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Abstract

Diffraction gratings have simplified the optical implementation of magneto-optical traps (MOTs)
to require only a single input beam, however reaching high atom number and fast loading has
proven to be a challenge. We equipped an atom chip with a grating surface and paired it with a
velocity-tunable 2D*-MOT as an atomic source to facilitate efficient loading together with
magnetic trapping. Using uniform grating illumination, we magneto-optically trap

1.0(1) x 10°atoms within one second, cool them to 14.1(3) 1K, and transfer a quarter of them into
the magnetic chip trap. This is a key step towards simple portable quantum sensors employing
(ultra-)cold atoms.

1. Introduction

Matter wave interferometry using (ultra-)cold atoms is useful for a wide range of applications ranging from
tests of fundamental physics [1-5] to atomtronics [6, 7], searches for dark matter [8—12], Earth observation
[13-19] and navigation [19-21]. Measurements employ atom-light interactions to precisely measure time
and inertial forces such as acceleration and rotation using both compact [22-27] and larger devices [28-36].
Unlike their classical counterparts, quantum sensors link their measurement outcome to atomic properties
and thus promise to provide an intrinsic comparability between different devices as well as long-term
stability. This led to the development of mobile quantum gravimeters [15, 32, 33, 36—40] that can be
operated at remote measurement sites [15, 41] where deployment complexity plays an increased role.

However, systematic effects will always affect the measurement and the ultimate accuracy is typically
limited by the knowledge of conditions such as the initial kinematics of the atomic cloud, its expansion
behavior and external influences [5, 33]. Achieving low temperatures and stable starting conditions of the
atomic cloud is therefore a high priority in these precision measurements.

Cold atomic clouds are commonly prepared from a background gas using magneto-optical traps (MOTs
[42]) and various methods of laser cooling. Ideally, the spatial and velocity distributions of the atoms in the
cloud are narrow and reproducible upon release. Using Bose—Einstein condensates (BECs) as atomic sources
is thus at the heart of many proposed atom interferometry missions using long evolution times [19, 43]. An
important step towards simplified and robust cooling to quantum degeneracy was the invention of atom
chips and magnetic micro traps [44]. Once the atoms are captured in a MOT, atom chips allow one to
magnetically trap them with low electrical power and transfer them into a high-frequency trap where swift
evaporative cooling to the phase transition is performed. The transfer is typically applied via an intermediate
large-volume magnetic trap to capture more atoms. Overall, these methods have demonstrated a mobile
high-flux BEC source [45] but still require a fairly complex optical setup which can hamper transportable
deployment of the quantum sensors in-field.

© 2025 The Author(s). Published by IOP Publishing Ltd on behalf of the Institute of Physics and Deutsche Physikalische Gesellschaft
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Figure 1. (a) Sectional view of the experimental setup. An atomic beam is generated in the 2D -MOT vacuum chamber and sent
through a differential pumping stage to the chip chamber where the atoms are trapped in a GMOT using a tophat beam. (b)
Schematic view of the multi-layer atom chip topped by a 3-zone optical diffraction grating. Planar wire structures generate the
magnetic field for the MOT (green wire loop) and the magnetic chip trap (golden atom chip Z-wire and blue H-wires) together
with an external magnetic bias field B; and B, respectively. Gravity is the g direction, indicated with the coordinate axes.

In recent years, pyramidal MOTs (both regular [46—49] and tetrahedral [50-52]) as well as grating MOTs
[53-59] have simplified the optical implementation of 2D and 3D-MOTs. All light fields are derived from
diffraction or reflection from a single input beam, intrinsically providing stable relative intensities with low
setup complexity. While regular pyramidal MOTs require bulky in-vacuum reflectors, gratings deflect the
beam from a planar surface preserving the optical access. However, these systems are known to suffer from
inefficient radial damping, and thereby loading, when spatially non-uniform input beam illumination is
used [60-62].

By using an atom chip with a diffraction grating surface we combine the advantages of both approaches.
While the grating generates the light beams from a single input beam, the atom chip complements the
assembly with fields for magnetic trapping. We use a ‘tophat’ beam with spatially uniform intensity for
grating illumination and load from a differentially-pumped separate 2D"-MOT [63, 64], rather than from
background pressure in a single chamber [55]. With this novel combination, we set a new state-of-the-art
atom number of 1.0(1) x 10° atoms in 1s (initial MOT filling of 1.8 x 10 atomss™') for grating MOTs and
transfer 2.4(1) x 10® atoms into a large-volume magnetic trap on the chip.

