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Rapid generation of all-optical 39K Bose-Einstein condensates
using a low-field Feshbach resonance
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Ultracold potassium is an interesting candidate for quantum technology applications and fundamental research
as it allows controlling intra-atomic interactions via low-field magnetic Feshbach resonances. However, the
realization of high-flux sources of Bose-Einstein condensates remains challenging due to the necessity of optical
trapping to use magnetic fields as free parameters. We investigate the production of all-optical 39K Bose-Einstein
condensates with different scattering lengths using a Feshbach resonance near 33 G. By tuning the scattering
length in a range between 75a0 and 300a0 we demonstrate a tradeoff between evaporation speed and final atom
number and decrease our evaporation time by a factor of 5 while approximately doubling the evaporation flux. To
this end, we are able to produce fully condensed ensembles with 5.8 × 104 atoms within 850-ms evaporation time
at a scattering length of 232a0 and 1.6 × 105 atoms within 3.9 s at 158a0, respectively. We deploy a numerical
model to analyze the flux and atom number scaling with respect to scattering length, identify current limitations,
and simulate the optimal performance of our setup. Based on our findings we describe routes towards high-flux
sources of ultracold potassium for inertial sensing.
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I. INTRODUCTION

Decades after their first experimental realization [1,2],
Bose-Einstein condensates (BECs) have become a central tool
in research ranging from many-body physics [3] to quantum
technology applications such as computation [4], simulation
[5], and sensing and metrology [6]. High-flux sources of Bose-
Einstein condensates have always been of particular interest,
especially with respect to signal-to-noise ratios and quantum
projection noise.

To this end, the state of the art has been established by
sources based on atom chips [7,8] as demonstrated in the
scope of compact apparatuses for microgravity experiments
[9–12] and as chosen for current and planned experiments in
orbit on the International Space Station [13,14]. Here, forming
traps near the current-conducting structures allows generating
strongly confining traps and hence rapid and efficient evap-
oration. However, the nearby surface of the atom chip may
sometimes be considered unfavorable, e.g., with respect to
clipping of atom optics light fields or, in presence of notable
temperature gradients, due to blackbody radiation [15]. In
an alternative approach, Bose-Einstein condensation has been
demonstrated in all-optical setups [16–19] capable of trapping
any magnetic substate. With the ability to focus optical dipole
trap beams into the center of the experimental apparatus,
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generally this leaves a larger clear aperture for optical access
as compared to atom chip solutions [20,21]. Contrary to their
magnetic counterparts, the trap depth in optical traps formed
by static focused Gaussian beams is inherently linked to the
trap’s confinement. Accordingly, lowering the trap depth, as
demanded for evaporative cooling, leads to a loss of peak
atomic density and elastic-scattering rate, thus inhibiting ef-
ficient cooling. Recent studies have shown a variety of tools
to counteract these scaling laws [22], e.g., by movable lens
systems [23] enabling a tunable increase in confinement by
tighter optical waists or dynamically shaped time-averaged
potentials [24–26]. Finally, while trapping any substate ir-
respective of high or low magnetic-field seeking, with the
external magnetic field as a free parameter optical traps offer
ideal conditions for studying and utilizing Feshbach reso-
nances [27,28]. As a versatile means of tailoring interactions,
Feshbach resonances have for instance enabled the production
of cold molecules from a Fermi gas [29,30], molecular BECs
[31–33], sympathetic cooling [34,35], ground-state molecules
[36], and studies of interaction dynamics [37,38]. Finally,
for cooling fermionic species, Feshbach-induced collisions
have been proposed and demonstrated as an evaporation knife
[39,40].

In this paper, we demonstrate rapid evaporation of 39K
gases to quantum degeneracy from a time-averaged optical
trap. By using low-field Feshbach resonances [18,41,42] we
are able to directly tune the rethermalization rate and show
a dependence between evaporation flux in the BEC and the
scattering length when sufficiently distant from the resonance.
Accordingly, compared to the largest prepared BEC we are
able to decrease our evaporation time by a factor of 5 while
approximately doubling the evaporation flux when tuning the
scattering length. By generating Feshbach magnetic fields via
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FIG. 1. (a) Level structure of 39K: For trapping and cooling of potassium, transitions on both the D1 line and the D2 line are used. (b) Layout
of the laser system for D1 cooling: The external cavity laser (ECDL) is stabilized via modulation transfer spectroscopy to the |F = 1/2〉 →
|F ′ = 1/2〉 crossover transition. The double-pass AOM (AOM2) shifts the laser’s frequency to match the D1 cooling transition before passing
the amplifier (TA). Optical isolators (OI) are used to prevent potential back-reflections into TA and ECDL. The free-space electro-optical
modulator creates the repump light. The subsequent AOM (AOM3) allows for fast amplitude switching. (c) Optical dipole trap layout: The
primary laser beam (prim.) is focused, recollimated, redirected, and focused a second time (sec.) through the vacuum chamber by three lenses
(L) with a focal length of 150 mm. To suppress heating effects the linear polarization of the laser is 90◦ rotated by λ/2 retardation plates (HWP)
and cleaned up by two laser polarizers (Pol.), which are oriented orthogonal to each other. A Yagi-Uda microwave antenna (MWA) is used
for coherent manipulation of the atoms. Quantization coil pairs are aligned with the depicted coordinate system, while the Feshbach fields
are generated by another Helmholtz pair along the y axis. The detection (purple arrow) is performed under an angle of 14◦ with respect to
the y axis.

