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Abstract

Trapping of single ultracold atoms is an important tool for applications ranging from quantum
computation and communication to sensing. However, most experimental setups, while very
precise and versatile, can only be operated in specialized laboratory environments due to their
large size, complexity and high cost. Here, we introduce a new trapping concept for ultracold
atoms in optical tweezers based on micrometer-scale lenses that are 3D printed onto the tip of
standard optical fibers. The unique properties of these lenses make them suitable for both trapping
individual atoms and capturing their fluorescence with high efficiency. In an exploratory
experiment, we have established the vacuum compatibility and robustness of the structures, and
successfully formed a magneto-optical trap for ultracold atoms in their immediate vicinity. This
makes them promising components for portable atomic quantum devices.

1. Introduction

Starting from the early landmark work on the trapping of dielectric particles [1, 2], optical tweezer traps
have matured into one of the key technologies for the manipulation of single, ultracold atoms in quantum
science and technology [3]. Applications range from quantum simulation [4—7] and computing [8—10] to
studies of fundamental chemical processes and collisions [11-13], precision timekeeping [14, 15],
interfacing with nanophotonic structures [16, 17] and single-photon generation [18].

However, experimental setups combining optical tweezers and ultracold atoms typically have
macroscopic dimensions, are complex, and require sophisticated calibration and stable laboratory
environments. In order to realize more compact, robust, and user-friendly technological applications, it is
thus highly desirable to simplify and further miniaturize these setups.

Here, we introduce a new optical tweezer concept for ultracold atoms that can meet these requirements.
Our approach is based on microscopic lenses that are 3D printed on the tip of optical fibers. Similar 3D
printed structures have already been used to realize a diverse range of optical components from endoscopes
[19] to multi-lens objectives [20]. This enabled the realization of tweezer traps for classical microscopic
objects in chemical and biological environments [21, 22], large-size microlens arrays [23] and the coupling
of single quantum dot emission into an optical fiber [24]. In the following, we establish that these
micrometer-sized structures are also well suited to manipulate ultracold atoms inside an ultrahigh vacuum
environment. In particular, due to the large flexibility afforded by the 3D printing, it will be possible to
integrate single-atom trapping and high-fidelity detection into a single, compact device.

© 2022 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Schematic representation of the printing process using two-photon polymerization. We use a dip-in method, where a
drop of photoresist is placed onto a microscope objective. The fiber is then dipped into this drop and a single voxel of the final
structure is created in the focal spot of a high-power writing laser. Arbitrary structures are constructed layer by layer from many
individual voxels, by scanning the laser focus position both laterally (xyz) using a galvo scanner and vertically (z) by displacing
the objective.

2. Fabrication

3D printing has revolutionized many areas of research, engineering and production, making it one of the
most significant inventions of recent years [25]. With the existing techniques it is possible to produce
individually designed objects from a large variety of materials, with sizes ranging from micro- to
macro-scales [26—31].

3D printing of micrometer-sized optical components is possible using two-photon polymerization
[32-35]. In this technique, the desired structures are directly written into a photoresist using a focused laser
beam (figure 1). For the printing of microscopic fiber lenses, we use negative photoresists, which polymerize
after exposure [36]. The focal spot of the laser beam defines the smallest building block of any solid
structure formed in this way. This smallest unit is commonly referred to as a voxel.

We use a commercially available 3D printer [Nanoscribe Professional GT (Nanoscribe GmbH)], together
with a pulsed femtosecond laser at 780 nm and pulse powers of around 2.25 n]J to realize voxels with
dimensions down to 100 nm. This minimum voxel size sets the scale for the design of any larger structures
[19].

The lenses are then built sequentially out of such voxels using a dip-in laser lithography configuration.
In this configuration, the photoresist is directly placed onto the objective for the writing laser. For the
writing process, a cleaved and oxygen plasma-activated fiber is dipped into the resist and the laser focus
position is scanned using two galvo-mirrors and piezo actuators that move the objective. We increase the
adhesion of the printed structure to the fiber by silanizing the substrate [37]. To precisely align the fiber, the
writing laser is attenuated and its position on the fiber is tracked using a charge-coupled device (CCD)
camera. After writing, the micro-optics are developed by placing them in a bath with developer [Micro
Resist Technology mr-Dev600] for 15 min and by rinsing them with a solvent. This dissolves the
non-exposed parts of the negative photoresist to reveal the final, printed structure. Finally, the micro-optics
are UV-cured, which ensures full polymerization and, as a consequence, consistency of the refractive index.