2. Experimental setup

We now describe our experimental setup as depicted in figure 1. Our general-purpose atom chip testing
setup comprises a double-MOT system [40, 45, 62] with a 2D — MOT [63, 64] separating the source- and
atom chip chamber at different pressures. The atomic source delivers a cold atomic beam of 8’ Rb with a
tunable mean forward velocity v| which depends on the light detuning as well as the power and power ratio
of the pushing and retarding beams. Here, the total outgoing flux is 5 x 10°atomss~! over all velocity classes
with v, = 20ms~! and a FWHM velocity spread of Av; = 12ms~!. The atomic beam is guided through the
1.5mm diameter aperture of a differential pumping stage to reach the main chamber at an average height
2.7mm above the grating surface where it is captured in a grating MOT (GMOT).

The grating atom chip assembly (figure 1(b)) is an adaption of our previous chip assemblies [40, 65]
where the mirror-coated chip layer generating the high-frequency magnetic traps was replaced by a simple
nano-structured chip without electrical wires. This allows us to study the most critical part of the process,
which is the transfer from the GMOT into the large-volume magnetic chip trap, but sacrifices the ability to
generate high-frequency magnetic traps required for efficient evaporative cooling. It consists of four main
layers: The 550 pum thick top layer carries a nanostructured surface that creates all required light beams from
the single incoming beam. It is followed by a 10 um high and 500 ym wide Z-wire on the atom chip, H-wires
which assist in magnetic trapping, and a planar wire loop to generate the magnetic quadrupole field for the
MOT.

The nanostructure is a set of three binary diffraction gratings arranged in an equilateral triangle, detailed
in [55, 66—68]. It is manufactured on a single Silicon wafer with a total grating area of 20mm x 20mm and is
glued with an electrically isolating epoxy (Epotek H77) on top of the Z-wire layer of the atom chip. The
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Figure 2. Adaptation sequence of magnetic and light fields for the sub-Doppler cooling phase. Linear ramps are depicted using
arrows to the target value.

binary gratings are made with a period of d = 1080 nm in order to diffract light with A = 780nm at an angle
of 46° with respect to the surface normal, and an etch depth of A/4 = 195nm to suppress back reflection.
The wafer is coated with a 100nm thick layer of aluminum for an ideal effective power reflectivity of 33% in
the first diffraction order [53]. The measured Oth order power reflectivity is 2%.

Each grating section diffracts light equally into its respective +=1st orders resulting in a total of 6
diffracted beams (figure 1(b)). While only the three inside diffraction orders are used for MOT with the
incoming light beam, one of the outside diffracted beams partly counterpropagates with the atomic beam
before it enters the central trapping area where the light forces are balanced. Crucially, this modifies the
capture behavior as the atomic beam is further slowed before it is captured in the GMOT [62].

Instead of the typical Gaussian-shaped intensity profile, we use a ‘tophat’ intensity profile to evenly
illuminate the nanostructure. Our custom-built beam shaper [62] utilizes two perpendicular Powell lenses to
successively turn a circularly-polarized and collimated Gaussian beam into a ‘tophat’ beam featuring a
25mm x 20 mm rectangular area. The central plateau of 20mm x 20 mm fully illuminates the grating area
and contains about 77% of the optical power with an average intensity fluctuation of 25% [62]. With this
homogeneous illumination we estimate the volume of balanced laser cooling at 0.35cm®.

The magnetic quadrupole field of the chip MOT is generated by the planar wire loop beneath the grating
(figure 1(b)) in combination with an external homogeneous bias field B,. With this method we can generate
the GMOT 5mm above the grating surface featuring axial gradients of B/ = 30Gcm ™" (300 me_l) using
only moderate currents I, < 9.5A in the wire loop. Finally, magnetic trapping is realized with the Z-shaped
atom chip structure and wires in H-configuration together with a magnetic bias field B, to form a
Ioffe—Pritchard-type magnetic chip trap [44].

3. Methods and experimental results

The following section describes the experimental parameters, methods and results. We use three
offset-locked and amplified external cavity diode lasers (ECDLs) stabilized to the 5%S, /2= 52P; /2 D2 line in
87Rb to drive cooling (|F = 2) — |F’ = 3)) and repumping (|F = 1) — |F’ = 2)) transitions. Cooling laser
powers of 450mW (120 mW) and red-detunings of §,p =24 MHz =~ 41" (§3p = 14 MHz = 2.3T") are used
for the 2D — MOT (GMOT), where I' ~ 6 MHz is the natural linewidth of the transition. Acousto-optical
modulators are used for dynamic attenuation and fast switching of the light.

Loading from the well-tailored atomic source, we regularly gather 1.0(1) x 10 atoms within 1s, using a
magnetic gradient B/ = 26.8 Gcm™'. The magnetic field is generated by a current in the planar wire loop of
I, = 8 A in conjunction with an external perpendicular magnetic bias field of 25.5G. The GMOT atom
number typically fluctuates within 1% between experimental cycles but may drift by £10% over 24 h of
continuous operation (about 21 500 repetitions).

