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Attempts to create quantum degenerate gases without evaporative cooling have been pursued since the
early days of laser cooling, with the consensus that polarization gradient cooling (PGC, also known as
“optical molasses”) alone cannot reach condensation. In the present work, we report that simple PGC can
generate a small Bose-Einstein condensate (BEC) inside a corrugated micrometer-sized optical dipole trap.
The experimental parameters enabling BEC creation were found by machine learning, which increased the
atom number by a factor of 5 and decreased the temperature by a factor of 2.5, corresponding to almost
2 orders of magnitude gain in phase space density. When the trapping light is slightly misaligned through
a microscopic objective lens, a BEC of ~250 8Rb atoms is formed inside a local dimple within 40 ms of

PGC after MOT loading.
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Quantum degenerate gases provide an attractive platform
for testing fundamental physics [1,2] and simulating
various quantum many-body systems [3,4]. In most experi-
ments, highly efficient laser cooling [Doppler cooling
followed by polarization gradient cooling (PGC)] takes
an atomic gas from room temperature to sub-mK temper-
atures [5,6]. At this point, the gas is trapped with a typical
occupation per quantum state [phase space density (PSD)]
of ~107%, limited by detrimental light-induced processes
such as photon reabsorption heating and atom loss.
Subsequently, to reach the degeneracy, evaporative cooling
[7] is applied. The latter is a robust method requiring only
favorable atomic ground state collision properties, how-
ever, the process is slow and necessarily accompanied by a
reduction in atom number.

Recently, alternative optical cooling techniques have
been developed that can reach the quantum degenerate
regime faster [8—13]. The main obstacle to overcome is
light-induced collisional loss at higher atomic densities
and within the Bose Einstein condensate (BEC) [14]. For
Sr atoms, which feature a narrow optical transition, Schreck
and colleagues have made use of a strongly inhomogeneous
trapping potential to spectrally decouple the emerging BEC
from the cooling light [8], even demonstrating the first
continuous creation of a BEC [9]. For alkali atoms without
a convenient narrow transition, Raman cooling can be
employed to mimic a narrower transition using an addi-
tional laser field to adjust the effective transition linewidth
[6,15,16]. This approach has enabled laser cooling to
quantum degeneracy in Rb [11,12] and Cs [17], however,
such techniques require a higher degree of experimental
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complexity in addition to the PGC already necessary. It has
been the general consensus that optical cooling to Bose-
Einstein condensation requires relatively sophisticated,
finely-tuned techniques, and cannot be accomplished by
PGC alone.

In this Letter, we report the direct formation of a Bose-
Einstein condensate of ’Rb atoms using only PGC inside
a corrugated potential. The cooling is applied to atoms
trapped inside a perturbed optical tweezer, which is formed
by intentionally misaligning the trapping light through
a high-numerical-aperture microscope objective lens. A
small fraction (up to ~11%) of the atoms (N ~ 2500) forms
a BEC, as revealed by a bimodal and anisotropic velocity
distribution observed in time-of-flight (TOF) imaging.
The BEC formation was first discovered accidentally using
a machine learning algorithm designed to maximize the
atom number loaded into the misaligned microscopic trap.
For traps created by laser beams well aligned to the
microscope objective, we do not observe a condensed
component, but we consistently recover condensation in
traps misaligned to the microscope. Furthermore, BECs can
be generated controllably using a spatial light modulator
(SLM) to imprint a specklelike phase pattern, or by
superposing two closely spaced traps. We believe that
interference creates dimple structures in the trapping
potential that lower the trap depth below the chemical
potential of the system, thus facilitating local condensate
formation [18-21].

Ourexperimental setupis showninFig. 1. The optical dipole
trap is generated with a Gaussian laser beam (1 = 808 nm)
focused to various beam waists (wg = 2-5 pm) through a

© 2024 American Physical Society
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FIG. 1. Schematic of the experimental setup for direct polariza-

tion gradient cooling to Bose-Einstein condensation in a corrugated
optical potential. The optical dipole trap (A = 808 nm) is slightly
misaligned on a microscope objective lens with numerical aperture
NA = 0.4, resulting in small-scale corrugations of the trapping
potential with waist wy ~ 3.5 pm. To maximize the phase space
density and reach condensation, machine learning is used to
increase the atom number loaded into the trap by tuning the trap
loading and cooling parameters (see text). An absorption image
(right) shows a bimodal momentum distribution. The high-density
peak contains, at most, 11% of the atoms (N = 2300).

