coefficients of the light fre-
quency withrespect to changesinthe bare cavity frequency p. = df,/df..
Remarkably, lasingin zonelis highly insensitive to the cavity frequency,
changing by <50 kHz as the cavity frequency is changed by >3 MHz,
corresponding to a cavity pulling coefficient of only p.=8(2) x 107
(Fig. 3a). As shown later, this insensitivity to the cavity resonance fre-
quency emerges from a lasing-induced atom loss mechanism that
stabilizes the dressed cavity resonance frequency.

We identify zone | as being associated primarily with scattering
from the 3D molasses lasers. The emitted light is only ~100 kHz to the
red of the 3D molasses frequency. Lasing in zone | stops immediately
when the 3D molasses cooling/pumping laser is switched off, but can
persist up to 700 ms after the vertical slowing beam is switched off,
until the atom number has dropped below the lasing threshold. The
3D molasses pulling coefficientis psp i = df; o/dfsp = 0.9(1) in the steady
stateand p;, = 0.31(5) inreal time, indicating that at short timescales,
the 3D molassesis in stronger competition with other mechanisms to
determine the lasing frequency. The real-time pulling coefficients were
measured by applying sudden changes in a given laser frequency and
observing the changeinlight frequency at short timescales of <200 ps.
This differs from steady-state pulling coefficients since changesin laser
frequencies also change the number of atoms at longer timescales. We
identify zonesIlland IV as being primarily associated with the slowing

beam. For instance, lasingin zone Illl requires the vertical slowing beam
tobeon, butcanpersist for several milliseconds without the 3D molas-
ses cooling light. Our theoretical analysis of the lasing mechanism
focusesonzonel,inwhichlasingis the strongest, most robust and has
the most narrow linewidth.

The measured Glauber second-order correlation function g®(1)
of light is shown for each zone in Fig. 2b. In zone I, g?(1) =1
(gla)(O) =1.01(6)), consistent with coherent laser light emission. In
zones II-1V, we observe oscillations in g®(1), gff)(O) =13Q),
g2(0) = 14(1)and g1(0) = 1.6(1), indicating the light is subthermal,
butexhibits super-Poissonian fluctuationsinitsintensity with charac-
teristic frequencies of 7-20 kHz. These measurements indicate that
the observed light emission is not simply due to incoherent
single-particle scattering of light into the cavity mode.

The measured linewidth of light in zone I continuously narrows
with increasing lasing intensity. Close to the jump to zone I, the light
reaches full-width at half-maximum (FWHM) = 7(1) kHz (Fig. 2¢). This
is considerably narrower than the cavity linewidth k as one expects
forlasing. Thelinewidthis comparable to the 7.5-kHz linewidth of the
689-nmtransition, though we do not assign any physicalimportance to
this. By contrast, inzones II-1V, the linewidth FWHM =100 kHz actually
exceeds the cavity linewidth. We also note that the 813-nm optical lat-
ticeisnot necessary for achieving lasing, although it helps with achiev-
ing asufficiently high atom number toreach thelasing threshold. The
threshold atom number can also be reached with only atomsin the 3D
molasses, and lasing in zone I has been observed with both clockwise
(cw) and counterclockwise (ccw) lattice beams switched off.

We observe that lightisemitted into the the ring cavity inboth cw
and ccwdirections. Thelightin the two directions appearsto be phase
coherentwith each other withzero frequency difference (see the data
atv,=0; Fig. 2d,e) and a relative linewidth FWHM of 18(1) Hz that we
attribute to the relative path length noiseinthe heterodyne detectors.
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Fig. 3| Pinning of the cavity frequency. a, Dressed cavity modes are observed
from the cavity transmission of a weak probe beam. Lasing occurs near the
dressed cavity mode f, determined by fitting the transmission peak at §,, < 0. The
observed avoided crossing (dark blue) inzones1and Il does not correspond to the
one expected for a constant atom number (simulation shown in turquoise). For
instance, inzonel, f,changesby <100 kHz over arange of >3 MHz of ., which
would normally correspond to achange in the dressed cavity frequency of

Af, = 1.3 MHz. This pinning of the cavity frequency is achieved by a self-regulated
reductionin the atom number in the cavity asf. changes. In zonesIlland IV, the
atom number isindependent of f.. b, Hysteresis of lasing: the frequency of the
dressed cavity and emitted light for different scan directions of the bare cavity
frequency f.show a strong hysteresis with a large difference between zone
transitions. When adiabatically changing the detuningf,, the transition between
zones occurs later since only a small change in atom number is necessary. The
dressed cavity frequency is measured only after the excited-state population has
decayed, leading to a frequency offset compared with the frequency during
lasing. From this offset, the excited-state population during lasing can be
inferred. Errors (s.d.) are included in the size of the markers.

