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Unveiling the Bose-Einstein condensate-droplet crossover with Rayleigh superradiant scattering
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Light scattering plays an essential role in uncovering the properties of quantum states through light-matter
interactions. Here, we explore the crossover from Bose-Einstein condensate (BEC) to droplets in a dipolar
166Er gas by employing superradiant light scattering as both a probing and controlling tool. We observe
that the efficiency of superradiant scattering exhibits a nonmonotonic behavior akin to the rate of sample
expansion during the transition, signaling its sensitivity to the initial quantum state, and in turn revealing the
BEC-droplet crossover. Through controlled atom depletion via superradiance, we analyze the sample’s expansion
dynamics and aspect ratio to identify the BEC-droplet phases distinctly, supported by Gaussian variational ansatz
calculations. Finally, using these two approaches, we track how the BEC-droplet crossover points shift under
varying magnetic field orientations. Our results show that superradiance can provide a state-sensitive probe and
implement rapid atom-number quenches, opening new avenues for studying quantum states in atomic matter.
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Introduction. Light-matter interaction enables sensing,
spectroscopy, quantum information processing, and materi-
als characterization [1,2]. In ultracold atoms, it has broad
applications—from realizing synthetic dimensions [3—5] and
spin-orbit coupling [6,7] to simulating condensed-matter
systems [8] and imaging [9-11]. Rayleigh superradiance scat-
tering [12], a light-matter interaction process commonly used
in ultracold atom experiments, has been extensively studied
across various systems [13,14]. These include bosonic atom
systems with isotropic s-wave interactions [15-24], atomic
systems coupled to cavity modes [25-27], free fermions
[28], and dipolar Bose-Einstein condensates (BECs) with
anisotropic dipolar interactions [29]. However, most of pre-
vious works have focused on the fundamental collective
enhancement from correlated multiple emitters. Here, we
investigate superradiant scattering across the transition be-
tween a dipolar BEC and a macrodroplet, illustrating how the
quantum state manifests and can be manipulated via light-
matter interactions. We use the superradiant process as a
state-sensitive observable influenced by the coherence of the
initially prepared sample. Moreover, by adjusting its inten-
sity of superradiant pulse, a well-defined fraction of atoms is
coherently outcoupled on a timescale much faster than three-
body decay, allowing the atom number to be tuned without
driving the sample through a slow, lossy evolution.
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In recent years, quantum droplets, the self-bound system
of quantum gases [30], have been observed in dipolar gases
[31-33] as well as Bose-Bose mixtures [34-37], leading to
the observation of supersolids [38—40] with coherent mul-
tidroplets. Both single macrodroplets and multidroplets have
been observed where direction of magnetic field was along
and perpendicular to elongated axis of the droplets, respec-
tively [41]. While stripe states have been examined using
tilted dipoles of dysprosium atoms [42] in an oblate trap, the
formation of single macrodroplets with tilted dipoles and their
coillective light-matter interactions [43] remain unexplored
in an elongated trap. In this work, we investigate how the
BEC-droplet transition points shift under varying magnetic
field orientations using superradiance. Our work also comple-
ments the investigation of the excitation spectrum across the
BEC-droplet crossover with Bragg spectroscopy [43].

Our experiment illustrates how the superradiant process
probes the quantum state of the sample as described in Fig. 1.
After superradiant scattering, two daughter clouds outcoupled
from the original condensate (mother cloud) are formed after
the expansion [Fig. 1(a)]. First, superradiant light scattering—
which is sensitive to the sample’s spatial coherence as well
as its density and geometry—enables investigation of the
BEC-droplet crossover [Fig. 1(b)]. In an elongated trap at
finite temperature T, axial phase fluctuation primarily arises
from low-energy excitation near k, — 0 [44—46]. This phase
fluctuation occurs when the excitation wavelength becomes
larger than the cloud’s radial size, leading to one-dimensional-
like behavior [44,45], while density fluctuations maintain
their three-dimensional characteristics. With the decreasing
chemical potential at constant 7, fewer axial excitations
become populated, leading to reduced phase fluctuation. As
quantitatively demonstrated in our previous work [29], the
superradiant threshold with the recoiled atom number N,
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FIG. 1. Superradiance from a BEC to a macrodroplet state. (a) An elongated condensate is exposed to the superradiance beam linearly
polarized along the z direction, propagating along the y axis. The magnitude (B) and direction (#(0)) of the external magnetic field are
independently controlled, leading to tunable s-wave scattering and dipolar interactions. (b), (c) Schematic of mother cloud and recoiled atoms
after 10 ms of free expansion. The scattering efficiency is enhanced near the crossover and suppressed in the deep droplet and BEC regimes.
The aspect ratio of the mother cloud also exhibits distinct responses in the two regimes as the scattering rate Ik is increased. The upper and
lower panels summarize, respectively, the qualitative variation of superradiance efficiency across the crossover and the aspect ratio response of

the rapidly depleted mother cloud.

described by N = (G — L) N, is sensitive to the superradiant
gain G and the loss term L that accounts for the decay of
the matter-wave grating. In the mean-field BEC regime, the
loss term L is shown to track the thermal phase fluctuation as
L x af/ 5 monotonically [29].