readily existing coils employed for our magneto-optical trap
(MOT), our approach might be implemented more easily in
other existing setups compared to previously demonstrated
hybrid trap techniques [18]. We describe our apparatus and
the detailed experimental sequence including direct loading
of the optical trap and a multistage magnetic state preparation.
We finally discuss the prospects of using our result in compact
quantum inertial sensors using tunable interactions.

II. EXPERIMENTAL SETUP

A. Laser system

Trapping and cooling of potassium is performed using
transitions on both the D1 line at 770.108 nm and the D2

line at 766.701 nm [Fig. 1(a)]. The D2-laser system and
its performance have been described previously [43,44]. In
this paper we additionally operate a laser system on the D1

line [Fig. 1(b)]. To this end, 5 mW of an external cavity
diode laser’s [45,46] output are used for frequency stabi-
lization to the potassium D1-crossover line |F = 1/2〉 →
|F ′ = 1/2〉 in a vapor cell by means of modulation trans-
fer spectroscopy [47]. The remaining 30 mW are frequency
shifted by a double-pass acousto-optical modulator (AOM) to
match the D1 cooling transition |F = 2〉 → |F ′ = 2〉 which
has an offset of 152.3 MHz with respect to the crossover
transition. Subsequently, the light is amplified by a tapered
amplifier [Eagleyard EYP-TPA-0765-01500-3006-CMT03-
0000] yielding a total output power of 1.5 W. The repump
transition |F = 1〉 → |F ′ = 1〉 is addressed using a sideband
generated by a resonant free-space electro-optical modula-
tor [Qubig PM − K39 + 41] driven with a maximum input
power of 31.7 dBm, allowing one to freely tune the power
ratio between carrier and sideband in a range from 0 to
1. The cooling and repumping fields are then transported

via a polarization-maintaining fiber [S&K PMC-E-630-4.1-
NA012-3-APC.EC-1000-P] with 60% coupling efficiency
yielding 500 mW in total at the fiber output. Finally, the fiber
output is superimposed with the D2 light using a narrow-line
interference filter and distributed between MOT and detection
fibers.

B. Optical dipole trap

Our optical dipole trap (ODT) is based on a 1960-nm fiber
laser [IPG, TLR-50-1960-LP] operated at 38-W output power.
The laser’s intensity is stabilized by a field programmable
gate array feedback loop controlling and linearizing a Pockels
cell and analyzer setup, which reduces the power by approx-
imately 40%. Subsequent the light passes an AOM [Polytec
ATM-1002FA53.24, custom made] with 60% diffraction effi-
ciency.

We then focus the elliptical beam in the vacuum chamber
with a beam waist of 30(45) μm in horizontal (vertical) di-
rection and realize a recycled cross under an angle of 70◦

[Fig. 1(c)] with a maximum power of 8 W in the primary
and 6 W in the secondary beam. The high power losses are
mainly caused by imperfect optical elements available for the
wavelength of 1960 nm.

The previously mentioned AOM is used to modulate the
center position of the laser beam. The modulation reaches
amplitudes of up to 200 μm in the primary and 300 μm in the
secondary recycled beam. By this we generate time-averaged
potentials [24,26,48] in the horizontal plane. The shape of the
resulting potential depends on the modulation of the AOM
driving radio frequency, which is generated using a voltage-
controlled oscillator [Mini-Circuits, ZOS − 150+] controlled
by the output of an arbitrary waveform generator [Rigol,
DG1022Z]. The waveform of the control voltage is chosen
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TABLE I. Identified Feshbach resonances, used to calibrate the
magnetic fields. The magnetic-field values are taken from Ref. [52].