The specific geometries of the lenses are designed using optical ray tracing [Zemax OpticStudio] and
wave propagation method (WPM) simulations [38, 39]. Subsequently, the designs are translated into
trajectories for the writing process. In this process, the mechanical configuration of the printing setup
facilitates precise control of the voxel position in three dimensions. This allows us to adjust parameters like
the voxel layer thickness along the fiber axis, as well as the distance between two layers in one printing plane
according to the optical design of the desired structure and photoresist type. The resolution of the overall
process is given by an interplay of several parameters, which include the magnification and numerical
aperture (NA) of the objective, photopolymer characteristics, laser power, scanning speed and the precision
of the optomechanical parts, such as galvo mirrors and positioning stages. As we demonstrate in the
following, taking all of these aspects into account, we are able to closely reproduce the initial optical designs.

3. Example designs

The goal of our concept is to form an optical tweezer by guiding light through a single mode optical fiber
and focusing it down using the 3D printed optics. At the same time, resonant fluorescence emitted by atoms
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Table 1. Parameters of the fiber lens examples presented in this work. The chromatic focal shift is given between the two wavelength of
interest: 1064 and 780 nm. The working distance is given for 1064 nm and refers to the closest distance between the lens structures and
the focal point (see figures 2 and 3 for reference).

Lens type Aspheric Aspheric TIR
Numerical aperture 0.45 0.6 0.75
Focal spot diameter 2 pm 1.5 um 1.4 ym
Working distance 83.3 um 36.2 pm 46.3 pm
Chromatic focal shift —1.1 ym —0.4 um —1.6 um
Solid angle covered 4.83% 9% 15%
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Figure 2. TIR lens design. A sketch of the design is depicted in (a), highlighting the reflective, rather than diffractive nature of
the design. (b) displays the printed lens structure under a microscope. In (c) the WPM-simulated electric field is shown on a
logarithmic color scale. The white line is a cut along z through the origin (y = 0). The inset (d) corresponds to a zoom into the
focal region of this simulation, revealing a high quality focal spot, with a 1/e diameter of 1.4 um. (e) is the radial cross-section at
the focal spot, as indicated by the dashed line in (d). The latter two panels are plotted using a linear color-scale.

trapped in the tweezer is to be collected using the printed optics and, after separation from the incoming
trapping light, guided towards a photodetector.

Different approaches for the lens design are possible to realize this configuration. For the creation of a
tweezer trap and, subsequently, efficient detection of the atomic fluorescence, a lens with a high NA is
desirable. In the following, we present three examples for suitable lenses. Their key properties are
summarized in table 1. Due to the flexibility afforded by the 3D printing process, many others—tailored to
meet specific requirements—are conceivable.

3.1. Total-internal reflection design
As a first example, we present a lens based on a total-internal reflection design (TIR), which is shown in
figure 2. A similar design has previously been used to trap pm sized particles in water [22].

To realize small foci suitable for single-atom trapping [40], the light from the fiber is first expanded
through a 610 pm long printed cylinder before subsequently passing through the lens. The lens itself uses
fully reflective, rather than standard refractive optics, to achieve an NA of 0.75 and a working distance of
46.3 ym. Larger NAs approaching unity are possible at the expense of a shorter working distance. One
crucial benefit of such a lens for the work with ultracold atoms is the combination of a high NA with a large
working distance, as can be seen by comparing it to more conventional designs with similar NA (see
table 1). Additionally, the lens design could be optimized to achieve even lower chromatic focal shifts due to
its reflective nature.

