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Abstract: Absorption imaging is a well-established method for determining both the atom
number and spatial distribution of atomic ensembles, traditionally limited to a single focal plane
and a fixed depth of field. However, as atom optics experiments grow more complex, atomic
clouds can exceed the depth of field or leave the focal plane, as seen in large atomic arrays or
bubble Bose-Einstein condensates (BECs). Here, we present an absorption imaging system that
allows for tuning the object distance of 88.9 mm by +5 mm and the depth of field from 26 um
to 203 um. We determine performance metrics relevant for atomic experiments, such as the
resolution and the optical distortion.
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1. Introduction

Absorption imaging relies on the attenuation of light beams passing through atomic clouds [1,2].
As atoms absorb photons from the imaging beam, they become excited and emit photons via
spontaneous emission in random direction, thus locally reducing the intensity of the imaging
beam and casting a shadow that forms an image. By comparing the beam containing the shadow
of the atoms to a reference beam without atoms, the column density of the atomic cloud can be
extracted. A typical absorption imaging setup consists of a camera, an aperture stop, and a set of
solid lenses, arranged to have the atoms at an object distance so and create an image onto the
camera sensor at distance s; [3-7]. However, such a setup lacks flexibility, as the focal length and
the depth of field (DOF) are fixed after assembly.

In this work, we present an imaging system for detecting ultracold atoms, where the initial
object distance so = 88.9 mm can be tuned by +5 mm. This tunability is achieved by using a
focus tunable liquid lens (ML-20-37 from Oprotune), which changes the effective focal length
(EFL). The EFL is the overall focal length of the imaging system and by changing it, the so can
be adjusted even when the atom-facing lens and the camera distance sy are fixed, such that the
lens equation 1/EFL = 1/sg + 1/s1 holds. Liquid lenses have been used previously to transport
cold atoms [8] and for microscopy [9,10], as well as 3D reconstruction of atomic arrays [11],
but with a tunable range of only 100 um. Our system advances these techniques by extending
the tunable range by two orders of magnitude while maintaining a compact design suitable for
mobile quantum sensors [12,13]. Furthermore, the DOF can be varied from 26 um to 203 um by
using a custom-built adjustable iris aperture.

The tunable EFL could, in principle, be realized by mechanically translating optical components.
However, using liquid lenses enables a design with minimal moving parts, greatly improving
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robustness against vibrations and shocks. Other tuning approaches, such as Moiré lenses [14] or
liquid-crystal spatial light modulators [15], are strongly wavelength dependent, complicating
simultaneous imaging of rubidium and potassium. In contrast, deformable mirrors [16]
are wavelength independent, but their control systems are more bulky, which complicates
accommodation to setups with stringent size, weight, and power constraints.

A tunable detection system offers several advantages over a static system. First, it allows
for imaging atoms at different axial distances from the imaging system. This is beneficial for
experiments where atoms are transported during the experiment, the ensembles are in free fall
along the line of sight or multiple spatially separated atomic clouds are present [17]. The latter
includes mirrored images of clouds when the imaging beam is reflected at an angle to a surface
close to the atoms like in experiments using atom chip technology [5,7]. The tunable DOF enables
sharp imaging of multiple clouds simultaneously, while the adjustable EFL allows focusing on
specific clouds. Second, utilizing tunable lenses enhances flexibility in engineering the imaging
system, especially when lenses with certain focal lengths are not available or rapid iterations
in the design process are required. Third, tuning the EFL opens up possibilities for advanced
imaging techniques, such as multi-camera off-resonance defocus imaging [6], but with a single
camera. For instance, the atomic cloud can be reconstructed by capturing multiple images at
different focal length settings, allowing for partially non-destructive imaging with increased
sensitivity. Finally, tunable detection systems aid in investigating hollow bubble Bose-Einstein
condensates (BECs) [18,19], where the curved surface is a challenging object to image with a
small depth of field and a fixed focal plane, especially as the bubble BEC expands. The shells
typically have a thickness of only a few microns [20], allowing a single slab of the bubble to lie
within the smallest DOF achieved here. Although the full bubble can extend to millimeter scales,
exceeding our maximum DOF, the increased DOF remains advantageous for studying the curved
surface, as different surface elements can be brought into focus.