Literature
Atom pair (F, mF ) magnetic field (G)

(1,−1) + (1, −1) 32.6 ± 1.5
(1, 0) + (1, 0) 59.3 ± 0.6
(1, 0) + (1, 0) 66.0 ± 0.9
(1, 0) + (1, −1) 113.76 ± 0.1
(1,−1) + (1, −1) 162.8 ± 0.9

to generate preferably parabolic potentials with a modulation
frequency of 20 kHz. The amplitude of the waveform defines
the spatial width of the center-position modulation (CPM) of
the laser beam and is controlled using a modulation input on
the arbitrary waveform generator.

With this we can reach trap depths from U0 = 130 nK to
530 μK, corresponding to trapping frequencies of ω/2π =
{4; 6; 50} Hz to {1.3; 1.9; 2.2} kHz in {x; y; z} direction.

C. Magnetic-field control

The coil setup creating the magnetic fields consists of
three Helmholtz pairs oriented along the coordinate system in
Fig. 1(b) and the main coil pair along the y axis. The former
are used to define the quantization axes during state prepara-
tion and imaging as well as for compensating stray magnetic
fields (|Bx,y,z| � 1 G) during cooling and trapping. The stabi-
lization electronics allow for two different operation modes. In
presence of the MOT and Feshbach magnetic fields the system
is stabilizing the current, utilizing current transducers [LEM
CASR 15-NP]. During the state preparation the magnetic
fields are directly stabilized using a three-axis flux-gate sensor
[Bartington MAG-03IE1000] with a measurement range of
±10 G mounted close to the vacuum chamber giving us a
short-term stability of σ{x, y, z}(τ ) = {3.9; 2.2; 1.4} × 10−5 G
at τ = 1 s and Bx, y, z = 1 G.

The main coils can be operated in Helmholtz and
anti-Helmholtz configuration providing the homogeneous
magnetic field for tuning the interaction strength during evap-
oration and the gradient magnetic fields [49] in the laser
cooling stages. To switch between these configurations a
home-built H bridge, based on metal-oxide-semiconductor
field-effect transistors [IXYS 747-IXFN170N65X2] with a
low drain-source on-resistance of 13 m�, is used. The coils
are driven in series by one power supply [EA-PSI 9200-25]
with a maximum voltage of 200 V limiting the current to
11.1 A due to the coils’ internal resistance (18 �). For current
stabilization the power supply’s internal stabilization loop is
used stating a current stability of <0.15%.

For characterizing the applied magnetic field at the posi-
tion of the atoms we perform an initial estimation using a
Biot-Savart model of our setup. Subsequently, we determine
the coil current needed for several Feshbach resonances by
observing the related enhancement of atom losses [50,51]. By
comparing the corresponding field estimates to the literature
values of the resonances we identified the six resonances
expected [41,52] (Table I) in our setup for a mixture
of |F = 1, mF = −1〉 and |F = 1, mF = 0〉 at 15 μK be-

low 200 G. Ultimately, the coil currents and magnetic-field
literature values are used for the final calibration yielding 41.2
G/A with a maximum magnetic-field strength of 450 G and an
accuracy of 0.2 G/A.

III. QUANTUM GAS PRODUCTION

A. Loading sequence

Our dipole trap loading scheme [Fig. 2(a)] comprises three
steps. Initially, we load 1 × 109 atoms in a three-dimensional
MOT within 4 s from a beam formed by a two-dimensional
(2D) MOT. Afterwards we switch off the D2 cooling light
and simultaneously turn on the D1 cooling light field, thus en-
abling a D1 gray molasses dipole trap loading scheme, which
is particularly robust against ac Stark shifts, as induced by the
ODT [53]: By ramping up the magnetic-field gradient from
4 to 15 G/cm and the D2 repumping light down to 0.25Isat

we perform a hybrid D1 − D2 compressed MOT, to increase
the density and simultaneously cool the ensemble to below
200 μK within 16 ms. We then switch off the remaining D2

repumping light and the magnetic-field gradient to perform
gray molasses cooling with a D1 cooling to repumping ratio
of 3:1, ramping the cooling (repumping) intensity per beam
from 4Isat (1.3Isat) to 0.28Isat (0.09Isat). The ramp length is op-
timized experimentally to take the decay time of the magnetic
gradient field into account. The coldest ensembles are realized
for a total ramp length of 40 ms. In free space, i.e., in absence
of the ODT, our cooling sequence yields a final temperature
of 7 μK.

