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ABSTRACT

MATTER-WAVE DYNAMICS IN TIME-AVERAGED OPTICAL POTENTIALS WITH
TUNABLE INTERACTIONS

Atom interferometers have emerged as a pivotal tool for accurate measurements of
inertial effects and are used as a versatile instrument in both fundamental physics
investigations and various applications. In particular, they have excelled in quantum
tests of the Universality of Free Fall and are expected to be instrumental in the
development of future gravitational wave detectors and in the search for dark matter.
However, these experiments impose stringent requirements for a large atomic flux
in combination with ultra-low expansion rates to enhance their sensitivity and to
restrict systematic effects.

In this thesis, time-averaged optical potentials in conjunction with tunable in-
teractions are used to rapidly create collimated 39K Bose-EINSTEIN condensates.
Combining these two methods for the first time allows to reach an unprecedented
evaporation duration of only 170 ms with an atom number of (6.14 +0.35) x 104,
well-suited for interferometry applications. By individually tailoring trap frequen-
cies and interaction strength it is also demonstrated how the resulting flux of more
than 3 x 10° particles/s can be maintained when transitioning to large condensates
of up to (5.73 +0.24) x 10° atoms within less than 2s of evaporative cooling. These
advancements enable the preparation of suitable interferometry input states well
within the actual interferometer time, thereby enabling dead-time free measure-
ments with superior sensitivity.

Moreover, the same techniques are used to implement a matter-wave lens, directly
applicable in the optical-dipole trap without necessitating extended free-fall times.
By incorporating tunable interactions, a collimation scheme previously developed
with 87Rb is enhanced, yielding measured energies as low as (340 + 12) pK in one
direction. Dedicated theory simulations are used to arrive at an intricate under-
standing of the related dynamics, allowing to extrapolate a 2D ballistic expansion
energy of (438 &+ 77) pK for the performed experiment. Based on these results an
extended multi-stage collimation scheme is proposed which will reduce the expan-
sion energy to below 20 pK in three dimensions, far surpassing the requirements of
current 10 m baseline devices such as the Hannover VLBAI facility. These results
pave the way to realize state-of-the-art matter-wave collimation in compact or lab-
based apparatuses, independent of the unique features of long-baseline devices
or micro-gravity environments. Ultimately, the various implemented methods will
allow to perform interferometry experiments in trapped configurations and enable
squeezing-enhanced interferometry schemes for measurements below the standard
quantum limit.

Keywords: time-averaged optical potentials, tunable interactions, Bose-Einstein
condensate, high flux source system, matter-wave lensing, delta-kick collimation

iii






CONTENTS

1 Introduction 1
1.1 Light-pulse atom interferometry . .. ... ... ... ... ...... 1
1.2 Bose-Einstein condensation of 3K . . . ... ... ..o 0oL 4

1.2.1 Bose-Einstein condensates . . . . . . ... ... 4
1.2.2 EBvaporativecooling . . . ... ... .. .. .. ... .. .. .. 5
1.2.3 Feshbachresonances . . . ... ... ... ............ 6
1.3 Atomic source systems for atom interferometry . . ... .. ... .. 7
1.4 Delta-Kick collimation . . .. ... ... ... .. ... ......... 9
1.5 Scopeofthisthesis . .. ... .. ... .. ... ... ........ 11
2 Publications 15
2.1 Quantum test of the Universality of Free Fall using rubidium and
potassium . .. ... 15
2.2 Rapid generation of all-optical *K Bose-Einstein condensates using
a low-field Feshbach resonance . . . . . ... ... ... ........ 25
2.3 High-flux source system for matter-wave interferometry exploiting
tunable interactions . . . . . ... ... 37
2.4 All-optical matter-wave lens using time-averaged potentials . . . . . 47
2.5 Matter-wave collimation to picokelvin energies with scattering length
and potential shapecontrol . . .. .. ... ... .. ... .. ... 55

3 Conclusion and outlook 65
3.1 SUMMATY . . . vttt e e e e e e 65
3.2 Further enhancement of atomic flux . . ... ... ... ........ 65
3.3 Improved matter-wave collimation for multiple atomic species . .. 67

3.3.1 Limitations and improvements . . . . ... ... ... ... .. 67

3.3.2 Application to other atomic species . . . ... ......... 67

3.4 Towards BEC interferometry in ATLAS . . ... ... ......... 68
3.4.1 State preparationof |[F =1,mp=0) . .. ............ 68

3.4.2 Interferometry laser system . . . . ... ... ... .. ... .. 70

3.4.3 Dual-species considerations for testing the UFF . . . . . . .. 71

3.5 Guided atom interferometry . . . . ... ... o o000 72
3.6 Squeezing-enhanced interferometry . . ... ... ... ... ... .. 76
3.7 Conclusion . . . . . ... 79
Bibliography 81
Acknowledgments 101



LIST OF FIGURES

Figure 1.1
Figure 1.2
Figure 1.3
Figure 1.4
Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6

Figure 3.7

Figure 3.8

vi

Comparison of a Mach-Zehnder interferometer based on

lightandatoms. . . . ... ... ... .. ..... .. ... ... 2
False color images of the phase transition from a thermal
ensemble to a Bose-Einstein condensate . . . . .. ... .. 4
Measured Feshbach resonances for a mixture of |F = 1,mp = 0)
and |[F=1mp=—1) . . .. ... ... ... 7
Comparison of pulsed and continuous Delta-Kick collima-

tion sequences. . . .. .. ... ... L L 10
Comparison of different atomic source systems for Bose-
Einstein condensates . . . . . .. ... ... ... ....... 66
Potential state preparation schemes for |[F =1,mr =0) . . 69
Combined Bragg and Raman laser system . . . . . ... .. 71

Different realizations of beam splitters in a guided geometry 73
Simplified sequence to perform an acceleration measure-
ment along the z-direction with a fully guided interferometer. 75
Simplified measurement sequence for rotations around the

z-direction with a fully guided configuration. . . . . . . .. 75
A Delta-Kick squeezing-enhanced atom interferometry

scheme. . . . ... ... .. . .. ... 77
A squeezing-enhance trapped interferometer scheme . .. 78



ACRONYMS

Al
AOD
AOM
ARP

atom interferometer
acousto-optic deflector
acousto-optic modulator

adiabatic rapid passage

ATLAS ATom LASer

BEC
BS
COM
CPM
DKC
EOM
IMU
ISS
MOT
ODT
PSD

Bose-EINSTEIN condensate
beam splitter
center-of-mass
center-position modulation
Delta-Kick collimation
electro-optic modulator
inertial measurement unit
International Space Station
magneto-optical trap
optical dipole trap

phase space density

QPORT Quantum TransPORT

RF

SLM
SQL
TAP
UFF

radio frequency

spatial light modulator

standard quantum limit
time-averaged potential

Universality of Free Fall

VLBAI Very Long Baseline Atom Interferometer

vii






INTRODUCTION

The first interferometry experiments with light date back to the 19th century [1].
Today, laser interferometry [2] has become a fundamental tool for society with
cutting-edge applications ranging from laser gyroscopes [3], indispensable for
modern air travel, to the detection of gravitational waves [4], pioneering a new field
of astronomy and enhancing our understanding of the universe. While laser-based
devices excel at detecting relative changes in distance, accelerometers such as the
FGs [5] face challenges due to their lack of bias stability [6] and laser gyroscopes
require frequent re-calibration [7]. An alternative approach exploits the wave-like
properties of massive particles [8] which allow to observe interference effects at low
energy scales, ultimately opening up the field of matter-wave interferometry [9].
Initial experiments with electrons confirmed the existence of interference patterns
consistent with BRAGG’s law [10], leading to the proposal and subsequent realization
of a first interferometer utilizing thin crystal lamellae as beam splitters [11, 12].
Similarly, three-grating geometries enabled neutron interferometers, measuring
the induced phase shift due to gravity [13] and later facilitated the diffraction and
interference of atoms [14, 15]. With the advent of sophisticated cooling schemes,
mostly made possible by advancements in laser technology, macroscopic and many-
particle systems such as Bose-EINSTEIN condensates (BECs) [16] and most recently
molecules followed [17].

Compared to classical sensors, systems based on the manipulations of large
ensembles of neutral atoms offer several advantages. Although their technical devel-
opment is still ongoing, they are ultimately expected to outperform their classical
counterparts [6]. The ability to prepare well-defined atomic quantum states allows
superior control over the initial conditions and improves the reproducibility of
measurements compared to any classical setup. Furthermore, the inherent prop-
erties of atoms are directly linked to the definitions of the international system
of units, hence allowing for drift-free and absolute measurements. While their
inertial mass facilitates direct coupling to accelerations and particularly gravity,
their electric polarizability and magnetic moment also render them sensitive to
electric and magnetic fields, thereby providing a flexible platform for sensing a
variety of quantities. However, this versatility also requires tailoring the external
and internal atomic states with respect to the specific needs of the measurement
to be conducted and necessitates excellent control of the environment in order to
mitigate any unwanted systematic effects.

1.1 LIGHT-PULSE ATOM INTERFEROMETRY

In contrast to the early attempts, light-pulse atom interferometers (Als) [19—21]
realize their beam splitting processes through the coherent manipulation with light,
and have emerged as a versatile tool for a multitude of measurements ranging
from fundamental physics to technical applications [9]. The first demonstration



2

INTRODUCTION

Figure 1.1: Comparison of a Mach-Zehnder interferometer based on light and atoms.
(a) In the light interferometer, a coherent source is split along two different
paths using a 50:50 beam splitter (BS) and subsequently recombined. Interference
patterns emerge in the output ports due to the accumulated phase differences
A® between both trajectories, e.g. caused by a difference in path length or when
the refractive index along one trajectory changes. (b) Similarly, the wave-nature
of atoms allows to create superposition states with separate trajectories and light-
pulses acting as splitters, mirrors, and re-combiners. Here, the phase difference
originates from the laser-phase imprinted on the atoms during the atom-light
interactions at different positions in the interferometer beam and thereby allows
to determine the experienced acceleration § along the beam axis. Figure (b) was
taken from Ref. [18] without modifications and is licensed under CC BY 3.0.

measured the gravitational acceleration of sodium atoms [19] and the sensitivity
of Als to inertial effects has steadily improved since then [22—26]. In fundamental
physics, atom interferometry has contributed to the quest for a unified theory by
probing the limits of both general relativity [27-30] and quantum mechanics [31-33].
Furthermore, advances in metrology have been achieved, including measurements
of the gravitational constant [34] and the fine-structure constant [35, 36]. Today,
applications in navigation and earth observation are explored based on compact
platforms [37-39] and first prototypes have already been implemented on ships [40],
planes [41], sounding rockets [42] and even the International Space Station (ISS) [43].

The most common configuration, which is used for gravimetry is the Mach-
ZEHNDER type Al Its working principle can be understood as the matter-wave
analog of a laser interferometer of the same type. A comparison between both
concepts is presented in Figure 1.1. In the laser interferometer (Fig. 1.1a) the light
beam is split using a partially reflective mirror, typically with 50 % reflectivity.
The separated beams travel along two distinct trajectories, which exposes them
to different external effects, inducing a relative phase shift between both paths.
Eventually, they are recombined at a second beam splitter and interfere. The
accumulated phase difference can be determined by analyzing the spatial intensity
distribution in one output port or by comparing the total intensities of both ports
to each other.

For matter-waves (Fig. 1.1b), the splitting, mirroring and recombination processes
are realized through atom-light interactions [9]. Most commonly, RaBr oscillations
of the atomic ensemble based on one of the following two processes are used:


https://creativecommons.org/licenses/by/3.0/de/

1.1 LIGHT-PULSE ATOM INTERFEROMETRY

Stimulated RaAMAN transitions [19] change both, the internal and external state
offering the advantage of state-selective imaging, even when the spatial resolution
of the interferometer output ports is limited and the ensembles overlap. This
method is particularly suitable for thermal sources of laser-cooled atoms where
the ensemble’s kinetic energy exceeds the photon recoil energy. On the other
hand, Bracgg diffraction [44] only alters the external momentum state, making it
advantageous for ultracold ensembles with reduced expansion rate. Moreover, when
using identical internal states, the interferometer is inherently less susceptible e.g.
to the differential AC StaRrk shift, thereby reducing systematic errors. Alternative
schemes include using Karirza-Dirac gratings [45], BLocH oscillations [46] or
ultranarrow single-photon clock transitions [47].

Analogous to the 50:50 beam splitter of the laser interferometer a RaBI 771/2-pulse
creates an equal superposition between two different momentum modes |p;) and
|p2 = p1 + Ap). In the simple presented configuration, two counter-propagating
laser beam with wave vectors I?l transfer the total momentum Ap = lkegs = h]k: —
ka|, leading to two separate trajectories. During the pulse separation time T the
atoms propagate freely, before a 7r-pulse inverts the momentum states, acting as a
mirror. After another evolution time T the two paths coincide and a final 77/2-pulse
superimposes the states, thereby closing the interferometer. In the example, shown
in Figure 1.1b, the differential phase shift is induced by the gravitational acceleration
and given by

Ap = ket § - T? (1.1)

to the lowest order. It scales with the enclosed space time area keg - T and the
acceleration that the ensemble experienced in the direction of beam splitting. When
performing the described sequence one can show that the sensitivity for measuring
g is given by:
1
Ag=——-
8 NChgT?

for a single measurement with a total number of atoms N, participating in an
interferometer with fringe contrast C. For multiple subsequent measurements with
experimental cycle time f.yqe averaging with respect to integration time T allows to

(1.2)

reach a sensitivity of 0g(7) = Ag - /teycle/ T

To enhance the sensitivity, several methods are feasible: Enlarging the enclosed
space-time area can be achieved by large momentum transfer beam splitters, in-
creasing the transferred momentum to multiples of 7ikeg. Suitable methods include
multi-photon Braca diffraction [48] or dedicated lattice geometries [49]. By im-
plementing quantum optimal control protocols in an optical lattice, the current
record of 600 fik.g in an interferometer has been realized with FLOQUET states [50].
Alternatively, the pulse separation time can be extended, which offers quadratic
scaling but also requires long-baseline devices for terrestrial applications [24, 51-53].
When considering classical states, the atom number contributes with 1/ VN at
the standard quantum limit (SQL), due to quantum projection noise limiting the
phase read-out. Using entangled states allows to gain sensitivity and approach the
Heisenberg limit with superior 1/N-scaling, but comes with significantly more
demanding hardware requirements and complicated preparation schemes [54]. In
both cases the Al benefits from high initial atom numbers, which, in conjunction
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with the cycle time-scaling, justifies the development of high flux atomic source
systems with large N /.. Finally, a major limitation for the contrast arises from
the expansion of the ensemble in the interferometer beam, causing inhomogeneous
RaBz1 oscillations due to the usually Gaussian intensity distribution [55]. This issue
can be mitigated by employing a velocity selection scheme on the expense of the
total atom number [19]. Alternatively, various cooling processes enable the genera-
tion of atomic ensembles with reduced momentum spread. In this context, the BEC
is of particular interest and will be discussed in the next section.

1.2 BOSE-EINSTEIN CONDENSATION OF 39K

1.2.1 Bose-Einstein condensates

.y — —>
(Z) - (Z) s (2 <1

Figure 1.2: False color images of the phase transition from a thermal ensemble to a Bose-
Einstein condensate. By reducing the laser intensity of the confining trap, an
ensemble of 39K atoms is cooled down to underneath the critical temperature.

The images are taken after 20 ms time-of-flight, hence indicating the momentum

spread of the ensemble. While initially featuring a gaussian envelope with wide
momentum distribution (left), crossing the critical temperature (middle) allows

to observe bimodal distribution with a fraction of already condensed atoms in

the center. A further temperature reduction then leads to a quasi-pure BEC (right)

with significantly reduced expansion energy and much narrower momentum

spread.

A BosEe-EINSTEIN condensate is a coherent state-of-matter in which an ensemble of
bosons collectively occupies the motional energy ground state and can be described
through the same wave-function, thus rendering the particles indistinguishable from
each other [56]. It is therefore a direct manifestation of the wave nature of particles,
and hence offers exciting opportunities to investigate quantum phenomena at the
macroscopic level. Starting from a dilute atomic gas a BEC forms when the thermal

DE BROGLIE wavelength [8]
| 27tH?
Ad = WBT' (1.3)

which defines a length scale for the wave-like behavior of the individual atoms,
approaches the distance between them. This process can be described in terms of
the phase space density (PSD) A = nA3, with peak atomic density

ma> 3/2
n=N (kaT) , (1.4)




1.2 BOSE-EINSTEIN CONDENSATION OF 39K

within a trap with geometric mean of trap frequencies @ = (wyw,w;)'/?. When
A =~ 2.612, equal to the value of the RIEMANN zeta function {(3/2), the individual
wave-functions start to overlap and the phase transition occurs. For given atom
number and trap frequencies one can therefore define a critical temperature T. that
must be reached to observe condensation experimentally:

hao N \®
T‘"':lcg<'<;<3/z>> | 5

The phase transition around T: is shown exemplarily in Figure 1.2. Once the
temperature has been reduced below the critical temperature, the proportion of
condensed atoms N, to total atom number N can be determined as N./N =
1 (T/T.) [57.

The existence of such a macroscopic ground-state occupation was already pre-
dicted in 1924 by ALBERT EINSTEIN [58] based on calculations carried out by
SATYENDRANATH BOSE [59] earlier in the same year. Yet, it took more than 7o years
until it was realized experimentally with ensembles of 87Rb [60] and 23Na [61], since
the critical temperature is typically at the order of a few tens to a few hundred
billionths of kelvin above absolute zero. Achieving these temperatures required a
sophisticated combinations of laser and evaporative cooling techniques within opti-
cal and magnetic traps in an ultra-high vacuum environment. The implementation
of these methods is discussed in the next section.

1.2.2  Evaporative cooling

Laser cooling atoms in magneto-optical traps (MOTs) and especially with optical
molasses allows to reach temperatures of a few microkelvin, hence it is not sufficient
to cross the critical temperature and achieve quantum degeneracy. Few exceptions
exist when considering more sophisticated schemes, e.g. when cooling strontium on
a narrow linewidth transition [62] or by employing Raman side-band cooling [63].
Yet, these techniques are limited to particular atomic species or certain use cases,
e.g. when a low atom number is sufficient, or the expansion rate of the ensemble in
free fall is irrelevant. For a more generally applicable scheme, evaporative cooling in
magnetic or optical dipole traps (ODTs) is used as a final step to bridge the lacking
orders of magnitude in PSD.

The basic principle of evaporative cooling relies on the scattering properties
of the ensemble and it’s energy distribution. In thermal equilibrium (at a given
temperature T), the atoms obey the MAxwELL-BoLTZMANN distribution, which
features a high-energy tail with only minimal occupancy. By applying an energy
dependent removal mechanism the tail can be truncated, lowering the average
energy of the ensemble. In an ODT this is done by lowering the trap depth [64], while
a radio frequency (RF)-knife is used in magnetic traps, causing an energy dependent
transfer into an untrapped state [65]. In parallel, elastic collisions between the atoms
cause the system to rethermalize, restoring the original energy distribution, but at a
lower overall temperature. By continuously repeating this process, the atom number
is reduced, but the PSD can be increased since A « N/T?, eventually reaching the
phase transition. To ultimately realize large ensembles at ultracold temperatures
one hence has to keep the process maximally efficient and remove as much energy
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per particle as possible, by allowing the atoms to always reach thermal equilibrium.
Here the relevant time-scale T is given by the elastic collision rate I'¢

1
Ty x — with Ty = 4ma’nv (1.6)
el
and depends on the absolute values of the scattering length a, the atomic peak
density and the average relative velocity 7 of the atoms.

1.2.3 Feshbach resonances

In the specific case of 39K a straightforward implementation of these methods is
not feasible, as it features a negative background scattering length [66]. While this
characteristic does not hinder evaporative cooling, it leads to an attractive mean-field
potential, causing the system to collapse when the number of condensed particles
exceeds a critical value and thus prevents effective BEC formation [67]. Similar
issues exist for 133Cs [68] or ®Rb [69]. In such scenarios, exploiting FESHBACH
resonances [70] has become an indispensable tool to achieve condensation, as
they allow shifting the scattering length to positive values and hence stabilize the
BEC through repulsive interactions. An extensive review of FESHBACH resonances
and their applications can be found in Ref. [71]. Today, they are a widespread
tool for studies of interaction dynamics [72], the formation of ultracold molecules
from bosons [73-75] and fermions [76, 77] and are used to enable and improve
evaporative cooling [68, 69, 78].

A FESHBACH resonance occurs in collision processes between two atoms, when
the energy of a bound molecular state approaches the energy of the unbound state.
In this situation even weak coupling between both states results in strong mixing,
thereby altering the scattering length. When the magnetic moments of unbound and
bound state differ, the energy difference between both, and consequently coupling
strength and scattering length, can be tuned by applying homogeneous magnetic
tields, leading to so-called magnetic FESHBACH resonances. Since their formation
relies solely on the magnetic properties of the involved atoms and their general
capability to form bound molecular states, a wide variety of atomic species and their
isotopes possess them [66, 79-84]. Alternatively, laser excitation can also induce
resonant coupling of two colliding ground state atoms to an excited molecular state,
thereby altering the scattering length [85]. Compared to their magnetic counterpart,
such optical FESHBACH resonances feature a finite scattering length maximum
and often exhibit large losses, due to the short lifetime of the excited molecular
state and the associated spontaneous decay [86]. Nevertheless, they are considered
useful when magnetic tuning is not feasible, e.g. for atoms such as strontium and
ytterbium. By coupling to forbidden inter-combination transitions the lifetime of
the excited state can be significantly enhanced, allowing practical changes of the
scattering length across large intervals [87-89].

For 39K several broad magnetic FESHBACH resonances exist and are addressable
with comparably low field strengths ranging from a few 10G to a few 100 G. These
favorable features allow precise tuning of the scattering length without the need for
extended coil setups, making 3K an ideal platform to explore interaction dynamics
and their utilization for matter-wave optics. A recent overview of the resonances for
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Figure 1.3: Measured Feshbach resonances for a mixture of |F=1,mr =0) and
|F =1,mr = —1). (a) Measured atom numbers in the ODT after applying a
homogeneous magnetic field for 1.5s. FESHBACH resonances can be identified
by the sharp dips in atom number since three-body losses are greatly enhanced
in their direct vicinity. (b) Expected FESHBACH resonances for |F = 1,mp = 0)
and |F = 1,mp = —1). The legend indicates the corresponding mp-pair. The
nonassignable atom number loss can be explained by atoms remaining in
|F = 2,mp = —2) after state preparation, for which a possible resonance was
recently determined theoretically [9o0].

all potassium isotopes can be found in Ref. [9o]. The ones relevant for this thesis
were identified by measuring the atom number loss for a given magnetic field and
are shown in Figure 1.3.

Early attempts to achieve Bose-Einstein condensation with the aid of magnetic
FESHBACH resonances were performed in combination with initial sympathetic
cooling with 87Rb [78, 91]. These experiments relied on the positive scattering length
between ¥Rb and 3K to facilitate energy exchange and lower the temperature of
the 39K atoms while evaporatively cooling 8Rb. The FESHBACH resonances were
only employed in a final step, when their application became unavoidable to
stabilize the BEC. Purely direct evaporative cooling has been demonstrated shortly
afterwards [92] and has become the standard procedure as it eliminates the need for
a second species. Recently, all-optical preparation sequences prior to evaporative
cooling have gained interest due to their capability to shorten the experimental
cycle time and further simplify the setups [93].