To further study the role of the atomic gain mediuminlasing, we
broke the symmetry of the coupling to the two modes by using the
813-nm lattice to continuously transport the atoms along the cavity
axis at fixed velocity v,. For transport velocities of <1 cm s, the relative
frequency between the cw and ccw modes corresponds to the relative
Doppler shift that one would expect for asingle atom moving at v,and
emitting 689-nmlightinto both directions at the same frequency inits
reference frame. However, for v, >1cm ™, the relative frequency does
not grow as fast as one would predict from this simple model, and the
relative frequency of the two directions approaches 80 kHz, whereas
therelative linewidth grows to 50 kHz; both these observations indicate
thatlasingin the cw and ccw modes decouple in this regime.

Having more fully characterized the nature of the observed lasing,
we wish to return to the remarkable fact that lasing in zone I persists

and remains at such a constant frequency even though the bare cavity
frequency is changed by >3 MHz. This range is much larger than the
cavity linewidth k/(2m) = 50 kHz. That is, lasing occurs even though its
frequencyis vastly off-resonant withf.. However, the atomsin the cavity
can dress the bare cavity mode, leading to an effective dressed cavity
frequency f;thatcandiffer substantially from the bare cavity resonance
f.(ref.44).Lasing then occurs into the dressed cavity mode. To investi-
gatethe dressed cavity frequency, we drive the cavity with aweak probe
beamoffrequency . The probe beam overlaps spatially and spectrally
with the emitted light, and is not visible during lasing, as the lasing
intensity is much larger than the probe intensity. Therefore, we switch
off all cooling lasers for 100 ps, roughly three times the excited-state
lifetime, before applying the probe beam. At this point, the probe can
be detected because all lasing has ceased, whereas the atom number
should be unaffected as thelatticelifetime (r=~1s) ismuchlonger.If one
assumes that the atom number Nis fixed, the observed dressed cavity
frequency f; displays strong deviations from its expected trajectory as
we vary the bare cavity frequency f; (Fig. 3a, turquoise curve). Fluores-
cenceimaging of the atomsin the lattice supports that the steady-state
atomnumber Nvaries withf.. We, thus, directly fit the observed vacuum
Rabisplittingto precisely determine the steady-state Nvalue ateachf..
Inzonel, upto80% of the atoms are observed to be expelled from

the cavity, in such a way that the dressed cavity frequency remains
relatively constant over a range of >3 MHz of f.. This drop in atom
numberisentirely self-regulated, andf.is the only external parameter
that is changed. As the effective cavity frequency is close to the 3D
molasses light, alarger atom number will push the effective frequency
from the cavity-cooling regime to the cavity-heating regime until the
atom number is small enough™®. This is closely related to heating via
the RIR mechanism, as discussed in more detail in Methods. As this
works only close to cavity-pump resonance, an excessively large atom
number shifts the effective frequency far from the cavity-pump reso-
nance, rendering the heating process too slow compared with the
replenishing of new atoms. Hence, the position of the zone jumps is
strongly hysteretic (Fig.3b), and the cavity frequency has to be changed
slowly to observe the full extent of alasing zone. Acomparison between
f{and the lasing frequency shows identical zone jumps but an offset
between the lasing frequency and the dressed cavity frequency. This
difference is due to the cooling lasers having been switched off for
100 psinthe measurement of the dressed cavity frequency, leading to
adecay of the entire excited-state population by the time f is meas-
ured. The characteristic interaction strength of the atoms with the

cavity thatleads to the cavity mode dressingis o 4 / (Ng — Ne)2g, where

2gis the single-particle vacuum Rabi frequency. This leads to a larger
vacuum Rabi splitting at the time of the dressed cavity frequency
measurement relative to when lasing is happening. From the devia-
tion of these two frequencies, the excited-state population during
lasing canbe inferred. It corresponds to roughly 30% throughout. The
probe transmission can also be observed in real time during lasing on
aspectrum analyser by sweeping the probe frequency at a fixed rate.
These measurements confirm that during lasing, the lasing and dressed
cavity frequencies are identical to within ~10 kHz.

Wewere able to construct aphenomenological model that qualita-
tively captures both observed pinning of the lasing frequencyin zonel
and observed hysteretic behaviour of lasing when varying the bare cav-
ity resonance frequency. The basic elements of theideaare that lasing
occurs near the dressed cavity frequency, the dressed cavity frequency
depends onthe atom number, the atom number decreases when lasing
isstrong and the lasing strength decreasesif the dressed cavity mode
is far from resonance with the peak gain frequency. The equilibrium
lasing configurationis reached when these coupled degrees of freedom
are self-consistent with one another.

In more detail, RIR gain favours lasing at its maximum gain
frequency, corresponding to the peak momentum-state inversion.
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by the width and frequency of the RIR resonance with respect to the dressed
cavity frequency. The final lasing frequency is acompromise between the
dressed cavity frequency and the raw RIR peak. b-e, This model reproduces the
emergence of different zones of stable light emission with different cavity pulling
coefficients and modulation of the atom number leading to pinning of the cavity
frequency, as shown by the datain b and c and the corresponding simulations
indand e(red: increasing 8, in time; light blue: decreasing é.,in time). Errors
(propagateds.d.)inbareincluded in the size of the markers.