For loading the ODT we maximize the number of atoms
trapped by adjusting the beam balancing and magnetic offset
fields, thus optimizing the overlap at the expense of the final
temperature which then yields 12 μK. We find the optimal
loading parameters of the ODT by trading off trap depth U0

and trap volume. Assuming an initial cloud of N0 atoms with
Gaussian density distribution DG(x) of width σ and energy
distribution

W (E ) = 1

πEkBT
e− E

kBT , (1)

the ratio of atoms loaded can be estimated for the one-
dimensional case by [54]

pN = 1

N0

∫ U0

0

∫ s0

−s0

DG(x)W (E ) dx dE , (2)

with the spatial limits s0 =
√

ω2

2 ln(U0
E ). Primarily, pN depends

on the ratio of trap depth to temperature U0/kBT and the
width of the trap compared to the atomic ensemble ω/σ .
Thus, at constant optical power increasing the CPM amplitude
and accordingly the width ω increases the number of atoms
trapped, until the trap becomes too shallow and the number of
atoms decreases. With the optical dipole trap already turned
on at the maximum available power during the MOT loading
and cooling sequence we load a maximum of 12 × 106 atoms
into the trap at a CPM amplitude of 160 μm. This corresponds
to a transfer efficiency of 2%, with 3 × 106 atoms positioned
in the beams’ crossing region. At this stage we are limited by
the trap’s depth of 54 μK resulting in a final temperature of
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FIG. 2. (a) Loading scheme of the optical dipole trap: We initially load a MOT on the D2 line from a two-dimensional MOT. Afterwards
we use a hybrid D1 − D2 compressed MOT to increase the peak density while cooling the ensemble simultaneously. Subsequently sub-Doppler
temperatures of 12 μK are achieved by D1 gray molasses cooling. All stated intensities refer to one beam, respectively. This scheme allows us
to directly load the ODT, without the need for magnetic trapping as an intermediate step. (b) State preparation loop within the optical dipole
trap: A combination of microwave adiabatic rapid passages and optical pumping is used to shift the population towards mF = −1, starting from
an equally populated mixture in F = 1. A blow-away sequence is added at the end to increase the purity of the ensemble. After four loops,
each 70 ms long, we reach an almost pure ensemble (> 98%) with a temperature increase of 0.3 μK per loop, as determined via time-of-flight
measurements.

the trapped atoms of 8.5 μK, determined via a time-of-flight
measurement after 100 ms of rethermalization time.

B. State preparation

Upon loading the dipole trap we depump the atomic en-
semble into |F = 1〉 by shining in 1 mW of D1 cooling light
with a detuning of −1 � via the detection optics, thus creating
an equidistributed mF mixture. To generate a spin-polarized
ensemble in |F = 1, mF = −1〉, we adapt a multiloop state
preparation scheme [55] combining optical pumping on the
D1 line with coherent transfers [Fig. 2(b)]. While the original
publication makes use of optical Raman pulses, we utilize mi-
crowave adiabatic rapid passages driven by a Yagi-Uda-type
directed antenna. In order to use a minimal number of loops
in the final sequence we experimentally optimize each step
towards the highest transfer efficiency.

We initially apply a quantization field of 0.7 G at an an-
gle of 45◦ to the antenna’s Poynting vector oriented in the
horizontal plane. This allows us to transfer the population of
|F = 1, mF = 0〉 to |F = 2, mF = 0〉 by driving a π transi-
tion sweeping the microwave from 461.710 to 461.730 MHz
within 4 ms. We subsequently apply σ−-polarized D1 cool-
ing light via the detection optics with a detuning of −5 �

for 2 ms in order to depump the atoms into |F = 1〉 via
spontaneous emission, hence populating |F = 1, mF = 0〉 and
|F = 1, mF = −1〉. Due to the mismatch of quantization
field axis and detection beam orientation by 14◦ we also
drive the |F = 2, mF = −2〉 → |F ′ = 2, mF = −2〉 transi-
tion, thus preventing accumulation in |F = 2, mF = −2〉. We
then rotate the magnetic-field axis to be parallel to the an-
tenna’s Poynting vector by tuning the vertical field component
to zero, effectively resulting in a quantization field in the
horizontal plane of 0.5 G. In this configuration we are able
to drive a σ -polarized microwave adiabatic rapid passage.
Sweeping from 462.062 to 462.080 MHz in 12 ms we transfer

atoms from |F = 1, mF = +1〉 to |F = 2, mF = 0〉. Due to
the symmetry of the level structure the same microwave pulse
also drives the unwanted transition from |F = 1, mF = 0〉
to |F = 2, mF = −1〉. However, since |F = 1, mF = 0〉 has
already been addressed with the first pulse fewer atoms are
available for undesired transitions. We afterwards apply the
same optical depumping pulse as before, thus transferring the
atoms back into |F = 1〉. While this sequence does not yield
a pure magnetic substate, it shifts the mF distribution towards
mF = −1. Repeating the sequence multiple times allows us
to accumulate atoms in |F = 1, mF = −1〉. As a final step,
we purify the ensemble by a blow-away sequence: We apply
the same microwave pulses as before but tune the D1 cooling
laser closer to resonance (−1 �) to purposely heat atoms out
of the trap during optical pumping.