1.3 ATOMIC SOURCE SYSTEMS FOR ATOM INTERFEROMETRY

As discussed, BECs are of particular interest for atom interferometry, since their
low expansion rates allow for high fidelity beam splitter using RaMAN [94] or
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BraGa pulses [95, 96]. Furthermore, they exhibit reduced systematic errors related
to their initial kinematics and enable long pulse separation times without loss of
contrast from diluting the ensemble [97] or inhomogeneous RaBs1 oscillations [55].
However, atom interferometers commonly operate with ensembles at temperatures
of a few microkelvins [98—100]. While this restricts the accessible free fall time,
cooling atomic ensembles to sub-Doppler temperatures can typically be performed
within a few ten milliseconds with various methods. In comparison preparing a
BEC often takes several seconds, thereby increasing the experimental cycle time and
significantly lowering the atomic flux.

Different approaches exist to circumvent this issue, with the most successful one
thus far being undoubtedly the use of multi-layer atom chips for 8Rb [101, 102].
Allowing for a compact design with high trap frequencies in close proximity to the
current conducting chip structure, such setups enable rapid evaporation schemes,
with a demonstrated evaporation duration below 500 ms and 1 Hz experimental
repetition rate. Their advantages make them especially successful in the scope
of dedicated micro-gravity experiments [42, 96, 103, 104], and they have been
prominently featured on board of a sounding rocket [103] and the 1SS [43, 105].

In an alternative approach BECs of various species have been created in ODTs [68,
106-110]. Compared to magnetic confinement, utilizing induced dipole forces allows
to trap atoms regardless of magnetic substate or lack thereof. Notably, this feature
allowed to create BECs of ytterbium [107] and strontium [109]. Additionally, the
absence of in-vacuum components allows for unrestricted optical access. This
is particularly important for multi-axis interferometry [111, 112] and the large
interferometer beams, required for long-baseline devices [52]. While ODTs offer
a great level of flexibility, they also suffer from significant drawbacks: Since the
focused Gaussian beams of an ODT only feature a minimal overlap with a laser-
cooled cloud in the trapping region, it is challenging to create large volume traps
suitable for evaporative cooling. Although this issue can be partially alleviated
by employing larger beam waists, this has detrimental effects on the evaporation
duration as it results in lower trap frequencies, reducing the elastic collision rate.
Furthermore, trap frequencies are naturally reduced during evaporation, due to
their direct coupling to the trap depth. Consequently, ODTs require an evaporation
duration at least an order of magnitude longer than what can be achieved with
high-performance chip traps.

Considerable efforts have been made to overcome the corresponding scaling
laws [113]. While certain species allow for direct laser cooling schemes [62, 63], a
more general approach involves adding a tight dimple beam to an otherwise large
volume trap to locally increase trap frequencies and PSD. However, this approach
typically results in low final atom numbers [114]. Recent advances also make use
of machine learning techniques in order to find rapid evaporation trajectories
specifically tailored towards the individual setup used [115]. The most successful
and by now widely employed approach relies on lifting the coupling of trap depth
and frequencies by dynamically altering the potential shape, tailoring it towards
the optimal configuration for every step in the experimental sequence. An early
realization of such an approach was based on a movable lens system, allowing
for trap compression during evaporation to maintain high trap frequencies [116].
While this method reduced the evaporation duration to 2s the necessary hardware
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integration considerably restricted the setup’s flexibility. Alternatively, spatial light
modulators (SLMs) can be used to create more flexible beam patterns, only limited
by the waist of the trapping beam and the pixel size of the SLM [117]. However,
their low diffraction efficiency made these devices unfavorable for large volume
traps based on lasers with multiple watts of optical power. Hence their use is
mainly restricted to optical tweezer configurations for single atoms and ions or the
manipulation of BECs, provided by different means.

As of today, time-averaged potentials (TAPs) [118, 119] are commonly used to
alter the potential shape, since they can be created with minimal power loss and do
not require any mechanical moving parts. Instead, they rely on a center-position
modulation (CPM) of the trapping beams, implemented with acousto-optic elements
by modulating the driving RF-signal. As long as the RF modulation frequency is
much larger, typically by a factor of several hundred [120], than the trap frequencies,
the atoms do not experience the moving laser beam, but instead the time-average of
its motion, resulting in a static optical potential. By choosing appropriate frequency
ramps these systems can realize nearly arbitrary potential shapes, only limited
by the natural waist of the used laser beam and the maximum bandwidth and
diffraction angle of the acousto-optic element [18, 119, 121, 122]. They allow to
initially load high atom numbers by improving the mode match through a larger
effective beam waist, realizing favorable initial conditions while effectively tailoring
trap frequency through compression during evaporation. In Ref. [122], combining
TAPs with a dimple-like beam geometry allowed to realize ensembles of more than
5 x 10* condensed particles after 250 ms of evaporative cooling with an experimental
cycle time of only 500 ms, showcasing a performance more than competitive to the
magnetic chip traps.

1.4 DELTA-KICK COLLIMATION

In addition to the ability to rapidly create BECs with a large atom number, modern
precision experiments impose stringent limits on the expansion energy, as they
target several seconds of pulse separation time to reach the desired sensitivity.
For example, probing the Universality of Free Fall (UFF) below the 10~1°-level,
requires achieving expansion energies smaller than 50 pK for an STE quest-like
space mission [124-126]. Likewise, proposed long-baseline devices for the detection
of gravitational waves or dark matter impose requirements below 100 pK [53, 127].
These examples highlight the need for dedicated collimation techniques that go far
below the few tens of nanokelvin, typical for a BEC released from an ODT [68, 128,
129].

With further evaporative cooling expansion energies below 500 pK were demon-
strated, albeit only for a BEC of 2500 atoms [130]. With spin-gradient cooling this
value was improved to below 400 pK [131]. Alternatively, different Delta-Kick colli-
mation (DKC) techniques [132] allow reaching the desired energy regime without
loss of atoms and have successfully been implemented in magnetic [96, 133-135],
electrostatic [136] and also optical traps [18]. In contrast to traditional cooling mech-
anisms, DKC preserves the PSD, justifying the term collimation instead of cooling.
One generally distinguishes between two cases, the pulsed and the continuous DKC.
A comparison of both mechanisms is presented in Figure 1.4.
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Figure 1.4: Comparison of pulsed and continuous Delta-Kick collimation sequences. (a)

Working principle of the pulsed DKC. Starting from an initial trap (w = w;), the
ensemble is released and allowed to freely expand (w = wy), thereby sheering
the phase-space distribution. Afterwards the trap is turned back on for a brief
time (w = w¢) to convert kinetic into potential energy, rotating the phase-space
distribution, until the momentum spread becomes minimal. The panel was taken
from Ref. [18] and is licensed under CC BY 3.0. For this figure the sub-panel
designations were removed and single elements were re-scaled. (b) Working
principle of the continuous DKC. Starting from a similar trap (wirap = wp), a
rapid relaxation of the trap frequencies (wiap = w; < wp) excite size oscillations
of the ensemble. Subsequently, a release at their turning point (Wirap = 0) is
used to realize a minimal momentum spread in free-fall. Underneath, the size
oscillations in the trap together with the corresponding phase-space diagrams at
different points of the sequence are shown. The panel was taken from Ref. [123]
and is licensed under CC BY 4.0. For this figure the sub-panel designations were
removed. (c) Comparison of two 39K BECs after 25 ms time-of-flight, released at
point I without a lens (left) and after applying the lens with a release close to
the optimal point VIII (right). While the vertical axis remains unaffected by the
employed 2D continuous lens, the momentum spread in horizontal direction is
significantly reduced.

A pulsed DKC relies on the brief application of an optical or magnetic potential,
to reduce the kinetic energy of an ensemble already in free-fall (Fig. 1.4a). Upon
released from an initial trap, the atomic cloud starts to expand due to its finite
momentum distribution. Additionally, the mean-field energy, which dominates
the BEC at high densities and non-vanishing scattering length in the trap, acts as
repulsive force, thereby accelerating the expansion [56]. If the cloud expands over a
longer period of time in free-fall, its density decreases to such an extent that it enters
the non-interacting ballistic regime. At that point re-applying a potential lowers the
kinetic energy of the atoms, as they have to perform work against it. Furthermore,
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they are not accelerated again afterwards, as the mean-field energy has already
been converted. Fundamentally, the kinetic energies that can be obtained using this
method are only limited by the size of the cloud due to HEISENBERG'S uncertainty
principle. Because the necessary potentials need to be applied at the position of the
atomic ensemble, the pulsed DKC scheme is particularly suitable for micro-gravity
environments, where the experimental device remains stationary relative to the
atoms.

However, under the influence of gravity the atoms quickly leave the trapping
zone of stationary devices. While additional coils or optical systems in a dedicated
interaction zone have been demonstrated as a feasible approach, realizing 50 pK
in two dimensions [137], their implementation is often challenging. Alternatively,
continuous DKC circumvents this issue entirely as it allows to perform the collima-
tion directly in the initial trapping potential (Fig. 1.4b). Here, rapidly changing the
trap frequencies by altering the magnetic [24] or optical confinement [18] induces
common-mode oscillations of the ensemble size. By releasing the ensemble at the
turning point of the width oscillation the momentum spread is reduced, due to
the increase in cloud size with the additional benefit of also lowering the density
and thereby reducing interactions and related acceleration of the expansion. Yet,
for most experimental configurations the final size of the atom cloud that can be
achieved using such methods is not sufficient to fully remove the mean-field energy
from the ensemble, limiting the achievable expansion energy. Additionally, such
schemes are often restricted to one or two dimensions, as the available degrees
of freedom do not allow to freely control the trap frequencies in all directions.
Consequently, the current record of 38 pK in three dimensions has been achieved
by combining continuous and pulsed collimation sequences in micro-gravity [104].

1.5 SCOPE OF THIS THESIS

This thesis is based on several publications in peer-reviewed journals with the aim
of establishing a testbed for atom interferometry with ultracold 39K in trapped
and free-falling geometries. All experiments were conducted at an already existing
dual-species atom interferometer apparatus for molasses cooled ensembles of 87Rb
and 3K, namely the ATom LASer (ATLAS) experiment at the Institute of Quantum
Optics in Hannover. Historically, ATLAS has been used to test the UFF comparing the
gravitational acceleration of both species in a differential measurement [27]. Since
then, it has additionally become a versatile demonstrator for numerous technologies,
to be integrated in the Hannover Very Long Baseline Atom Interferometer (VLBAI)
facility [52], which is currently in commissioning [120, 138].

Analyzing the latest UFF test campaign revealed the limitations of the apparatus,
directly linked to the overall performance of the potassium source and the mo-
mentum spread of the thermal clouds during free fall. Publication 1 [139] provides
a comprehensive overview of the conducted measurement campaign, ultimately
leading to an exclusion of violations at the 10~7-level :

11
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Publication 1

Henning Albers, Alexander Herbst, Logan L. Richardson, Hendrik Heine,
Dipankar Nath, Jonas Hartwig, Christian Schubert, Christian Vogt, Marian
Woltmann, Claus Limmerzahl, Sven Herrmann, Wolfgang Ertmer, Ernst M.
Rasel, and Dennis Schlippert, "Quantum test of the universality of free fall
using rubidium and potassium", The European Physical Journal D 74 (2020),
doi: 10.1140/epjd/e2020-10132-6.

To address the identified challenges an ODT with TAPs had already been imple-
mented to create BECs, initially demonstrated for 8Rb [18]. Within the scope of this
thesis the setup was further retrofitted to enable the rapid generation of 39K BECs
and their subsequent collimation to energies below the nanokelvin range in two
dimensions. The modifications allowed loading the ODT with a large atom number
and high initial PSD by enhancing the sub-DoPPLER cooling of 39K, switching from
a D,-molasses to a grey molasses scheme on the D,-line [140]. For this purpose, an
entire new laser system was integrated. Furthermore, a three-axis magnetic field
stabilization was implemented to enable a multi-loop state preparation scheme [141]
based on microwave adiabatic rapid passages (ARPs) in combination with optical
pumping on the D;-line. Finally, to tune the atomic scattering length with magnetic
FesHBACH resonances an H-bridge was added to the MOT coils, allowing to switch
them between anti-HeLMBOLTZ and HELMHOLTZ-configuration, thereby providing
the capability to generate homogeneous magnetic fields of up to 400 G. While these
techniques are well-established individually, the specific design choices and scope
of the experimental apparatus required their adaption and combination in unique
ways, leading to a detailed description of the new components together with the
first creation of a 39K BEC in publication 2 [142]:

Publication 2

Alexander Herbst, Henning Albers, Knut Stolzenberg, Sebastian Bode, and
Dennis Schlippert, “Rapid generation of all-optical *K Bose-Einstein con-
densates using a low-field Feshbach resonance”, Physical Review A 106,
043320 (2022), doi: 10.1103/PhysRevA.106.043320.

These results already feature a decent experimental performance, especially regard-
ing the evaporation process, allowing the creation of BECs with 5.8 x 10* condensed
particles after 850 ms of evaporative cooling. However, to compete with state-of-the-
art solutions based on other trapping mechanisms in the framework of matter-wave
interferometry a further enhancement of atomic flux was necessary but hindered
by the limited capabilities of the 1960 nm laser system generating the ODT. To over-
come its shortcomings, a new 1064 nm laser system was integrated. Compared to
the previous system, the TAPs were no longer generated by a 1-axis acousto-optic
modulator (AOM) but rather by a 2-axis acousto-optic deflector (AOD), which in
principle allows to extend shaping the potentials along the second beam axis. At
the same time, the usable CPM stroke was increased by more than a factor of five,
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allowing for effective beam waists of over 1.5 mm. Furthermore, as the new laser
system was no longer power-limited, the use of a recycled beam configuration was
avoided and independent control of the two individual beams was implemented
instead. Together, this opened up a wider range of accessible trap configurations
and, in particular, trap frequencies. In combination with dynamically tuning the
scattering length during the evaporation stage, as opposed to the static configura-
tions used before, these enhanced capabilities allowed the realization of BEC after
only 170 ms of evaporative cooling. The developed sequence enables interferometers
entirely limited by the pulse separation time with the potential to reach a theoretical
short-term stability better than 1 x 107" m/s? after 1s of integration time. The
experimental sequence together with the expected interferometry performance has
been published in publication 3 [143]:

Publication 3

Alexander Herbst, Timothé Estrampes, Henning Albers, Vera Vollenkemper,
Knut Stolzenberg, Sebastian Bode, Eric Charron, Ernst M. Rasel, Naceur
Gaaloul, and Dennis Schlippert, “High-flux source system for matter-wave
interferometry exploiting tunable interactions”, Physical Review Research
6, 013139 (2024), doi: 10.1103/PhysRevResearch.6.013139.

For sufficiently low momentum spread of the atomic ensemble, the short-term
stability of an atom interferometer is mainly governed by the atomic flux. However,
for the long-term stability the ensembles” expansion is always the limiting factor
restricting the achievable pulse separation time, due to loss of contrast. To reduce
the expansion energy below a few tens of nanokelvin, an all-optical continuous DKC
scheme based on TAPs utilizing size oscillations of the atom cloud was ultimately
investigated. As before, initial measurements were performed with 87Rb and allowed
reaching expansion energies as low as 3.2nK in one dimension, a gain by more than
order of magnitude compared to the immediate release from the ODT. By applying
the same technique to thermal ensembles, it was further demonstrated how the
evaporation sequence could be shortened in cases when only certain temperature
limits have to be met. These findings were published in publication 4 [123]:

Publication 4

Henning Albers, Robin Corgier, Alexander Herbst, Ashwin Rajagopalan,
Christian Schubert, Christian Vogt, Marian Woltmann, Claus Lammerzahl,
Sven Herrmann, Eric Charron, Wofgang Ertmer, Ernst M. Rasel, Naceur
Gaaloul, and Dennis Schlippert "All-optical matter-wave lens using
time-averaged potentials", Communications Physics 5, 60 (2022), doi:
10.1038/542005-022-00825-2.

To apply the same method to 3K tunable interactions were additionally taken into
account. Measurements were limited to the case of a BEC, as the rapid evapora-
tion scheme made further short-cutting obsolete. The collimation sequence was
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implemented in both weak and strong interaction regimes, to quantify the result-
ing effects and the lowest expansion energy in two dimensions was determined
to be (438 £ 77) pK for a scattering length of 10ay. In particular, the interplay of
atomic interactions and trap frequencies was thoroughly analyzed using a scaling
approach [144, 145] in the strong and a variational approach [146, 147] in the weak
interaction regime. Arriving at an accurate description of the system allowed in-
terpolating achievable three-dimensional expansion energies to below 20 pK in the
revised setup as already featured in publication 3 [143], leading to the concluding
publication 5 [148]:

Publication 5

Alexander Herbst, Timothé Estrampes, Henning Albers, Robin Corgier,
Knut Stolzenberg, Sebastian Bode, Eric Charron, Ernst M. Rasel, Naceur
Gaaloul, and Dennis Schlippert, “Matter-wave collimation to picokelvin en-
ergies with scattering length and potential shape control”, Communications
Physics 7, 132 (2024), doi: 10.1038/542005-024-01621-W.
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Abstract. We report on an improved test of the Universality of Free Fall using a rubidium-potassium dual-
species matter wave interferometer. We describe our apparatus and detail challenges and solutions relevant
when operating a potassium interferometer, as well as systematic effects affecting our measurement. Our
determination of the E6tvos ratio yields nrpx = —1.9 % 10~7 with a combined standard uncertainty of

oy, =32x107".

1 Introduction

Matter wave interferometry is an effective toolbox to
probe our understanding of nature. Based on coherent
manipulation of atomic ensembles, sensors capable of per-
forming accurate inertial measurements have been demon-
strated [1-10]. These new atomic sensors allow accessing
novel methods to understand fundamental physics [11-15].

The Einstein equivalence principle (EEP) is a corner-
stone for the theory of general relativity [16]. It is com-
posed of three components: Local Lorentz Invariance,
Local Position Invariance, and the Universality of Free
Fall. A violation of any of the components would imply a
violation of the EEP and could therefore yield modifica-
tions of general relativity with the possibility to reconcile
it with quantum field theory and therefore form of a the-
ory of quantum gravity.

The Universality of Free Fall (UFF) states the equal-
ity of inertial and gravitational mass mi, = mg and
implies that all objects freely falling in the same gravita-
tional field experience the same acceleration. As a figure
of merit for UFF tests in the Newtonian framework we
can express differential acceleration measurements in the

so-called Eo6tvos ratio
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where A and B are the test masses, and gap is their
respective local gravitational acceleration.

Tests of the UFF can be grouped in three categories
depending on the nature of the test masses: (i) classical,
(ii) semi-classical, and (iii) quantum tests as reported in
Table 1. The UFF has been tested extensively by classical
means, yielding the best uncertainty at partsin 1014, In addi-
tion, since the first observation of a gravitationally induced
phase in amatter-wave interferometer [17], a variety of quan-
tum tests based on atom interferometry have emerged. Due
to their well-defined characteristics, isotopic purity, and by
granting access to a novel range of species, they promise
high sensitivity to possible violations of the EEP, e.g. when
parametrizing observable physics in the minimal Standard
Model extension [18—-20] or in dilaton coupling scenarios [21].

In this article we report on an improved dual-species
test of the Universality of Free Fall using laser-cooled "Rb
and 3°K [22]. Improvements are mainly achieved by a
better input state preparation for potassium yielding in
an increased signal-to-noise ratio and longer integration
time. After a description of the experimental apparatus in
Section 2, we discuss our measurement scheme (Sect. 3)
and close with a discussion of systematic effects (Sect. 4)
affecting the measurement. In Section 5, we present possible
mitigation strategies and paths towards improved quantum
tests of the UFF on ground [23-26] and in space [27-29].

2 Experimental apparatus

The experimental apparatus includes a vacuum system
in which the atoms are interrogated, a laser system
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Table 1. Overview of UFF tests. We refer to experiments comparing the free fall acceleration of two isotopes of the same
(different) chemical species as “dual-isotope” (“dual-species”). Experiments comparing the free fall of different internal states
of the same isotope are labelled “dual-state”. FCC — Falling corner cube; Al — Atom interferometer.

Experiment Test Masses Type Eotvos ratio nas Ref.
Capacitive accelerometers Ti-Pt Classical —0.1(1.3) x 10~ [30]
Lunar laser ranging Earth-Moon Classical —3(5) x 107 [31]
Torsion balance 9Be-Ti Classical 0.3(1.8) x 10713 [32]
Dual-FCC Cu-U Classical 1.3(5.0) x 10710 [33]
FCC vs Al Si02-'%3Cs  Semi-classical 7(7) x 107° [34]
FCC vs Al SiO2-*"Rb  Semi-classical 4.4(6.5) x 107° [35]
Dual-state AT 8"Rb Quantum 0.9(2.7) x 1071° [36]
Dual-state Al 8TRb Quantum 1.4(2.8) x 107° [37]
Dual-state Al 8TRb Quantum 0.2(1.2) x 1077 [38]
Dual-isotope Al 85Rb-*"Rb Quantum 2.8(3.0) x 1078 [39]
Dual-isotope Al 85Rb-*"Rb Quantum 1.2(3.2) x 1077 [40]
Dual-isotope Al 87y 883y Quantum 0.2(1.6) x 1077 [41]
Dual-species Al 8TRb-*K Quantum —0.3(5.4) x 1077 [22]
Dual-species Al 8TRb-3K Quantum 0.9(3.0) x 107* [42]
Dual-species Al 8TRb-3°K Quantum —1.9(3.2) x 1077 This work
generating the light fields for manipulating the atoms, Photo diode Magnetic shield
and optics for beam shaping and collecting fluorescence iaphragm ‘ R
for detection at the vacuum chamber. Below, these ele- Raman light field I
ments are described in more detail. to laser system ‘_TA-
~re il
Detection light field 3D MOT

2.1 Vacuum system

The vacuum system consists of three main parts as
depicted in Figure 1 and is enclosed in a single-layer
permalloy magnetic shield [43,44]. Cooling and trapping
of 8"Rb and ??K takes place in a double magneto-optical
trap (MOT) setup comprising two custom-made alu-
minum chambers with indium-sealed viewports separated
by a differential pumping tube. Atoms are loaded into
the 2D MOT from background vapor generated by ovens
heated to 30°C (75°C), yielding a partial pressure of
1 x 10~ mbar (6 x 10~° mbar) for rubidium (potassium).
A tube connects the 3D MOT chamber with a high aper-
ture detection zone, allowing for 200 ms of free fall (19 cm
center to center).

2.2 Laser system

For trapping and cooling of both atomic species we use
the same laser system as in our previous work [22] and
described in detail in [44,45].

In the following we refer to the |F' = 2) — |F’ = 3) as
the cooling and the |F = 1) — |F’ = 2) as the repumping
transition. Frequency references for the system are gener-
ated by two external cavity diode lasers (ECDL) [46,47]
which are stabilized to the Ds line of rubidium (potas-
sium) at 780nm (767 nm) by means of frequency modula-
tion spectroscopy.

The light fields for cooling and repumping of rubidium
are generated by two ECDLs in a master-slave configu-
ration. The repumping laser is stabilized to the reference

2D MOT

I

to vacuum pumps Y

s i

Ovens K (75°C) & Rb (30°C)
Photo diode '
—

A

Detection

Mirror

Vibration isolation

Acoustic shield

platform

Fig. 1. Schematic of the vacuum system and peripherals com-
prising the sensor head of the experimental setup. The colli-
mated light for the Raman pulses (dark red) and for detec-
tion (light red) are superimposed on a polarizing beam splitter
which also cleans the Raman light polarization and allows for
correcting detection intensity noise. Downstream, the light is
shaped by a diaphragm to suppress reflections and unwanted
diffraction from the viewport edge when passing the chamber
and is circularly polarized afterwards. A retro-reflection mir-
ror is situated on a vibration isolation platform in an acoustic
isolation housing. Fluorescence readout is performed while the
atoms fall through the large numerical aperture detection zone.
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Fig. 2. (a) Schematic of the potassium Raman laser system (light red) and the superposition with the rubidium Raman laser
light (dark red). Two ECDLs in a master-slave configuration are used for each species. The master laser is offset locked (PD1) to
the reference laser, while the slave laser is locked against the master (PD2). Both beams are amplified using tapered amplifiers
and can be switched with an AOM. (b) Level scheme of the Raman transition. A global detuning A is used for both lasers
with an additional, variable detuning ¢ for the slave laser. Abbreviations: OI — optical isolator, TA — tapered amplifier, AOM
— acousto-optical modulator, PD — photo diode, DM — dichroic mirror, ND — neutral density filter.

laser and phase locked to be on resonance to the repump-
ing transition. The cooling laser is phase-locked with
respect to the repumper with an offset of —3.1T from
the cooling transition, where I" ~ 27 6 MHz is the natural
linewidth of rubidium and potassium.