We simulate the resulting field using WPM simulations and find a high-quality focal spot with a 1 /e
diameter of 1.4 pm. Printing is realized using commercially available Nanoscribe IP-Dip resist and takes
approximately 5 h including the expansion cylinder.
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Figure 3. Aspherical lens design. (a) Sketch of the design for NA = 0.45. (b) Microscope image of the corresponding lens. (c)
WPM-simulations of the electric field, plotted using a logarithmic color-scale for clarity. The white line is a cut along z through
the origin (y = 0). (d) Zoom into the focal region, with a 1/e diameter of 2 um. (e) is the radial cross-section at the focal spot, as
indicated by the dashed line in (d). The latter two panels are plotted using a linear color-scale.

3.2. Aspheric design
As a next example, we realize two types of aspheric lenses. Aspheric lenses are another possibility to achieve
a high-quality focal spot using small-scale optics without the use of objectives containing multiple lenses.

For our designs, we first expand the beam from a single-mode fiber in a 635 pm long expansion cylinder
formed by a piece of no-core fiber that is spliced to the single-mode fiber. Subsequently, we focus down the
beam using the respective 3D printed aspheric lens. Compared to the printed expansion cylinder this
approach enables much faster production. The additional refraction at the cylinder-lens interface can be
neglected for the design of the simple aspheric lenses. In principle, a similar approach could also be taken
for the TIR optics discussed above, but due to angle mismatches that can be caused by the interface, this
would require a more extensive optimization.

With the first lens design a NA of 0.45 and a working distance of 83.3 pm are realized (see figure 3). The
second lens follows the same design principles and is characterized by an NA of 0.6 and a working distance
of 36.2 pum. We find focal spots with 1/e diameters of 2 um and 1.5 pum, respectively.

This highlights that the aspheric singlet design is an effective tool to create a small foci at a particular
distance. However, while this solution is easy to design, simulate and implement, it has some limitations
due to its refractive nature. For instance, the interdependence of NA, working distance and the size of the
focal spot makes it challenging to create small foci at a higher distance, when one is limited by a 125 ym
fiber diameter. However, it is possible to splice a no-core fiber with a larger diameter (e.g., 250 ym), which
would allow for an increase of the working distance, while maintaining the relatively high NA and tight
focusing.

As the structure of both aspheric designs is comparably simple, printing using Nanoscribe IP-S resist can
be achieved in less than an hour for both of them. Compared to the IP-Dip resist used for the TIR lens, IP-S
allows achieving smoother surfaces, which is of a special importance when printing the refractive aspheric
optics.

3.3. Detection efficiency

To ensure that the fluorescence emitted by the atoms trapped in the focal spot can be collected and coupled
back into the fiber, the focal spots for the different wavelengths used for trapping and fluorescence detection
must be precisely matched. In the following, we will use rubidium atoms as an example, where fluorescence
is emitted at 780 nm and a typical, far-detuned trapping wavelength is 1064 nm. All designs can easily be
adjusted to cover also the wavelengths for a large variety of other atomic and molecular species.

We theoretically investigate the behavior of both lens designs by considering a trapped atom as a perfect
source radiating uniformly in all directions and reversing the optical system using ray tracing software
[Zemax OpticStudio]. Independent of the lens design we find that the focal spots for 1064 nm and 780 nm
are displaced by 1-2 pm, and thus located exceptionally close to each other. The lenses thus cover between
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Figure 4. Measurements of the focal spot of the aspherical lens design with NA = 0.45 along the laser beam axis (a) and
perpendicular to it (b). Colors denote the normalized intensity. For this measurement, the power exiting the fiber was 220 /W.
The result is in excellent agreement with the corresponding simulation shown in figures 3(d) and (e). (c) Exemplary trapping
potential along the perpendicular axis deduced from these measurements using equation (1). The red dashed line is a harmonic
fit, which yields a radial trapping frequency of approximately w = 27 x 73 kHz. The trapping potential shown is a cut along the
horizontal dotted line. (d) Potential depth (solid black line) and radial trapping frequency (red dashed line) as a function of the
power exiting the fiber.

5.4% to 17% of the solid angle of a trapped particle. As mentioned above, in principle, NAs of up to 0.99
are possible, corresponding to detection efficiencies that can well exceed 40%.