We find the necessary number of loops by optimizing
towards the highest atom number in the BEC for a given
evaporation ramp, observing no beneficial effects for more
than four loops as described. In this configuration we reach
an almost pure ensemble (>98% in |F = 1, mF = −1〉) with
70% of the initial atoms remaining in the trap. To determine
the heating from optical pumping we perform a time-of-flight
measurement out of the ODT before the state preparation
sequence and after each loop. Since the D1 line does not
feature closed transitions, with 0.3 μK per loop the observed
heating is minimal and yields a final temperature of 9.6 μK.

C. Feshbach resonances and evaporation

To address Feshbach resonances we generate homoge-
neous magnetic fields by switching the MOT magnetic-field
coils from anti-Helmholtz to Helmholtz configuration. We
then ramp up the magnetic field to the desired value in 100 ms.
The corresponding scattering length close to the resonances
can be calculated using the background scattering length aBG,
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FIG. 3. (a) BEC size and time dependency with respect to scattering length: The orange circles show the results, when a given evaporation
ramp is rescaled towards the highest atom number in the BEC at a given scattering length. For a free optimization, including all variables
described in the Sec. III C, the largest fully condensed BEC is realized at a scattering length of 158a0 (blue square). For lower and higher
scattering lengths the final atom number is reduced. The inlay shows the time needed for evaporating. For higher scattering lengths the higher
elastic collision rates allow for faster evaporation resulting in a smaller time constant. The fastest BEC is realized at a scattering length of
232a0 (red diamond) with a total evaporation time of 850 ms. The error bars for the scattering length are determined via error propagation
using Eq. (3) and the magnetic-field accuracy stated in Sec. II C. (b) Flux of the evaporative cooling against scattering length: The highest flux
is achieved for the fastest evaporation ramp at a scattering length of 232a0. The error bars for the flux are derived via error propagation using
the uncertainty in atom number, resulting in larger values for shorter evaporation times. (c) Phase-space density trajectory for largest BEC and
highest flux: For the evaporation efficiency γ only the data points on the ramp and not the starting point are taken into account. We find equal
efficiency for both cases but deteriorated initial conditions at 232a0, due to the magnetic field spending an extended time at the resonance
resulting in additional heating.

the resonance widths 
i, and its center B0i [41,56]:

a(B) = aBG

(
1 −

∑
i


i

B − B0i

)
. (3)

Once a stable final magnetic field and thus atomic scat-
tering length is established we use the dipole trap’s intensity
stabilization in combination with the AOM to piecewise de-
crease the trap power in five linear ramps. In parallel, the
center-position modulation is ramped down and reaches zero
with the final ramp at the end of the evaporation sequence. The
initial center-position modulation amplitude is determined by
the optimal mode match for trap loading. We optimize each
step with respect to the final atom number in the BEC by
tuning the intensity reduction, the CPM amplitude reduction,
and the ramp lengths as free parameters.

IV. EXPERIMENTAL RESULTS

We systematically optimize BEC production for different
scattering lengths [Fig. 3(a)]. Initially, we optimize the ramp
itself. In accordance with Ref. [24] we find our evaporation
sequence to be most efficient using an exponential reduction
for the trap power jointly with a linear reduction slope for
the center-position modulation amplitude, as this allows us
to counteract the reduction in trap frequency from the power
reduction.

We achieve a fully condensed BEC of 1.3 × 105 atoms at a
scattering length of 158a0 after evaporating over the course of
3.9 s. Contrary to findings in Ref. [18], where dynamical tun-
ing, i.e., starting at a lower scattering length and subsequently
increasing it, counteracted light-assisted collisions caused by
a multimode fiber laser at 1070 nm, we do not observe similar
beneficial effects with respect to the final atom number in
the BEC. This behavior qualitatively agrees with experiments

demonstrating the absence of light-induced collisions at larger
trap wavelengths, e.g., 1550 nm in Ref. [42]. To analyze the
scaling behavior with respect to scattering length, we addi-
tionally optimize the BEC size at lower and higher scattering
length, by rescaling the overall length of evaporation ramp
while maintaining its shape (Fig. 3, orange circles). At a lower
scattering length the time needed for evaporation is increased,
since the evaporation rate �ev scales with the scattering length
squared [57]