The potassium cooling system consists of three inde-
pendent ECDLs. For the 2D MOT, one ECDL is phase
locked to the reference and detuned by —1.3T from the
cooling transition. Repumping light is generated by pass-
ing this light through a double-pass acousto-optical mod-
ulator (AOM) operated at half the hyperfine transition
frequency (furs ~ 461 MHz). The radio frequency power
is set to generate a 50:50 intensity ratio for cooling and
repumping light. The repumping light generated with this
setup has a detuning of —4 T from resonance. For the 3D
MOT, two independent cooling and repumping lasers are
phase locked to the reference laser with a variable detun-
ing to provide the flexibility needed for the potassium sub-
Doppler cooling scheme [48].

All generated light fields except the rubidium repumper
are amplified using tapered amplifiers (TA), while the
intensity is controlled with AOMs. Our setup yields cool-
ing (C) and repumping (RP) intensities at the posi-
tion of the atoms of Ig ~ 81, Inp =~ 0.1z (Ic =
Irp =~ 12 I,) for rubidium (potassium), where Iy,; is each
species’s saturation intensity [49,50].

To generate Raman beam splitter light, we utilize two
additional ECDLs in master-oscillator power amplification
(MOPA) configuration operated as a master-slave pair for
each species. A schematic of the utilized system for potas-
sium and the layout for superimposing the light with the
rubidium Raman system is depicted in Figure 2a. For
the rubidium system a similar setup is used. The mas-
ter lasers are phase locked (PD1) to the reference lasers
on the |F = 1) — |F’ = 2) transition with a global detun-
ing A of 3.3 GHz for potassium, and 1.6 GHz for rubid-
ium (cf. Fig. 2b). To compensate for the Doppler shift,
the slave lasers are phase locked (PD2) with a dynamic
detuning § to the master lasers on the |F = 2) — |F' = 2)
transition. The beam splitting light fields for both species
can be switched independently using AOMs (AOMI1 and

AOM2 in Fig. 2). A dichroic mirror (DM) is used to super-
impose the beam splitting light for both species. Due to
the small difference in wavelengths of the Dy lines of 3’Rb
and 39K, we use common broadband optics at the experi-
ment apparatus. Therefore we are able to generate a spa-
tially and temporally overlapped cold atom cloud as well
as superimposed Raman beams.

2.3 Interferometry and detection optics

The Raman beams are set up in a retro-reflected o —o™
polarization configuration. They are collimated to a 1/e%-
radius of ~1.2 cm using an achromatic lens (f = 100 mm)
and pass a cleanup polarization beam splitter, where
they are superimposed with the detection light (Fig. 1).
We obtain powers in the Raman master (slave) beam of
110mW (110mW) for potassium and 45mW (90 mW)
for rubidium. Both the detection and the Raman beams
pass a diaphragm limiting the beam diameter such that
no unwanted diffraction appears at the viewports. A
A/4 retardation plate generates the circular polariza-
tion. The beams are aligned parallel to gravity with two
silver-coated mirrors. Below the chamber the beams are
retro-reflected by a mirror [Optique Fichou] with a A/20
peak-to-valley flatness. This mirror serves as the reference
plane of the inertial measurements. To suppress seismic
noise, it is mounted on top of a benchtop vibration isola-
tion platform [Minus-K BM-1], and the entire assembly is
housed within a foam insulated acoustic isolation box. For
state-selective fluorescence detection, we utilize an optical
system collecting fluorescence light with a large aperture
lens (f = 50 mm) and imaging it onto a photo diode [OSI
Optoelectronics PIN-10D] in a 2f—2f configuration.

3 Measurements
3.1 Input state preparation

Initially, the atoms are loaded within 1.3s into the
3D-MOT. Subsequently, the magnetic fields are switched
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Fig. 3. Typical potassium Raman resonance spectrum
obtained by scanning 0 and applying single Raman pulses.
The spectrum is acquired at the following parameters: pulse
width 7 = 15us, offset field By = 430mG, time of flight
tror = 43.25ms, temperature Toy = 32.6 uK. The solid black
line is a guide to the eye. In the retro-reflected setup using
o /o-polarization, a total of nine resonances are visible, three
of which form one subset of Doppler-insensitive transitions.
The remaining two subsets of three Doppler-sensitive transi-
tions each are labeled k) for upward and k(=) for downward
momentum transfer. Figure modified from reference [45].

off for the optical molasses to enable sub-Doppler cool-
ing. Following the gray molasses method outlined in ref-
erence [48] for 3K and standard sub-Doppler cooling
techniques for 8"Rb we typically obtain 5 x 108 (6 x 107)
atoms at a temperature of 21 pK (28 uK) for rubidium
(potassium) within 15ms. Due to the trade-off in molasses
temperature in favor of 39K, the temperature of 3’Rb is
higher than the typical value of 8 K when optimizing for
87Rb only.

The procedure described in the following combines a
state preparation with a vertical velocity selection for an
increased signal-to-noise ratio [51,52]. Subsequent to the
sub-Doppler cooling the atoms are optically pumped into
the |F' =1, mp) manifold. Afterwards they are released
into free fall. A quantization field of By = 500mG
is applied to lift the degeneracy of the magnetic sub-
levels as depicted in a Raman resonance spectrum in
Figure 3. A microwave pulse transfers the atoms from
the |F =1, mp = 0) into the |F = 2,mp = 0) state. The
microwave transitions are realized using a Yagi-Uda type
antenna for potassium and a loop antenna for rubidium.
Then, the |F = 1) state is depopulated by optically pump-
ing the remaining atoms into the |F = 2) manifold with
an equal distribution. This results in a population of the
|F =2,mp = 0) state with up to 45% of the atoms [52].
After a time of flight of 44 ms accommodating these steps,
a velocity-selective Raman pulse selects a narrow vertical
velocity class [53] of atoms from the |F' = 2, mp = 0) state
by transferring them into the |F' = 1, mp = 0) state. The
remaining atoms from the |F = 2) manifold are removed
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0 T
|F' =2, p=£ hkesi)

Fig. 4. Space-time diagram of a dual-species Mach—Zehnder
matter-wave interferometer in a constant gravitational field for
the downward (thick lines) and upward (thin lines) direction
of momentum transfer. Stimulated Raman transitions at times
0, T, and 2T couple the states |F; =1, p) (solid lines) and
|F; =2, p+ hkeg;) (dashed lines), where ¢ stands for Rb (blue
lines) or K (red lines). The velocity change induced by the
Raman pulses is not to scale with respect to the gravitational
acceleration.

by a light pulse addressing the cooling transition, conclud-
ing the preparation sequence.

3.2 Mach-Zehnder atom interferometry

Atom interferometry is performed simultaneously with
both species using the atomic sources described in
Section 3.1. We employ two-photon Raman transitions [54]
driven by counter-propagating beams with wave vectors
k; = 2mw/\;, where \; refers to the Do transition wave-
length. The index 7 indicates the species 8"Rb and %°K.
We form a Mach—Zehnder-type atom interferometer with
a /2 — m — /2 pulse sequence separated by free evolu-
tion times 7T to coherently split, reflect, and recombine
the wavepackets. The atomic recoil Ap ~ 2hk; = hkes,;
induced by atom-light interaction leads to a finite space-
time area enclosed by the AI (Fig. 4).

For our scale factors, the presence of our commercial
vibration isolation platform allows us to scan fringes as
opposed to using an ellipse fitting algorithm commonly
used in differential atom interferometers [55-57].

The population of the output ports of the interferometer
depends on the accumulated phase difference A¢p between
the two paths of the interferometer [34,58,59] and is given
by:

Plp—gy = A-cos(A¢) + Py, (2)

where P p_g) is the fraction of atoms in the excited
|F = 2) state, C = A/P, is the contrast, and Py the off-
set. The population is measured by a normalized state
selective fluorescence detection, within which the pulses
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Fig. 5. Determination of the differential gravitational acceleration of rubidium (left) and potassium (right). Typical fringe
signals and sinusoidal fit functions are plotted in dependence of the effective Raman wave front acceleration for pulse separation
times T = 35ms (black circles and solid black line), 7' = 38 ms (red squares and dashed blue line), and 7' = 41ms (blue
diamonds and dotted red line) for upward (+) and downward (—) direction of momentum transfer. The central fringe positions

agi)(g)7 i = Rb,K for T" = 41 ms are marked with dashed vertical lines. The data sets are corrected for slow linear drifts caused

by varying offsets in the detection and global signal offsets.

reading out potassium are nested within the rubidium
detection sequence.

The leading order phase shift of such an interferome-
ter due to an acceleration! a; in the direction of beam
splitting reads [34,58,59]

Ad = ke a; T (3)
Applying a phase-continuous frequency ramp «; not only
maintains the Raman resonance condition under the influ-
ence of a gravitational Doppler shift, but also mimics an
effective acceleration of the Raman wave fronts

a;

(4)

a; =
keff,i

and accordingly enters the phase shift as follows:

(&7}

Ag; = ) - ket - T2

(9 — ()

keH,i
For a; = keg,; - g; the accumulated phase shift A¢; = 0
for all pulse separation times T'.

We apply the momentum reversal technique [51,60]
to suppress systematic errors independent of the direc-
tion of momentum transfer. We distinguish two types of
undesired phase perturbations, k-dependent (d¢qep) and
k-independent (d¢inq) shifts. In our setup, the two possi-
ble counter-propagating Raman beam configurations have
opposite effective wave vectors and allow for selecting the
direction of momentum transfer. We label these particular
transitions as k(*) and k() (Fig. 3).

The phase shifts in k(*) and k(~) configuration can be
written as:

keffaTQ + 5¢ind + §¢dep
—ketaT? + 6ina — 6Pdep-

Apy =
Ad_

(6)
(7)

L If derived from the Schrédinger equation with masses my, in
the kinetic term and mg, in the Newtonian potential, a prefactor

resembling those in equation (1), a; — er o, becomes apparent.

m

Consequently, their phase difference is given by:

Ady — Ag_

Aqﬁtot = D)

= kegaTQ + 5¢dep~ (8)
Hence, by alternating the direction of momentum transfer
we can largely suppress momentum independent (d¢ing)
systematic effects, e.g. the AC-Stark shift, with dynam-
ics slower than a typical momentum reversal sequence as

described in the following subsection.

3.3 Obtaining the Eo6tvos ratio

The gravitational accelerations g; (Eq. (5)) are determined

through the central fringe positions agi) (g). For determin-
ing the latter, we operate both interferometers at three
pulse separation times 7" = 35, 38, 41 ms. Figure 5 dis-

plays scans around the respective agi)(g). Here, for the
downward direction of momentum transfer the sign of
the phase shift is inverted in order to yield a positive
value g; > 0.

We then operate both interferometers simultaneously
around their central fringe positions with 7" = 41 ms. To
this end we scan across the central fringe positions in 10
steps and alternate the direction of momentum transfer
afterwards. This procedure constitutes a single measure-
ment cycle with a duration of 32s (2 x 10 shots). Each
measurement cycle yields grp, and gk, allowing us to com-
pute an E6tvos ratio (Eq. (1)).

4 Data analysis and results
4.1 Statistical analysis
We acquire 30 000 shots over consecutive 13 h. This is lim-

ited by technical circumstances related to the stability
of the laser locks. Figure 6 shows the normalized Allan
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Fig. 6. Normalized Allan deviations ogrp, ok, and the Allan
deviation o, of the signals providing us with the accelerations
grb and gk of rubidium (black circles) potassium (red squares),
and of the E6tvos ratio nrp,x (blue diamonds) in their depen-
dence of the integration time 7. Using a fit o< 1/4/7 (blue
dashed line) we extract a statistical uncertainty of the Eotvos
ratio of o, = 9 x 107% after 8192s integration. The measure-
ment is solely limited by the stability of the potassium signal.

deviation of our measurement which yields an instability
o, = 9 x 1078 after 81925 integration time. This insta-
bility is fully dominated by the potassium interferome-
ter due to its larger technical noise influence stemming
mainly from the detection at a significantly lower con-
trast (Fig. 5). The latter can be explained by the under-
lying large transverse expansion rate of potassium and
related homogeneous excitation when the ensemble diam-
eter becomes comparable to the Raman beam diameter.

4.2 Systematic effects

Table 2 lists the systematic effects that are not suppressed
by the momentum reversal method. Here, the analysis fol-
lows references [60—65] with the following assumptions for
Rb (K): temperature — 21 uK (28 uK) with a 10 % uncer-
tainty; initial size — I mm (1 mm); m-pulse width — 15 us
(15 ps); free evolution time — 41 ms (41 ms); time-of-flight
prior to the 1st interferometry pulse — 54.5 ms; differential
center-of-mass (COM) position uncertainty in z—1mm;
differential COM velocity uncertainty in z—1 mm/s.

Below we discuss the treatment of the dominant system-
atic contributions originating from stray magnetic fields
and wave front aberration.

4.2.1 Zeeman effect
Magnetic fields along the interferometric trajectories

change each respective species’s hyperfine transition fre-
quency. Due to state preparation into the |[F = 1,mp = 0)
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Table 2. Estimated bias contributions for the ngrpk ratio
and their uncertainties o. We estimate the uncertainties to be
uncorrelated at the discussed level of accuracy.

Contribution Correction An Uncertainty én
Zeeman effect —1.3x10"° 6.0x 1078
Wave front aberration 0 3x 1077
Coriolis force 0 9x107°
2-photon light shift 3.08 x 1078 6 x 10710
Effective wave vector 0 1.3 x 107°
1st order gravity gradient 0 1x1071°
Total bias ~1.28x107% 3.1 x 1077

magnetically insensitive state the Zeeman effect cancels to
first order. However spatial and temporal variations of the
magnetic field along the axis of interferometry contribute
a non-zero bias phase resulting from the remaining clock
shift affecting atoms in mp = 0.

Magnetic fields shift the hyperfine transition frequency
by Aw! ., = 27k' - B2, where £ = 575.15Hz/G? for
8TRb, and ¥ = 8.5kHz/G? for 3°K. Based on a charac-
terization using Raman spectroscopy at different positions
along the vertical axis we can model the magnetic field as

B(z(t),t) = Bo(t) + %f - zcom(t) (9)

where By(t) describes the temporal behaviour of the bias
field due to the switching behaviour of the respective
power supply?, and zconm(t) is the free fall center of mass
motion of the atoms defined as: zcom(t) = 20 + (vo =
Urec/2) -t +1/2at? with zy being the initial position of the
atoms, vg the velocity, and v, the recoil velocity defined
as Uree = hkeg/m. Only the recoil velocity is dependent
on the direction of momentum transfer, and therefore all
other components are suppressed by k-reversal. Using the
sensitivity function formalism [66] we can calculate the
frequency shifts

. OB
Awy ; () = £27K" - = - B(t) - Vrec,it,

9 (10)

with the clock shift Awcioek, i Computing the integral of
the clock shift weighted with the sensitivity function gs(t)

[e ]

ACPZ-Z = / gs (1) sz<i)7i (t)dt

— 00

(11)

allows deriving the bias due to the Zeeman effect. With a
gradient %—f = 3mG/cm and using the sensitivity formal-
ism for rubidium and potassium the inferred bias affecting
the E6tvos ratio amounts to —1.30(0.06) x 1075, We note
that the resulting bias was also confirmed using a pertur-

bation theory formalism [67].

2 We have characterized the switch-on to be saturating at 500 mG
with a time constant of 90 ms.
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4.2.2 Wave front aberration

Our estimation of systematic uncertainty owing to wave
front aberration is based on numerical simulation. To this
end, we take into account the Raman light fields’ propa-
gation including curvatures of view ports and the retro-
reflection mirror, uncertainty in the positioning of the
collimation lens, and differential ensemble expansion. In
10% trials, we randomly vary these parameters as follows
and calculate the resulting phase contribution [63]: for the
top and bottom view port curvatures (A/10) and the retro-
reflection mirror (A/20) we assume uncertainties of 10 %,
for the positioning of the collimation lens we assume an
uncertainty of 0.1% and the ensemble temperatures are
varied with an uncertainty of 10%. Statistical analysis
then yields an uncertainty in the E6tvos ratio of 3 x 1077
due to wave front aberration.

4.3 Summary & discussion

We determine an E6tvos ratio of nrpx = —1.9% 10~7 with
a combined (statistical and systematic) standard uncer-
tainty of 3.2 x 10~7, constituting about a factor of two
improvement over our previous result [22]. We estimate a
contribution of the statistical uncertainty of 9 x 1078 and
the systematic uncertainty of 3.1 x 1077,

Increased free fall times in comparison to our previous
result [22] lead to larger systematic error contributions,
e.g., due to the distance traveled through the magnetic
field gradient which yields an increased correction, and
more challenging characterization of it resulting in a larger
uncertainty. The increase in the contribution from wave
front aberration is caused by a more defensive modeling
of all relevant optical components.

5 Conclusion & outlook

We reported on a test of the UFF with our dual atom
interferometer operating simultaneously with 87Rb and
39K. The result of our measurement of the Eétvds param-
eter is —1.9(3.2) x 10~7 with the lowest uncertainty in an
atom interferometer with two different chemical elements
reported so far. It corresponds to an improvement of a
factor of two with respect to our previous result which
we attribute to an improved state preparation of the 3°K
ensemble.

Our analysis shows that the intrinsic noise of the 39K
interferometer limits the statistical uncertainty. The rea-
sons are the residual transverse expansion rate imply-
ing imperfections in the coherent excitation leading to a
reduction in contrast. Among the systematic effects, we
identify the inhomogeneity in the magnetic bias field and
wave front aberration as the main contributors.

Advanced cooling techniques such as evaporation in an
optical dipole trap [68] are expected to enhance the con-
trast [69,70] and will allow us to reduce wave front-related
errors by achieving colder temperatures and by tuning the
differential expansion of the two species. The homogene-
ity of the magnetic field can be improved by an upgrade
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of the magnetic shield [71], a more in-depth characteriza-
tion, and advanced center-of-mass control over the ensem-
bles. By relying on the differential suppression of vibration
noise between the two elements [57] we envisage the per-
spective for a test on the level of 1077,

To date, the universality of free fall has proven to
be successful with no precision test uncovering a signif-
icant deviation. Atom interferometers add a complemen-
tary approach to the toolbox for these tests. Compared
to the best classical tests (Tab. 1), this still represents a
modest result, but further enhancements are possible and
realistic. Using evaporated atoms and matter-wave colli-
mation techniques [72-74] opens the pathway to upgrade
the beam splitters to hundreds of coherent photon momen-
tum kicks [75-82] and extended free evolution times on the
order of seconds. Very long baseline atom interferometers
relying on these techniques promise to venture beyond
10713 [23-26]. In parallel, microgravity research investi-
gates the benefits and the adaption of atom interferom-
eters to operation in drop tower experiments [74,83,84],
on a sounding rocket [85], the international space sta-
tion [28,86], and dedicated satellite missions [27,29] with
the target of 107!° and beyond.
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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 *’ K Bose-Einstein
condensates with different scattering lengths using a Feshbach resonance near 33 G. By tuning the scattering
length in a range between 754, and 300a, 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 x 10* atoms within 850-ms evaporation time
at a scattering length of 2324, and 1.6 x 10° atoms within 3.9s at 1584y, 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.

DOI: 10.1103/PhysRevA.106.043320

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 3°K
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

Published by the American Physical Society
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FIG. 1. (a) Level structure of *K: For trapping and cooling of potassium, transitions on both the D; line and the D, line are used. (b) Layout
of the laser system for D, cooling: The external cavity laser (ECDL) is stabilized via modulation transfer spectroscopy to the |FF = 1/2) —
|F" = 1/2) crossover transition. The double-pass AOM (AOM?2) shifts the laser’s frequency to match the D; 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 A /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 D; line at 770.108 nm and the D,
line at 766.701 nm [Fig. 1(a)]. The D,-laser system and
its performance have been described previously [43,44]. In
this paper we additionally operate a laser system on the D,
line [Fig. 1(b)]. To this end, 5SmW of an external cavity
diode laser’s [45,46] output are used for frequency stabi-
lization to the potassium D,-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 D; 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 1.5W. 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 31.7dBm, allowing one to freely tune the power
ratio between carrier and sideband in a range from O to
1. The cooling and repumping fields are then transported

via a polarization-maintaining fiber [S&K PMC-E-630-4.1-
NAO012-3-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 D, 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) um 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 pm in the primary and 300 pum 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

043320-2
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TABLE 1. Identified Feshbach resonances, used to calibrate the
magnetic fields. The magnetic-field values are taken from Ref. [52].

Literature

Atom pair (F, mg) magnetic field (G)

(1, =1 + (1,—1) 326+1.5
(1,0) + (1,0) 59.34£0.6
(1,0) + (1,0) 66.0+0.9
(1,0) + a1, -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 Uy = 130nK to
530 uK, corresponding to trapping frequencies of w/2mw =
{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 (|By,y,;| < 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
+10G mounted close to the vacuum chamber giving us a
short-term stability of oy, , () = {3.9; 2.2; 1.4} x 107°G
att =1sand B, , . =1G.

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 mg2, 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 £2). 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,mp=—-1) and |F =1,mr =0) at 15uK 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 x 10° atoms in a three-dimensional
MOT within 4 s from a beam formed by a two-dimensional
(2D) MOT. Afterwards we switch off the D, cooling light
and simultaneously turn on the D; cooling light field, thus en-
abling a D 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 D, repumping light down to 0.25,
we perform a hybrid D; — D, compressed MOT, to increase
the density and simultaneously cool the ensemble to below
200 K within 16 ms. We then switch off the remaining D,
repumping light and the magnetic-field gradient to perform
gray molasses cooling with a Dy cooling to repumping ratio
of 3:1, ramping the cooling (repumping) intensity per beam
from 4/, (1.31,) to 0.281s, (0.09L,,). 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 uK.