The paper is organized as follows. First the optical system design for a compact apparatus
suited for space-borne experiments is presented (section 2) which we characterize in the following
sections. We determine the resolution via the modulation transfer function (MTF) obtained from
images of a star target (section 3). We extent the method of determining the MTF by performing
scans through the focal plane to obtain the through-focus MTF. This through-focus MTF is used
to determine the DOF (section 4) for different settings of the iris aperture. In section 5 we
quantify the optical distortion that our imaging system exhibit. Section 6 shows the tuning range
of the object distance and the change in magnification. Finally, we conclude our results in section
7.

2. Design and description of the imaging system

The mechanical setup is tailored to meet the demands of an ultracold atom experiment planned
for launch to the International Space Station [21]. The imaging system is optimized for a
wavelength range of 767 nm to 780 nm, ensuring compatibility with all natural isotopes of
rubidium and potassium. To minimize redundancy, all measurements were conducted at 780 nm.
The first elements to consider are the lenses L1 and L2 in Fig. 1(a), which already realize a
functional imaging system. L1 determines the front focal length fgone and L2 the back focal length
Jfoack, Where the camera (GS3-U3-89S6M-C from Teledyne FLIR) has to be placed to obtain
optimal results. Because the front and back focal lengths generally differ, the system exhibits a
magnification of approximately m = fyack /ftront, Which becomes exact in the thin lens limit. We
have chosen a combination of two lens doublets. L1 is the lens 49-795 (f = 88.9 mm) and L2 is
49-362 (f = 150 mm) from Edmund Optics. To these lenses we add the iris, the tunable lens (TL)
and a mirror. The iris is placed close to the static lenses L1 and L2 for maximum effect in aperture
change. The TL is positioned between the static lens system and the camera. The closer the TL
is to the static lens system, the larger a change in the focal length f1. of the TL effects the EFL.
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However, the TL is expected to introduce aberrations and distortions compared to an optimized
aspherical lens. These unwanted effects are minimized by placing the TL closer to the camera
thus reducing its effect on the imaging system. The requirements on tunability and imaging
quality determine the optimal position of the TL. To showcase the extended design freedom
offered by freely choosing the focal length within the available range, we tune the TL to achieve a
shorter path between the mirror and camera. Without the TL, this would require replacing lens
L2. We use Ansys Zemax OpticStudio to optimize the system configuration, ensuring a tunable
range slightly exceeding Aso = +5 mm. Finally, in between the static lenses and the camera, we
place a mirror to fold the setup. This suits compact apparatuses and makes the setup more robust,
since it shortens the lever arm. Additionally, the option of redirecting the beam path enables
a horizontal placement of the TL to minimize coma due to the gravitational sag of the liquid
without restriction to a single detection axis. The lens and the iris are actuated with non-magnetic
piezoelectric motors (ANR101-03674 from Attocube), which are spatially separated from the
tunable lens. This approach reduces thermal drifts and spurious magnetic fields compared to
components with integrated drive electronics. A photo of the realized setup is shown in Fig. 1(c).
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Fig. 1. Realization of the tunable detection system. (a) Schematic of the imaging system.
The static lenses L1 and L2 are closest to the atoms (red clouds), followed by a motorized
iris. A mirror folds the light propagation path. The tunable lens (TL), which adjusts the
effective focal length (EFL), is placed between the mirror and the camera sensor. For a
fixed image distance, the change in EFL shifts the object distance sg by Asg, with Asg
corresponding to the TL having zero curvature. Blue dash-dotted lines, thick black lines
and red dotted lines show the beam paths for different TL settings. Closing the iris will
not change the EFL, but decreases the angle of the cone of light that can enter the imaging
system, therefore decreasing the depth of field (DOF). (b) Measurement setup. An optical
test target is moved by a travel stage through the focal plane. The light source is either a
collimated laser beam or a filament lamp. (c) Photo of the detection system. The positions
of the optical elements are labeled, but not directly visible due to the enclosure.
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3. Determination of the resolution via the MTF

The resolution of an imaging system is the ability to resolve and distinguish structures and objects.
The resolution is characterized by the modulation transfer function (MTF), which specifies how
the amplitudes of different spatial frequencies relate to the captured amplitudes in the image
plane. The MTF is determined by taking images of an optical test target placed in the focal plane
of the imaging system (Fig. 1(b)), in our case, a star target (R1L1S3P by Thorlabs), shown in
Fig. 2(a). We set the iris to maximum free aperture and the TL to the central focal length Af = 0.
The analysis of the pictures is as follows: First, the center of the star target is determined by the
intersection of the spokes using a probabilistic Hough line algorithm [22]. Second, using the
center of the star target, the image is transformed into polar coordinates (Fig. 2(b)). Third, for
each radius the pixel values are used to determine the Michelson contrast [23]

C = ]max_lmin, (1)
Imax +Imin

where Imax (m) is the average pixel value of the maxima (minima) (Fig. 2(c)). Finally, the
contrast C is plotted against the spatial frequency in units of line pairs per millimeter (Fig. 2(d)).
Here, the apparent spatial frequency determined by the pixel size of the camera sensor needs to be
multiplied by the magnification m to get the object-space MTF. The magnification is determined
by the apparent size of the center circle of the star target divided by the known size of the center
circle.