microscope objective lens (Mitutoyo M Plan Apo NIR B
20X 378-867-5, numerical aperture NA = 0.4), with the
trapping beam slightly tilted (~3°) away from normal
incidence on the objective. 8’Rb atoms are loaded into
the dipole trap from a magneto-optical trap (MOT).
The experimental sequence consists of a 500-ms-long
MOT cooling and loading stage, followed by a 40-ms-long
MOT compression stage at increased magnetic field
gradient, during which atoms are loaded into the dipole
trap. The dipole trap depth is typically U/h = 8 MHz
(U/ky =400 pK), with measured radial and axial vibra-
tion frequencies of w,/(27) = 18 and w,/(27) = 0.8 kHz,
respectively.

The various parameters (laser intensities and frequencies,
bias magnetic fields along x, y, z, and magnetic field
gradient) for the dipole trap loading during the MOT
compression stage were optimized with an open-source,
machine learning optimization package (M — LOOP) [22],
which has been used previously for improving laser cooling
to Bose-Einstein condensation [13]. In this work, we use
the number of atoms loaded into the dipole trap as our cost
function. We divide the 40-ms-long MOT compression
stage into three time bins during which we allow
M — LOOP to vary 27 parameters in total: the durations

of the time bins, the beam powers and detunings of the
MOT laser on the [5S;,,, F = 2) — |5P3,, F = 3) tran-
sition, and of the repumper laser on the |58, F = 1) —
|5P3,, F = 2) transition, the magnetic fields B,, B,, B.,
and the gradient of the magnetic quadrupole field. The
parameters during the different time bins are connected via
linear ramps, except for the laser frequencies, which are
jumped in < 1 ms (see Supplemental Material [23] for
details). Initial values of all parameters for the MOT
compression stage are carried over from the previous
MOT loading stage and were chosen by hand.

The optimized sequence obtained by the algorithm (see
Supplemental Material [23]) increased the number of
loaded atoms by up to a factor of 5 compared to human
optimization, while simultaneously decreasing the temper-
ature by a factor of 2.5. To increase the atomic density
and reduce light-induced repulsion forces [26,27] and
losses [14], the algorithm ramps down the intensity of
the repumper laser by a factor of ~300, which transfers
most of the atoms into the F = 1 manifold, and reduces
photon scattering. Additionally, the algorithm increases the
MOT laser detuning from the |55/, F =2) = [5P;).
F = 3) transition to —180 MHz during the final time bin to
produce colder temperatures via blue-detuned PGC on the
5812, F = 2) = |5P5),, F = 2) transition [28]. The algo-
rithm further increases the magnetic field gradient to
~25 G/cm to achieve higher atomic density during dipole
trap loading, while the chosen bias magnetic field positions
the atomic ensemble at the dipole trap location, maximizing
the loading efficiency. All of these are known techniques
from human optimization. The algorithm manages to
load as many as N = 2300 atoms into a microscopic dipole
trap with beam waist wy =3 pm, at a temperature of
T ~40 pK, well below the Doppler temperature of
140 pK, while the recoil temperature is 360 nK. Note that
such temperatures and densities have been achieved with
PGC alone [13], while lower temperatures (e.g., 10 pK)
have been reported only at the expense of lower atomic
density [20]. This large atom number is remarkable given
that under other loading conditions, such traps can be made
to load only a single atom [29].

Following the M — LOOP-optimized trap loading,
the atoms are held in the dipole trap for an additional
50-300 ms to allow the ensemble to thermalize, with typical
estimated two-body collision rates of I', 2.2 x 10% s~ at
peak densities 1y ~ 5 x 10'3 cm™ of the thermal cloud.
(During this 50-300 ms long thermalization stage, some
evaporative cooling occurs, where 10%—-30% of the atoms
are lost while the temperature decreases by 10%—20%.
However, this stage alone does not play a significant role for
the BEC formation.) Absorption imaging in situ shows a
local density peak inside the dipole trap, which indicates a
corrugation in the optical potential of the deformed trapping
beam. The TOF measurement of the atomic-cloud expan-
sion [Fig. 2(a)] reveals that the high-density peak expands
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FIG. 2. (a) TOF distribution after 400 ps shows a high-density peak (gray shaded region) on top of the thermal cloud. (b) Variances of
the thermal cloud (filled symbols), and (c) The high-density peak (empty symbols) as a function of the TOF. Purple and yellow markers
correspond to expansion along the x (transverse) and z (axial) directions, respectively. The thermal cloud fits to temperatures of
T, =2K,/kg =36(2) and T, = 2K_/kg = 42(2) pK along x and z, respectively, with N = 2.7(1) x 10°. The high-density peak
expands anisotropically with much lower kinetic energies of expansion 2K)(C0)/ kp = 1.4(2) and 2K§0> /kp < 0.2 pK. The gray shaded

region (below 4 pm?) indicates the imaging resolution.