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 uK. We find the optimal
loading parameters of the ODT by trading off trap depth Uy
and trap volume. Assuming an initial cloud of N, atoms with
Gaussian density distribution Dg(x) of width o and energy
distribution

1

E
_x |
TETC @

W(E) =

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

Uy S0
PN = L/ / Dg(x)W(E)dxdE, 2)
No 0 —s0

with the spatial limits s = ,/ %2 ln(%). Primarily, py depends
on the ratio of trap depth to temperature Uy/kgT and the
width of the trap compared to the atomic ensemble w/o.
Thus, at constant optical power increasing the CPM amplitude
and accordingly the width w 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 x 10° atoms
into the trap at a CPM amplitude of 160 pwm. This corresponds
to a transfer efficiency of 2%, with 3 x 10° atoms positioned
in the beams’ crossing region. At this stage we are limited by
the trap’s depth of 54 K 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 D, line from a two-dimensional MOT. Afterwards
we use a hybrid D; — D, compressed MOT to increase the peak density while cooling the ensemble simultaneously. Subsequently sub-Doppler
temperatures of 12 uK are achieved by D, 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 mr = —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 K per loop, as determined via time-of-flight

measurements.

the trapped atoms of 8.5 K, 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 D; cooling light
with a detuning of —1T" via the detection optics, thus creating
an equidistributed my mixture. To generate a spin-polarized
ensemble in |F =1, mp = —1), we adapt a multiloop state
preparation scheme [55] combining optical pumping on the
D; 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,mpr =0) to |F =2,mp =0) by driving a 7 transi-
tion sweeping the microwave from 461.710 to 461.730 MHz
within 4 ms. We subsequently apply o ~-polarized D; cool-
ing light via the detection optics with a detuning of —5T
for 2ms in order to depump the atoms into |F = 1) via
spontaneous emission, hence populating |[F = 1, mp = 0) and
|F =1,mp = —1). Due to the mismatch of quantization
field axis and detection beam orientation by 14° we also
drive the |F =2, mp = —2) — |F' =2, mp = —2) transi-
tion, thus preventing accumulation in |F = 2, mp = —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 o-polarized microwave adiabatic rapid passage.
Sweeping from 462.062 to 462.080 MHz in 12 ms we transfer

atoms from |F = 1,mp = +1) to |F =2, mp = 0). Due to
the symmetry of the level structure the same microwave pulse
also drives the unwanted transition from |F =1, mp = 0)
to |F =2, mp = —1). However, since |F = 1, mr = 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 mp distribution towards
mp = —1. Repeating the sequence multiple times allows us
to accumulate atoms in |F = 1, mp = —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 D, cooling
laser closer to resonance (—1T") 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, mp = —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 D; line does not
feature closed transitions, with 0.3 wK per loop the observed
heating is minimal and yields a final temperature of 9.6 uK.

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 apg,
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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 158a, (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
232aqy (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 232a,. 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 y 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 232a,, due to the magnetic field spending an extended time at the resonance

resulting in additional heating.

the resonance widths A;, and its center By; [41,56]:

A;
a(B) :aBG<1 —ZB_BO_>. 3)

i

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 x 10° atoms at a
scattering length of 158ay after evaporating over the course of
3.9s. 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 ["¢, scales with the scattering length
squared [57]

Tey = dma’ngvne™, 4)

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

K: h
['3p = = / wd3r with Kz = mCla)—da*.  (5)
N m

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 > 300a, 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 x 107 in the
BEC at 158ay, 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 2324y yielding a fully
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condensed BEC of 5.8 x 10* atoms. Compared to the trajec-
tory at 158ay 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 p, measured after each linear
ramp, we find the evaporation efficiency y = —5::((,’\’,)) to be
the same for both cases due to the individual optimization
[Fig. 3(c)], but with worse initial conditions at 232a.

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 TeO, 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 um (450 pm)
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. IIC,
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
232ay for the 1-0 band of our magnetic-field estimate there is
a five times longer overlap with the resonance compared to the
trajectory at 158ay. 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 x 103s~! with total experimental cycle times at
the order of ~ 1s for atom interferometry applications uti-
lizing 8’Rb [7]. Using *K a comparable evaporation flux of
2.4 x 10° s~! 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 15s

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 3°K readily in reach with standard quadrupole
field coils as used for laser cooling. For a similar all-optical
setup an experimental cycle time of 7s has previously been
reported and yielded an evaporation flux of ~1 x 10*s~!
with a final atom number of 2 x 10* in the pure condensate
[42]. At 232ay (158ap) we realize an evaporation flux of
6.8 x 10*s71(4.1 x 10*s™") improving on this result by a
factor of ~ 7 (& 4). Accordingly, our final atom number of
5.8 x 10* (1.6 x 10°) 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 65 (9s).

VI. OUTLOOK
A. Further enhancement of atomic flux

To achieve results comparable to 8’Rb 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 Egs. (4) and (5). The optical potential
is generated by two identical beams with 8-W initial power,
a vertical waist of 50 um, a horizontal waist of 28 yum, and
ideally overlapping foci. We assume 3 x 10° atoms to be
trapped in the crossing region initially with a temperature of
10 uK. 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

N T\’
v=1-(z) ©

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 x 10° at 1254y 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 x 10°s~! is simulated at 325ay,
allowing for a final atom number of 1.5 x 10° 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 **K optical
dipole trap on par with the current performance of 8’Rb 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
¥Rb (at ~ 1007 G with A = 0.17G) [61], *Rb (at ~ 155G
with A = 11.6 G) [62], and **Na (at ~ 90G with A = 1G)
[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 mp = 0 is desired, requiring
a state transfer either before or after evaporation. If the atoms
are already prepared in mp = 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 mr = 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 mp = —1 [18].
However, due to the narrower shape of the resonance at 59.3
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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) 4|1, —1) (solid line) and |[I,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 mp = —1 at 32.6 G, thus rendering efficient evaporation
unlikely [64,65].

Alternatively, the atoms can be transferred to mp = 0 via a
radio-frequency adiabatic rapid passage after producing the
BEC in mp = —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 mp 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 3°K, 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 K, 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 ¥K 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
3K 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 ’Rb [23] or '"#Yb [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 K 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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Atom interferometers allow determining inertial effects to high accuracy. Quantum-projection noise as well as
systematic effects impose demands on large atomic flux as well as ultralow expansion rates. Here we report on
a high-flux source of ultracold atoms with free expansion rates near the Heisenberg limit directly upon release
from the trap. Our results are achieved in a time-averaged optical dipole trap and enabled through dynamic
tuning of the atomic scattering length across two orders of magnitude interaction strength via magnetic Feshbach
resonances. We demonstrate Bose-Einstein condensates with more than 6 x 10* particles after evaporative cooling
for 170 ms and their subsequent release with a minimal expansion energy of 4.5 nK in one direction. Based on
our results we estimate the performance of an atom interferometer and compare our source system to a high
performance chip trap, as readily available for ultraprecise measurements in microgravity environments.

DOI: 10.1103/PhysRevResearch.6.013139

I. INTRODUCTION

Quantum sensors based on atom interferometry [1-4] al-
low for the absolute determination of inertial effects to great
accuracy [5-9]. As such, they hold enormous potential across
a broad spectrum of research areas, encompassing earth ob-
servation, environmental monitoring, navigation, and resource
exploration. In fundamental physics they have been success-
fully used to test the weak equivalence principle [10-13],
challenge the fundamental assumptions of quantum mechan-
ics [14-17], and determine fundamental constants [18-20].
Recent proposals now aim for the search for dark matter
[21-23] and the detection of gravitational waves in fre-
quency bands complementary to those accessible using laser
interferometers [24-29].

In order to reach the required sensitivity levels, a
high atomic flux in combination with an extended pulse
separation time is necessary. To enhance the latter the use of
Bose-Einstein condensates (BECs) [30,31] presents a viable
approach. In comparison to thermal ensembles, BECs allow
for a superior control of systematic errors, yield higher signal-
to-noise ratios, and notably exhibit smaller expansion rates
[32,33]. While they readily attain expansion energies in the
nanokelvin regime, delta-kick collimation techniques [34] can
be employed for further reduction and values as low as 38 pK
have been demonstrated in a microgravity environment [35].
However, the initial preparation of a BEC can significantly
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increase the experimental cycle time and neutralize a potential
sensitivity gain. Considerable efforts have been invested in
overcoming this limitation by exploring rapid cooling
schemes. Source systems based on multilayer atom chips have
been demonstrated as a convincing solution for magnetically
trappable atoms and 3'Rb in particular [36,37]. Their strong
confinement and high trap frequencies allow to realize BECs
with more than 1x 10’ atoms and repetition rates on the order
of 1Hz, including less than 500 ms of evaporative cooling.
In a complementary approach, optical dipole traps (ODTs)
are used when dealing with atoms insensitive to magnetic
fields such as strontium or ytterbium or when experimental
constraints do not allow for the implementation of chips. In
these cases the issue is more severe as the inherent coupling
of trap depth and trap frequencies intrinsically counteracts
runaway evaporation at low intensity, resulting in evaporation
sequences taking up to tens of seconds. Previous attempts
to circumvent the corresponding scaling laws [38] include
the use of movable lens systems [39], time-averaged optical
potentials [40], or hybrid approaches incorporating laser
cooling on broad and narrow transitions [41] and direct
laser cooling in the ODT [42]. Most recently, machine
learning techniques have also been implemented, resulting
in evaporation ramps with durations below 200ms [43].
Yet, most of these methods come with their own challenges
regarding final atom number, expansion energy, or condensate
fraction. Notably, optical setups which exhibit the same
performance as chip traps are still lacking.

In this paper we present a scheme to enhance evaporative
cooling of *K in an ODT. Contrary to 8’Rb, *K offers the
advantage of broad Feshbach resonances [44] at low magnetic
fields, which can be used to tailor interactions [45]. By
combining an initial trap compression with a dynamic tuning
of the scattering length over two orders of magnitude and
trapping frequencies along the evaporation ramp, we realize

Published by the American Physical Society
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FIG. 1. Schematic representation of the crossed ODT setup. A single-frequency laser source (Coherent Mephisto MOPA) is split into two
independent beams, allowing for up to 16 W per path. Beam waists were determined with a beamcam (DataRay TaperCamD-LCM), while the
crossing angle of the beams within the chamber was measured with vertical imaging. Time-averaged potentials are implemented with AODs
(AA Opto-Electronic DTSXY-400-1064), allowing us to independently modulate each beam’s center position in the horizontal and vertical
directions with a maximum modulation amplitude of 1.5 mm (resp. 1.8 mm for the secondary beam). In this paper, only the horizontal axes
of the AODs are modulated using a software defined radio (Ettus USRP X310) to provide the waveform, while the vertical axes are driven
with a constant frequency. For intensity stabilization, less than 0.1% of the optical power is detected by an amplified photodetector (Femto
OE-200) and used to control the diffraction efficiency of the AOD via a homebuild PID controller together with a voltage controlled attenuate

(MiniCircuits ZX73-2500-S+).

a nearly constant evaporation flux of 3x 10° atoms/s for an
evaporation time ranging from 170 ms to 2s. Furthermore,
tuning the scattering length to near zero thereafter offers
a straightforward way to obtain a momentum spread close
to the theoretical minimum, directly after release from the
trapping potential. Our source system improves the flux
performance of an ODT setup to that of a state-of-the-art
device, enabling future sensor setups with superior sensitivity
for a wider range of applications.

II. SOURCE SYSTEM
A. Ensemble preparation

Our ODT is created from two focused laser beams
at a wavelength of 1064 nm, crossing under an angle of
74° with natural beam waists of (24.5 & 1.6)um [resp.
(30.3 £ 3.2) um] for the primary [secondary] beam at the
position of the atoms. A simplified overview of our setup is
presented in Fig. 1.

For loading we use an all-optical scheme without the need
for a magnetic trap as intermediate step. We first prepare
5x10% atoms at a temperature of (5.93 £ 0.07) uK using gray

molasses cooling on the D line [46] with the magneto-optical
trapping (MOT) setup and sequence as described in Ref. [47].
During the molasses step, we switch on the ODT and let
the atoms fall freely through it afterwards, loading the trap
within 50 ms. Implementing time-averaged optical potentials
by means of acousto-optic deflectors (AODs) we are not re-
stricted to the natural beam waists, but rather realize a trap
of harmonic shape and variable spatial size in the horizontal
plane [40]. Due to the Ramsauer minimum of *°K [48], direct
loading of traps deeper than 400 uK is unfavorable and we
always find the maximum loading efficiency at trap depths
between 60 and 80 uK. Instead of increasing the trap depth, we
therefore use 15.8 W of optical power per beam to increase the
center-position modulation amplitude via the AODs, creating
larger effective beam waists in the horizontal plane. Extending
the spatial overlap with the resulting pancake-shaped trap, we
improve mode matching of ODT and molasses. The maximum
atom number loaded into the ODT is achieved with equal
horizontal modulation strokes of 1.4 mm in the crossing re-
gion and a trap depth of (65 =+ 7)uK. In this configuration
we load more than 2x 107 atoms into the ODT. Compared to
the configuration without any spatial modulation, we hereby

013139-2
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improve the loading performance by more than an order
of magnitude. Subsequently, we perform a multiloop state
preparation sequence as described previously in Ref. [47]
and ultimately prepare a total of (14.8 £ 0.5)x 10° atoms in
|F =1, mp = —1) with (10.7 £ 0.4)x10° atoms in the im-
mediate crossing region at a temperature of (7.14 £ 0.05) uK.
The high optical beam power together with the pancake shape
also offers the advantage of achieving a high vertical trap
frequency, resulting in a favorable initial phase space density
(PSD) of (1.18 0.59)x 1073 in the crossing region prior to
evaporative cooling.

B. Evaporative cooling

The optimization of our evaporative cooling sequence is
based on the model provided in Ref. [40]. The time needed for
rethermalization is inversely proportional to the elastic colli-
sion rate T's; o N&*a?/T for atom number N, temperature T,
geometric mean of the trapping frequencies @, and scatter-
ing length a, which therefore limits the speed of evaporative
cooling [50,51]. However, the efficiency of the process, and
consequently the number of condensed particles realizable
for given initial conditions, depends on the ratio B8 of the
evaporation rate to the remaining loss rates. In the case of
an ODT and evaporative cooling on time scales significantly
faster than the trap lifetime, the three-body recombination
rate '3, o< N2@%a*/T? poses the dominant loss channel [52].
Hence B ~ [¢/T'3p o (N/@*)(T /a)?, allowing us to optimize
evaporation trajectories for either large atom numbers or high
evaporation speed by choosing trapping frequencies and scat-
tering length, accordingly.

We optimize our evaporation sequence for a given total
evaporation time towards the largest number of condensed
particles, thus maximizing 8, for a given value of I';. Extend-
ing beyond previous work [47], we do so by not operating
at a constant scattering length, but rather dynamically tun-
ing the interactions within six linear ramps in coordination
with the powers and spatial modulation of the optical beams.
Our optimized ramps in terms of trap depth, trap frequency,
and scattering length together with the resulting phase space
density are presented in Fig. 2. For all ramps the initial config-
urations are identical and highlighted with a black pentagon.
Each individual ramp duration is depicted in a different color.
Markers indicate the start and end points of the linear ramp
sections, at which we also measure atom number and temper-
ature to obtain the PSD. The optical power and modulation
stroke are always chosen such that the trap depth decreases
approximately exponentially with time constant T as shown
in Fig. 2(a). For the ramps with a total duration below 1s,
depicted in blue and red, we additionally perform a rapid
compression as a first step prior to reducing the trap depth
to increase the density of the ensemble. This allows us to
achieve the high trap frequencies required to ensure the nec-
essary evaporation rate for the short ramps early on, as shown
in Fig. 2(b). For the longer ramps, depicted in orange and
purple, lower evaporation rates are sufficient and hence we
choose frequencies comparable to the initial configuration.
Especially for the short ramps a high initial scattering length
of 19771“23% ap assists the compression, by maximizing the
rethermalization rate in the otherwise dilute sample. By this
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FIG. 2. Ramps optimized for evaporative cooling on different
time scales with constant evaporative flux, together with the resulting
phase space densities. Along each of the four ramps, markers indi-
cate start and end points of the six sections, which are individually
optimized. Trap depths (a) and frequency curves (b) are obtained
from a simulation of the confining potential. Here, the error bands
are estimated as the 2o -uncertainty interval via error propagation,
taking measurements of the beam waist, intensity, and geometry
within the chamber into account. For modeling the scattering length
(c) we follow Ref. [44], together with the properties of the individual
resonances as reported in Ref. [49]. Our experimentally determined
magnetic field uncertainty is used to assign the error bands. The
inset shows the overall behavior of the scattering length in between
the resonances at 32.6 and 162.8 G for atoms in |F = 1, mg = —1).
Magnetic field values used in this paper are highlighted by the shaded
area. To determine the PSD (d), we perform atom number mea-
surements at each marker position, averaging over 100 experimental
cycles. Temperatures are obtained from fitting the expansion velocity
to time-of-flight measurements of the ensemble size with data taken
between 1 and 30 ms of free fall with 1-ms spacing and at least four
measurements at each point in time.

we keep atom number loss associated with the related heating
process from the compression d7 /dt = (o/w)T to a min-
imum. In any case, we proceed by exponentially reducing
the scattering length as shown in Fig. 2(c). By doing so, we
counteract the relative increase in losses from the temperature
reduction by reducing the scattering length, since temperature
and scattering length obey the same power law in 8. Here,
evaporating in the vicinity of the broad Feshbach resonance at
32.6 G allows us to precisely tune the interactions as needed.
The behavior of the scattering length for a wider range of
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FIG. 3. Final particle numbers in the condensate, against total
evaporation time. Our previously achieved results with constant scat-
tering length in a 1960-nm trap are depicted with black pentagons,
while our current results with variable scattering length in the 1064-
nm trap are highlighted, following the color and shape coding of
Fig. 2. The error bars are given by the standard deviation of 100
measurements of the particle number for each point. For comparison,
the performance of other fast BEC sources is depicted with gray
upside-down triangles.

magnetic fields is depicted in the inset of Fig. 2(c), where
the magnetic field range used in this paper is highlighted
as a shaded gray area. For our shortest ramp we cross the
phase transition after a total evaporation time of 100 ms,
as indicated by the blue data point above the condensation
threshold at ¢(3/2) &~ 2.612 in Fig. 2(d), while requiring a
total ramp length of 170 ms to achieve a quasipure condensate
of (6.14 £ 0.35)x 10* particles.

The evaporation performance for all ramps in terms of
particle number is depicted in Fig. 3 and compared to pre-
viously obtained results. Note that the color and shape coding
resembles the one that was already used in Fig. 2. The method
presented here allows us to achieve evaporation durations
comparable to the machine learning enhanced case [43], but
with a 20-fold increase in atom number. Furthermore, unlike
the high-flux chip source in Ref. [36], we realize a nearly con-
stant evaporation flux of 3x 103 atoms/s for evaporation times
between 170 ms and 2 s. For longer evaporation durations we
find a significant reduction in flux as losses associated with
the lifetime become non-negligible. Nevertheless, we realize
our largest BEC (green star) with (6.41 £ 0.28) x 10° atoms
after an evaporation time of 3.35 s (ramp not shown in Fig. 2).
Compared to our previous results with static scattering length
in a 1960-nm trap, depicted as black pentagons [47], we
increased the speed of our fastest sequence by a factor of
5 while maintaining the particle number and improved the
largest particle number by a factor of 4, as marked by the black
arrows.

C. Limited momentum spread

We further exploit the tunability of the atomic interactions
to minimize the expansion energy of the ensemble upon
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FIG. 4. Expansion energy of the BEC at different scattering
lengths in horizontal (a) and vertical (b) direction. For each data
point we perform a TOF series, determining the ensemble size be-
tween 10 and 26 ms of free fall with 1-ms spacing and at least four
measurements per point. Contrary to the measurements performed
in Sec. II B we do not measure below 10 ms to avoid the resolution
limitation of our detection system. The insets show the TOF series for
the data taken at 308 ay, which are used together with the measure-
ments at 203 a, to determine the trap frequencies, by fitting a scaling
approach, shown as solid lines, with the error band corresponding
to the stated trap frequency error. The error bars of the energy
measurements originate as one-sigma deviation from the fit error of
the expansion velocity and from the magnetic field uncertainty for
the scattering length. Error bands of the simulations are obtained via
a Monte Carlo method within the trap frequency interval.

release from the trap. Without interactions, the fundamental
limit for the one-dimensional momentum spread of a BEC
released from a harmonic potential is determined by the
oscillator length ap, = [i/mw]'/? with the corresponding
energy E = hw/2kp, when expressed in units of Kelvin. In
experiments, larger energies are commonly observed as the
nonvanishing mean field energy acts as a repulsive force
upon release. Using a Feshbach resonance has already been
demonstrated as a viable approach to reach the fundamental
limit with BECs of cesium [53,54] and potassium [55]. We
here confirm these results and measure the expansion energy
for different scattering lengths by performing a least-square
fit of the ensemble expansion based on time-of-flight
(TOF) series (Fig. 4), which are useful for discussing the
performance of an atom interferometer in the next section.
After creating the BEC using the 1-s-long evaporation
ramp, we adiabatically sweep the magnetic field and perform
measurements at different scattering lengths between the
|FF =1, mg = —1) resonances at 32.6 and 162.8 G, as shown
by the gray shaded area in the inset of Fig. 2(c). Notably, the
broad minimum of 7.59 ay at 104.1 G allows us to approach an
interaction free ensemble without the need for additional state
transfers, but explicitly does not allow for zero or negative
scattering lengths [45]. We then release the BEC from a trap
with initial frequencies {w., wy, ®;} =2x x {145.5+7.3,
11.54+0.6,342 £ 17} Hz. Here, trap frequencies are
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extracted from subsequent TOF measurements using a
global fit on both datasets at a = (203 4 6) ap and 308f}§ ag,
allowing for a 5% error (Fig. 4 insets). In this regime, we
model the ensemble’s dynamics during the TOF by solving
a scaling approach, assuming a parabolic spatial distribution
of the atomic density, consistent with the Thomas-Fermi (TF)
approximation [56,57]. The rms widths of the condensate
density are given by p;(t) = p;(0) 1;(¢) with scaling factor
2i(2) and p;(0) = R;(0)/~+/7, for R;(0) being the initial TF ra-
dius of the i direction [58]. As the interactions decrease the TF
approximation becomes less accurate, since the kinetic term
becomes more relevant. Hence the initial width can no longer
be described by the previous p;(0), which would shrink to
zero, and it becomes preferable to describe the BEC dynamics
by a variational approach based on a Gaussian wave function
with rms width p;(¢) for lower scattering length [59,60].

In Fig. 4 we observe a good agreement between the TF ap-
proximation (solid blue line) and the experimental data (black
points and triangles), for scattering lengths above 150 ag,
while the variational approach (dashed red lines) offers a bet-
ter agreement below. At (7.59 £ 0.01) ap we find expansion
energies of (4.5 £ 0.7)nK [resp. (15.0 &£ 2.2) nK] in the hor-
izontal [vertical] direction. For a vanishing scattering length,
e.g., realizable at 43.7G for atoms in |F = 1, mp = 0), the
variational approach predicts a minimum expansion energy of
3.51nK (8.3nK).

III. EXPECTED INTERFEROMETER PERFORMANCE

We estimate the instability of an atom interferometer in
Mach-Zehnder geometry for a setup utilizing our source con-
figuration. We follow the calculations performed in Ref. [61]
for a Raman beamsplitter with 1.2-cm beam radius and a
pulse duration of #; = 15 us. At the standard quantum limit
the instability of the interferometer after integration time t is
given by

1 « tcycle
CN/Nke T2 T

o(t) =

’

when neglecting the finite pulse duration. Its scaling with
[feyele/N1'/? results in the formerly stated requirement for
a high atomic flux. For our analysis we further divide the
cycle time into the time in between interferometry pulses
T, the evaporation time feyqp, and the remaining time fprp
used for loading the ODT, state preparation, and detection:
Teycle = tprep + tevap + 271 Following Ref. [62], we determine
the contrast C as the product of the excitation probabilities
from the atom-light interactions. Here, the final expansion
energy causes inhomogeneous Rabi frequencies, due to the
velocity acceptance and intensity profile of the Raman beams.
We calculate the resulting instability for different prepara-
tion times in combination with the evaporation times and the
lowest expansion energy we experimentally demonstrated in
the previous section. Additionally, we compare the obtained
results to the ones achievable with the chip trap.