Experiments with atomic clouds typically use monochromatic, coherent light to address
specific atomic states. However, key imaging-system characteristics, such as resolution, depth
of field, and distortion, are either intrinsic to the optics and do not depend on whether the
illumination is coherent or incoherent, or can be easily transformed into each other. Practically,
both coherent and incoherent illumination offer distinct advantages and limitations. Coherent
illumination reveals clipping, internal reflections, and unwanted apertures through diffraction
rings, but also produces interference patterns that make the characterization apparatus sensitive
to small misalignments and tilts of the light source and target relative to the imaging system
under test. These artifacts originate from the characterization setup and degrade the measured
MTF, rather than reflecting properties of the imaging system itself. Incoherent light avoids
interference and is therefore less affected by such alignment errors, motivating its use in most of
our measurements.

For the determination of the MTF, we illuminate the target with both coherent and incoherent
light. As a coherent light source we use a temperature stabilized external cavity diode laser.
A filament lamp provides incoherent illumination, which we spectrally filter using a Schott
UG-1 glass to match the design wavelength range. Because the lamp emits non-uniformly we
homogenize the illumination using a method analogous to bokeh generation in photography [24].
A lens (LB1761-B-ML, Thorlabs) images the filament from a distance larger than its focal length,
and an iris placed between them is closed to truncate the beam until uniform illumination is
obtained.

Figure 2(d) shows different MTFs for the imaging system. The orange dotted line shows the
calculated diffraction limit for an aperture diameter of 22.4 mm, resulting in a spatial cut-off
frequency of foyegir = 250 1p/mm. The simulated MTF for the imaging system (blue line) follows
the diffraction limit, even reaching the same cut-off spatial frequency. The green line shows the
measurement results obtained with incoherent illumination. It closely follows the diffraction
limit and the curve calculated with Zemax until a spatial cut-off frequency feyisiar = 115 1p/mm
of the star target. The measured MTF is above the simulated MTF for frequency 50 Ip/mm to
100 Ip/mm, which hints at apodization being present in the imaging system [25,26]. Beyond
feutstar the contrast drops to <0.03, which is caused by intensity noise.
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Fig. 2. Determination of the MTF of the imaging system. (a) An image of the star target.
The length scales are in object space, therefore showing the field of view. (b) The picture
of the star target is transformed into polar coordinates. For illustration purposes we set the
intensity value to I, for radii exceeding the rectangular format. The red line gives an
example slice along a constant radius, which corresponds to a spatial frequency. (c) The
intensities along the red slice are shown. The average value of the maxima and minima gives
the contrast. (d) We show the modulation transfer functions for a perfect pinhole (diffraction
limit, orange dots) and calculated by a Zemax simulation of the imaging system (blue line).
The results of the measurement are shown by the green line. The contrast errors are smaller
than the thickness of the green line. While these graphs were created with incoherent light,
the purple line shows a measurement with coherent illumination. Interference effects at the
central ring prevent the contrast from falling to zero. The black dashed line shows the cut-off
frequency of the star target.

We also show a measurement of the MTF with coherent illumination (violet line in Fig. 2(d)).
Because of the ability to form interference, the MTF of an ideal system is a step-function with
contrast C = 1 for frequencies below f,gir/2 and C = O for frequencies above it [25]. The
contrast drops at smaller frequencies in our case because of the cut-off frequency of the star
target foui star- The absence of low spatial frequencies near the edge of the star target confirms that
no clipping occurs in our setup. The contrast for spatial frequencies above feysiar is significantly
higher than in the incoherent case. We attribute this to two effects: First, the central ring of the
star target forms diffraction rings. This causes the contrast to oscillate when the center of the star
target is displaced from the center of the diffraction rings, which happens when the laser beam is
not normal to the star target. Second, laser light features speckle noise, which is a pattern of
random bright and dark spots. This speckle noise artificially boosts the contrast at frequencies
above feuesiar- However, we can correct for this in software by controlling the number of detected
intensity peaks. For example, the RIL1S3P star target has 72 line pairs, and we set the contrast
to zero if the number of bright peaks found in the image is outside the range of 62 to 82. The
contrast above fi sar then drops quickly to zero for both coherent and incoherent illumination.
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Nonetheless we do not use this condition to gain information about the noise sources present in
the setup and to show that incoherent illumination is less prone to alignment errors and speckle
noise.