For instance, in zone I, the measured radial atomic temperature of
10(2) pK predicts that the RIR gainis maximal at afrequency of -50 kHz
to thered of the 3D molasses frequency, in rough, though imperfect,
agreement with the observed -100-kHz red-detuning of the lasing
light. Alaser’s frequency isapproximately determined by the relative
linewidth of the gain medium and cavity mode, with lasing set by an
appropriately defined weighted average of the cavity and gain centre
frequencies®®***¢, In our system, the predicted RIR gain linewidth is
not much narrower than the cavity linewidth; therefore, lasing canbe
pulled to the dressed cavity resonance frequency. When lasing, the
atomnumberinthe cavity Ndepends onthelasing strength parameter-
ized by the average number of intracavity photons M. In turn, this
means that the dressed cavity frequency f, is tuned by the strength
oflasing.

We capture this complex dynamics using the rate equation model
shown in Fig. 4. In this model, all the parameters are extracted from
measurements and no free-floating fit parameters were used (Meth-
ods). To capture multiple zones of lasing, we must introduce RIR gain
resonances associated with both 3D molasses and slowing lasers. We
numerically solve for the solutions of the coupled equations shown
in Fig. 4d,e. The black curves are the solutions stable to small per-
turbations and the grey curves are the solutions unstable to small
perturbations. The model qualitatively reproduces both observed
hysteresis and frequency pinning, as well as the stepwise suppressed
cavity pulling coefficientsinzonesIland I compared with zones Illand
IV. The separate zones are due to competition between the different
coolinglasers, and the number of zones increases with the introduction
of more cooling lasers at different frequencies.

Insummary, we have observed and explained the emergence of a
narrow-linewidth continuous-wave lasing mechanism that—through
self-regulated feedback on the atom number—has a 120-fold sup-
pressed sensitivity to the bare cavity frequency. We have shown how
competition between different cooling lasers leads to the emergence
of distinct phases of lasing with different characteristics, and how

the self-organization of strongly correlated atoms can lead to the
steady-state expulsion of more than 80% of the atoms from the cavity.
Our lasing mechanismis coherent betweenboth cw and ccw modes of
the ring cavity and persists even when transporting atoms along the
cavity axis at small enough speeds.

Inconceptually related work with cold atoms, a four-wave mixing
process requiring phase matching® places the atomsinasuperposition
of momentum states, leading to spatial self-organization®**"-? that
canbeidentified with the phases of the dissipative Dicke model***~,
The self-organization can be viewed as a density grating that collec-
tively enhances the scattering of light into the cavity that lasts for
some short amount of time. In RIR such as here (and related physics
of CARL), the atoms are also placed in a quantum superposition of
momentum states, leading to the spontaneous formation of amoving
atomic density grating that can be viewed as the mechanism for the
scattering of the molasses pump light into the cavity. However, here
the atoms collectively emit light into the cavity and are then reset to
states of lower momentum viasingle-particle photon scattering during
laser cooling (that is, similar to standard three- or four-level lasers).
By contrast, typical self-organization physics experiments operate
without entropy removal via single-particle scattering, essentially
using collective four-wave mixing processes that can be mappedtoa
pseudo-spin Hamiltonianin certain limits.

Our experiment demonstrates how continuous cold atom experi-
ments can lead to the emergence of new phenomena that involve
hysteretic or bistable behaviour and are, therefore, difficult to reach
in pulsed experiments. The self-regulated pinning of the cavity fre-
quency over arange of several megahertz might have interesting future
applicationsin metrology. Inthe future, we will exploit the continuous
nature of the loading and laser cooling to realize narrow-linewidth
continuous super-radiant lasing on the 1.3-mHz transition in ¥Sr,
with important applications for metrology and quantum sensing.
Thework hereinspires the consideration of new approaches to gener-
ate self-regulated pinning of the cavity mode for realizing additional
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insensitivity to cavity frequency noise beyond the previously identified

approach of working in the deep bad cavity limit.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
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References

1.

10.

n

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

KeBler, H. et al. Observation of a dissipative time crystal. Phys.
Rev. Lett. 127, 043602 (2021).

Norcia, M. A. et al. Cavity-mediated collective spin-exchange
interactions in a strontium superradiant laser. Science 361,
259-262 (2018).

Dauvis, E. J., Bentsen, G., Homeier, L., Li, T. & Schleier-Smith, M. H.
Photon-mediated spin-exchange dynamics of spin-1atoms. Phys.
Rev. Lett. 122, 010405 (2019).

Luo, C. et al. Momentum-exchange interactions in a Bragg atom
interferometer suppress Doppler dephasing. Science 384,
551-556 (2024).