anisotropically, and at significantly lower velocities than the
thermal cloud. As shown in Fig. 2(b), the thermal cloud
expands isotropically in the radial and axial directions with
temperatures of T, =2K,/kp=36(2) and T, = 2K, /kg =
42(2) pK, while the dense peak expands anisotropically
with much lower kinetic energies 2k /kg=1.4(2) and

2K §°) /kp <0.2pK. In particular, the expansion in the
axial (z) direction is too small to be resolved by the imaging
system. This anisotropic expansion—well below the expan-
sion rate of the thermal gas—is a hallmark signature of BEC
formation [30]. A bimodal fit reveals an observed conden-
sate fraction of up to 11%.

We hypothesize that interference in the aberrated trap-
ping beam (from spurious reflections in the microscope
objective) creates corrugations in the potential (local trap
dimples), where the local trap potential drops below the

chemical potential [see Fig. 3(a)] such that a local con-
densate can form [18-21,31] (in a corrugation-free trap, the
critical temperature for condensation would be 4.2 pK).
The stronger confinement of the local dimple relative to the
macroscopic trap enhances the local phase space density of
atoms inside the dimple. When the volume of the dimple is
significantly smaller than that of the macroscopic trap, the
phase space density PSD, within the dimple increases
exponentially with the depth of the dimple [21]:

Uq/ (kgT)
1+ (Vd/V)eUd/(kBT) ’

In(PSD,/PSD) = (1)
Here, U, is the additional trap depth provided by the
dimple, and V, V, are the volumes of the macroscopic
and dimple traps, respectively. The expression is an
approximation assuming box-shaped trapping potentials
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(a) Corrugations in the optical potential enable BEC formation when the additional trap depth U, drops below the chemical

potential u. Interference of the trapping beam generates diffraction-limited structures of size =4, which can exponentially enhance the
local PSD,, in the dimple (gray shaded region) with respect to the classical PSD of the thermal cloud (blue shaded region). (b) Fraction of
atoms in the BEC peak as a function of PSD in the thermal cloud. The PSD is tuned by ramping up or down the trap power following the
M — LOOP-optimized dipole trap loading. The data were taken after a TOF of 100 ps for N = 3700(200), resulting in up to 200 atoms
in the BEC. (c) Number of atoms in the condensate as a function of TOF delay shows fast loss as the cloud expands. In trap, however, the
condensate persists for hundreds of milliseconds.
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and V,;/V < 1. For smaller volume ratios V,/V, a
weaker dimple potential is sufficient to create a BEC.
The largest possible increase in phase space density is
PSD,/PSD ~ V/V,, obtained for a dimple depth of
U,/(kgT) ~1In(V/V,). For our parameters, this implies
that a volume ratio V;/V < 1073 is needed, in combination
with an additional dimple potential depth U, =~ 6.9kzT~
h x 5.5 MHz. The smallest characteristic structure size
of the interference speckle pattern can be estimated as
Sxg~A/(2x NA) ~ 1.24, yielding a maximum volume
ratio (and hence local PSD increase) of V//V; ~ 27%w( /24~
1.5 x 10°, matching what is required to explain the BEC
formation. For the thermal gas in V, the chemical potential
calculated from its temperature and atom number is
approximately U, ~ h x 5.5 MHz, satisfying the BEC
formation condition.

Additionally, we investigated the dependence of BEC
formation on the dipole trapping beam waist w and on the
misalignment angle between the incident beam and the
optical axis of the microscope objective. We found that
the trap size is critical: while we observe BEC formation
in a dipole trap with wy = 3.5 pm, no condensation was
observed for waists w; = 2.4 or wy, =4.5 pm. For the
smaller beam waist wy, higher light-induced loss during the
loading stage [32] into the tighter trap resulted in a smaller
loaded atom number N = 800, and smaller phase space
density PSD for the thermal cloud, which was too low to
allow BEC formation. On the other hand, for the larger
beam waist w5, the dimple depth is likely too small to reach
the chemical potential [Fig. 3(a)].