Our experimental preparation time is limited t0 fpep =
7s by MOT loading and the time required for the final
data transfer of the taken images. For our setup the total
atomic flux N/ (fprep + fevap) Scales beneficially with the longer

tprep (S) tevap (s) Trap DKC
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FIG. 5. Calculated instability of a Mach-Zehnder atom inter-
ferometer at the standard quantum limit using different source
configurations with our evaporation sequence. We show the expected
instability for different pulse separation times for an immediate
release from the trap (solid lines) and compare them to an interferom-
eter after performing an additional matter-wave collimation to 50 pK
(dashed lines). The shaded areas show the respective performance of
a chip-based source system with values taken from Ref. [36] for the
case of an immediate release from the trap and from Ref. [35] for the
DKC case.

evaporation ramps since we keep N/Z.,,p constant. We hence
choose fevap = 1.95 s for benchmarking. Here the calculation
yields a minimum instability of 5x107'm/s? at 1-s inte-
gration time, as indicated by the solid blue line in Fig. 5.
When comparing to the accessible values by the chip trap
directly after evaporative cooling, shown as the filled gray
band, this corresponds to an improvement by over an order
of magnitude, due to the smaller expansion energy of our
setup which offsets our longer preparation time. Naturally,
the results can be improved by a rapid MOT-loading scheme.
Preparation times below 1s are readily achievable with an
intense atomic source as provided by a 2D™ MOT, combin-
ing a MOT in two dimensions with a pusher-retarder beam
configuration [63,64]. Even further reduction is possible when
considering cryogenic sources [65]. A reasonable prepara-
tion time of #yep, = 500ms already yields an instability of
3x10719m/s? as depicted by the solid orange line in Fig. 5.
Additionally, such a setup allows us to access the regime
below 1x107? m/s?> even with our shortest evaporation ramp
of fevap = 170 ms and enables sensors whose cycle time is
entirely limited by the pulse separation time (yellow line).
Importantly, these results do not require additional matter-
wave collimation when minimizing interactions. However,
delta-kick collimation techniques can be implemented to ad-
ditionally reduce the expansion energy [34]. To estimate the
expected performance in this regime, we consider the method
that has already been demonstrated with an ODT on a long
baseline, realizing expansion energies of 50 pK [66]. For the
chip based source system we consider the current record of
38 pK which has been achieved in microgravity [35]. Since
both setups now feature similar expansion energies and our
evaporation sequences allow for similar cycle times we find
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the same instability regime below 5x10~!' m/s?> for both
apparatuses, as shown by the overlap of the dashed lines with
the area filled with a gray diagonal line pattern.

IV. OUTLOOK

We have demonstrated a rapid, all-optical source system
for large ensembles of quantum-degenerated *K, reduced
its expansion energy by tuning atomic interactions, and cal-
culated the resulting instability of a Mach-Zehnder atom
interferometer at the standard quantum limit. Our analysis
yields a superior performance for short cycle times and es-
pecially enables sensors which can prepare atomic ensembles
well within the actual interferometry sequence. Hence the
presented sequence allows us to effectively reduce the dead
time in between measurements to zero, which has immediate
applications in the field of hybrid inertial sensing, where a
high data rate is required [8].

Moreover, for a delta-kick collimated ensemble we expect
a performance similar to the best chip traps, which is of
interest for experiments dedicated to high-accuracy measure-
ments in fundamental physics. Especially ground-based long
baseline experiments benefit from the demonstrated method,
e.g., the Very Long Baseline Atom Interferometer, which does
not allow for the use of chip traps, due to the choice of atoms,
scale of the device, and optical access requirements [32,67]. In
particular, we see applications for tests of quantum mechanics,
e.g., in the context of the continuous spontaneous localization
model [15,68,69]. Here, the sensitivity scales with the third
power of the number of condensed particles and a rapid en-
semble preparation together with a minimal final scattering
length is required [17]. Moreover, realizing interaction-free
BEC:s in free fall opens up the possibility of another class of
noninterferometric tests, probing deviations from the uncer-
tainty principle due to additional heating processes [14,16].

Beyond *°K, the evaporation methods demonstrated can
also be applied to source systems of other atomic species.

For rubidium, suitable magnetic Feshbach resonances exist
[70,71], but their narrower width and higher magnetic field
strength make them technologically more challenging for im-
proving evaporative cooling. For strontium and ytterbium,
magnetic resonances are not available due to the nondegener-
ate nature of their ground state. In this case, optical Feshbach
resonances (OFR), which modulate interatomic interactions
by coupling two colliding atoms to a bound molecular state,
have recently gained interest, due to their potential appli-
cations in molecule formation [72-75]. While broad OFRs
are accompanied by high losses caused by the spontaneous
decay of the excited molecular state [76], narrow linewidth
resonances of the forbidden 'S, - 3P, intercombination transi-
tion suppress this behavior and have been used to efficiently
change the atomic scattering length across large intervals
[77-79]. Finally, a resonance suitable for thermalization has
been identified for 33Sr [79,80], offering prospects for direct
evaporative cooling and its optimization using our method.
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The precision of matter-wave sensors benefits from interrogating large-particle-number
atomic ensembles at high cycle rates. Quantum-degenerate gases with their low effective
temperatures allow for constraining systematic errors towards highest accuracy, but their
production by evaporative cooling is costly with regard to both atom number and cycle
rate. In this work, we report on the creation of cold matter-waves using a crossed optical
dipole trap and shaping them by means of an all-optical matter-wave lens. We demonstrate
the trade off between lowering the residual kinetic energy and increasing the atom number by
reducing the duration of evaporative cooling and estimate the corresponding performance
gain in matter-wave sensors. Our method is implemented using time-averaged optical
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become indispensable tools in fundamental physics®~17 and

inertial sensing!8-30. The sensitivity of such matter-wave
sensors scales with the enclosed space-time area which depends
on the momentum transferred by the beam splitters as well as the
time the atoms spend in the interferometer.

The expansion of the atomic clouds, used in interferometers,
needs to be minimized and well controlled to reach long pulse
separation times, control systematic shifts, and create ensembles
dense enough to detect them after long time-of-flights. Never-
theless, colder ensembles with lower expansion rates typically
need longer preparation times. Therefore, matter-wave sensors
require sources with a high flux of large cold atomic ensembles to
obtain fast repetition rates.

Bose-Einstein condensates (BECs) are well suited to perform
interferometric measurements. They are investigated to control
systematic effects related to residual motion at a level lower than a
few parts in 10° of Earth’s gravitational acceleration2%-31-34, In
addition, due to their narrower velocity distribution3>, BECs offer
higher beam splitting efficiencies and thus enhanced
contrast?336:37, especially for large momentum transfer3®38-43,
Finally, the inherent atomic collisions present in BECs can
enhance matter-wave interferometry by enabling (i) ultra-low
expansion rates through collective mode dynamics with a recent
demonstration of a 3D expansion energy of kg - 38+5 pK*4, and
(i) ultimately the generation of mode entanglement through
spin-squeezing dynamics to significantly surpass the standard-
quantum limit4>-48,

Today’s fastest BEC sources rely on atom-chip technology,
where near-surface magnetic traps allow for rapid evaporation
using radio frequency or microwave transitions. This approach
benefits from constant high trapping frequencies during the
evaporative cooling process, thus leading to repetition rates on
the order of 1 Hz with BECs comprising 10° atoms*°.

Anyway, since magnetic traps are not suitable in
certain situations optical dipole traps become the tool of choice>.
Examples are trapping of atomic species with low magnetic
susceptibility’!*2, or molecules®>>* and composite particles®>°.
In optical dipole traps external magnetic field allow tuning
parameters, e.g., when using Feshbach resonances®’.

Here, the intrinsic link between trap depth and trap frequencies
in dipole traps®® inhibits runaway evaporation. Cold ensembles
can be only produced in shallow traps, leading to drastically
increased preparation time tp. This long standing problem has
been recently overcome through the use of time-averaged
potentials, where trap depth and trap frequencies can be con-
trolled independently, thus allowing for more efficient and faster
evaporation while maintaining high atom numbers>>%%.

In this work, we use dynamic time-averaged potentials for
efficient BEC generation and demonstrate an all-optical matter-
wave lens capable of further reducing the ensemble’s residual
kinetic energy. Contrary to pulsed schemes of matter-wave
lensing?460-6>, we keep the atoms trapped over the entire dura-
tion of the matter-wave lens37, which eases implementation in
ground-based sensors. Moreover, we show that with this techni-
que one can short-cut the evaporation sequence prior to the
matter-wave lens, which increases the atomic flux by enhancing
atom number and reducing cycle time while simultaneously
reducing the effective temperature. Our method can largely
improve the matter-wave sensor’s stability in various application
scenarios.

E ver since their first realization, atom interferometers!~4 have

Results
Evaporative cooling. We operate a crossed optical dipole trap at
a wavelength of 1960 nm loaded from a 87Rb magneto-optical

trap (details in the “Methods” section). The time-averaged
potentials are generated by simultaneuos center-position mod-
ulation of the crossed laser beams in the horizontal plane. Con-
trolling the amplitude of this modulation and the intensity of the
trapping beams enables the dynamic control and decoupling of
the trapping frequencies and depth. We chose the waveform of
the center-position modulation to generate a parabolic
potential®Z,

Up to 2 x 107 rubidium atoms are loaded into the trap with
trapping frequencies w/2m= {140; 200; 780} Hz in {x; y’; z}
direction (definition of coordinate systems in the “Methods”
section) with a trap depth of 170 K. For this we operate the trap
at the maximum achievable laser intensity of 12W and the
center-position modulation at an amplitude of hy = 140 ym.

We perform evaporative cooling by reducing the trap depth
exponentially in time while keeping the trapping frequencies at a
high level by reducing the amplitude of the center-position
modulation. This method allows us to generate BECs with up to
4 x 10° atoms within 5 s of evaporative cooling. By shortening the
time constant of the exponential reduction we generate BECs
with 5x 10% (2x10%) particles within 2s (3s) of evaporative
cooling. At the end of the evaporation sequence the trap has
frequencies of w/2m={105; 140; 160} Hz and a depth of about
200 nK. The expansion velocity of the condensate released from
the final evaporation trap is 2 mm s~!, which corresponds to an
effective temperature of 40 nK.

All-optical matter-wave lens. Our matter-wave lens can be
applied in any temperature regime explorable in our optical trap.
We investigate the creation of collimated atomic ensembles for
different initial temperatures of the matter-waves. To this aim, the
evaporation sequence is stopped prematurely at different times to
generate input atomic ensembles at rest with initial trap fre-
quency wp and initial temperature T,. We then initiate the
matter-wave lens by a rapid decompression® of the trap fre-
quency in the horizontal directions from w, to w;. Here we denote
by w, the lensing potential in analogy with the Delta-kick colli-
mation technique. The reduction of the trapping frequencies from
the initial wy to w; depends on experimental feasibility, such as the
maximum achievable amplitude of the center-position modula-
tion and the modulation amplitude right before the rapid
decompression. With ongoing evaporative cooling this amplitude
is reduced and thus the trap can be relaxed much further for more
continued sequences. However, we need to maintain the con-
finement in the vertical direction by adjusting the dipole trap’s
intensity to suppress heating or loss of atoms.

Subsequent oscillations in the trap result in a manipulation in
phase space (Fig. 1a, b) for focusing, diffusion, and, importantly
collimation of the matter-wave (Fig. 1c). Figure lc depicts the
expansion of a thermal ensemble in 1D for three different holding
times (#,014) to highlight the importance of a well chosen timing
for the lens. Figure 2 shows exemplary expansion velocities
(colored circles) depending on the holding time #,,14. The colored
curves in this graph display the simulated behavior following the
scaling ansatz (details in the “Methods” section) with an error
estimation displayed by shaded areas. Only for the final
measurement (also shown in the inset in Fig. 2) we create a
BEC with a condensed fraction of 92.5% of the total atom number
and apply the matter-wave lens to it.

With the presented method we observe oscillations of the
expansion rate, which are in good agreement with the simulations
for different ensemble temperatures. For all investigated tempera-
tures an optimal holding time exists for which the final expansion
rate is minimized (Fig. 3a). The ratios of g,,/0, o and w/w, for each
measurement is shown in Fig. 3b.
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Fig. 1 Scheme of the matter-wave lens. The drawing in a shows the three
trap configurations and the distribution of the atomic ensemble during the
matter-wave lens. At the beginning the trap frequency (wy,,) corresponds
to the initial trap frequency (wo), which is then decompressed to the lens
trap frequency (w). After the holding time (tpog) the trap is switched off
(@irap = 0). The phase-space (p —x) diagrams in b show the atomic
distributions at different timings during the matter-wave lens. Panel ¢
shows the behavior of the time dependency of the trapping frequency. After
the holding time in the initial trap the trapping frequency is rapidly
decreased at time t = 0. Panel d shows the time evolution of the atomic
ensemble’s size (6,), which starts to oscillate (solid and dotted black line)
after the trap is relaxed. At time tpog = (n+ 0.5) X t/w,, with n € IN, this
oscillation reaches an upper turning point (teal curve). The atomic
ensemble is released at its maximum size to minimize its later expansion
rate. The labeled points (I-VIII) correspond to the phase-space diagrams in
b. If the release time (tyog) does not match this condition the expansion
rate is not minimized (red and blue curve). The dashed-dotted black curve
displays the size of a free falling ensemble without lensing, released at time
t=0.

The change in atom number from the initial to the lensing trap
(Fig. 3a) lies within the error bars and arises mainly due to
pointing instabilities of the crossed optical dipole trap beams. The
lowest expansion rate is achieved with 553(49) ums~! with a
related effective temperature of 3.2(0.6) nK and an atom number
of 4.24(0.02) x 10°. With this method we achieve a more than one
order of magnitude lower effective temperature while maintaining
a comparable atom number compared to evaporative cooling.

Discussion

In this paper, we demonstrate a technique to reduce the expan-
sion velocity of an atomic ensemble by rapid decompression and
subsequent release from an dipole trap at a well-controlled time.
The efficiency of the matter-wave lens for higher temperatures is
mainly limited experimentally by the limited ratio between the

@ thermal, Ty =41.13pK
Othermal, Tp =4.0pK _
athermal, Tp =1.3pK .
¢ thermal, Ty =310nK
® BEC, Ty =41nK

T T T T
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Fig. 2 Oscillations of expansion velocity. Expansion velocity (s,) after
30 ms of time of flight in dependence of the holding time. The graph shows
the expansion velocity for thermal ensembles with different initial
temperatures Tp and the Bose-Einstein condensate (BEC) with an initial
expansion temperature of To =41nK and a condensed fraction of N/

No = 92.5%. The markers show the measurements, the dashed-dotted lines
the expansion rate from the initial traps (cf. black dashed-dotted line in
Fig. 1). The simulations use the scaling ansatz and are depicted as lines with
a shaded 1-sigma error estimation for the used trap parameters. The inset
displays the size oscillation of the Bose-Einstein condensate on an enlarged
scale for better readability.

initial and the lensing trap frequency wj/w, (Fig. 3b) which is
constrained by the maximum possible spatial modulation
amplitude of the trapping beams. In general, according to the
Liouville theorem, the expansion speed reduction of the matter-
wave is proportional to (w,/w;)* where a large aspect ratio
enables a better collimated ensemble. The atoms are loaded into
the time-average potential with an optimized center-position
modulation amplitude of 140 pm, while the maximum is 200 pm.
During the evaporation sequence this amplitude is decreased.
Consequently, the relaxation of the trap is less efficient at the
beginning of the evaporative sequence or directly after the loading
of the trap.

Another constraint is that the trap’s confinement in the
unpainted vertical direction is required to remain constant. If the
vertical trap frequency is increased we observe heating effects and
suffer from atom loss when it is decreased. To compensate for the
trap depth reduction during the switch from the initial to the
lensing trap we increase the dipole trap laser’s intensity
accordingly.

An additional modulation in the vertical direction, e.g., by
means of a two-dimensional acousto-optical deflector, as well as
an intersection angle of 90° would enable the generation of iso-
tropic traps. In such a configuration, the determination of the
optimal holding time will benefit from the in-phase oscillations of
the atomic ensemble’s size®”. When applying our matter-wave
lens in a dual-species experiment, isotropy of the trap will also
improve the miscibility of the two ensembles®s.
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Fig. 3 Expansion velocity dependent performance. Panel a shows the atom
number depending on the expansion velocity (s,) for the resulting
expansion velocity (blue circles) after the matter-wave lens and starting
points (red circles). The lines connect the corresponding data points. The
error bars arise from the time of flight measurements used to determine the
expansion velocity. We use the 1-sigma fitting error of the ballistic
expansion for ¢, and the statistical error of measured atom numbers. The
two grayed out data points associated with the starting expansion velocities
60 mms—'and 6 mm s~ are not displayed in Fig. 2 while all the others are
included. Panel b shows the ratio of the lensed and the initial ensembles
expansion velocity (6,,/6,0) as well as the trapping frequencies (w/wo)
depending on the starting expansion velocity.

To illustrate the relevance for atom interferometers, we discuss
the impact of our source in different regimes (details in the
“Methods” section) operated at the standard quantum limit for an
acceleration measurement. In a Mach-Zehnder-like atom
interferometer’>!8, the instability reads

1 tcycle ( 1)

o(T)=————="
a() C\/_NnkeffT% T

after an averaging time 7, neglecting the impact of finite pulse
durations on the scale factor®-71, Eq. (1) scales with the inter-
ferometer contrast C, the atom number per cycle N, the effective
wave number nhk.s indicating a momentum transfer during
the atom-light interaction corresponding to 2n photons, and the
separation time between the interferometer light pulses Ti.
The cycle time of the experiment f e = tp + 271 + tp includes
the time for preparing the ensemble tp, the interferometer 27Tj,
and the detection tp. In Eq. (1), the contrast depends on the beam
splitting efficiency. This, in turn, is affected by the velocity
acceptance and intensity profile of the beam splitting light, both
implying inhomogeneous Rabi frequencies, and consequently a
reduced mean excitation efficiency3>7%73, Due to expansion of
the atomic ensemble and inhomogeneous excitation, a con-
strained beam diameter implicitly leads to a dependency of the
contrast C on the pulse separation time Tj, which we chose as a
boundary for our discussion. We keep the effective wave-number
fixed and evaluate o,(1s) for different source parameters when
varying T

Figure 4 shows the result for collimated (solid lines) and
uncollimated (dotted lines) ensembles in our model (details in the
“Methods” section) and compares them to the instability under
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Fig. 4 Instability comparison. Behavior of the instability for shot-noise
limited atom interferometers after an integration time of ¢ = 1s for different
sources (Tab. 1) over the pulse separation time T,. The instability is
estimated for molasses cooled ensembles, thermal ensembles released
from the optical dipole trap (ODT), and Bose-Einstein condensates (BEC
and Advanced) also released from the optical dipole trap. The colors of the
curves, except for the molasses and advanced case, agree with the
measurements displayed in Fig. 2. The different source parameters are
described in more detail in the “Methods"” section.

use of a molasses-cooled ensemble (dash-dotted line). Up to
Ty =100 ms and 0,(1s) = 10~8 m s~2, the molasses outperforms
evaporatively cooled atoms or BECs due the duration of the
evaporation adding to the cycle time and associated losses. In this
time regime, the latter can still be beneficial for implementing
large momentum transfer beam splitters36-38-404243 reducing
0,(7) or suppressing systematic errors?®-31-3474 which is not
represented in our model and beyond the scope of this paper.
According to the curves, exploiting higher T; for increased per-
formance requires evaporatively cooled atoms or BECs. This
shows the relevance for experiments on large baselines?3-37:74-77
or in microgravity’®’?. We highlight the extrapolation for the
Very Long Baseline Atom Interferometer (VLBAI)7080, targeting
a pulse separation time of Ty = 1.2 s31. Here, the model describing
our source gives the perspective of reaching picokelvin expansion
temperatures of matter-wave lensed large atomic ensembles.

Methods

Experimental realization. The experimental apparatus is designed to operate
simultaneous atom interferometers using rubidium and potassium and is described
in detail in references®10-82,

For the experiments presented in this article only rubidium atoms were loaded
from a two dimensional to a three dimensional magneto-optical trap (2D/3D-
MOT) situated in our main chamber. After 2's we turn off the 2D-MOT and
compress the atomic ensemble by ramping up the magnetic field gradient as well as
the detuning of the cooling laser in the 3D-MOT. Subsequent to compression, the
atoms are loaded into the crossed dipole trap by switching off the magnetic fields
and increasing the detuning of the cooling laser to about — 30T, with I being the
natural linewidth of the D, transition.

Figure 5 depicts the setup of our crossed optical dipole trap. The center-position
modulation of the trapping beams is achieved by modulating the frequency driving
the acousto-optical modulator (AOM) (Polytec, ATM-1002FA53.24). A voltage-
controlled oscillator (Mini-Circuits, ZOS-150+) generates the signal for this, which
is driven by a programmable arbitrary-waveform generator (Rigol, DG1022Z). We
chose the waveform to generate a large-volume parabolic potential based on the
derivation shown by Roy et al.>2. The amplitude of the displacement of the center-
position of the dipole trap beam, hy, is controlled by regulating the amplitude of the
AOM’s frequency modulation. This yields a maximum beam displacement of
ho =200 ym (300 um) at the position of the atoms for the initial (recycled) beam.
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Fig. 5 Experimental setup. Optical setup of the dipole trap and alignment
through the vacuum chamber. Vertical arrows point towards the 2D
magneto-optical trap (2D-MOT) and the vacuum pumps. The acousto-
optical modulator (AOM) is used for modulating the center-position of the
laser beams and intensity control. A 1/2 wave plate rotates the polarization
of the beam for best diffraction efficiency of the AOM. Lenses L1
(=100 mm) and L2 (f, =300 mm) magnify the beam radius to about

3 mm, 4 mm (vertical, horizontal). Downstream lenses L3, L4, and L5
(f3,4,5 =150 mm) focus, re-collimate and re-focus the beam into the center
of the chamber. The 1/2 and the 4/4 wave plates set the polarization for
maximum transmission at the orthogonal oriented polarization beam
splitters (PBS). The mirrors (M) are used to guide the beam through the
chamber. The purple arrow indicates the direction of absorption detection
along the y-direction.

Data acquisition and analysis. We apply our matter-wave lens subsequent to
loading the dipole trap and evaporative cooling. The duration of the complete
evaporative sequence is 5 s for the measurements presented here we interrupt this
sequence after 0s, 0.2s, 1's, 25, 3.5, 4.3 s and 5 s. Before the step-wise change of
the trap frequency (wy — w;) we hold the ensemble in the trap given by the
respective evaporation step configuration for 50 ms.

During the matter-wave lens, the rapid decompression of the trap causes
oscillations of the ensemble’s radius in the lensing trap. Depending on the release
time we observe oscillations by performing absorption imaging with iterating t,o1q
for different times after the release from the trap. For each holding time the
expansion velocity is extracted by fitting a ballistic expansion. This expansion can
be transformed into an effective temperature using:

2 _kBTi
v, = m

2

along each direction. The measurement is performed for different starting
temperatures in the thermal regime as well as the BEC.

The simulations shown in Fig. 2 use the scaling ansatz as described in the
“Scaling Ansatz” section. Here, the trapping frequencies of the lens potential in x-
and y-direction have been extracted by fitting two damped oscillations to the
measured data. The starting expansion velocity was set by choosing a reasonable
initial radius of the ensemble (Table 1). The other parameters arise from the
measurements or simulations of the trapping potentials. The shaded areas in fig. 2
depict an error estimation of the expansion velocity oscillations obtained from
performing the simulation by randomly choosing input parameters from within the
error bars for 1000 simulation runs and calculating the mean value as well as the
standard deviation for each t,q14.