As the scattering length is reduced across the BEC-droplet
crossover, our variational calculations show a decrease in
the chemical potential (see the Supplemental Material [47]).
On the BEC side, the enhanced superradiance efficiency is
consistent with reduced thermal phase fluctuations. Within
the phase-fluctuation theory for elongated Thomas-Fermi
condensates, the phase-fluctuation parameter decreases with
decreasing chemical potential at fixed temperature, atom
number, and axial confinement [44]. This framework, how-
ever, cannot be directly extrapolated to the droplet regime.
For dipoles aligned with the long axis, previous studies
have identified antiroton behavior, characterized by a rapidly
rising axial excitation branch and a redistribution of density-
response weight among excitation branches [43,48]. This
behavior reflects the increasingly repulsive effective interac-
tion at larger axial momenta [48]. Experimentally, we observe
a maximum in superradiance efficiency near the crossover and
a decrease further into the droplet regime [Fig. 1(b)]. The
latter may involve changes in coherence, density, geometry,
and excitation spectrum.

The superradiance process also allows to explore BEC-
droplet phases via controlled depletion of the sample. During
the scattering process, the initial atomic cloud (mother
cloud) becomes depleted, forming two additional clouds
(daughter clouds), controllable via the scattering rate (i.e.,
intensity) of the pump beam. By monitoring the expansion
dynamics of the depleted mother cloud, including the as-
pect ratio measurement, one can map out the BEC-droplet

crossover as a function of atom number as described in
Fig. 1(c).

Superradiance threshold behavior across the BEC-
droplet crossover. We begin with a BEC of '®Er, con-
taining ~1.5-3.5(2) x 10* atoms in the |mj = —6) state
[29,49-51] (see the Supplemental Material [47] for more
details). A transition from the BEC to the macrodroplet is
realized by controlling the scattering length ay, resulting in
tunable €;, = ayq/ag, where ay, is the dipolar length. In the
first set of experiments, we measure the portion of recoiled
atoms as a function of the Rayleigh scattering rate across the
BEC-droplet transition when the atom number of the mother
cloud is kept constant for variable €,4,. As shown in Figs. 2(a)
and 2(b), the recoiled atom number reaches a maximum near
the BEC-droplet crossover, suggesting that the superradiance
efficiency reveals the crossover. The increased superradiance
efficiency in the BEC regime can be attributed to decreasing
thermal phase fluctuations [44,45]. These phase fluctuations
contribute to the fitted loss term L obtained from the recoiled
atoms for variable I'; [see inset of Fig. 2(c)]. However, in
the quantum droplet regime, spatial coherence is affected by
the dipolar and BMF interactions, influencing the chemical
potential, and excitation energy [43,48,52]. Figure 2(b) shows
the portion of recoiled atoms for varying €,4. At a sufficiently
large scattering rate (e.g., I'x = 0.55m s71), the superradiant
efficiency shows nonmonotonic behavior as a function of €,
[dashed line, see also Fig. 2(c)], being consistent with the
expansion velocity, which reveals the property of the quantum
state before the superradiant light is switched on [see the
expansion velocity in Fig. 4(a)].

Expansion dynamics following superradiant depletion. We
next analyze the expansion of the mother cloud following the
superradiant pulse. The mean remaining atom number varies
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FIG. 2. Superradiance threshold behavior from BEC to macrodroplet. (a) Vertical absorption images of atomic momentum distribution
after exposure to an off-resonant laser pulse of variable scattering rate. Images are taken after 10 ms time of flight. The scattering rates are
0.15, 0.35, and 0.55ms~!. Images on the left side represent the BEC regime (¢, = 1.05, prisms), whereas on the right side is the droplet
regime (€44 = 1.19, stars). In both BEC and droplet phases, an increase in the scattering rate leads to a strong depletion of the mother cloud
and thus larger daughter clouds. To clearly distinguish the aspect ratio change and increase of SR efficiency for larger I'g, different color scales
are applied to mother and daughter clouds. (b) The portion of recoiled atoms vs the Rayleigh scattering rate, I', and dipolar strength, €,,. The
superradiance efficiency is maximum across the crossover and is progressively suppressed as the system moves away from the transition point.
The absorption images corresponding to prisms and stars are depicted in panel (a). (¢) An exponential increase in total number of recoil atoms
is observed. The increase is proportional to the loss term, L, and is illustrated as a function of €,4,. The loss term reduces to a minimum value
near the transition point and enhances again with a further increase of €,,. Inset shows portion of recoiled atoms at €,;, = 0.98 fitted to the
equation N = A exp((I'z — L)tyuise) Where t,uc = 100 us and A is an arbitrary coefficient. In the fitting, I'¢ is an independent variable (from