�ev = 4πa2n0ν̄ηe−η, (4)

thus stretching the length of the overall sequence. Addition-
ally, the final atom number is reduced due to the trapped
atoms’ lifetime of 15 s. At scattering lengths � 75a0 this
effect becomes dominant and we are unable to reach conden-
sation. For scattering lengths >158a0 we also find a reduced
final atom number, which we explain by the enhancement of
the three-body loss rate �3B, scaling with the scattering length
to the power of 4 [50]:

�3B = K3

N

∫
n3d3r with K3 = nlC(a)

h̄

m
a4. (5)

However, the higher evaporation rate now allows one to
significantly reduce the time needed for evaporation. We ex-
perimentally find a limit for this tradeoff at > 300a0 where the
three-body losses become dominant and inhibit Bose-Einstein
condensation. Based on the initial findings we individually
alter the relative length of the five linear ramps towards the
globally largest BEC size (Fig. 3, blue square) and the largest
BEC size at the shortest evaporation time possible (Fig. 3,
red diamond). Realizing the best ratio of desired to undesired
losses, we find a maximum atom number of 1.6 × 105 in the
BEC at 158a0, close to the initial configuration and with the
same total ramp length. Our fastest evaporation is performed
within 850 ms at a scattering length of 232a0 yielding a fully
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condensed BEC of 5.8 × 104 atoms. Compared to the trajec-
tory at 158a0 this corresponds to a reduction in evaporation
time by a factor of 5 while approximately doubling the evap-
oration flux, which we define as final atom number in the
condensate over evaporation time [Fig. 3(b)].

For the phase-space density ρ, measured after each linear
ramp, we find the evaporation efficiency γ = − d ln(ρ)

d ln(N ) to be
the same for both cases due to the individual optimization
[Fig. 3(c)], but with worse initial conditions at 232a0.

V. DISCUSSION

A. Current limitations

Currently, our experiment is limited by three effects: Ther-
mal lensing in the ODT, the stability of the Feshbach fields,
and worse initial conditions for higher scattering lengths.
Thermal lensing is a common problem for setups operat-
ing laser beams at higher power. The effects of all-optical
elements involved have been discussed, concluding that the
dominant contribution originates from the TeO2 crystal used
in AOMs [58]. Operating a laser at 1960-nm wavelength, the
problem is further amplified, as most of our optics need to be
custom made and typically are subject to higher absorption
compared to components for standard wavelengths, e.g., at
1560 or 1064 nm (see Sec. II B). To quantify the effect, we
displace the secondary dipole trap beam, realizing two paral-
lel, tilt-free single beam traps. Measuring the center position
of the trapped atoms at different points of the evaporation
sequence, we observe a focus drift of up to 200 μm (450 μm)
for the primary (secondary) beam. From the experimental
optimization we find the ramps at higher scattering length and
shorter time scales to be more sensitive regarding deviations
from the optimal evaporation trajectory. Thus, the reduction in
control of the trap parameters from thermal lensing, together
with the magnetic-field instability, as outlined in Sec. II C,
imposes an upper limit on the scattering length that can be
used effectively in our setup.

Additionally, we observe deteriorating initial conditions
when operating closer to the resonance, thus limiting the fi-
nal atom number in the BEC. When ramping to the desired
magnetic-field value after loading the ODT, we sweep across
the resonance and hence induce a loss of atoms and heating.
For higher scattering lengths the required magnetic-field val-
ues are positioned closer to the resonance and the resulting
slower sweeps in its direct vicinity amplify the deteriorating
effects described above. In the explicit case of the trajectory at
232a0 for the 1-σ band of our magnetic-field estimate there is
a five times longer overlap with the resonance compared to the
trajectory at 158a0. As a result, the initial phase-space density
is reduced by an order of magnitude.