Once a proper dipole trap beam waist is chosen and the
trap is misaligned, the formation of the BEC is reproducible
and robust. We verified that BEC formation persists at
various angles of misalignment, but the density peak can
occur at different locations inside the trap; often, multiple
high-density peaks exhibiting anisotropic expansion in
TOF are observed (see Supplemental Material [23]). In
contrast, when the beam is aligned at normal incidence to
the microscope objective, we observe only a thermal cloud,
without density anomalies or bimodal TOF distributions.
Prior to the implementation of the M — LOOP algorithm,
BEC formation was not observed, due to smaller loaded
atom number and higher temperature obtained from human
optimization.

To further verify the BEC formation, we vary the
classical phase space density (PSD) of the thermal cloud
and measure the corresponding condensate fraction [see
Fig. 3(b)]. To change the phase space density in the trap, we
use the same M — LOOP-optimized loading sequence and
subsequently ramp up or down the dipole trap depth within
20 ms, and finally hold the atoms in the trap for an
additional 20 ms before TOF imaging. It is evident that
higher (lower) PSD yields larger (smaller) condensate
fractions, as expected, since the hottest (thermal) atoms
escape the trapping potential.

In order to test our dimple hypothesis and also create
BECs under more controlled conditions, we introduced an
SLM in the optical path of the trapping beam. We were then
able to observe on-demand BEC formation for trapping
beams well aligned to the optical axis of the microscope in
two different configurations of the SLM. First, we used the
SLM to generate two traps of 2 pm waist and observed
BEC formation when the trap separation was chosen to lie
in the range 3.3-3.7 pm, creating interference between the
traps. Second, we also observed BEC formation when we
introduced a specklelike pattern consisting of many dif-
fraction orders generated by sine phase functions displayed
on the SLM, superimposing three waves with small wave
numbers (and thus small trap spacing in the atom plane)
and random phase offsets. In both cases, we observed
persistent BEC formation, but the condensate fractions
were smaller than in the data presented in Figs. 1 and 2.
However, with the capabilities introduced by an SLM,
we envision possibilities to engineer more complex optical
potentials in which the BEC fraction can be improved via
the generation of subdiffraction—limited dimples [33,34].
A gallery of different BECs observed in various traps is
shown in the Supplemental Material [23].

Notably, while the BEC persists in trap over timescales
of a few hundred ms, we observe atom loss from the
condensate during TOF measurements [see Fig. 3(c)].
This atom loss during TOF is consistent with two-body
elastic collisions between noncondensed atoms from the
larger trap and condensate atoms (see Supplemental
Material [23]). In trap, the atom number in the BEC
remains constant because there is a dynamic equilibrium
between scattering into and out of the condensate. During
TOF, however, the thermal cloud disperses quickly, and
loss of atoms from the condensate cannot be recovered
via elastic collisions with the thermal atoms. At short TOF,
the loss of the condensate may be further enhanced due to
the presence of thermal atoms confined within the dimple
potential. As the thermal cloud density decreases during
TOF expansion, the loss from the condensate stops. A
second possible explanation for condensate loss in TOF is
three-body loss [35] (see Supplemental Material [23];
note that two-body inelastic collisions should be negligible
since the algorithm prepares the atoms in the F = 1 ground
state.) However, the long BEC lifetime in trap suggests that
three-body loss is unlikely to be the dominant loss
mechanism on the timescale shown in Fig. 3(c).

In summary, we have, for the first time, observed
the direct formation of a BEC using only regular optical
molasses (PGC) laser cooling, overturning a long-held
paradigm that PGC is insufficient for reaching quantum
degeneracy. Given the similar properties among alkali
atoms, we anticipate that this technique can be applied
to other atomic species suffering from large light-induced
losses. The cooling is accomplished within a duration as
short as 40 ms, which is an order of magnitude faster than
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that achieved in other works [10,13]. While the total
cooling duration was kept fixed in this work, we envision
possibilities of increasing the condensate fraction (or
reducing the cooling duration) by varying the chosen cost
function for the optimizer, to explore the known trade-off
between atom number and temperature [13]. Additionally,
the duration of MOT loading can be easily reduced by
employing a 2D MOT, which would significantly improve
the cycle time [36]. Combining this method with arrays of
optical tweezers [37,38], it should be possible to create
hundreds of small condensates simultaneously, and purify
them by lowering the trap power. This may constitute, e.g.,
a promising starting point for atom interferometry [39,40]
and other precision experiments with ultracold atoms.
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