Young, D. J. et al. Observing dynamical phases of bcs
superconductors in a cavity QED simulator. Nature 625, 679-684
(2024).

Muniz, J. A. et al. Exploring dynamical phase transitions with cold
atoms in an optical cavity. Nature 580, 602-607 (2020).

Greve, G. P, Luo, C., Wu, B. & Thompson, J. K.
Entanglement-enhanced matter-wave interferometry in a
high-finesse cavity. Nature 610, 472-477 (2022).
Pedrozo-Pefiafiel, E. et al. Entanglement on an optical
atomic-clock transition. Nature 588, 414-418 (2020).

Robinson, J. M. et al. Direct comparison of two spin-squeezed
optical clock ensembles at the 107" level. Nat. Phys. 20, 208-213
(2024).

Hosten, O., Engelsen, N. J., Krishnakumar, R. & Kasevich, M. A.
Measurement noise 100 times lower than the quantum-projection
limit using entangled atoms. Nature 529, 505-508 (2016).
Braverman, B. et al. Near-unitary spin squeezing in "'Yb. Phys. Rev.
Lett. 122, 223203 (2019).

Cox, K. C., Greve, G. P, Weiner, J. M. & Thompson, J. K.
Deterministic squeezed states with collective measurements and
feedback. Phys. Rev. Lett. 116, 093602 (2016).

Zimmermann, C. et al. Collective atomic recoil lasing. J. Mod. Opt.

51-6, 957-965 (2004).

Norcia, M. A., Winchester, M. N., Cline, J. R. & Thompson, J. K.
Superradiance on the millihertz linewidth strontium clock
transition. Sci. Adv. 2, €1601231(2016).

Norcia, M. A. et al. Frequency measurements of superradiance
from the strontium clock transition. Phys. Rev. X 8, 021036 (2018).
Bothwell, T. et al. Resolving the gravitational redshift across a
millimetre-scale atomic sample. Nature 602, 420-424 (2022).
Chen, C. C. et al. Continuous Bose-Einstein condensation. Nature
606, 683-687 (2022).

Okaba, S., Takeuchi, R., Tsuji, S. & Katori, H. Continuous
generation of an ultracold atomic beam using crossed moving
optical lattices. Phys. Rev. Appl. 21, 034006 (2024).

Cline, J. R. K. et al. Continuous collective strong coupling of
strontium atoms to a high finesse ring cavity. Phys. Rev. Lett. 134,
013403 (2025).

Norcia, M. et al. Iterative assembly of "'Yb atom arrays in
cavity-enhanced optical lattices. PRX Quantum 5, 030316
(2024).

Meiser, D., Ye, J., Carlson, D. R. & Holland, M. J. Prospects for a
millihertz-linewidth laser. Phys. Rev. Lett. 102, 163601 (2009).

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Bohnet, J. G. et al. A steady-state superradiant laser with less than
one intracavity photon. Nature 484, 78-81(2012).

Hilico, L., Fabre, C. & Giacobino, E. Operation of a ‘cold-atom
laser’ in a magneto-optical trap. Europhys. Lett. 18, 685 (1992).
Guerin, W., Michaud, F. & Kaiser, R. Mechanisms for lasing with
cold atoms as the gain medium. Phys. Rev. Lett. 101, 093002
(2008).

Vrijsen, G., Hosten, O., Lee, J., Bernon, S. & Kasevich, M. A. Raman
lasing with a cold atom gain medium in a high-finesse optical
cavity. Phys. Rev. Lett. 107, 063904 (2011).

Weiner, J. M., Cox, K. C., Bohnet, J. G., Chen, Z. & Thompson, J. K.
Superradiant Raman laser magnetometer. Appl. Phys. Lett. 101,
261107 (2012).

Gothe, H., Sholokhov, D., Breunig, A., Steinel, M. & Eschner, J.
Continuous-wave virtual-state lasing from cold ytterbium atoms.
Phys. Rev. A 99, 013415 (2019).

Wu, F. Y., Ezekiel, S., Ducloy, M. & Mollow, B. Observation of
amplification in a strongly driven two-level atomic system at
optical frequencies. Phys. Rev. Lett. 38,1077 (1977).

Grynberg, G. & Cohen-Tannoudji, C. Central resonance of the
Mollow absorption spectrum: physical origin of gain without
population inversion. Opt. Commun. 96, 150-163 (1993).

Sawant, R. & Rangwala, S. Lasing by driven atoms-cavity system in
collective strong coupling regime. Sci. Rep. 7, 11432 (2017).
Bohnet, J. G., Chen, Z., Weiner, J. M., Cox, K. C. & Thompson, J. K.
Linear-response theory for superradiant lasers. Phys. Rev. A 89,
013806 (2014).

Bohnet, J. G., Chen, Z., Weiner, J. M., Cox, K. C. & Thompson, J. K.
Relaxation oscillations, stability, and cavity feedback in a super-
radiant Raman laser. Phys. Rev. Lett. 109, 253602 (2012).