0.04 t0 0.6 ms~!). Lower panel: The portion of recoiled atoms for 'z = 0.55m s~

Np

superradiant efficiency ( N

) are inversely related.

reproducibly with the scattering rate (and hence the pump
intensity), while the short depletion time limits three-body
loss during the pulse. This protocol provides rapid tuning of
the mean atom number.

In Fig. 3(a), a sample is first adiabatically prepared be-
tween the BEC (e.g., €50 = 0.98) and droplet (e.g., €40 =
1.22) regimes. Utilizing this light-induced depletion, we sub-
sequently measure the expansion dynamics of the atomic
cloud depleted by the superradiance process (i.e., mother
cloud) and monitor the variation in the aspect ratio of the
mother cloud after superradiant scattering. The first three
curves shown in Fig. 3(a) represent the aspect ratio for three
€44 values of 0.98, 1.04, 1.08, respectively, for a dilute BEC.
Throughout, the aspect ratio is normalized by its value at
the largest scattering rate for each €44, such that the curves
converge to unity at high depletion and their relative trend
directly reveals the phase-dependent response. Notably, the
aspect ratio of the mother cloud of the BECs remains almost
constant with increasing scattering rate, as the droplet requires
a minimum critical number of atoms and ¢,4;. In the BEC
regime, a decrease in atom number slightly weakens the re-
lease energy (see the Supplemental Material [47]), causing
a minor decrease in the aspect ratio. In the droplet regime
at €54 = 1.22, the depletion in the mother cloud leads to
a rapid increase in aspect ratio following the superradiance
process, as shown in Fig. 3(a). As the scattering rate increases,

! across the transition point, showing that the loss term and

the aspect ratio of the mother cloud gradually increases for
€4qa = 1.15. The increase (decrease) of the aspect ratio in
the droplet (BEC) regime is attributed to the release energy
[53,54]. Moreover, the initially small aspect ratio at a low
scattering rate results from attractive interactions dominating
over repulsive ones [55-57].

To verify this distinct expansion dynamics of the de-
pleted sample after superradiance, we numerically calculate
the aspect ratio after 10 ms of free expansion by solving
the extended Gross-Pitaevskii equation (eGPE) with time-
dependent variational Gaussian ansatz [33,58]. We solve for
variational parameters, atom number, and condensate size (see
the Supplemental Material [47]), which reflects the change
in atom number for variable I'; as shown in the inset of
Fig. 3(b). The observed expansion dynamics, characterized
by the aspect ratio of the sample, are in good agreement with
Fig. 3(b).

Next, using this approach, we can investigate how the de-
pleted mother cloud responds in €,4—N space by analyzing the
aspect ratio of the expanded cloud, with variable parameters
as and I'g. Importantly, our light-induced depletion method
circumvents complications from three-body loss, enabling
precise control over atom number in the diagram. In Fig. 3(c),
the aspect ratio of the sample exhibits a distinct transition
between the BEC (toward the red arrow) and the droplet
phases (toward the blue arrow) across this parameter space.
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FIG. 3. Dynamical response of the depleted mother cloud. (a) The scaled aspect ratio (y) of the mother cloud is shown as a function of
scattering rate, ['g, for different values of €;; = 0.98, 1.05, 1.09 in the BEC regime and ¢;; = 1.15, 1.19, 1.22 in the droplet regime (from
top to bottom curves). The aspect ratio is rescaled by the value corresponding to the largest scattering rate for each €,4. Ellipsoids on top and
bottom depict a schematic representation of the shape of the mother cloud at different scattering rates, I'g, for the BEC (upper, €,, = 1.05) and
droplet (lower, €,, = 1.22) phases, illustrating distinct behavior of y in both regimes. (b) Theoretical simulation of aspect ratio (normalized)
after 10 ms of free expansion. Inset shows the loss of mother cloud atom number with an increase of scattering rate, ['g. (¢) Dynamical response
of the depleted mother cloud is measured for the BEC-droplet crossover in €,,—N space.