Another important aspect for the detection efficiency of single trapped atoms are spurious photons that
are created in the fiber or the polymer [18]. Monitoring the output of the fibers with single-photon
counters we have not observed any Raman shifted light at 780 nm from a 1064 nm laser beam for input
powers up to 100 mW. We therefore expect the fluorescence detection based on the fiber lenses to be
suitable down to the single-atom and single-photon level, even in the presence of significant powers for the
realization of the tweezer trap.

3.4. Focal spot quality and trapping potentials
We experimentally confirm our simulations, the optical properties of the fiber lenses and the quality of the
3D printing process using through-focus measurements.

An example, based on the aspherical lens design with NA = 0.45, is shown in figures 4(a) and (b). We
find excellent agreement between our simulations and measurements, both in terms of working distance
and focal spot, with a deviation of less than 2% from the initial design.

In figures 4(c) and (d), we further use this measurement to estimate the expected trapping potentials
experienced by the atoms for a given input laser power.
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For alkali atoms, such as rubidium, the trapping potential V(r) in a far-detuned tweezer trap can be
approximated by a semi-classical model [41]. This yields

27
V(r) = %Zf(r), (1)

where wy is the atomic transition frequency, I is the atomic linewidth, A is the detuning of the trapping
light from the atomic transition, ¢ denotes the speed of light, and I(r) is the position-dependent intensity
distribution created by the fiber lens. For red detuning (A < 0) the dipole force F = —V V(r) attracts atom
towards the high intensity focal region. In our example system, rubidium, the remaining parameters are
given by wy ~ 27 x 384 THz, corresponding to a wavelength of 780 nm, I' = 27 x 6 MHz, and

A ~ 27 x 100 THz for trapping light at 1064 nm [42]. Trapping potentials for more complex atoms with
significant vector and tensor polarizabilities can be derived in a similar way, by combining vector WPM
methods for the electric fields with precisely known data for the polarizabilities [43-45].

Based on this, we find that already moderate input laser powers on the order of a few milliwatts generate
traps that are hundreds of microkelvins deep, and thus sufficient to capture atoms from a typical
magneto-optical trap (MOT). We analyze the trapping potentials further by extracting their characteristic
frequencies from a harmonic approximation at the trap center. The results are on the order of hundreds of
kHz. We conclude that the very small trapping volume and steep traps are well suited to realize
sub-Poissonian loading of single atoms via light-induced collisions [40].

4. Compatibility with ultracold atom technology

To establish the compatibility of the printed structures with ultracold atom technology, we demonstrate the
operation of a MOT near the printed structures. This allows us to specifically test several crucial aspects of
our concept:

e First, the operation of a MOT and the subsequent stable trapping of single atoms in the tweezer traps
place stringent requirements on the vacuum, with pressures that must be well below 1 x 1077 mbar. It
is thus crucial to establish that no significant out-gassing of the polymers and adhesives used in the
manufacturing process takes place. Moreover, for more complex designs, like the TIR lens discussed
above, virtual leaks from the volume between the faces must be ruled out.

e Second, previous applications of the fiber technology did mostly take place in liquids or in air [21]. In
other cases, e.g., when the devices where used for endoscopic applications in medicine, the optics
where shielded with a sheath or a cover [19]. On the other hand, alkali atoms are known to strongly
corrode many materials. The durability of the structures under long-term exposure to alkali vapors
thus has to be established.

e Third, for technological applications the fiber lenses need to be robust enough to remain attached to

the fibers even during vacuum pumpdown, a transport of the experimental setup or other vibrations.

Our experimental apparatus to perform these tests consists of a 6 inch stainless steel cube that is
permanently pumped by a 50 1 s~! ion pump to reach a steady-state pressure of approximately 10~° mbar
without any baking. These vacuum conditions are maintained over several months of operation, with no
detectable degradation, outgassing or leaking. Six viewports are used to provide optical access for the laser
beams required to form a MOT of ®*Rb.