Wolf, J., Eilbott, O. H., Isaacs, J. A., Mours, K. P. & Stamper-Kurn, D. M.
Autonomous feedback stabilization of a cavity-coupled spin oscillator.
Phys. Rev. Lett. 134, 053603 (2025).

Domokos, P. & Ritsch, H. Collective cooling and self-organization
of atoms in a cavity. Phys. Rev. Lett. 89, 253003 (2002).

. Ritsch, H., Domokos, P., Brennecke, F. & Esslinger, T. Cold atoms

in cavity-generated dynamical optical potentials. Rev. Mod. Phys.
85, 553-601(2013).

Horak, P., Gheri, K. M. & Ritsch, H. Recoil-induced lasing of cold
atoms. Phys. Rev. A 52, 554 (1995).

Courtois, J. Y., Grynberg, G., Lounis, B. & Verkerk, P.
Recoil-induced resonances in cesium: an atomic analog to the
free-electron laser. Phys. Rev. Lett. 72, 3017-3020 (1994).

Kruse, D., von Cube, C., Zimmermann, C. & Courteille, P. W.
Observation of lasing mediated by collective atomic recoil. Phys.
Rev. Lett. 91,183601(2003).

Slama, S., Bux, S., Krenz, G., Zimmermann, C. & Courteille, P. W.
Superradiant Rayleigh scattering and collective atomic recoil
lasing in a ring cavity. Phys. Rev. Lett. 98, 053603 (2007).

Slama, S., Krenz, G., Bux, S., Zimmermann, C. & Courteille, P. W.
Collective atomic recoil lasing and superradiant Rayleigh scattering
in a high-Q ring cavity. AIP Conf. Proc. 970, 319-331(2008).
Bonifacio, R. & De Salvo, L. Collective atomic recoil laser (CARL)
optical gain without inversion by collective atomic recoil and
self-bunching of two-level atoms. Nucl. Inst. Methods Phys. Res. A
341, 360-362 (1994).

Weissman, Y., Nitzan, A. & Jortner, J. Quadratic effects in multiphonon
transition rates in solids. Chem. Phys. 26, 413-419 (1977).

Maes, C., Asboth, J. K. & Ritsch, H. Self ordering threshold and
superradiant backscattering to slow a fast gas beam in aring
cavity with counter propagating pump. Opt. Express 15, 6019-
6035 (2007).

Thompson, R., Rempe, G. & Kimble, H. J. Observation of
normal-mode splitting for an atom in an optical cavity. Phys. Rev.
Lett. 68,1132 (1992).

Nature Physics



Article

https://doi.org/10.1038/s41567-025-02854-4

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

Hechenblaikner, G., Gangl, M., Horak, P. & Ritsch, H. Cooling an atom
in a weakly driven high-Q cavity. Phys. Rev. A 58, 3030-3042 (1998).
Norcia, M. A. & Thompson, J. K. Cold-strontium laser in the
superradiant crossover regime. Phys. Rev. X 6, 011025 (2016).
Baumann, K., Guerlin, C., Brennecke, F. & Esslinger, T. Dicke
quantum phase transition with a superfluid gas in an optical
cavity. Nature 464, 1301-1306 (2010).

Léonard, J., Morales, A., Zupancic, P., Esslinger, T. & Donner, T.
Supersolid formation in a quantum gas breaking a continuous
translational symmetry. Nature 543, 87-90 (2017).

Kroeze, R. M., Guo, Y., Vaidya, V. D., Keeling, J. & Lev, B. L. Spinor
self-ordering of a quantum gas in a cavity. Phys. Rev. Lett. 121,
163601 (2018).

Schuster, S., Wolf, P., Ostermann, S., Slama, S. & Zimmermann, C.
Supersolid properties of a Bose-Einstein condensate in aring
resonator. Phys. Rev. Lett. 124, 143602 (2020).

Sauerwein, N. et al. Engineering random spin models with atoms
in a high-finesse cavity. Nat. Phys. 19, 1128-1134 (2023).

Helson, V. et al. Density-wave ordering in a unitary Fermi gas with
photon-mediated interactions. Nature 618, 716-720 (2023).
Black, A. T., Chan, H. W. & Vuleti¢, V. Observation of collective
friction forces due to spatial self-organization of atoms: from
Rayleigh to Bragg scattering. Phys. Rev. Lett. 91, 203001 (2003).
Brennecke, F. et al. Cavity QED with a Bose-Einstein condensate.
Nature 450, 268-271(2007).

55. Georges, C., Cosme, J. G., Mathey, L. & Hemmerich, A.
Light-induced coherence in an atom-cavity system. Phys. Rev.
Lett. 121, 220405 (2018).

56. Gheri, K. M., Ritsch, H., Walls, D. F. & Balykin, V. I. How large
photon recoil can make cold atoms lase. Phys. Rev. Lett. 74, 678
(1995).