B. Performance comparison

State-of-the-art atomic sources generate an evaporation
flux of � 2 × 105 s−1 with total experimental cycle times at
the order of ≈ 1 s for atom interferometry applications uti-
lizing 87Rb [7]. Using 39K a comparable evaporation flux of
2.4 × 105 s−1 has been demonstrated in a hybrid setup with a
magnetic trap as intermediate step, requiring a magnetic-field
gradient of 270 G/cm and an experimental cycle time of 15 s

due to magnetic transport [18]. All-optical cooling allows for
shorter cycle times and a simplified apparatus with respect to
the generation of magnetic fields. In our setup, the current
density necessary for generating 1-G/cm gradient in anti-
Helmholtz configuration generates ≈ 20 G when switched to
Helmholtz configuration, thus putting the low-field Feshbach
resonances in 39K readily in reach with standard quadrupole
field coils as used for laser cooling. For a similar all-optical
setup an experimental cycle time of 7 s has previously been
reported and yielded an evaporation flux of ≈1 × 104 s−1

with a final atom number of 2 × 104 in the pure condensate
[42]. At 232a0 (158a0) we realize an evaporation flux of
6.8 × 104 s−1(4.1 × 104 s−1) improving on this result by a
factor of ≈ 7 (≈ 4). Accordingly, our final atom number of
5.8 × 104 (1.6 × 105) corresponds to an improvement by a
factor of ≈ 3 (≈ 8). To this end our repetition rate is limited
by the MOT loading and the data transfer after detection,
resulting in a comparable cycle time of 6 s (9 s).

VI. OUTLOOK

A. Further enhancement of atomic flux

To achieve results comparable to 87Rb chip traps, the ex-
perimental cycle time and the evaporative flux need further
enhancement. By using more sophisticated loading techniques
such as a high-flux 2D+-MOT design [18,59] or even cryo-
genic buffer-gas beam sources [60], we expect to reduce the
MOT loading time to below 1 s, theoretically enabling cycle
times of ≈ 2 s. Similarly, an upgraded ODT setup would allow
us to trap more atoms by using a higher beam power together
with a larger center-position modulation amplitude, extending
the crossing region over the whole molasses without further
reducing the trap depth. Additionally, by altering the trapping
beam’s path such that the gray molasses can be used in free-
space configuration the temperature during loading could be
improved by a factor of 2. Regarding the deteriorated phase-
space density caused by the sweep time of the magnetic fields,
possible mitigation strategies include the use of dedicated fast
control loops or initially sweeping to a higher field value,
allowing us to cross the Feshbach resonance with the same
sweep rate irrespective of the final scattering length.

To explore the theoretical limits of our existing setup we
perform additional simulations without the current limitations
as identified in Sec. V A. We follow the model described in
Ref. [24], incorporating Eqs. (4) and (5). The optical potential
is generated by two identical beams with 8-W initial power,
a vertical waist of 50 μm, a horizontal waist of 28 μm, and
ideally overlapping foci. We assume 3 × 106 atoms to be
trapped in the crossing region initially with a temperature of
10 μK. Evaporation trajectories are defined by an exponential
power and linear CPM amplitude reduction and simulated
for a given scattering length on a two-dimensional grid given
by evaporation time and final beam power. The simulation is
aborted once a BEC fraction >90% is estimated using

Nc

N
= 1 −

(
T

Tc

)3

(6)

and final atom number and evaporation time are adjusted
accordingly. Similar to the experiment we analyze the results
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FIG. 4. Extrapolated performance, simulated for ideal experi-
mental conditions: For each data point 2000 evaporation trajectories
are evaluated. Similar to the experimental optimization, the results
for the trajectory yielding the highest final atom number are depicted.
Qualitatively, we find the same behavior as observed in the experi-
ment with improved numbers.

with the highest evaporation efficiency (Fig. 4). The simula-
tion results in a peak atom number of 3.5 × 105 at 125a0 after
3.5 s of evaporative cooling. Towards higher scattering lengths
the final atom number declines due to the reduced ratio of de-
sired to undesired losses, necessitating additional evaporative
cooling. A peak flux of 2.3 × 105 s−1 is simulated at 325a0,
allowing for a final atom number of 1.5 × 105 after 640 ms.
Under optimal conditions we thus expect the extrapolated flux
to be competitive with results achieved in hybrid traps [18].
While resolving each of the identified limitations comes with
its own technological challenges, our findings indicate the
potential of the discussed techniques to realize a 39K optical
dipole trap on par with the current performance of 87Rb chip
traps.

Since the increase of evaporation flux in the BEC only
depends on the accessibility of sufficiently broad Feshbach
resonances this scheme could also be utilized for different el-
ements. Potentially useful Feshbach resonances are found for
87Rb (at ≈ 1007 G with 
 = 0.17 G) [61], 85Rb (at ≈ 155 G
with 
 = 11.6 G) [62], and 23Na (at ≈ 90 G with 
 = 1 G)
[63], but are subject to individual challenges regarding their
width and absolute field magnitude.