Table 1 Source parameters for the instability estimation.

o, (h/v) o, (h/v) N tp

[pm] [mms—"] [s]
Molasses 750/750 30.9/30.9 4x108 2
ODT (41uK) 65/6.2 62.7/44.5 2.3x107 2.7
ODT (41uK) lensed 86/7.6 51.5/40.8 2.2x107 2.7
ODT (4 uK) 15.2/12.2 19.6/12 2.7 %109 47
ODT (4 uK) lensed 49/12.2 9.2/12.9 26x106 47
BEC 3.8/3.3 2/2 43x10° 8.2
BEC lensed 16.9/3.3 0.55/2.2 4.2x105 8.2
Advanced 5/5 2/2 1% 106 1
Advanced lensed 46.1/46.1 0.14/0.14 1% 108 1

Source parameters for the instability estimation for molasses cooled, released from the optical
dipole trap (ODT) with and without evaporation, and Bose-Einstein condensates (BEC and

Advanced). The values for the ensemble radius (s,) and expansion velocity (s,) are given for the
horizontal (h) and vertical (v) direction, which corresponds to the transverse and longitudinal
direction of the beam splitter respectively. N is the number of atoms and tp the preparation time

to calculate the cycle time teyce.

Scaling Ansatz. In the case of a thermal ensemble in the collision-less regime, the
dynamics of a classical gas can be described using the scaling ansatz8384, which we
briefly recall here for sake of simplicity. Here, the size of the ensemble scales with
the time dependent dimensionless factor b;(t).

. 0, 0,
bi(t) + W} (Db(1) — 1;8 + (b'g; - m) =0 (3)
i i 4 A
b0 +240000+1 (60~ 5560) =0, @

where 0; acts as an effective temperature in the directions i € x, y, z. Here wy;
denotes the initial angular trap frequency and w;(f) denotes the time-dependent
angular trap frequency defined such as: w;(f) = wy; for 0 << ty,g4, With w;; being
the lensing potential, and w;(t) = 0 after the release (see Fig. 1). This system of
coupled differential equations contains the mean field interaction, given by the
factor:

_ Emf
E*EmﬁkBT ’ ®)
with
4mh*agn,
o = TO , 6)

where ag is the s-wave scattering length, n, the peak density and m the mass of a
single particle. Collision effects are also taken into account through

=1y <H bj> x G;e& @)
7

with the relaxation time

5
Ty = 4_V ®)
and®*
2 kT
Y= E o0l 37 . (9)

In the special case of a BEC, the mean field energy is large compared to the
thermal ensemble’s energy (¢ = 1) and the time scale on which collisions appear
goes to zero (7=0). In this case the time dependent evolution of the matter-wave
can be described following Castin & Dum®. Here, the evolution of the BEC’s
Thomas-Fermi radius, R,(t) = b(t)R,(0), is described by the time-dependent
evolution of the scaling parameter:

w,(0)
bi(B)b ()b, ()b, (2)
and R;(0) is the initial Thomas-Fermi radius of the BEC along the i-th direction. It
is worth to notice that recent studies®®37 extend the analysis of Guéry-Odelin®3 and

Pedri et al.3* to the BEC regime described by Castin & Dum®.
With this set of equations the time evolution of the ensemble’s size (0, ) and

bi(t) + w}(Db(t) = (10)

velocity distribution (0, ) is determined during the entire sequence of our matter-
wave lensing sequence by

0,(t) = 0, (0)x by(1) (1)
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and
do, ()
0, (0 ="122

The scaling parameter b; can be applied either on the radius of a gaussian
distributed thermal ensemble or the Thomas-Fermi radius of a BEC.

(12)

Estimation of instability in matter-wave sensors. The instability of a matter-
wave sensor operating at the standard quantum limit can be estimated using Eq.
(1). Here we assume Raman beam splitters (n = 1) with a 1/e2-radius of 1.2 cm and
a pulse duration of t, = 15 ys. The contrast (C) is taken into account as the product
of the excitation probabilities of the atom-light interactions during the Mach-
Zehnder type interferometer following Loriani et al.”2. Table 1 shows the source
parameters used for the estimation of the instability. We chose three parameter sets
from the here presented measurements of two thermal ensembles released from the
optical dipole trap with starting temperatures of T = 41uK and 4 uK and the BEC.
Besides that we simulated the performance of the interferometer operated with a
molasses cooled ensemble combined with a velocity selective Raman pulse of

30 us’3, based on typical parameters in our experiment, and an advanced scenario.
For this we assume a BEC with 1 x 10® atoms after a preparation time tp = 1 s with
a starting expansion velocity of 2 mm s~1, as anticipated for the VLBAI setup”6-80.
We extrapolate the performance of our matter-wave lens for this experiment,
resulting in expansion velocities of 0.135 mm s~! corresponding to an equivalent
3D temperature of 200 pK.

Data availability
The data used in this manuscript are available from the corresponding author upon
reasonable request.
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Matter-wave collimation to picokelvin
energies with scattering length and
potential shape control
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Sebastian Bode', Eric Charron ®2, Ernst M. Rasel', Naceur Gaaloul® ' & Dennis Schlippert®"

The sensitivity of atom interferometers depends on their ability to realize long pulse separation times
and prevent loss of contrast by limiting the expansion of the atomic ensemble within the interferometer
beam through matter-wave collimation. Here we investigate the impact of atomic interactions on
collimation by applying a lensing protocol to a *K Bose-Einstein condensate at different scattering
lengths. Tailoring interactions, we measure energies corresponding to (340 + 12) pK in one direction.
Our results are supported by an accurate simulation, which allows us to extrapolate a 2D ballistic
expansion energy of (438 + 77) pK. Based on our findings we propose an advanced scenario, which
enables 3D expansion energies below 16 pK by implementing an additional pulsed delta-kick. Our
results pave the way to realize ensembles with more than 1 x 10° atoms and 3D energies in the two-digit
pK range in typical dipole trap setups without the need for micro-gravity or long baseline environments.

Cooling quantum gases to sub-nanokelvin temperatures has enabled
breakthroughs in the fields of quantum sensing', quantum information’,
and quantum simulation’. Especially in precision sensing and metrology,
atom interferometers'” have become a state-of-the-art solution and are
used for probing general relativity* "', quantum mechanics'* ™", determining
fundamental constants'*", and measuring inertial effects'™. Inter-
ferometers utilizing molasses-cooled atoms, characterized by expansion
energies in the range of several microkelvin, offer short experimental cycle
times and a high sensor bandwidth* . Despite these advantages, their
velocity spread limits the accessible free-fall distance and their systematic
uncertainty is typically restrained at a few 10"*ms > due to wave-front
distortions, when the ensemble is expanding within the interferometer
beam”. In contrast, Bose-Einstein condensates (BECs)** offer sig-
nificant advantages with respect to controlling systematic errors and their
dynamic behavior’*”. In optical dipole traps (ODTs), BECs of various
atomic species readily achieve expansion energies in the range of a few
tens of nanokelvin® ™, enhancing coherence time and signal-to-noise
ratio. However, to meet the demands of future precision experiments,
further collimation into the picokelvin regime is required to achieve the
long pulse separation times necessary and to avoid loss of contrast™ ™.
Expansion energies of a few hundred picokelvin have been achieved by
direct evaporative cooling" and spin gradient cooling”. Additionally,

advancements using different types of matter-wave lenses have further
reduced expansion energies by an order of magnitude” . In this regime,
extended free-fall times prior to applying the lens are crucial to minimize
atomic interactions, which would otherwise drive the expansion post-
lensing"*”". Hence, recent records of a few tens of picokelvin have been
realized in unique experimental settings utilizing micro-gravity"* or
long-baseline devices” which both allow for an initial prolonged expan-
sion of the ensemble. In this paper we demonstrate an alternative
approach to resolve this issue by use of a Feshbach resonance™”" to tailor
interactions during the lens and upon release from the trapping potential.
Using a K BEC in the weak interaction regime, we observe expansion
energies below 400 pK in one dimension. Through dedicated theory
simulations, we extrapolate this result to two dimensions, yielding a 2D
energy below 500 pK. We hence demonstrate a substantial improvement
over previous results achieved with the same method and setup using
¥Rb*. Furthermore, our systematic analysis reveals that the careful
adjustment of trapping frequencies and interactions will allow to reach 3D
expansion energies below 16 pK, when implementing an additional delta-
kick collimation (DKC) pulse® after a few milliseconds of free fall. Hence,
our method allows for state-of-the-art collimation in typical or even
compact quantum optics experiments, without excessive hardware or
environmental requirements.
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Results and discussion
Lensing protocol
We apply the matter-wave lensing protocol as described by Albers etal.”. A
detailed overview of the setup is provided in the experimental apparatus
section. The atoms are held in a crossed ODT with recycled beam config-
uration crossing under an angle of 70". In the following, the {x, , z}-coor-
dinate system refers to the trap frame as defined by the principal axes of the
confining potential and is used to specify all trap frequencies. We image the
{x’, z}-plane, obtaining the camera frame {x’, y’, z} by rotating around the
vertical z-axis by approximately 30". To implement time-averaged optical
potentials” we perform a center-position modulation (CPM) along the
horizontal axis of the trapping beams, using an acousto-optical modulator
(AOM). This approach allows to create harmonic traps with variable width
and depth in the horizontal {x, y}-plane, but does not feature independent
control of the trap frequencies in x- and y-direction or changing the
potential shape in z-direction. By rapidly relaxing the trap within 50 s we
cause a sudden reduction in trap frequencies from initial frequencies w! to
final frequencies wf<w! for i€{x,y}, inducing collective mode
excitations™’. Subsequently, the ensemble is collimated by turning off the
trapping potential at the turning point of the resulting oscillations of the
ensemble size.

We apply this method at two different scattering lengths 158 a, and
10 a, at which the interaction and kinetic energy terms, respectively,
dominate (c.f. theoretical model section). In the following we differentiate
between expansion energies along a singular axis in i-direction (E}"), 2D
energies in the horizontal plane in which the matter-wave lens is applied
(E?™), and the full three-dimensional expansion energy (E*"). For both
measurements at the two different scattering lengths, we use the same initial
and final trap configurations, with small variations of the parameters
resulting only from pointing instabilities of the ODT beams which we relate
to the time passed between the two measurement campaigns. In both cases,
the initial trap is realized without any CPM. We find initial trapping fre-
quencies of 27 x {72, 144, 115} Hz for 158 ag and 277 x {62, 149, 96} Hz for 10
ag. After relaxation our final trap frequencies are 27 x {23, 36, 126} Hz for
158 ay and 27 x {24, 38,129} Hz for 10 a,. In parallel the trap depth is
maintained by increasing the laser intensity, suppressing atom number loss.

a = 158 ag

Based on time-of-flight (TOF) measurements of the ensemble’s expansion,
we determine the expansion energies along the horizontal (collimated) x’-
and vertical (not collimated) z-direction within the camera frame for dif-
ferent holding times #,14, after relaxing the trap.

Obtained energies

At a scattering length of 158 a, (Fig. 1a) the minimal value in the collimated
direction yields ELP = (1.00 +0.17) nK and is achieved after a holding time
of 24 ms. For 10 a, (Fig. 1b) we find the minimum for a holding time of
22ms after decompression, resulting in a minimal value of
EP = (340 +12) pK after up to 25 ms TOF. While the behavior derived
from simulations (c.f. data acquisition and analysis section) agrees with
these findings, for the points below 1 nK a portion of interaction energy
remains and the ensemble has not yet reached the linear expansion regime at
that point. When correcting for this effect, by simulating for a TOF of
250 ms the asymptotic behavior yields a minimum of EL° = (429 + 56) pK
after a holding time of 22.1 ms. The excellent agreement between experi-
ment and simulation allows to understand the ensemble’s dynamics in the
entire horizontal plane, as both theoretical approaches feature coupling of
ensemble oscillations in all directions. Including the axis which cannot be
directly observed, we extrapolate the resulting 2D expansion energies as
depicted by the dashed purplelinesin Fig. 1. At 10 a we find a minimal value
of E?®=(301+65)pK for a TOF of 25ms, which corresponds to an
improvement by 3.7 dB over the 158 a, case. Extending the simulation to the
ballistic regime as before, yields a final value of E*® = (438 +77) pK for
250 ms TOF (Fig. 2a).

Comparison to previous results

In this work we applied our matter-wave collimation protocol previously
developed for ¥Rb to a *K BEC and proved the ease of application to
another atomic species, demonstrating a reduction of the expansion energy
by 13 dB compared to the non-collimated case, as given for vanishing
holding time. Considering the mass ratio of both elements, the obtained
energy of (1.00  0.17) nK for *’K at 158 ay, corresponding to an expansion
velocity of (0.46 + 0.04) mm s, is comparable to the previously achieved
result of (3.2+0.6) nK=(0.55+0.05) mms ' with *Rb* at its natural

a =10 ag
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Fig. 1 | Measured and simulated expansion rate energies in one and two
dimensions. All measurements (blue circles and red squares) are performed within
the camera frame and based on time-of-flight (TOF) series with a total length of
25 ms. The error bars arise from the fit uncertainty of the expansion in the individual
TOF series (c.f. data acquisition and analysis section). The dynamics of the ensemble
are simulated (lines) simultaneously for all directions within the trap frame for 25 ms
TOF and are subsequently transformed into the camera frame. Uncertainty bands
are obtained by a Monte-Carlo method based on the detection angle and trap
frequency errors matching the oscillations of the ensemble size. Panel a shows the
results obtained in the strong interaction regime for a scattering length of 158 a,,
using the Thomas-Fermi approximation in the theoretical description. Panel

0

thnld (Ins)

30

[$2

b shows the results obtained in the weak interaction regime at 10 a, scattering
length. Here we simulate the dynamics based on a variational approach (c.f. theo-
retical model section). For the data we choose a lower sampling rate, allowing us
to increase the number of points per TOF measurement to resolve the lower
expansion energies, effectively. In both interaction regimes the measurements
agree well with the simulation and the coupling of the dynamics in all dimensions
allows for extrapolation of the behavior in the entire horizontal plane as shown
by the purple dashed lines. We find an overall improvement of 3.7 dB in the
extrapolated 2D expansion rate energy when reducing the scattering length. The
purple star highlights the minimum 2D energy at 10 a,, as prominently featured in
the inset.
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Fig. 2 | Ensemble dynamics in the collimated plane. Panel a shows the simulated
2D expansion energy E* in the collimated plane for different scaling factors &; and
for the configuration used in the experiment (see lensing protocol section) for

250 ms time-of-flight (TOF). For a common frequency reduction along both lensed
directions with a, = , taking the values {1, 4/9, 1/4, 1/9}, the minimal energies are
obtained for a scattering length a being respectively {0, 0.1, 1.8, 13.5} a, and iden-
tified by the squares for each case. The sequence becomes more robust against
changes in the scattering length with larger frequency reduction, as the minima
become more shallow. The purple star resembles the lowest 2D experimental
expansion energy presented in Fig. 1b (obtained here for 250 ms TOF). While the
curves are simulated for a fixed set of parameters, this point is obtained within a
Monte-Carlo simulation including all experimental uncertainties. The error bar
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denotes 2-¢ deviation while the central point stands for the mean value (see data
acquisition and analysis section). Qualitatively, the experimental configuration
closely resembles the case of &, = &, = 1/9. The resulting expansion energies are
globally shifted towards higher values, since a, =~ 1/16 and a,, = 1/9. This causes the
optimal release points to differ for each axis as marked by the triangle symbols in
panel b, highlighting the importance of a symmetric choice of a-values. Here, the
measured ensemble width in x'-direction is shown as blue circles for 10 ms TOF
at 10 a, and the error bars represent the standard deviation of at least four mea-
surements, The simulated size after 10 ms TOF is shown as a solid blue line, while
the corresponding oscillations of the ensemble widths in x- and y-direction within
the trapping potential are shown with blue dashed and dotted lines, respectively.

background scattering length of ~ 100 ay*. The remaining difference can be
attributed to variations in the trap frequency ratios between the two
experiments, rather than to the difference in scattering length, since chan-
ging the latter by less than a few multiples does not significantly affect the
expansion rate when staying within the strong interaction regime’”*.
Hence, the observed outcome aligns with expectations as the technique only
depends on the ensemble’s dynamics governed by interactions and trap
frequencies and is accurately described through the Gross-Pitaevskii
equation. More importantly, we show that the final expansion energy
after the lens can be further reduced by transitioning into the weak inter-
action regime, as done here by minimizing the scattering length by means of
amagnetic Feshbach resonance. By reducing the repulsive forces driving the
expansion after release from the trap, we achieve expansion energies well
below 1 nK, which is necessary to match the requirements of proposed
experiments, e.g. for, but not limited to, gravitational wave detection™*, a
test of the Weak Equivalence Principle® " or the search for dark matter®* .
While the energies realized here are still an order of magnitude larger than in
previous demonstrations in two'” and three dimensions™, our method can
be applied directly in the ODT. Hence it is suitable for setups and appli-
cations that do not allow for an extended pre-expansion time before
applying the lens due to constraints regarding experimental cycle time or
spatial dimensions. Lower expansion energies are currently limited by the
achievable maximum CPM amplitude of 200 um which in turn restricts the
range of accessible trapping frequencies to the values given in the lensing
protocol section.

Scattering length and trap frequency dependencies

To gain insight into the impact of the scattering length on the collimation,
we analyze the ensemble’s behavior in the weak interaction regime by
simulating the dynamics with an adapted theoretical model for two different
scenarios (Fig. 2a). Starting from trap frequencies of 27 x 60 Hz in all
directions, we apply a common reduction in the horizontal plane while
maintaining the frequency along the z-axis, as shown by the theoretical gray
lines. For all scenarios, we evaluate the optimal holding time after relaxing
the trap for minimizing E°° and study the behavior for different squared trap
frequency ratios a; = (wf/ w})z, which would provide the energy scaling in
the ideal gas regime®. As previously discussed by Kovachy et al.”” and also
observed here, the energy reduction for a BEC is significantly higher due to

an interplay of interactions and coupling of the oscillations of the ensemble
widths along each axis. From the theory simulations, we find a reduction of
the expansion energy towards a smaller scattering length for a, = &, > 4/9 as
shown by the dashed gray line. This result matches the expected dynamics of
an ensemble during free-fall expansion without any additional collimation
and is explained by repulsive interactions after removing the trapping
potential*”**. We identify minimal expansion energy at non-zero inter-
actions for a, = a, < 4/9, as depicted by the continuous, dotted, and dash-
dotted gray lines. These curves clearly show that for smaller values of «;
reaching optimal energies requires moving towards higher scattering length
values. While in these cases minimizing the interaction energy still reduces
the corresponding forces upon release, it also reduces the final ensemble
width within the trap. Hence, the kinetic energy from the resulting funda-
mental momentum spread as given by the uncertainty principle increases
and the optimal scattering length must be found considering both con-
tributions. To achieve a minimum momentum spread in free-fall one hence
wants to increase the interactions during the lens to maximize the cloud size
and cancel them at the release time. However, given that the interactions are
controlled via magnetic fields such an optimization is technically not fea-
sible, as it typically takes tens of milliseconds to change the magnetic field™.
Therefore the optimal scattering length has to be found as a trade-off
between the maximum size achievable within the trap and minimal
repulsive interactions in free fall along the horizontal direction. Such opti-
mized configurations are highlighted by the empty squares in Fig. 2a.
Regarding the experimental setup, as shown by the purple line, where the
change in aspect ratio is not the same for both directions, &, = 1/16 and
a, = 1/9, we recover the same behavior as described above for the case
o, =, $4/9, but with globally higher energies The similarity can be
explained by the fact that /@, = 1 /12. Note here that the purple star is
identical to the one already shown in Fig. 1b.

To get further insight into the complex behavior of the matter-wave for
different aspect ratios we now compare in Fig. 2b the simulated in-trap
oscillations in x- and y-direction, respectively presented with dashed and
dotted lines, with the observed ensemble width after 10 ms TOF ata = 10 a,,.
From the experimental measurements (blue points) we find two distinct
minima, each of which can be assigned to the maxima of the underlying
ensemble widths within the trap along a different axis (empty blue triangles).
In this specific case, the lowest expansion energy E*° is found near the
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Fig. 3 | Generating a delta-kick collimated Bose-
Einstein condensate in the regime of tens of pK.
We take advantage of the holding process after trap
relaxation to minimize the energy in the {x, y}-plane
(a) (red line). Subsequently, a short free-fall time
(pre-TOF) 7, allows the ensemble to expand, fol-
lowed by a delta-kick collimation (DKC) to colli-
mate the third direction (b). We show the width
evolution in all three directions after the optimal
holding period without (non-solid lines) and with a
DKC (solid lines). The inset shows the dynamics in
the trapping potential, highlighting release (solid
black line) and DKC (black dashed line) timings.
This process leads to a reduced 3D expansion energy

Expansion Energy (nK)

o; (pm)

40 60
t (ms)

10

20

30

thola (ms)

7, = 10 ms

40

el
S

t (s)

Est (pK)

expressed as a function of the lensing time and the 47 —
DKC duration after a pre-TOF of 10 ms (c) and
25 ms (d), leading to respectively 24.5 pK

and 15.7 pK. 46

thold (ms)
'~y
ot
T
=
le=

44

200

431 L L

200

47 s e

200

thola (ms)
~
R

100

200

19 20 21 22 3
dtpkc (us)

=
=
o
~
ol
©

dtpke (ps)

optimal collimation of the y-direction, closely resembling the case
.= a, = 1/9 in Fig. 2a. Compared to the symmetric case the globally higher
energies are hence explained by the energy contribution of the other
direction, which always exhibits a non-vanishing expansion at release, as
long as the aspect ratios are not integer multiples of each other. When
performing additional simulations at a =30 ay, we further note that the
optimal release timing is extremely robust with respect to changes in the
scattering length, giving only 0.3 ms offset in this particular case. While in
practice such changes might arise from technical limitations, e.g., due to
imperfect control of the Feshbach field, the offset is fundamentally expected,
since changing the repulsive interactions within the trap alters the frequency
of the excited oscillations.

Overall, our analysis yields the choice of trapping frequencies to be
more important due to their enhanced scaling and the effects of asymmetric
expansion compared to the exact scattering length knowledge which is more
difficult to pinpoint in practice. Besides allowing to extraction of the 2D
expansion energy from the measurements, the adequacy between the
experiment and theory model in Figs. 1 and 2 allow us in the following to
identify advanced collimation scenarios. Consecutively, we discuss two 3D
collimation sequences based on the combination of a 2D in-trapped colli-
mation combined with a pulse delta-kick method collimating the third axis

48,70

to reach the pK regime™".

Advanced scenario

Since neither the demonstrated method nor the experimental apparatus is
designed to collimate the remaining vertical axis, the achievable 3D expansion
energies are limited to the nanokelvin regime, regardless of the performance
in the horizontal plane, as shown by the horizontal dashed line in Fig. 3a. To
overcome this limitation we consider a short free-fall time (pre-TOF) 7, at the
end of the holding process followed by a pulsed DKC protocol ™. We
study the theoretically achievable expansion energies for this sequence in an
advanced scenario which is specifically tailored towards the capabilities of an
improved apparatus” and highlight the crucial requirements for the imple-
mentation. Instead of a recycled ODT, the setup features two individually
controllable beams, each with up to 16 W of optical power at a wavelength of
1064 nm. This configuration allows us to realize a variety of possible trap
geometries and especially to design common turning points for the

oscillations of the ensemble widths along both principal axes. Furthermore,
2D acousto-optical deflectors (AODs) [AA Opto-Electronic DTSXY-400-
1064] are used to create time-averaged optical potentials instead of the pre-
viously used AOM. In combination with the implemented lens system, their
superior bandwidth allows for CPM amplitudes of at least 1.5 mm and
consequently to access lower final trap frequencies and expansion energies.
Finally, for the DKC, the second AOD axis is needed to shift the ODT beams
vertically and match the position of the atomic cloud for a maximum pre-
TOF of 7, =25 ms, corresponding to a free-fall distance of 3 mm.