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2025

Nature Physics



Article

https://doi.org/10.1038/s41567-025-02854-4

Methods

Loading and transport

8Sratoms are continuously loaded into a lattice inside a ring cavity of
finesse # = 33,000(at 689 nm, spolarization), single-atom cooperativ-
ity C=0.16 and cavity coupling g =3.5(2) kHz. Up to 1.1 x 10° atoms are
loaded in the steady state, and cooled to a temperature of 10 pK. For
loading, the atoms are heated in an oven, slowed in a Zeeman slower
and then gradually cooled via a vertical chain consisting of a blue
(461-nm) two-dimensional (2D) magneto-optical trap, a red (689-nm)
2D magneto-optical trap, a 689-nm 2D molasses and finally a 689-nm
3D molasses overlapping spatially with the lattice'. In addition, a vertical
slowing beam (also 689 nm) reduces the vertical velocity of the atoms.
The two magneto-optical trap stages are separated from the lattice
region by a baffle with asmall hole for the atoms, but light from the 2D
molasses, 3D molasses and vertical slowing beam spatially overlap with
theatomsinthelattice. The three coolinglasers have respective detun-
ings of 6,, = -80 kHz, §;, = -900 kHz and §, = -1.6 MHz from the 1 g™ /=°
to 3p™/="!transition. Both 2D molasses beams are retro-reflected and
propagate parallel to the table, with each beam at an angle of ~45° with
respectto the plane of the cavity. They are located above the cavity, and
only the lowest ~10% of the beams overlaps withatoms interacting with
the cavity mode. The three roughly orthogonal 3D molasses beams are
also retro-reflected and span all three dimensions of space, where all
thebeamswere designed to have an-45° angle tothe table aswell as the
plane of the cavity. This corresponds to angles of 69°, 69° and 43° with
respect to the cavity axis, which is oriented at 20° from the vertical
direction. Dueto spatial constraints, the actual beam geometry deviates
slightly from the symmetric arrangement, and the angles of the three
beams with respect to the cavity axis are 75°, 65° and 55°. The slowing
beam is almost orthogonal to the table and only propagates upwards.
The cavity axis into which the atoms are loaded has a 70° angle with
respect to the table. The cavity has a linewidth of /21 =50 kHz at
689 nm and is locked to the 689-nm laser. The quantization axis is
defined by a magnetic field 30° out of plane relative to the cavity axis,
leading to mixed polarizations for all cooling lasers. This magneticfield
leads to a Zeeman splitting of Af= +1.2 MHz of the excited states in °P,.
The cavityalso supportsalattice produced by two counterpropagating
813-nm beams, which are locked in frequency to the ring cavity. The
lattice has a depth of 150 pK, corresponding to an axial frequency of
210 kHz and a radial frequency of 440 Hz. The lattice differential light
shifts and the Zeeman shifts cause the relevant optical atomic transi-
tions at 689 nm to shift to the red by -1.3 MHz, -0.7 MHz and 1.8 MHz
for m;=-1, 0 and 1, respectively, relative to the transition frequency f,
atzeromagneticfieldand no 813-nm lattice. A travelling lattice to trans-
port the atoms along the cavity axis is produced by introducing a fre-
quency difference between the two lattice beams.

Homodyne analysis

Both cw and ccw output modes of the ring cavity are fibre coupled,
filtered for 689-nm light and analysed on a single-photon-counting
module (SPCM). Typical count rates on the SPCM during lasing are
1.5 MHz. For the g® measurement, the SPCM output is recorded and
time-tagged onananalogue-to-digital converter and theg? correlation
function s estimated via

Imax—T
21:1 nini, ¢

g(z)(-[) = X P (imax - T) > @
(T )

where n; are the counts detected in bin i, T is the time delay from the
beginning of the measurement and i, is the total number of bins.
The dead time of the SPCM is 22 ns, and the bin time was chosen to
be 300 ns. For coherent light, g?(0) =1, whereas for the Fock states,
22(0) = 0; for thermal light,g®(0) = 2. Since we are using asingle SPCM
andnobeamsplitter, the dead time of the SPCM means that coincidence

countsarriving within the dead time are not detected. For excessively
shortbin times, this artificially reduces g?(0) below 1. Due to the cavity
ring down time of ¢,; = 3.2 ps, most coincidence counts are neverthe-
less detected in this setup without the need for a beamsplitter and
two SPCMs. For excessively large bin times, the influence of other
correlations, such as intensity fluctuations, on g?(0) increases. The
300-ns bintime was chosen asacompromise between the two effects.