The temperature of the atomic cloud in the GMOT is about T'= 1 mK. Subsequent sub-Doppler cooling
requires precise zeroing of the magnetic field [56, 69]. However, abruptly switching off the magnetic field of
the wire loop induces eddy currents in the copper mount of the chip. Hence, we adopted a sequence
(figure 2) where we operate the MOT at a lower magnetic field gradient of B/ = 17Gcm ™! and a detuning of
83p = —1.5T gathering 6.0 x 10% atoms. We then ramp down the magnetic field gradient while increasing
the light detuning before switching off the chip current completely. During the subsequent sub-Doppler
cooling phase we null the total magnetic field and increase the light detuning linearly while decreasing the
intensity over a duration of 4 ms.
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Figure 3. (a) Temperature determination of the atomic ensemble. After sub-Doppler cooling the ensemble is released into free
fall, where its expansion is recorded by means of absorption imaging. Exemplary absorption images of the atomic density 7, , are
shown in (b) and (c) for t = 5ms and t = 35ms respectively. We determine the size s, and s, with a fit of the integrated density
distribution 1, and n, (given in 10! m~!) along the respective other direction. We model the cloud shape in the y-direction by a
double-Gaussian fit with fixed relative amplitudes and spacing for all times of flight. By plotting the square of the size versus the
square of the time we determine the temperature by a linear fit following equation (3), which yields an average temperature of

T = 14.1(3) pK. The average atom number is N = 4.7(3) x 108. Error bars indicate fit errors.

We analyze the resulting velocity spread of the atomic ensemble through time-of-flight measurements
using absorption imaging (see figure 3). It is evident that the initial spatial distribution of the cloud is not
Gaussian along the y direction parallel to the grating surface but spatially extended (figure 3 (b)). Atomic
clouds with significantly less atoms (N < 1 x 10%) appear Gaussian. We attribute this behavior to the densely
filled MOT volume in the presence of reradiation pressure which spatially redistributes the atoms towards
constant density due to inhomogeneous light forces [60, 70]. Fitting a single Gaussian to the shape of the
cloud would greatly overestimate the initial size and thus underestimate the temperature. We therefore
model the density distribution of the cloud with two overlaid Gaussians

a (x—x0 — Ax/2)’ (x—x0 + Ax/2)’
f) = = | ep |- | T e | -

(1)
with identical standard deviation o, where xj is the center of the cloud, Ax is the (fixed) separation between
the Gaussians, and 7 is the (fixed) amplitude ratio. The generalized variance of the cloud is then calculated as

where (x") = [ x"f(x) dx is the nth moment of f (x). For all times of flight 7 and Ax are fixed based on the
values from the first fit. This approach resembles the overall cloud shape very well and allows a meaningful
determination of the variation of the cloud’s spatial standard deviation (size s) with time. We verified this
method by analyzing the second moment of the spatial distributions from the row/column-integrated
densities 1, and 7, of the image but found that first fitting the distribution is more reliable as parts of the
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Table 1. Comparison of dual-chamber cold atom sources from the literature where the second chamber features a grating MOT in
contrast to a mobile high-flux BEC source [45] for reference. The MOT atom number is Nyor( x 108 atoms), the MOT initial loading
rate is pmor(x 102 atomss™!), the molasses temperature is Tpo1 (#K), magnetic trap loading efficiency from the MOT is Nmag and the
flux of Bose-condensed atoms is ¢pec (X 10> atoms s ') with an extrapolated future performance (1) based on [45] using the methods
of this work. A wider source overview can be found in [49].

Source type 3D-MOT Year Species Nmor @MOT Tmol Mmag  @BEC References
2DT-GMOT GMOT 2017 ¥Rb 25 08 — —  — [57]
Zeeman Slower GMOT 2019 "Li 001 002 — — — [75]
2D-MOT GMOT 2024 ¥Rb 2 0.7 35 >10% 5 [76]
2DT-MOT GMOT 2024 ¥Rb 10 18 14 24% 50-100" This work

Reference performance:
2DT-MOT Mirror 2015 ¥Rb 10 20 20 20% 100 [45]

cloud may get cut from the field of view for longer times of flight. The fits in the perpendicular direction use
a single Gaussian, as there is negligible change if the double-Gaussian method is used.
The size evolution of the cloud follows the usual ballistic expansion curve

s () =st+ 521 (3)
where s is the initial size, t is the time of flight and 52 = I"‘;T contains the temperature T of the atomic
ensemble with mass # and Boltzmann constant k. We find slightly different cloud expansion rates of
S,y = 38.3mm s~!'ands,, =33.2mms™! that correspond to an average temperature of T = %Ty + %
T, = 14.1(3) uK [60] with a mean atom number N = 4.7(3) x 108, This corresponds to a phase space density
PSD = ngA® = 1.9(1) X 107° where g = N/((27)*/? s} ,50.) is the peak atomic density for a 3D Gaussian
with radial and axial widths s, and s ., and A is the thermal de Broglie wavelength. We note that the cooling
performance is limited by atom number as significantly less atoms N a2 1 x 10 yield lower temperatures
around T =~ 5 uK, which closely follows the expected T oc N'/? scaling of sub-Doppler temperature with
atom number [71-74].