We conclude, that the theoretical resolution of the imaging system is computationally deter-
mined to be fouaif = 250 1p/mm. Experimentally, we are limited by the test target and find a
contrast C = 0.420(3) at a spatial frequency of 100 Ip/mm. The error is determined from the
distribution of values of the intensity peaks.

4. Depth of field

The DOF is the axial distance the object can be moved and still be considered in focus. Because it
is subjective and arbitrary what "still in focus" means, there are plenty of quantitative definitions
of the DOF. We provide two DOF metrics — one yielding relatively large and the other relatively
small values, so that most other definitions fall between these extremes. We exclude definitions
that omit the camera’s pixel size, either directly or indirectly, such as DOF = 1/NAZ, where A is
the wavelength and NA is numerical aperture. Intuitively, when the pixel size is comparable to
the smallest resolvable spot of the image, changes in pixel size should affect the depth of field.
The first, DOFos, is heuristically defined as the distance at which the image contrast decreases to
95 % of its maximum value at a spatial frequency of 20 Ip/mm. The spatial frequency was chosen
because it allows the determination of the contrast decrease for all aperture settings. The second,
DOFg,, is defined as the displacement from the ideal focus at distance f where the principal rays
intersect a disk of a given size, such as the pixel size spixel (see Fig. 3(a)). Neglecting quadratic
terms of Spixel, DOFge, is expressed as:

DOFge, = 4 X Spixel f/d, 2)

where f is the focal length and d the aperture of the imaging system. This definition corresponds
to very little change in the MTF while the object moves through the DOFg,. In Fig. 3(b) the
DOFg, is calculated for different apertures assuming a pixel size spixe; = 3.45 pm. The DOF
changes from 26 um for a fully open aperture (d = 22.4 mm) to 203 um for an aperture diameter
of d = 2.88 mm.

Experimentally, we determine the DOF by measuring the through-focus MTF, while the TL is
fixed to the minimal surface curvature setting. We use a motorized translation stage (LTS300/M
from Thorlabs) to axially move the star target through the focal plane in ~ 10 um wide steps.
After the translation stage halts, an image is taken and the MTF is determined. This is compared
with the through-focus MTF shown in Fig. 3(c) to (e). The white central is a representation of
DOFge,. The white central region represents DOFg,, within which the MTF varies by at most
0.3 %, approximately fulfilling the requirement of invariance across DOFg,. Additionally, the
contrast vanishes at lower spatial frequencies for small apertures, as expected from the resolution
loss that accompanies increased DOF.

We experimentally determine the target position that allows the contrast to decrease to 95 %
(blue lines in Fig. 3(c)-(e)) and plot the results in Fig. 3(b) (orange crosses). We find that the
DOFgs5 changes from 0.12 mm to 1.1 mm. The DOFcgs can be expressed in the same form as
equation. 2, but with the right-hand side multiplied by 5.3 to account for the different definition
of the width of the DOF. This shows the equivalence of the definition of the DOFge, and DOFcos.
We conclusively find that, regardless of the chosen DOF metric, the iris enables tunability of
the DOF by approximately an order of magnitude. We note that for atomic clouds diffraction
complicates image analysis and the identification of the optimal cloud position inside the DOF is
challenging. However, density-density correlations of ultracold atoms, which effect the diffraction
pattern, allows to bring clouds into focus with better accuracy than by identifying the peak optical
density of cloud [27].
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Fig. 3. Determination of the depth of field (DOF). (a) Schematic showing DOFge,, which
is determined by the focal length f, the pixel size spixe| and the lens diameter d. (b) shows
the calculated DOFge, (blue line) vs. aperture diameter. We determined experimentally the
DOF(g5 (orange crosses, see text for explanation) and fit the data (green dotted line) with a
function in the form of Eq. (2), but with an additional scaling parameter. On the right, we
show through-focus scans for the minimal aperture (c), an intermediate aperture (d) and fully
open iris (e). The highlighted area shows the DOF according to Eq. (2), the blue vertical
lines mark the DOFgs. In (c) the DOF is too large to see the contrast significantly dropping
over the scan range. The inset shows a larger scan range.