B. Application to atom interferometry

To apply our methods to atom interferometry a magnet-
ically insensitive population in mF = 0 is desired, requiring
a state transfer either before or after evaporation. If the atoms
are already prepared in mF = 0, evaporation can be performed
in the vicinity of the low-field resonance at 59.3 G (Fig. 5). A
suitable multiloop preparation scheme has been demonstrated
in Ref. [55] and yields comparable results regarding the final
purity of the ensemble and the number of required loops. So
far, direct evaporative cooling in mF = 0 has been shown on
the broad resonance at 471 G, with a final atom number in
the BEC comparable to the results achieved in mF = −1 [18].
However, due to the narrower shape of the resonance at 59.3

FIG. 5. Modeling of the scattering length with respect to mag-
netic field: Low-field Feshbach resonances with parameters from
Ref. [52] for |1, −1〉 + |1, −1〉 (solid line) and |1, 0〉 + |1, 0〉
(dashed line), according to Eq. (3). At 54.9 G both resonances share
the same scattering length (dot), allowing us to easily transfer a BEC
via radio-frequency adiabatic rapid passages between both states.

G a magnetic field of 58.56 G with an instability below 20
mG is needed in order to achieve the same scattering length
stability as in our present experiment. This corresponds to an
improvement by a factor of 5, potentially requiring substantial
changes to the coil and control setup. Moreover, the associated
three-body loss coefficient has experimentally been found
to be an order of magnitude larger than the one belonging
to mF = −1 at 32.6 G, thus rendering efficient evaporation
unlikely [64,65].

Alternatively, the atoms can be transferred to mF = 0 via a
radio-frequency adiabatic rapid passage after producing the
BEC in mF = −1, a technique, which is commonly used
for producing quantum droplets [64,65]. Starting from the
magnetic-field values used in our experiment, a direct trans-
fer would result in an atomic interaction quench to a lower
value (Fig. 5), leading to unwanted density fluctuations [66].
Instead, for upcoming experiments we plan to sweep the mag-
netic field to 54.9 G where both mF states share the same
scattering length, allowing us to transfer the atoms with a
radio-frequency sweep at ≈40 MHz.

We envisage applications of our source in atom interferom-
etry for inertial sensing. On one hand, supporting high-fidelity
beam splitting and exquisite control of systematic effects
high-flux BEC sources are of direct interest in free falling
light-pulse atom interferometry [67,68]. In addition, BECs
offer routes to create entanglement via one-axis twisting
dynamics [69] or delta-kick squeezing techniques [70] and
routes to transfer spin squeezing to momentum states have
been demonstrated [71]. For the specific case of 39K, one ap-
proach to circumvent the BEC’s inherent instability in absence
of Feshbach magnetic fields during the interferometer is to
exploit ballistic expansion with subsequent matter-wave lens-
ing [11,26,72] to operate at low densities. On the other hand,
applications in trapped interferometry using optical guiding
potentials will benefit from tunable interactions [73,74], e.g.,
to mitigate phase diffusion due to collisions. Compared to free
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falling interferometry, here an additional challenge is imposed
by the necessity to operate at a constant Feshbach field. To this
end, even with the low-field resonances present in 39K, special
care needs to be taken to avoid magnetic-field gradients and
curvature, e.g., by careful design and the use of trimming
coils. Likewise, the use of magnetic shields may pose chal-
lenges regarding their compatibility with regular switching of
large magnetic fields in their proximity but could be mitigated
by active magnetic-field control over the comparably small
volume of interest of a few cubic millimeters. Recently a
guided 39K multiloop atom interferometer has been demon-
strated near the resonance at 562 G [74]. Despite the presence
of an additional axial magnetic potential with trapping fre-
quencies of 2.8 Hz originating from the Helmholtz coils, an
interrogation time on the order of milliseconds was achieved.
These results pose a promising step towards using resonances
at lower field values where the field curvature can be reduced
and an enhanced interrogation time can be expected.

VII. CONCLUSION

We have demonstrated an all-optical high flux source of
39K BECs. By altering the scattering length via a low-field
Feshbach resonance, the evaporation sequence can be individ-
ually optimized towards either atom number in the condensate
or evaporation flux. In combination with using time-averaged
optical potentials our technique allows us to improve on re-
sults previously achieved with all-optical setups in either atom
number by a factor of 8 or evaporation flux by a factor of 7.

Therefore, our source’s performance is comparable to other
high-flux sources using 87Rb [23] or 174Yb [24]. We envisage
applications in the field of atom interferometry, where mea-
surements are ultimately bound by quantum projection noise.
Here, its Feshbach resonances position 39K in an interesting
spot regarding the possibilities to mitigate systematic effects
and dephasing due to collisional shifts at comparably low
fields.
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