After sub-Doppler cooling we prepare the internal atomic state by applying optical pumping on the
|F=2) — |F' =2) transition. Using circularly polarized light and driving o transitions, atoms
accumulate into the magnetically trappable |F = 2,mp = 2) state. Afterwards, we form a Ioffe—Pritchard type
magnetic trap on the chip operating with Iy = 10 A in the H-wires and I; = 5A in the atom chip Z-wire in
combination with external fields B, and B,. Depending on the applied field, we can modify the position and
properties of the trap in terms of trap depth, trap frequency and trap bottom field.

Optimizing the field for maximum atom number, we transfer up to Ny; = 2.4(1) x 10% atoms at
T=111.1(6) uK and a PSD of 1.1(1) x 10~ into a trap with calculated frequencies (v, v, ,v/)
=(10.6,103.4,105.6) Hz. Compared to the molasses-cooled ensemble, the PSD is diminished due to the
mode mismatch between the size of the cloud and the magnetic trap [45]. In contrast, optimizing for PSD,
we reach 2.1(1) x 107% at Nyy = 4.2(2) x 107 and T = 18.8(2) uK for a shallower trap with calculated
frequencies (vy, vy ,v,) = (9.3,18.7,27.5) Hz, because this trap has better mode-matching to the width of
the cloud.

Efficient evaporative cooling was not possible in this setup as the device did not feature sufficient trap
frequencies in comparison to the trap lifetime of 7 = 1s to 4.4s, depending on the specific trap. These were
limited by background gas collisions which is typical for atom chip systems due to the increased local
outgassing of the wire-heated surface. The achievable trap frequencies were constrained by the distance of
the atoms to the wire which was obstructed by the 550 um thick grating chip layer with the additional
requirement of maintaining a non-zero trap bottom field. This is due to the fact that, compared to similar
setups [40, 45, 65], the layer which generates the high-frequency magnetic traps was replaced by a plain
tri-grating without wires in order to prove the basic concept. Indeed, until the final magnetic trap
compression and evaporation, the performance of our grating-based cold atom source is remarkably similar
to [45], and compares very favorably to other grating-based sources as seen in table 1.

4, Conclusion and discussion

In conclusion, we combined a grating MOT with an atom chip loaded from a 2D*-MOT, achieving a high
flux of cold atoms—trapping 1.0(1) x 10° atoms in 1s. To the best of our knowledge, this is the highest atom
number and flux reported in a grating MOT so far (cf table 1), aided by balanced ‘tophat’ grating
illumination which was also instrumental in efficient sub-Doppler cooling of 4.7(3) x 10® atoms to
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14.1(3) uK. Transferral of 2.4(1) x 10® atoms into a large-volume magnetic chip trap was possible, however
efficient evaporative cooling requires larger trap frequencies necessitating additional wires of smaller cross
sections in close vicinity to the atoms.

As a next step, we will therefore replace the atom chip with an advanced version where evaporative
cooling to the BEC can be applied. This can be achieved by either implementing the wires directly from the
top with negligible wire width or by thinning out the thickness of the grating substrate sufficiently [76].
Indeed, in a related grating-based setup quantum degeneracy was recently reached with 5 times less MOT
atoms loaded in triple the time [76]. This proves the general concept and projects a simplified transportable
single-beam high-flux BEC source. With additional eddy current mitigation strategies, such as a ceramic chip
holder or more sophisticated slit placement, we estimate a BEC performance similar to the current state of
the art while keeping the system less complex using our methods.

These developments will be instrumental for the realization of miniaturized transportable BEC-based
quantum sensors such as gyroscopes, tilt meters or gravimeters. With dedicated setups tailored to the
requirements of the GMOT, the volume of the apparatus would drastically shrink. Furthermore, gratings and
atom chips are both made using lithographic manufacturing techniques, making their combination into a
single-substrate multi-layer chip feasible. Additional integration of photonic integrated circuits [77] and
control electronics would then allow all required components for quantum sensing to be assembled into a
single device with scalable manufacturing. These could be used to span networks of quantum sensors and
enable future missions on ground and in space [78-80].

Data availability statement

The data that support the findings of this study are openly available at the following URL/DOI:
10.25835/C9XRYJHW [81].
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