Finally, we observe a fringe pattern in the through-focus MTF plots, most clearly in Fig. 3(e).
This spurious resolution arises from spatial chirp in defocused images [28]. In the star-target
images, it also manifests as a phase reversal of the stripe pattern, although the MTF itself is
insensitive to optical phases [25].

5. Distortion

Distortion is a form of optical aberration, where straight lines appear curved in the image. Since
this aberration alters the apparent distance between two points, distortion leads to systematic
uncertainties in determining the position and hence, e.g. the estimation of the velocities of the
atomic clouds. Experimentally, we determine the distortion by imaging a grid target (RIL3S3P
from Thorlabs, 500 um spacing), which we place in the focal plane of the imaging system (see
Fig. 4(a)). The grid points (x, y) will be used to assess the amount of distortion.

Distortion is commonly described by the Brown—Conrady model [29,30], with parameters
obtainable from open-source tools such as OpenCV [31]. These libraries output coefficients
that are dependent on the specific implementation and are directly comparable across libraries.
We state the distortion coefficients of the Brown-Conrady model determined by OpenCV in the
Supplement 1 [32]. To quantify distortion in physically meaningful units for atomic physics, we
additionally created a more suitable projection-error method.

We create an ideal grid from the central region of the image where the amount of distortion is
expected to be small. In our case, we use 5 X 4 grid points in the center to form the ideal grid.
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Fig. 4. Determination of the optical distortion. (a) Image of a grid target with 500 um
spacing, which is used this to determine the distortion. The cross shows the optical axis and
white lines are a guide to the eye. Pincushion distortion is present, but only visible near the
edges of the image. (b) The distance Ar of the measured grid points and an ideal grid is
shown for a TL setting of Afrp, = 0 mm. To create the ideal grid, we take 5 X 4 grid points
from the center of the image, where the amount of distortion is expected to be negligible.
From the mean grid spacing we generate the ideal grid and overlay it with the center grid.
We find pincushion distortion, which causes a maximum displacement of the grid points of
160 um at the very edges of the image.

Compared to the ideal grid, the measured grid points will be shifted in x- and y-direction in the
image plane, which can be described by a translation in Ax and Ay direction, or by the Euclidean
distance Ar = \Ax? + Ay2.

Figure 4(a) shows an image of a grid target taken with our imaging system without tuning of
the EFL. The analysis reveals an increasing magnification with increasing distance to the optical
axis, known as pincushion distortion. In Fig. 4(b) we show the displacement r. It increases
towards the edge of the image, which is a typical signature of radial distortion. We find a
maximum displacement Ar in our setup of 160 um. A similar imaging system, but without the
TL reveals a maximum displacement » below 10 um. The TL therefore introduces most of the
optical distortion. This is expected since the surface of the liquid lens is not optimized to reduce
aberrations. Even though distortion is increased by more than an order of magnitude compared to
a conventional imaging system, the effect on atom optic experiments can be mitigated. With the
method shown here, it is possible to map the distortion. Since this method obtains corner points in
a similar fashion as conventional implementations for distortion correction [31], post-correcting
the images to reduce position errors for the atomic clouds is straight forward (see [32], figure S1).

6. Tunability of the front focal length

In this section we investigate the quality of the imaging for different so in a range of 88.9 mm + 5
mm. We identify the focus by measuring the through-focus MTF as described in section 4. In the
through-focus MTF plots, we select a suitable spatial frequency (here 60 Ip/mm) and determine
the position of the test target that gives the maximum contrast.

Example plots for the through-focus MTF are shown in Fig. 5(a). As the TL setting changes
from the central Aftp, = 0 position, the DOF increases by a factor of 1.5 and the through-focus
MTF becomes asymmetric around the focus. This effect is associated with the presence of
optical aberrations [33], which increase with the curvature of the TL surface and reduces optical
resolution. For example, at 100 Ip/mm the optimal contrast C = 0.420(3) drops to about C ~ 0.3
for a +5 mm shift in object distance. Nevertheless, this remains sufficient to resolve atomic
clouds, which typically span a few tens of micrometers [1]. Adjusting the TL also changes the
magnification, as the ratio of the front to the rear focal length changes (see section 2). The
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magnification was experimentally determined as described in section 3. The magnification
changes according to m(Afrr) = foack/(firont + AfrL). However, we simplify our evaluation to a
linear function m(AftL), as the change Aftr. is small compared to the EFL (see Fig. 5(b)). The
green line, which represents a linear regression to the data points, describes the measurement
data sufficiently well, as 80 % of the data points lie within a standard error (green area).
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Fig. 5. Tunability of the imaging system. We change the EFL to tune the object distance
so by Asp = £5 mm relative to the center of 88.9 mm. (a) Five exemplary scans of the
star target through the focal plane using the translation stage. In each scan, the black line
marks the focal length, where the contrast at 60 lp/mm is maximum. (b) The magnification
for different TL settings. Magnification values are averages over 11 images, with mean
errors shown. The magnification m changes according to fyack /(firont + Af) (orange dashed
line). Since the change in focal length is small compared to the total focal length, a linear
dependence (green solid line) describes the data well within standard deviation (green area).