For measuring the dressed cavity frequency, aweak probe beamis
inserted into the cavity. Since the probe beam overlaps spatially and
spectrally with the lasing light, itis not visible during lasing. To measure
f.during lasing, all cooling lasers are switched off for 100 ps, during
whichthe excited state decays and lasing ceases. After 100 ps, the probe
beamisswitched onandits transmission is measured for asingle probe
frequency f, and cavity frequencyf.. The coolinglasers are then switched
onagaintoreload atoms and the measurementis repeated for a different
Jor value, leading to one horizontal trace for a fixed f. value. Finally, the
cavity frequency is changed and the measurement is repeated.

Real-time heterodyne analysis

For analysing the frequency of the emitted light, the fibre-coupled
cavity output is overlapped on a non-polarizing beamsplitter with a
local oscillator (-1-mW power) derived from the same laser as the cool-
ing lasers. The frequency of the local oscillator is shifted such that its
beatnote with the lasing light is at around 5-8 MHz. Both outputs of
the non-polarizing beamsplitter are guided to the two ports of a dif-
ferential photodiode, and therelative intensities are carefully matched
using a glass pick-off to achieve the maximum cancellation of
common-mode noise. The differential photodiode signal is then ampli-
fied by 50 dB, leading to a signal up to ~15 dB above the noise floor at
the peaklasingintensity. The beatnoteis analysed onareal-time spec-
trum analyser, and can be time resolved to about 30 ps. This setup can
also be used to measure f. during lasing, as the lasing light has a nar-
rower linewidth than the cavity. For this purpose, the probe beam is
swept in frequency over a range of >100 kHz at a rate of about 1Hz
duringlasing. The dressed cavity frequency is then visible as a periodi-
cally appearing broader resonance on top of the continuous signal of
thelasing beatnote. This measurement also shows the real-time shifting
ofthe dressed cavity frequency when switching off the cooling lasers.

RIR

RIR provides a gain mechanism in cold atom systems by the popula-
tion inversion of momentum states™. In ring cavities, this can lead to
acollective instability—CARL—via coherent collective backscattering
reminiscent of free-electron lasing®. The interference between the
pump and backscattered fields mediated by the momentum states lead
to a spatial atomic density modulation transverse to the cavity axis,
which then enhances backscattering and collectively accelerates the
atoms. Adding extra friction canlead to a quasi-continuous backward
coherentemission. In our system, pumping is provided by the cooling
lasers, whichare scattered into the cavity mode. For modelling this, we
look at the radial momentum of the atom cloud, asthe atoms are tightly
confinedinthe Lamb-Dicke regimein the axial direction. In the radial
direction, the confinement is weaker, and the atoms can move within
each pancake orthogonal to the cavity axis experiencing the polariza-
tion and intensity gradient from the molasses beams. Each scattering
process is accompanied by a recoil transfer depending on the angle
of pump and cavity photon momenta during absorption/emission.
The axial part of the momentum will be absorbed by the lattice so that
only the radial projection is important. Although molasses cooling
generates a more complex distribution, for simplicity, we assume a
thermal distribution of the momentum states of the atoms along the
radial direction as described by the Maxwell-Boltzmann distribution:

pp(p) = e amh, @

1
\2nmkg T
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where mand p denote the mass and momentum of a®8Sratom, respec-
tively; kg is the Boltzmann constant; and T'is the radial temperature of
the atom cloud. The population inversion between two different
momentumstates canthenbeexpressedasAp,(p,6p) =p,(p +p) - p,(p),
where the momentum transfer 6p = nfik depends on the number and
direction of the photons absorbed and emitted in one recoil process.
TheRIRgainis proportional to the size of this population difference or
inversion. The frequency at which this inversion contributes RIR gain
isgivenby the changein kinetic energy during thismomentum transfer
process from p;to pj, thatis, Af = (p} — p?)/2mh, which, for asingle-photon
transfer p,= p; + ik, amounts to Af, = 2iikp,/2mh = 2nf,, with p;= n,fik.

Inour setup, there are three approximately retro-reflected pump
lasers covering all three spatial dimensions with different angles to the
lattice direction. We can therefore approximate that, on average, the
momentum transfer between the absorbed pump photonand emitted
photon in the radial direction equals one photon momentumn=1.
The light emitted by the atoms during RIR is shifted in frequency cor-
responding to the momentum gain of the atoms. Converting the gain
from momentum into frequency units yields

PN = [

[e_(LMAf+L"k)Z/2kaT_e—(L’"Af—”—"k)Z/kaBT '

3

nk 2 nk 2

where k =2m/Ais the wavevector of the emitted photon orthogonal to
the cavity axis and Afis the frequency difference of the emitted light
from the absorbed (cooling) light. For an atom cloud of 7=10 pK, the
maximum gain, therefore, occurs at Af=50 kHz.