For E’® we numerically find minimal values below 20 pK for a holding
time of 42.5ms switching the trap frequencies from 2 x {152.7,310.7,
342.6} Hz to 27 x {28.1, 5.6, 340.0} Hz at 10 a, scattering length (Fig. 3a).
For the final trap configuration 150 mW of optical power at a CPM
amplitude of 175 pm for one and 450 mW with 800 pm modulation stroke
for the other beam is required. Since the frequency along the vertical axis is
much higher than the two others, the DKC (black dashed line in the inset of
Fig. 3b) will not significantly affect the other direction as shown by the black
dotted and dash-dotted curves in Fig. 3b. For an easy configuration with
only 7, =10 ms pre-TOF, corresponding to a free-fall distance of 490 pm,
experimentally accessible in practice, we obtain a minimal 3D expansion
energy of E*”=24.5pK with a Stpgc = 18.8 us long delta-kick pulse and
44.8 ms of lensing as shown in Fig. 3¢ and optimized using a simulated
annealing algorithm’. Moreover, the implementation is expected to be
robust against variations of the experimental parameters as it allows to
achieve energies below 50 pK for a wide range of holding and delta-kick
durations. Even better performance can be obtained by increasing the pre-
TOF duration at the expense of the overall robustness with respect to the
delta-kick timing"’. For 7, = 25 ms of pre-TOF, we find final energies as low
as E*” = 15.7 pK, but requiring a DKC of only 8tpc = 6.2 ps (Fig. 3d). The
simulation explicitly takes the AOD’s response time of 3 ys into account, as
it is on the same order of magnitude as dtpgc. While other experimental
limitations, e.g., due to the bandwidth of the different control loops may
apply, the AOD is the slowest component involved and therefore poses the
relevant limitation for the advanced scenario, contrary to the measurements
in Fig. 1. Nevertheless, such timings can be experimentally challenging when
being limited to the center-position modulation frequency below 100 kHz as
relevant time scale or using rf-switches with switching times of several ps.
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Fig. 4 | Optical dipole trap setup. Time-averaged potentials are implemented with
an acousto-optical modulator (AOM). A three-lens system (L1, L2, L3) with focal
lengths f; = 100 mm, f, = 300 mm and f; = 150 mm, translates the change in AOM
deflection angle into a parallel displacement, while simultaneously focusing the
beam to a waist of 30 (45) um in horizontal (vertical) direction. The lenses L4 and L5
(f1,5 = 150 mm) are used to re-collimate the beam after passing the experimental
chamber and to re-focus it on the atoms. At each point, optimal polarization is
ensured by wave plates (WP1-WP4) with additional orthogonal-oriented polarizing
beam splitters (PBS1 and PBS2) in front of the chamber for polarization cleaning.
Dielectric mirrors (M1 - M4) are used to guide the beam through the setup. For
perfect alignment and equal beam power the trap frame {x, y, z}, as given by

the principal axes of the optical potential, resembles the symmetry axes of the
vacuum chamber. The camera frame {x', ', z} is obtained by a rotation around the
z-axis, with the exact detection angle depending on the beam configuration and
alignment. The figure is taken from Albers et al.”* and openly licensed via CC BY 4.0.
Here the orientation of the detection arrow and the naming of the coordinate
systems was altered to account for changes of the apparatus compared to the source
material.

For such short signals, arbitrary waveform generators based on direct digital
synthesizers (DDS) with a high sampling rate offer a convincing solution. In
this case, we use a software-defined radio [Ettus USRP X310], whose DDS
allows to interrupt the waveform at any given sample and match the pulse
length with a resolution of 50 ns for a typical sampling rate of 20 MHz. As
before using a low scattering length assists in the overall collimation.
However, simulating the same sequence for a scattering length of 158 ag in
particular, still leads to expansion energies of E*” = 97.5 pK for 7, = 10 ms of
pre-TOF and E°° = 81.9 pK for 25 ms pre-TOF with 17.6 pus and 7.1 ps long
delta-kick pulses, respectively.

Hence, the analyzed two-step process opens up the path to approach
(a= 158 ay) and even exceed (a=10a,) the results that were obtained in a
drop-tower™, on the International Space Station®, and within a long-baseline
device”. Combining these results with a strategy for rapid evaporation’ and a
bright source for fast magneto-optical trap (MOT) loading”, compact or
even field-deployable devices can reach experimental repetition rates higher
than 0.5Hz with BECs consisting of 3 x 10° atoms and state-of-the-art
collimation.

Methods

Experimental apparatus

We use the same setup as for the previous matter-wave lens study with
¥Rb*, featuring a crossed ODT in recycled beam configuration (Fig. 4). A
detailed description of the vacuum, laser, and coil systems used can be found
in previous publications*'*’*. The ODT is based on a 1960 nm fiber laser
[IPG TLR-50-1960-LP] which is intensity stabilized by a feedback loop,
controlling a linearized Pockels cell. The crossed trap is realized by recycling
the same beam, passing the atoms again under an angle of 70". We ensure
orthogonal beam polarization to avoid running lattice formation. Due to the
elliptical beam shape of the fiber laser output, we obtain different beam
waists of 30 um in horizontal and 45 pm in vertical direction. Taking losses
at all optical elements into account, the maximal power that can be delivered
to the atoms is limited to 8 W for the initial and 6 W for the recycled beam. A
custom-made AOM [Polytec ATM-1002FA53.24] is used to deflect the
beam, thereby creating time-averaged optical potentials of harmonic shape
along one beam axis™"*. It is further utilized to control the beam power at the
lower end of the intensity stabilization. By focusing the beam onto the
atomic cloud, the change in deflection angle of the AOM is translated into a
parallel displacement of the beam. For the initial beam, the bandwidth of the
AOM allows for a maximum CPM amplitude of 200 pm. For the recycled
beam, the same configuration corresponds to a CPM amplitude of 300 pm
due to the additional re-collimation and re-focusing, and the increased path
length in-between. Due to the experimental configuration, the recycled
beam is fully determined by the state of the initial beam and hence the setup
does not allow to choose the trap frequencies in x- and y-direction inde-
pendently. The required frequency modulation of the rf-signal driving the
AOM is generated with a combination of a voltage-controlled oscillator
[Mini-Circuits ZOS-150+] to provide the actual signal and an arbitrary
waveform generator [Rigol DG1022Z], which provides the waveform. For
the whole experimental sequence, a constant modulation frequency of
20 kHz is used, which is sufficiently large compared to any occurring trap
frequency. We define the trap frame {x, y, z} as the principal axes of the
trapping potential, given by the eigenvectors of the curvature in the critical
point. In the case of equal ODT beams in terms of power and waist, it
resembles the symmetry axis of the experimental setup as shown in Fig. 4,
while any deviations from the ideal beam configuration result in rotations of
the coordinate system around the z-axis. Finally, detection is performed by
absorption imaging with unity magnification. The camera is situated in the
{x, y}-plane and the related camera frame {x’, y’, z} can be obtained from the
trap frame {x, y,z} by rotating clockwise around the z-axis by an angle
of ~ 30". Note, that the exact angle depends on the beam configuration prior
to detection due to the resulting rotation of the trap frame.

Ensemble preparation

We apply a trap loading and state preparation sequence optimized for K as
described earlier’. We load a 3D-magneto-optical trap on the D,-line from
a 2D-MOT, trapping 1 x 10° atoms within 4 s. Subsequently, we apply a
hybrid D,-D, compression MOT to increase the ensemble’s density and
gray molasses cooling on the D;-line for cooling the ensemble to sub-
Doppler temperatures”®. In this manner, we prepare 4 x 10° atoms at a
temperature of 12 uK within 56 ms after turning off the 2D-MOT. For
loading the ODT we use a center-position modulation amplitude of 160 um
to improve the mode matching of the crossing region with the cloud,
transferring 12 x 10° atoms into the 54 pK deep ODT, with a temperature of
8.5 uK. Afterward, we prepare the ensemble in |F = 1,m; = —1) with a
multi-loop state preparation scheme based on microwave adiabatic rapid
passages. This allows to use the broad Feshbach resonance at 32.6 G” to
adjust the scattering length to positive values, necessary for direct eva-
porative cooling’®. We use the evaporation sequence optimized for the
largest number of condensed particles, rather than the shortest experimental
cycle time with the highest atomic flux, realizing a quasi-pure BEC of up
to 2 x 10° atoms after 3.9 s of evaporative cooling at a scattering length of
158 a,. For the measurement at 158 a, we perform the matter-wave lens
100 ms after creating the BEC by increasing the center-position modulation
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amplitude to the achievable maximum, as stated before. For the measure-
ment at 10 ay, we additionally adiabatically sweep the magnetic field towards
the broad minimum between the resonance at 32.6 G and the next higher
one at 162.8 G after creating the BEC and before performing the matter-
wave lens.

Data acquisition and analysis

We perform TOF measurements for different holding times after relaxing
the trap with a total experimental cycle time of 12s. Subsequently, we
describe the obtained density profile either by a Gaussian or a Thomas-
Fermi distribution, depending on the scattering length used. For the mea-
surements at 158 a, the Thomas-Fermi radii R(f) are transformed into their
equivalent standard deviation () using ;(t) = R(t)/+/7""". Individual
data points are taken for a holding time spacing of 1 ms and a TOF spacing
of 5 ms. Each measurement is repeated at least four times. At 10 a, we fita
Gaussian to the obtained density distribution. For these measurements, the
TOF spacing is reduced to 1 ms at the expense of the holding time spacing
which is increased to at least 2 ms, in order to obtain better statistics for the
extracted ensemble expansion. For each individual dataset, measurements
are performed over the course of 12 h of continuous operation. With this
approach, we ensure comparability within each dataset and avoid trap
frequency drifts caused by thermal effects from power cycling the 1960 nm
laser in between measurement days. To obtain the linear expansion rate for a
given holding time, we only consider the data taken for more than 10 ms
TOF, avoiding the resolution limitation of our detection system. Finally, the
fitted expansion rates v; are transformed into 1D expansion energy
using EIP = kpT;/2 = mv? /2.

To simulate the behavior of the ensemble, we determine the trapping
frequencies by fitting the oscillations of the ensemble width with respect to
the holding time for a constant TOF in the trap frame and by projecting
them into the rotated camera frame, afterward. Since the detection angle
relative to the trap frame changes with respect to small deviations of the
ODT beam alignment, the exact angle is evaluated for each measurement
separately and fitted to the data, as well. We optimize the fit parameters on
five different TOFs in between 10 and 25 ms simultaneously with equal
weighting, obtaining a single set of values, which provide the overall smallest
error. Based on the frequencies found, we perform simulations of the
ensemble’s behavior using the two approaches provided in the theoretical
model section. The error bands stem from 1000 Monte-Carlo simulations
within the obtained errors of trap frequencies, detection angle and scattering
length (at 10 a,) as determined by fitting the ensemble width and the
magnetic field characterization of the apparatus.

For the advanced scenario, we take experimental parameters and
technical limitations of the setup, e.g., the rise time of the AOD, into account.
We search for optimal 3D collimation by simulating a grid with a step size of
36 us for the lensing and 62 ns for the DKC, using a simulated annealing
algorithm” for the absolute minimum in each case.

Theoretical model

For a scattering length of 158 a,, the interaction energy exceeds the kinetic
energy of the ensemble, so the BEC dynamics is well described by the scaling
equations as derived by Castin et al”” and Kagan et al.*":

w?(0)

A0+ @F MO = 155 M
Xy z

where the dimensionless variable A,(f) = Ri(t)/R;(0) characterizes the evo-
lution of the size of the condensate in the direction i € {x, y,2}. In this
expression, R(f) is the Thomas-Fermi radius in the direction 7, and the initial
radius is given by"

R(0)=a

@(0) [15Na\* @
oscm ( ) ’

Aosc

with the average length of the quantum harmonic oscillator a . =
[h/ m&)(O)]l/ ? and the geometric mean of the initial trapping frequencies
w(0) = [wx(O)wy(O)wz(O)]l/ ?. From the solution of Eq. (1) we extract the
standard deviations o,(t) = R,(t)/~/7 associated with the atomic density,
which we compare with the experimental measurements obtained as
described in the data acquisition and analysis section.

In the case of a scattering length of 10 a,, the Thomas-Fermi approx-
imation is no longer suitable to accurately describe the dynamics of the BEC.
Instead, we follow a variational approach and describe the BEC with a
Gaussian ansatz*>*. This leads to a harmonic trap to the following set of
coupled differential equations

" h*aN 1
dm?o3(t) = 4/mm?o,0.0,0,

xYyY%z

5(t) + wi(to(t) =

(3)

for the standard deviations o(f) of the atomic density. The time-
independent version of Eq. (3) is used to determine the initial size 0;(0) of
the ensemble, which converges to the oscillator length for vanishing
scattering length.

Data availability
The data used in this manuscript is available from the corresponding author
upon reasonable request.
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CONCLUSION AND OUTLOOK

3.1 SUMMARY

In this thesis a high flux source system for collimated 3°K BECs was realized based
on tunable interactions and potential shape control through TAPs. The dynamic
tuning of trap frequencies and interactions along the evaporation ramps allowed
to create BECs with (6.14 + 0.35) x 10* condensed particles after only 170 ms of
evaporative cooling. It was further shown how this evaporative flux of more than
3 x 10° particles/s can be maintained when transitioning to a longer evaporation
duration. In this manner BECs of (5.73 4 0.24) x 10° condensed particles were created
with less than 2s of evaporative cooling. These results exceed the performance of
most other devices by a large margin and even reach the evaporative flux of atom
chip traps with strong magnetic confinement [102].

Furthermore, tunable interactions were used to enhance a novel all-optical matter-
wave lens based on TAPs. By transitioning into the weak interaction regime ensem-
bles with a 2D expansion energy of (438 & 77) pK were realized. Dedicated theory
simulations allowed to arrive at a thorough and accurate understanding of the
related matter-wave dynamics. Ultimately, these findings resulted in a proposed ex-
perimental sequence, which has the potential to significantly improve the obtained
results by combining a continuous and pulsed DKC. This sequence can only be
realized due to the many different upgrades the experiment has undergone in the
course of this thesis and explicitly takes into account all remaining technical limita-
tions. With expected 3D expansion energies below 20 pK, this work paves the way
to achieve state-of-the-art collimation in common laboratory setups, otherwise only
realizable in long-baseline devices [137] or in micro-gravity environments [104].

3.2 FURTHER ENHANCEMENT OF ATOMIC FLUX

As highlighted by the purple stars in Figure 3.1a, the evaporation duration realized
in this thesis are only matched by a machine-learning optimized device which,
however, features an order of magnitude fewer atoms in the condensate [115]. To the
best of my knowledge, the realized evaporation sequence is thus the world’s fastest
for atom numbers at the order of 10* and above, as required for interferometry
applications. However, when comparing the total atomic flux, as done in Figure 3.1b,
the overall performance of the setup falls short compared to other realizations.

While the all-optical approach avoids a magnetic trap as an intermediate step
and enables loading the ODT and preparing the mr-state within 200 ms, loading
the MOT requires 5s and therefore poses the relevant limitation for the cycle time.
More rapid loading schemes have been demonstrated successfully based on bright
sources. Utilizing a 2D™-MOT configuration [149, 150] already allows to load the
subsequent 3D-MOT within few 100 ms.
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Figure 3.1: Comparison of different atomic source systems for Bose-Einstein condensates.
(a) When only considering the evaporation time, the implemented approach
allows to reach the same flux values as other state-of-the-art solutions, while
significantly reducing the evaporation time. (b) When considering the whole
experimental cycle time, the current setup is limited by its MOT loading duration
of 5s. Implementing already demonstrated 2D"-MOT systems would allow to
improve the performance and reach the values depicted as advanced scenario in
a dedicated sensor setup.



3.3 IMPROVED MATTER-WAVE COLLIMATION FOR MULTIPLE ATOMIC SPECIES

Furthermore, the use of cryogenic buffer-gas sources enables shortening the load-
ing time by another order of magnitude with the lowest values yielding around
10 ms [154]. However, such cryogenic solutions might be inadvisable, at least in the
scope of compact and mobile devices due to their technical complexity. Combining
the methods demonstrated here with a 2D"-MOT source as currently implemented
in the Hannover VLBAI rubidium source would already allow to significantly reduce
the experimental cycle time to below 500 ms. The expected atomic flux for such a
configuration is highlighted by the purple diamonds in Figure 3.1b. All in all, the
methods developed here demonstrate the viability of an all-optical approach for
high-flux source systems, surpassing the capabilities of already existing techniques
in terms of speed or atom number while also enabling one to cool non-magnetic
atomic species.

3.3 IMPROVED MATTER-WAVE COLLIMATION FOR MULTIPLE ATOMIC SPECIES
3.3.1 Limitations and improvements

As analyzed in publication 5 [148], the realized matter-wave collimation sequence
is mainly limited by the achievable trap frequencies and lack of collimation in the
vertical direction. With the change from a single AOM in recycled beam configuration
to independently controllable beams with 2D steering capability based on AODs this
limitation could already be lifted. Improving the achievable CPM stroke from 200 pm
to 1.5 mm reduced the minimal trap frequencies in horizontal direction into the 5
- 30 Hz range, while maintaining a sufficient trap depth during the matter-wave
lens. In this regime the gravitational sag already becomes relevant and prohibits
the use of lower laser beam intensities, which would lead to even shallower traps.
Further improvements could hence be achieved by transitioning into a micro-gravity
environment or creating a linear potential using TAPs to compensate gravity [155].

3.3.2  Application to other atomic species

Besides improving the matter-wave lens itself, its application to other atomic species
is of major interest. While the experiments and related analysis have been performed
for 39K and 87Rb, the proposed and realized DKC schemes can easily be extended to
any other species, as they only rely on the trap geometry. For two atomic species A
and B, their trap frequency ratio is given by

%wi = Z—:wé, (3.1)
where a; denotes the polarizability of their respective trapped states [18]. Further-
more, when applying the matter-wave lens, the reduction in energy relates to the
trap frequency ratio and can be estimated via the Liouville theorem: E;/Ey =
(wi/wo)?. Although this approach neglects the coupling of the different degrees of
freedom and is only valid for the collision-free regime, it allows determining an
upper bound for the achievable energy reduction [156]. Consequently, equation 3.1
allows estimating the minimum energy reduction for all other species based on
the values found for 39K in publication 5 [148]. Here only the continuous matter-
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wave lens of the advanced scenario is considered. By reducing the trap frequencies
from 27 x {152.7, 310.7} Hz to 27t x {28.1, 5.6} Hz in the horizontal directions, an
energy reduction of at least a factor of ~ {3 x 10!, 3 x 10>} seems feasible.

Prime candidates for the application of this collimation scheme are atoms such
as ytterbium and strontium which are highly relevant for tests of the gravitational
redshift [157] and for gravitational wave detection and the search for dark mat-
ter [53], respectively. However, to accurately predict the final expansion energies
a scaling [144, 145] or variational approach [146, 147], including the interaction
dynamics is required. As before such an approach can then also be used to op-
timize the interactions with respect to the applied lens. Although both species
do not possess magnetic FESHBACH resonances to tune the scattering length to an
optimal value, they do feature optical FESHBACH resonances. However, these are
generally accompanied by high losses and only allow minor tuning of the scattering
length [86]. An important exception are resonances associated with the forbidden
inter-combination transition, which circumvent both issues due to the enhanced
lifetime of the associated states. By using these resonances changing the scattering
length by few multiples of its natural background value has been successfully
demonstrated for both species [87, 89]. Even though optical resonances are still
limited in terms of tunability compared to their magnetic counterparts, and their
exact implementation comes with various challenges, especially with respect to
controlling laser intensity and frequency noise, they pose an interesting option to
achieve the same scattering length values as 3°K and ultimately similar energies.
Finally, implementing the present matter-wave collimation schemes in the Hannover
VLBAI facility will be instrumental to perform tests of the UFF using 7°Yb and %Rb
and investigate possible violations at the 10~!3-level and beyond [52].

3.4 TOWARDS BEC INTERFEROMETRY IN ATLAS

Operating the ATLAS apparatus requires its permanent adaptation to the constantly
changing experimental needs. This section provides an overview of the immediate
next steps needed to realize different interferometer geometries based on the
techniques explored in this thesis.

3.4.1 State preparation of |F = 1,mp = 0)

The methods implemented in the scope of this thesis allow the rapid generation
of 39K BECs with high particle numbers. As explained in publication 2 [142] and
publication 3 [143] operating in the vicinity of the broad FEsHBACH resonance at
33.6 G is crucial for the achieved results as it allows dynamic tuning of the scattering
length along the evaporation ramp with great accuracy and especially without the
need for additional coil setups. However, for atom interferometry, using magnetic
insensitive mp = O0-states is desirable to cancel the ZEEMAN effect to the first
order and minimize the associated systematic error. To realize |F = 1, mp = 0) as
interferometry input state, different methods seem feasible. An schematic overview
of the most intuitive ones is provided in Figure 3.2 and their implementation will
be the immediate next step on the device.
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Figure 3.2: Potential state preparation schemes for |F = 1,mr = 0). (a) By using an
RF-ARP, atoms initially prepared in |F =1,mp = —1) can be transferred to
|F =1,mp = 0). (b) Scattering length of |[F =1,mp = —1) and |F = 1, mp = 0)
in the relevant region. A suitable magnetic field range for the transfer shown
in (a) can be found at around 55 G, where both states share the same scattering
length. (c) Alternative preparation schemes in the absence of strong magnetic
fields, only making use of already implemented microwave-ARPs. Since two con-
secutive ARPs are needed, the atoms can either be transferred by a o-7r-sequence
(blue) or by a rt-o-sequence (red).

Ideally, the BEC is transferred from mp = —1 to mr = 0in the |F = 1)-manifold by
an RF-ARP after its creation (Fig. 3.2a). Such a sequence has the advantage that only a
single and relative simple manipulation is needed and similar preparation sequences
have already been demonstrated for the creation of quantum droplets [158, 159].
However, special care must be taken to ensure that no quench is induced during
the transfer by a non-adiabatic change in the scattering length. A suitable magnetic
tield value of around 55G is highlighted in Figure 3.2b, where both mp-states
share the same scattering length. While this field strength is easily accessible after
preparing the condensate, the associated ZEEMAN shift of |F=1,mp=—1) requires
an RF sweep around 40 MHz. The successful coupling of these frequencies to the
atoms is unlikely due to the design of the experiment’s vacuum system. Since the
ATLAS apparatus features a metallic science chamber and its waveguide only has a
diameter of 7 cm, it cannot accommodate the corresponding fundamental magnetic
modes [160]. This can be remedied by implementing a glass cell design, which also
makes it possible to reduce the distance between the antenna and atoms and thus
work in the near field regime, thereby significantly simplifying the antenna design.

Alternatively, the atoms can be transferred to mr = 0 prior to evaporative cooling,
utilizing one of the transfer sequences depicted in Figure 3.2c. These sequences
have the advantage that they only use microwave ARPs as already implemented
for the currently used state preparation sequence explained in publication 2 [142].
Starting from a pure ensemble in |F = 1, mp = —1) the atoms can be transferred to
|F =1,mp = 0) by either a 7-0-sequence:

F=1,mr=-1) 5 |F=2,mr=—-1) L |F=1,mp =0),
or by a o-7t-sequence:
IF=1,mp=-1) 5 |F=2,mp=0) 5 |[F=1,mp =0).