Based on numerical calculations, the droplet phase cannot
form below €44 ~ 1.1, even with large atom numbers (),
which is consistent with our experimental observations.

Effect of tilted dipoles on crossover signatures. Finally, we
employ two complementary approaches utilizing superradiant
scattering, as illustrated in Figs. 2 and 3, to examine the BEC-
droplet transition in the unprecedented regime. For example,
we evaluate how tilted dipoles influence droplet formation
within an elongated trap. We maintain a consistent Rayleigh
scattering rate, thereby ensuring a stable superradiance gain
term, to assess superradiance efficiency throughout the BEC
to macrodroplet transition. Our measurements involve dipole
orientations of 8 = 07, 20°, and 30° relative to the elongated
axis. Figure 4(a) demonstrates that the recoiled atom frac-
tion reaches its peak at €54 ~ 1.14 for 0°, with subsequent
shifts to approximately 1.21 and 1.28 for 20° and 30°, respec-
tively. This indicates a shift in the BEC-droplet transition as 6
increases. We confirm this observation by measuring the ex-
pansion dynamics across the crossover for various scattering
lengths and dipolar orientations.

The histograms in Fig. 4(b) represent the aspect ratio for
€44 = 1.22 as a function of the dipolar angle 6 and the number
of atoms N remaining in the mother cloud. The alignment of
dipoles away from the elongated axis reduces the attractive
dipolar energy. Thus, it requires lowering the scattering length
to achieve a self-bound system, as illustrated in Fig. 4(c)
theoretically. In Fig. 4(c), we plot the scattering length as a
function of dipolar orientation and atom number where release
energy becomes zero. The transition shifts to lower values of
a, with increasing dipolar angles, whereas it saturates for large
atom numbers regardless of dipolar orientation. The system
possesses a self-bound property for negative values of the
release energy or chemical potential. Therefore, their zero
value corresponds to the minimum expansion velocity.

In conclusion, we have demonstrated that superradiant
scattering effectively reveals quantum state properties in dipo-
lar 'Er gas systems. Using this process as both probe
and control, we have observed nonmonotonic efficiency
across the BEC-droplet transition. Through controlled atom
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FIG. 4. Shift of crossover signatures with magnetic-field orienta-
tion. (a) The expansion velocity of the cloud is measured for different
€44 values at magnetic field angles of 0°, 20°, and 30°. A clear shift
in the point of lowest expansion rate is observed for all three angles
(gray curves). The portion of recoiled atoms is measured for different
€44 values from the BEC-droplet phase at magnetic field angles of 0°,
20°, and 30° (purple curves). (b) Experimental data for aspect ratio
(normalized) of mother cloud in —N space at €, = 1.22. (c) The-
oretical phase diagram of BEC-droplet crossover in a,—0 space for
fixed atom number (left) and a,—N space for different angles (right).
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depletion and analysis of expansion dynamics, we have ex-
plored this transition and mapped its shifting points under
varying magnetic field orientations.

It is worth noting that the superradiant pulse transfers a
controlled fraction of atoms into well-separated momentum
states within ~100 us—essentially instantaneously compared
with the trap period, after which the remaining mother cloud
evolves from a well-defined initial condition. The final atom
number is set deterministically by the pump intensity rather
than by a stochastic decay process, which is precisely what
enables us to characterize the superradiance response across
the BEC-droplet crossover in the €,,—N space [see Fig. 3(c)].
This advantage may open a new opportunity over the sam-
ple, depleted with three-body recombination process, where
it removes atoms preferentially from the high-density core,
deposits recombination energy into the sample, and proceeds
continuously over tens of milliseconds, so that the system
evolves through a sequence of heated, nonequilibrium states
whose atom number and temperature are entangled.

Our findings pave the way for further investigation into
quantum droplets and supersolids [38—40] as well as light-
matter interactions in dipolar systems. The light scattering
technique we demonstrated offers an approach to probing

responses influenced by phase coherence in low-dimensional
dipolar systems, particularly in one- [59] and two-dimensional
[60-63] configurations. This measurement could provide in-
sights into low-energy excitations in the droplet [43,48,52].
An intriguing extension is to analyze the statistical fluctu-
ations of the superradiantly emitted light itself. Since the
superradiant gain is seeded by density and phase fluctua-
tions of the gas, shot-to-shot statistics of the emitted pulse
could serve as a fluctuation spectroscopy of the crossover,
complementing the mean efficiency measured here. Addition-
ally, harnessing the superradiant process offers a promising
method to control atom number in the sample. Since the rapid
superradiance-induced depletion process prevents three-body
loss, it creates a unique opportunity to study droplet formation
dynamics.
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