Temperature of atoms

Thetemperature of atoms trapped inthelattice is measured viafluores-
cenceimaging of the thermally expanding cloud, yielding 10(2) pK. As
the fluorescence of the atoms in the 3D molasses is more intense than
that of atoms in the lattice, first, the 3D molasses cooling lasers are
switched off for 70 msto allow for the atoms to gravitationally fall out
oftheimaged area, whereas only atoms trapped in the lattice remain.
70 msafter this, the lattice beams are switched off, and the atomic cloud
isimaged after different expansion delays. Since the RIR mechanism
transfers atoms to a higher-momentum state, the lasing-induced loss
mechanism would most intuitively stem from heating of the atoms.
However, no change in the temperature of atoms is observed as the
lasing intensity increases. This could be explained if the atoms are not
inathermal equilibrium state. Because the RIR gain maximum for hot-
teratomsis closer to thelasing frequency, the lasing-induced heating
mechanism is the most efficient for already hotter atoms, which can
get heated out of the lattice inarunaway manner before the cloud can
thermalize. At the same time, colder atoms get cooled more efficiently
due to more favourable Doppler shifts. The hotter atoms would then
no longer be confined in the lattice by the time the temperature can
be measured. Although this theory qualitatively explains our obser-
vations, we do not have any experimental evidence for it and can,
therefore, not be certain what the nature of the lasing-induced loss
mechanism is. Density-dependent mechanisms such as collisions or
formation of molecules have been excluded experimentally, as no
dependence of the atom loss on atom density has been observed.

Pulsed lasing

Lasinginzonelis not continuous throughout, but operatesina pulsed
regime depending on the cavity detuning é., (Extended Data Fig. 1).
The measured linewidthin the pulsed regime is broadened compared
with the cw lasing linewidth. Measurements of the linewidth, pulling
coefficients and so on were usually taken at 6., = -1.3 MHz, close to
the transition between zones 1 and Il, where lasing is the most intense
and narrow linewidth. The exact position of the jump between zones

dependsonthereloading rate of atoms into the lattice, which depends
on the number of atoms in the 3D molasses and, therefore, the indi-
vidual laser frequencies and intensities.

Phenomenological model

We consider three different atomic loading and loss mechanisms
in our rate equation model: ®Sr atoms are constantly filling up the
one-dimensional lattice at aloading rate of R=2 x 10’ atoms s !, whichis
measured from vacuum Rabi splitting when turning on the lattice over
an existing equilibrium 3D molasses. Atoms are lost via single-body
loss characterized by the rate y,.., =19 s, whichis calculated from the
loading rate R and the steady-state atom number N = 1.1 x 10° without
lasing. The steady-state atom number Nis also extracted from vacuum
Rabi splitting. The second loss mechanism y, MN is associated with
recoil lasing. During lasing, the steady-state atom number will be the
solution of the rate equation

N=R- ViossN — VLMN = 0. “)

The reference intracavity photon number (M, =1,045 photons per
atom) is measured from the SPCM count rate at the edge of zones 1and
Il in which lasing is maximal in power. The lasing-induced loss rate
Y. =8.93 x107 per photon per atom can be calculated from equation
(4). The number of emitted photons during lasing depends on the
absorption of pumpinglight; therefore, the intracavity photon number
Misstrongly affected by the dressed cavity frequency f.and the detun-
ing of the pumping light (&, and &;) from the RIR gain:

M= MON + MON 5 (5)

2 2
&5 8¢
+| =2 ) 1+( > )
( Tpir/2 Trir/2

where

6ca - \/ 6521 + (Zg)ZN

Oy =fat > = (f3nss + Ori)- (6)
Here RIR gain FWHM [z = 50 kHz and shift 6z =100 kHz are calcu-
lated using equation (3). The intracavity photon number M, in turn,
influences the steady-state atom number N, establishing a negative
feedback loop.

The qualitative agreement between the equilibrium solutions of
this system and our experimental observations is evident. There are
overlapping regions of stable solutions, connected by unstable solu-
tions, which cause the observed strong hysteresis. In particular, the
cavity pulling coefficientis suppressed for zoneslandIl, but recovers
for zones Il and IV in which no notable atom number modulation
occurs that would impact the dressed cavity resonance. The model
also reproduces the substantial reduction in the atom number within
zones I and I, a critical aspect for the maintenance of lasing and the
pinning of the cavity resonance frequency. The emergence of these
distinctzones can be attributed to the competitive dynamics between
different coolinglasers. The introduction of additional cooling lasers
atvarying frequencies leads to a proportional increase in the number
of observed and calculated zones.

Data availability

The data that support the plots within this paper and other findings
of this study are publicly available at https://scholar.colorado.edu/
concern/datasets/0v838219g.
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Extended Data Fig. 1| Pulsed lasing. The lasing is not continuous throughout excess heating during the ordering process reducing the effective gain [57]. For

zonel, but for positive 6., only occasional pulses occur. In this limit cavity cooling ~ smaller 6 ,, where more atoms have be ejected from the cavity to keep the dressed
and self-ordering should be present, which work towards increasing the effective cavity resonant with the lasing light the pulses are more frequent. For even
cavity-atom detuning, increasing the nonlinear dynamics. This can also create smaller §, the lasing is continuous.
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