The method of determining so by capturing the through-focus MTF also allows for sensitive
characterization measurements of our imaging system. For example, we determine the smallest
increment Aso min Of the object distance. As mentioned in section 2, the TL is motorized by a
Piezo-driven rotary stepper motor. Stepper motors work on the principle of stick and slip and
therefore feature a minimal step size. By performing up to 10 steps with the motor, we are able
to determine the incremental step size to Asg min = 2.0 £ 0.1 um. We conclude that this step size
is small enough to smoothly scan sg since this step size is much smaller than the measured DOF
for all settings of the tunable iris aperture (see section 4).

Finally we investigate the dependence of the object distance so on temperature. We put the
imaging system in a thermal chamber, evenly increase the temperature to 45 oC and allow the
system to reach thermal equilibrium. The temperature is measured at several points within the
chamber and directly on the housing of the TL using negative temperature coefficient thermistors
attached with tape. We then open one side of the chamber and allow the system to cool down
to room temperature. As the imaging system cools down by 10K for over half an hour, we
continuously perform through-focus scans to determine so. We find a thermal coefficient 7,
which describes the change of so with temperature, of 7 = =370 + 50 um K~!. The minus sign
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indicates that the focal length is shifted towards the imaging system. The thermal coefficient 7
shows, that a temperature change of 1 K is enough to escape the original DOF. During operation
in a thermally controlled laboratory, we observed no measurable temperature-induced drift of the
focal length. Thus, the apparatus in which the imaging system is deployed must provide a stable
thermal environment and include temperature monitoring near the optics. If such stability cannot
be guaranteed, active temperature regulation, e.g., using Peltier elements, can be implemented.
Additionally, we believe that the strong temperature dependence of the imaging system is related
to the large aperture of the liquid lens. We found that a TL with a smaller aperture, 16 mm
instead of 20 mm, leads to a thermal coefficient T an order of magnitude smaller. We attribute
this behavior to the reduced liquid volume inside the lens.

7. Conclusion

The ever growing complexity of experiments and the increasing number of applications of cold
atoms present a significant challenge to conventional imaging systems using a fixed focal length
and depth of field. Defocus-based imaging techniques [6], atom clouds transported along the line
of sight [8], arrays of cold atoms used in inertial sensing [17] and quantum bubbles [18,20] require
imaging capabilities beyond fixed-focus systems. To address these challenges, we have developed
and tested an imaging system with variable focus and tunable depth of field for absorption
detection of ultracold atoms. While tunable lenses and adjustable irises are well-established
optical components, their capabilities for controlling object distance and depth of field in cold
atom absorption imaging have not yet been fully exploited.

The optical resolution of the imaging system was evaluated using the MTF, with a measured
contrast of C = 0.420(3) at 100 Ip/mm, comparable to other conventional detection systems
[7,12]. By closing the iris aperture, the depth of field can be increased from a few tens to several
hundred micrometers, enabling a trade-off between high-resolution imaging with a shallow focus
and capturing objects distributed over varying axial positions with an extended focus range.

By performing focus scans, we demonstrated tunability of the object distance around 88.9 mm
over a range of +5 mm, with step sizes of 2.0(1) um. This flexibility comes at the cost of image
distortion introduced by the liquid lens. We quantified this distortion by comparing recorded
images with an ideal reference grid — a method particularly suitable for atomic physics, as it
provides the rectilinear projection error directly in units of length. Using standard correction
techniques [31], these distortions can be effectively compensated. Finally, we observed a thermal
dependence of the focal length of —370(50) um K*{—1} near 25 oC, which poses requirements on
thermal management in the experimental apparatus, but not on the imaging system itself.

The compact and robust design renders the system appropriate for operation in harsh or remote
environments, including mobile quantum sensors [34] and space-based platforms such as the
International Space Station [21,35].
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