The fibers are installed under an angle of 22 degrees relative to the vertical beam axis of the vacuum
chamber, with their fiber tips including the micro-optics positioned in the center of the chamber (see
figure 5(a)). A standard Swagelok fitting in combination with a Teflon ferrule is used to feed the fiber into
vacuum [46]. The inner diameter of the Teflon ferrule is 300 ;m in diameter, such that the 125 pm
diameter fiber can simply pulled through the ferrule before inserting it into the Swagelok fitting and the
chamber. We observe no indication that the pressure in the vacuum chamber is affected by the presence of
the various fiber trap designs.

To test the interaction of the fiber with highly-reactive alkali vapors, we intentionally expose the fibers to
high rubidium pressures over several hours. We do not observe any influence of this on the optics, except
for a thin layer of rubidium oxide forming after removing the fiber from the vacuum chamber figure 5(c).

The printed structures are further robust against vibrations during mounting and operation of the
experiment. To test this, the experimental setup was moved several times on a conventional, undamped
table, through elevators, up steps and between rooms without air conditioning. Despite significant
vibrations with short-term linear accelerations of up to 20 m s~ and significant temperature changes, the
lenses remain perfectly attached to the fibers and no negative effect on their optical performance could be
observed.
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in figures 4(a) and (b) confirm that this does not affect the performance of the lens.

Figure 5. (a) Positioning of the fiber trap in the center of a UHV chamber. (b) Creation of a MOT ~125 pm from the fiber tip.
(c) TIR lens and fiber tip after continuous long-term exposure to high-pressure rubidium vapor, and subsequent removal from
the vacuum chamber. The arrow mark a faint black coating that is due to rubidium oxide. Test images similar to the ones shown

Finally, we realize magneto-optical trapping of ultracold atoms near the fiber tip. The trap is a

macroscopic six-beam MOT, operated with a gradient of 10 G cm™! and combined cooling and repumping
laser powers of approximately 1.4 mW per 6 mm diameter beam. Its position relative to the tip of the fiber

can be manipulated using additional offset coils. We observe this position by imaging the atomic

fluorescence using two CCD cameras positioned perpendicular to each other, and rotated by 45 degrees
with respect to the MOT beam axes. With this, we determine that we successfully trap approximately 10°
atoms, at temperatures close to the Doppler limit, and with the center of the MOT located around 125 pym

from the room temperature fiber tip (see figure 5(b)).
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5. Conclusion and outlook

We have introduced a new optical tweezer concept based on tailored, 3D printed lenses on the tip of optical
fibers. The lenses are of microscopic dimensions, flexible in their design, UHV compatible and robust.

As a next step, we will demonstrate the entire procedure from the dipole trapping of single atoms to
their manipulation in the tweezer trap. Currently, background light scatter from the large-diameter laser
beams used for the demonstration of the macroscopic MOT renders the detection of single trapped atoms
in the fiber trap challenging. This limitation can be fully overcome using integrated and miniaturized setups
for ultracold atoms [47, 48].

Our approach integrates particularly well with microfabricated chip, grating and pyramidal MOT
assemblies [49—52] and atom chips [53, 54]. We also expect it to be useful for optical manipulation in
light-sensitive areas, such as for atoms inside cryostats [55—58], in space applications [59, 60], as well as
inside high-field regions with restricted optical access, as required e.g. for certain types of precision
measurements [61, 62]. It will further be interesting to combine the approach with additive manufacturing
techniques for cold atom setups [28, 63].

A benchmark application of such a microscopic setup will be the realization of a source of
indistinguishable single photons. The polymers used in this work are also compatible with 1310 nm and
1550 nm light, which opens the possibility of operating such a source at telecom wavelengths. In rubidium
atoms, this could be realized by using a transition between the 5P, /, and 4Ds; states [64]. Furthermore,
using multicore fibers it is also possible to integrate arrays of traps into one fiber. In combination with a
suitable atomic species, such as strontium, this could be used to realize single-atom clock arrays [14, 15].

Finally, even completely passive vacuum setups are conceivable [65], making these devices fully portable
and scalable, and, thus, a promising tool for atomic quantum technologies.
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