During the implementation of the new magnetic field stabilization, the depicted
transfers have been tested on an individual basis, however the full sequences have
not been realized yet. Using a 0-ARP from |F =1,mp = —1) to |F =2,mp =0)
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have been found to features a higher transfer efficiency compared to the -ARP,
used on the transition from |F = 1,mp = —1) to |F = 2,mp = —1). Likewise, the
transition from |F = 2,mp = 0) to |F = 1, mp = 0) is more robust than the transfer
from |F =2,mp = —1) to |F =1, mp = 0) since it is insensitive to magnetic field
noise to the first order. On the other hand, the lifetime of |F = 2,mp = —1) was
measured to be (1.23 +0.05) s, while for |F = 2, mp = 0) the lifetime was limited to
(114 £ 7) ms due to the states rapid depletion from spin changing collision. This
can potentially affect the overall transfer efficiency since dead-times between the
consecutive ARPs are needed to avoid shifting the magnetic field when coupling
the microwave radiation into the magnetic field sensors. Consequently, choosing
the right sequence to be used in the future experiments is subject to experimental
optimization.

Moreover, the three-body loss coefficient of the first mr = 0 FESHBACH resonance
was experimentally determined to be an order of magnitude larger than for the
resonance previously used with mr = —1 [158, 159]. Therefore, a reduced evapora-
tion efficiency can be expected with overall smaller BECs and a longer evaporation
duration. If evaporation turns out to be too inefficient in future experiments, a
possible alternative would be a mixed sequence where |F = 1, mp = —1) is initially
used to benefit from its favorable properties and |F = 1, mr = 0) is only employed
for the final step to cross the phase transition. Such an approach would only mini-
mally extend the experimental sequence to switch off the magnetic field, change the
mp-state and then switch it back on again, while combining the benefits of a fast
and efficient evaporation with the optimal input state for the atom interferometer.

3.4.2 Interferometry laser system

For the previous interferometry experiments with sub-DorPLER cooled atoms,
the ATLAS apparatus features a dual-species laser system, capable of driving Ra-
MAN transitions [27]. However, especially in the context of guided and squeezing-
enhanced interferometers, both explored in the next sections of this chapter, the
implementation of a dedicated BRAGG laser system becomes imperative. To reduce
maintenance efforts to a minimum, the laser system to be built should provide
capacities for both single BRAGG and also double Braca diffraction. At the same
time, it should completely replace the existing RAMAN setup.

The proposed design is shown in Figure 3.3a and differs for potassium and rubid-
ium only in the choice of laser wavelength. To enable BraGc diffraction (Fig. 3.3b),
a single laser source is split along two paths. The two AOM1 and AOM2 realize
frequency differences in the range of a few kilohertz up to several megahertz by
tuning their driving RF-signals, accordingly. Subsequently, the beams are recom-
bined and the following AOM3 can be used in combination with a programmable
direct digital synthesizer for pulse shaping. A special feature of this setup is the use
of double-pass configurations, which allows to change the frequencies differences
during the interferometry sequence, without loss of intensity. While not relevant
in the context of trapped interferometer schemes (c.f. section 3.5), this feature is
needed for the free-falling Al in order to compensate the occurring DopPPLER-shift.
To realize an interferometer based on RaMAN transitions (Fig. 3.3c), only one of
the two initial light paths will be used since the typical frequency differences are
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Figure 3.3: Combined Bragg and Raman laser system. (a) Proposed setup to combine
capabilities for single BRAGG diffraction, double BRAGG diffraction and RamAN
transitions. AOM1 and AOM2 create the frequency difference necessary for the
BrAGG schemes, while AOM3 is used for pulse shaping. When switching to
RAMAN transitions, only one of the two initial AOMs is used and instead the
frequency difference is created by the depicted electro-optic modulator (EOM).
(b) Two-photon BRAGG transition with a global detuning of A from the interme-
diate state |7), transferring fik.f momentum. (c) Two-photon RAMAN transition
between ground state |¢) and excited state |e) with global detuning A and shift
from the resonance by J.

too large to be realized with AOMs. Here, the additionally implemented EOM will
generate the required frequencies as sidebands and is expected to improve the
robustness compared to the previously used phase-locked external-cavity diode
lasers.

Based on the specific parameters of the ATLAS apparatus, the requirements for
the BRAGG component of such a laser system were determined for 39K as part
of a bachelor’s thesis [161]. Assuming a global detuning of the laser source of
A = 3.5 GHz relative to the 39K D,-line, an upper limit of the required laser power
of 50 mW per BRAGG frequency could be determined. Furthermore, for a maximum
free-fall time of 200 ms the DorPLER detuning was calculated to not exceed 5 MHz.
Currently, a modern frequency-doubled fiber laser with total output power of 1W
at 766.701 nm and superior linewidth below 100 kHz is integrated as a laser source
to realize the setup. Once the system is complete, first results with single BRAGG
diffraction in the free-falling AI are expected.

3.4.3 Dual-species considerations for testing the UFF

As demonstrated in publication 1 [139], tests of the UFF performed in the ATLAS
apparatus are currently limited by wavefront aberrations to the 10~7-level. This
systematic error is primarily caused by the atomic ensembles expanding in the
interferometry beam in conjunction with wavefront errors. As analyzed in Ref. [18],
matter-wave lenses can contribute to a significant improvement by reducing and
matching the expansion speed of both ensembles. The methods for this were
demonstrated in publication 4 [123]. Since the collimation scheme can easily be
applied to thermal ensembles, an improved UFF test becomes feasible, in which 39K
and ¥Rb have temperatures in the nanokelvin range, in contrast to the previously
used ensembles with a few microkelvins.

When transitioning to BECs, a combination of 39K and ¥Rb is not straightfor-
ward, since the magnetic degree of freedom is already needed to control the
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interatomic interactions in 39K and is therefore not available to control interspecies
interactions. However, an important exception exists when both species occupy the
|F =1,mp = —1)-state, which features an interspecies resonance at 117.56 G [162].
Situated between the two broad mr = —1-resonances of 39K at 32.6 G and 162.8G,
it allows controlling interatomic and interspecies interactions at the same time and
tunable dual-species condensates have already been demonstrated [163]. While
in this case both species are susceptible to systematic errors caused by the linear
ZEEMAN shift, a microwave state transfer to mr = 0, as discussed before, can cir-
cumvent this issue once the ensembles have expanded sufficiently and entered the
ballistic regime prior to performing the interferometer sequence. This scheme only
requires methods that have already been implemented in ATLAS within the scope of
this thesis and thus constitutes a direct route to a two-species test of the UFF with
ultracold atoms at the 10~°-level [160] and below.

Alternatively, using mixtures of Rb with 4K instead of 39K resolves this issue
as well, since 4K features a positive background scattering length and the 4 K-7Rb
values have been determined in a favorable range to ensure the stability of a mixed
condensate [164]. Detailed studies of its mixing behavior have already been carried
out [165-168] and combining these two species with a high performing matter-wave
lens is fundamental to proposed high precision experiments [126, 169]. Although the
energy level structure of 4'K would the use of the current 39K laser system of ATLAS
with marginal adjustments, the low abundance of 4'K represents a major limitation
for high-flux source systems. A 4K MOT has already been demonstrated, but the
individual experimental steps towards a BEC would require a complete restructuring
of the experimental sequence, including the introduction of sympathetic cooling
techniques. Accordingly, the approach with a mixture of 39K-87Rb under the aid of
FESHBACH resonances seems to be more promising for the near future.

3.5 GUIDED ATOM INTERFEROMETRY

As analyzed thoroughly in the scope of publication 3 [143] and publication 4 [123],
the presented methods allow enhancing free-fall interferometry by enabling dead-
time free measurements and extended pulse separation times without loss of
contrast. Beyond free-falling geometries, TAPs combined with tunable interactions
fully unleash their potential when transitioning to guided interferometers in which
the atomic ensemble remains trapped during the whole sequence. While free-falling
geometries will remain state-of-the-art for precision measurements in fundamental
physics [52, 53, 126, 127, 170], guided interferometers are of particular interest for
inertial sensing in the scope of navigation applications [171]: The phase resolution
of terrestrial free-fall Als scales with the length of the apparatus. Therefore, excel-
lent control of external perturbations over large length scales is needed, which is
unfavorable for applications in dynamic environments or when the available space
is limited in general. Likewise, measuring accelerations and rotations along more
than one axis requires significant effort and developing suitable interferometer
geometries and readout schemes remains an active area of research [23, 111, 112,
173]. In contrast, guided geometries allow for long pulse separation times in a
compact device. Furthermore, they enable measurements with spatial resolutions in
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Figure 3.4: Different realizations of beam splitters in a guided geometry. (a) Working
principle of a guided atom interferometer based on a double-well potential com-
pared to a MACH-ZEHNDER interferometer. Here, beam splitter and recombiner
are realized through a tunneling process ], which can be controlled by altering
the potential barrier height and width. The leading order phase shift A¢ between
the wells is induced by the relative potential difference AU between them and
the time T the atoms are exposed to it. (b) Alternative splitting process, based
on raising a potential barrier underneath the BEC. Coherence can be shown by
observing spatial fringes when removing the trap at the right time during com
oscillations in the separate wells. (c) Momentum induced tunneling process.
A Braca-pulse increases the kinetic energy of the BEC, while co-moving the
trapping potential. This method also allows the tunneling of wide potential
barriers. Figure (b) and (c) are taken from Ref. [172].

the micrometer range, as demonstrated in the scope of a trapped MACH-ZEHNDER
interferometer on an atom chip [174].

To realize smooth guiding potentials, most demonstrations are utilizing either
magnetic waveguides [175, 176] or ring traps [177-179]. As before, to couple to
these traps the atoms must be sufficiently susceptible to magnetic force, which also
leads to strong coupling to stray magnetic fields via the linear ZEEMAN effect. In
free-falling interferometers this issue is mitigated by preparing the mr = O-state
after release from the magnetic trap. However, since guided geometries requires
the permanent presence of the confining potentials this issue can not be avoided
when choosing magnetic guides. Moreover, all of these realizations have in common
that they use a comparably low atom number at the order of few 103 particles,
since interaction induced de-phasing [180] poses a significant problem for the high
densities associated with trapped ensembles [181, 182]. On the other hand, using
an optical guide allows utilizing magnetically insensitive states. Additionally, they
enable using magnetic FESHBACH resonances to tune the interactions close to zero,
which has already been shown to be a viable solution to avoid density limitations
in an optical lattice interferometer [183, 184]. Compared to these other realizations,
an implementation based on TAPs would allow for several unique advantages: As a
first step a hybrid approach with BRAGG pulses can easily be implemented. In this
scenario one of the trapping beams serves as the waveguide. By superimposing the
necessary BRAGG light-fields, acceleration measurements along the waveguide-axis
are enabled. Furthermore, the TAP can be used to move the waveguide, thereby
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enclosing an area and allowing to measure rotation rates. In both configurations,
tunable interactions would be used to enhance atom number and interrogation
time. Similar experiments have already been carried out in the group of MaLcoLm
BosHier and a phase sensitivity to rotations was demonstrated [185, 186].

Extending beyond previous works the second trapping beam can additionally
be re-shaped to form a double-well potential as shown in Figure 3.4a. With such a
configuration, various beam splitting processes can be realized and are expected
to enable light-pulse free ensemble splitting and recombination. In particular, the
Quantum TransPORT (QPORT) experiment already investigated a saddle point
beam splitter and tunneling processes with and without additional momentum
transfer, using Rb in an experimental configuration similar to what has been
implemented in the ATLAS apparatus [172]: For the saddle point beam splitter
(Fig. 3.4b) a potential barrier is raised directly underneath the BEC occupying a
single well. This method was able to demonstrate coherent splitting for distances
up to 40 pm, but is not suitable for recombination processes due to its irreversibility.
Alternatively, controlled tunneling has already been shown to be suitable for both
splitting and recombination in a magnetic trap [187] and has also been demonstrated
in optical guides [188]. For this method the BEC is initially confined in a single
well. By moving a second well close to the first one, tunneling processes can be
initiated by appropriately shaping the height and width of the remaining potential
barrier between the two minima. To date, however, no coherent tunneling has been
observed in the QPORT apparatus as its comparably large beam waists of 80 pm
restrict the minimum achievable barrier width. This limitation has been overcome
by introducing an additional BRaGG-pulse, which accelerates the BEC towards the
potential barrier (Fig. 3.4¢c). Although the resulting kinetic energy does not exceed
the potential height, it is sufficient to allow tunneling processes through wider
barriers and coherence for this process was demonstrated for up to four center-
of-mass (COM) oscillations in the wells. As before, however, this sequence is also
not suitable for a recombiner in the context of an interferometry sequence. To
successfully implement direct tunneling in the JosEPHSON-regime, recent proposals
require beam waists at the order of 20 pm [189]. While realizing such beam waists
is challenging when using large metallic chambers which increase the distance
between focusing lens and atomic ensemble, transitioning into the interaction free
RaBrI-regime offers an alternative route to prevent de-phasing and enhance the
transmission coefficients [190]. Consequently, with beam waists at the order of
30 um and the capabilities to tune the scattering length, the ATLAS apparatus is in
a promising position to demonstrate coherent splitters and recombiners based on
direct tunneling.

When additionally moving the individual wells apart and optionally also the
waveguide, suitable space-time areas for interferometry can be enclosed. While
different aspects of this proposed sequence have been investigated theoretically in
optical tweezers [189, 191] or to extend the separation of two interferometer arms
using accelerated optical traps [192], such a sequence has not yet been realized in
an experiment. The interferometer schemes for measuring accelerations along the
waveguide and rotations perpendicular to it with a light-pulse free sequence are
shown in Figure 3.5 and Figure 3.6, respectively.
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Figure 3.5: Simplified sequence to perform an acceleration measurement along the z-

direction with a fully guided interferometer. (a) Atoms are trapped with the
waveguide pointing along the measurement direction. Confinement is provided
by a second perpendicular beam, which allows to create TAPs with an AOD.
(b) Creation of a double-well potential via the AOD and 50:50 beam splitting
through controlled tunneling. (c) By moving the wells apart, the ensembles
are separated by Az, and the potential energy due to gravitation is altered. (d)
Recombination with another beam splitter through tunneling after moving the
wells back together and read-out of the occupation number of the individual
wells. (e) Space-time diagram of the interferometer sequence.
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Figure 3.6: Simplified measurement sequence for rotations around the z-direction with

a fully guided configuration. (a) Similar to the sequence shown in Figure 3.5
atoms are confined in a waveguide, with the perpendicular beam providing
the TAP capabilities. Here the measurement axis of interest is perpendicular to
the direction of both beams. (b) Atoms are split through the same tunneling
processes as before, realizing a 50:50 beam splitter by controlling the barrier
width and height of the double-well potential. (c) Spatial separation of both
ensembles in y-direction by moving the wells apart and subsequent translation
in x-direction, moving the waveguide with velocity v, thereby enclosing an area
A (d) Closing the interferometer by moving the wells back together, realizing
another tunneling beam splitter and read-out of the occupation numbers of both
wells. (e) Spatial diagram of the interferometer sequence.
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For the proposed geometries, one can show that the leading order phase term for
measuring an acceleration 4 is given by

Ap = %TAZ- . (3.2)

Likewise, for a gyroscope configuration the leading order phase shift for rotations
with rotation-rate () perpendicular to the enclosed area with surface vector A
becomes: —

Ap= A (3:3)

When considering the exact implementation, shifts of the waveguide and a separa-
tion of the double wells by several millimeters are possible in the ATLAS apparatus.
For an interferometer time of T = 10 ms with a total atom number of N = 1 x 10°,
a conservative spatial separation of Az = 1 mm would already allow for a quantum
projection noise limited single shot sensitivity of 0,cc = 5 x 1077 m/s?. For the
same parameters, the quantum projection noise limited single shot sensitivity for
rotations becomes 0yt = 5 x 10~®rad/s when translating the waveguide by the
same distance, enclosing an area of A = 1 mm.

In Ref. [7] the requirements for using atom interferometers in conjunction with
classical inertial measurement units (IMUs) for the most demanding navigation
applications are outlined. Already the simple measurement schemes depicted here
are sufficient to comply with the required accuracy for acceleration measurements
of below 1 x 107°m/s?/+/Hz with a cycle time of 1s. Consequently, such an Al
could serve as a stable long time reference for classical IMUs, thereby limiting the
navigation error to less than 5m after 1h. For a gyroscope application, the same
error requires an accuracy below 1 x 1077 rad/s/+/Hz, an order of magnitude
below of what can be achieved with the sequence presented in Figure 3.6.

Besides extending the enclosed area A, interaction induced non-classical input
states pose another viable option to further increase the sensitivity to meet the
requirements [174]. The next and final section explores potential geometries and
methods to implement such states in an AL

36 SQUEEZING-ENHANCED INTERFEROMETRY

Ultimately, TAPs and tunable interactions will enable squeezing-enhanced interfer-
ometry in the waveguide and in free-fall. As discussed in the introduction, the
theoretical sensitivity of Als is bound by numerous factors and can be improved by
increasing atom number, momentum transfer or pulse separation time, among oth-
ers. While in laboratory realizations various noise sources, e.g. detection noise, have
to be additionally considered, state-of-the-art devices allow to strongly suppress
these contributions leaving quantum noise as the main limiting factor. Different
experimental realizations have been shown to reach the fundamental SOL in phase
uncertainty, resulting in a sensitivity scaling proportional to 1/+/N for a measure-
ment of N uncorrelated atoms [34, 194, 195]. In theory engineering squeezed input
states allow to lift this limitations and to approach the Heisenberg limit, scaling as
1/ N for correlated states [196]. Especially, when the atomic flux cannot be further
improved such schemes will become relevant.



36 SQUEEZING-ENHANCED INTERFEROMETRY

DKS (a) Entanglement generation (b) Interferometry (c) Nonlinear readout
z BS1 M M BS2 BS2 M BS3 BS3 M M BS4

Figure 3.7: A Delta-Kick squeezing-enhanced atom interferometry scheme. (a) Entangle-
ment is created by a focusing Delta-Kick and the subsequent overlapping of
the two ensembles at high density. (b) Before the interferometer sequence, the
clouds are allowed to expand to realize interaction free ensembles, again. (c)
After closing the interferometer, an nonlinear readout scheme can be optionally
employed, to further increase the sensitivity by a sequence similar to the initial
entanglement generation. Reprinted figure with permission from [Corgier et
al., Phys. Rev. Lett. 127, 183401, 2021] [193]. Copyright 2021 by the American
Physical Society.

However, their exact implementation and the overall compatibility with the
strict requirements that Als impose on potential measurement schemes remains an
open research question [197]. So far, experimental realizations are mainly limited to
proof-of-principle experiments [54]. Most prominently, squeezing internal degrees of
freedom has enhanced magnetometers [198] and atomic clocks [199]. In contrast, Als
require the entanglement of external momentum or spatial modes, addressable with
RAMAN or BRAGG transitions. Recently, a first experiment successfully transferred
squeezing of the spin degree of freedom of a BEC to external momentum modes
by individually addressing the different spin states via RAMAN and microwave-
transitions [94]. This particular scheme has now been implemented into a free-fall
Al and allowed to obtained results with sub-SOL sensitivity [200]. Alternatively,
entanglement can be created through cavity-mediated spin-interactions and an
enhanced interferometer has already been demonstrated [201]. Current proposals
now make explicit use of the unique features of trapped geometries [202] or matter-
wave lenses in free fall [193]. In both proposals interactions are not suppressed
during state preparation, but rather used to create entanglement through one-axis
twisting dynamics [203] at high densities.

The sequence of the free-fall interferometer is depicted in Figure 3.7. Here, squeez-
ing is introduced in a MACH-ZEHNDER like geometry. After creating a superposition
of excited and ground state through a beam splitter, a Delta-Kick pulse allows
focusing the ensemble. By choosing the appropriate timing in conjunction with
a mirror pulse, both trajectories overlap at highest density, creating interaction
induced entanglement. Additional mirror and beam splitter pulses allow to prepare
the starting point of the MACH-ZEHNDER interferometer, such that both clouds
have expanded sufficiently to guarantee non-interacting ensembles. Optionally, the
read-out can be optimized with a sequence similar to the entanglement generation
stage to enhance the sensitivity. While this experimental sequence does not require
any tunable interactions, the integrated 2D-AODs enable a straight forward imple-
mentation of the entangled linear MACH-ZEHNDER interferometer (Fig. 3.7a/b) in
ATLAS. In particular, co-moving the ODT beams over macroscopic distances of a few
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Figure 3.8: A squeezing-enhance trapped interferometer scheme. (a) A trapped BEC is
split into symmetric momentum modes along gravity via a 71/2-BrRAGG pulses,
inducing COM oscillations in the confining potential. Within a free evolution
time, both wave-packets are passing each other multiple times, introducing
entanglement via interatomic interactions. The actual interferometer sequence
consists of two more 7t/2-pulses. In between trap frequency along gravity are
lowered, causing the wavepackets to experience an additional acceleration. (b)
Both interferometer pulses are prolonged by the additional pulses & and B to
maximize the sensitivity. Readout is performed by counting the atom number
in both ports when the ensembles are maximally separated. Reprinted figure
with permission from [Corgier et al., Phys. Rev. A 103, Lo61301, 2021] [202].
Copyright 2021 by the American Physical Society.

millimeters allow for an easy implementation of the initial Delta-Kick pulse, while
the new interferometry laser system will be used to realize splitting, mirroring and
recombination pulses.

However, to use all implemented capabilities of the ATLAS apparatus, the fully
trapped sequence is of larger interest [202]. While conceptually similar to the free
falling case, state preparation and interferometer sequence rely on COM oscillations
in the trap. Due to the permanent confinement of both wavepackets special care
has to be taken of interactions, which cannot be avoided due to the high densities.
The proposed sequence is shown in Figure 3.8. Initially, a trapped BEC is split into
symmetric momentum modes along gravity via a 71/2-BRAGG pulse. Due to the
restoring force of the trap, COM oscillations are induced, causing the wavepackets to
cross each other multiple times during an initial evolution time, thereby introducing
entanglement via interatomic interactions. The actual interferometer sequence then
consists of two more 71/2-pulses, while reducing trap frequency along gravity
in between causing the wavepackets to experience an additional acceleration. To
maximize the sensitivity both interferometer pulses are prolonged by the additional
pulses « and B to rotate the state on the BLocH sphere. Readout is performed
by counting the atom number in both ports when the ensembles are maximally
separated, another half oscillation period after closing the interferometer.

For this scheme, TAPs are perfectly suited to realize the required change in trap
frequencies in the direction of gravity, applying the same sequences that have
already been used for the matter-wave collimation in publication 4 [123] and
publication 5 [148]. Importantly, the rotation pulses x and B are needed to account
for phase fluctuations, created by interactions during the interferometer. Here,
tunable interactions could serve as an additional method to enhance squeezing
during state preparation and subsequently realize a more robust sequence.



3.7 CONCLUSION

3.7 CONCLUSION

The methods developed in this thesis lead towards exciting future work in the field
of atom interferometry and tests of fundamental physics. In the realm of light-pulse
interferometry with free-falling ensembles, they make a decisive contribution to new
and improved tests of the UFF. An immediate implementation for both species in the
ATLAS apparatus will lead to tests at the 10~?-level and below, which will set a new
record for the use of two different atomic species. The experience gained during this
measurement campaign will subsequently be invaluable to perform experiments
in the Hannover VLBAI facility. There, testing the 10~'3-level and beyond will push
the boundaries of our understanding of gravity and pave the way for possible
revisions of our current theories about the universe. Furthermore, the implemented
methods mark a pioneering step towards the development of compact quantum
sensors that have the potential for far-reaching applications. With the proposed
guided interferometry schemes it will be possible to complement classical inertial
measurement units in the near future. In particular, such sensors hold the promise
of revolutionizing navigation applications, offering unprecedented accuracy and
reliability in a compact and portable form factor. Ultimately, the study of squeezed
atom interferometers will challenges the limits of technological feasibility while con-
necting to the most fundamental questions of quantum mechanics, thereby opening
the door to enhanced precision measurements and novel quantum technologies.
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