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Spatial light modulators enable arbitrary control of the intensity of optical light fields and facilitate a
variety of applications in biology, astronomy, and atomic, molecular, and optical physics. For coherent
light fields, holography, implemented through arbitrary phase modulation, represents a highly power-
efficient technique to shape the intensity of light patterns. Here, we introduce and benchmark a spatial
light modulator based on a piston micromirror array. In particular, we utilize the reflection-based device to
demonstrate arbitrary beam shaping in the ultraviolet (UV) regime at a wavelength of 322 nm. We correct
aberrations of the reflected wave front and show that the modulator does not add detectable excess phase
noise to the reflected light field. We utilize the intrinsically low latency of the architecture to demonstrate
fast switching of arbitrary light patterns synchronized with short laser pulses at an update rate of 1 kHz.
Finally, we outline how the modulator can act as an important component of a zone-based architecture for
a neutral-atom quantum computer or simulator, including UV wavelengths.

DOI: 10.1103/ltnk-w67h

I. INTRODUCTION

Spatial and dynamical light-field control is a ubiquitous
experimental capability in atomic, molecular, and optical
physics. As one notable example, tweezer arrays of tightly
focused laser beams have emerged as a powerful plat-
form for quantum science experiments with neutral atoms,
trapped ions, and molecules [1-18]. Various approaches
have been followed for the generation of optical tweez-
ers, including dynamical acousto-optic deflectors (AODs),
static microlens arrays [19], metamaterials [20-22], digital
micromirror devices (DMDs) [23], or phase-only spatial
light modulators. The latter are most widely used due to
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their appealing features, such as power efficiency and high
optical quality and control, combined with the possibil-
ity of dynamically adjusting the optical potential during
an experimental sequence [24,25]. So far, the vast major-
ity of experiments utilize near-infrared and visible light
for generating optical traps [26—28]. This limitation is
inherent to liquid-crystal-on-silicon spatial light modu-
lators (LCOS SLMs), the most widely used technology
available for phase-only spatial light modulation. How-
ever, this technology is incompatible with modulation of
light in the ultraviolet (UV) spectral range below approx-
imately 350 nm due to liquid-crystal degradation under
UV-light exposure [29]. An alternative approach is based
on microelectromechanical system (MEMS) phase-only
modulators, where the optical phase is controlled through
the position of each micromirror in an array. Recently, the
advanced spatial light-shaping capabilities and dynamical
control of this approach have been demonstrated in the vis-
ible spectral range [30,31]. Compared with conventional
approaches based on LCOS SLMs, this technology is
fully compatible with operation at UV wavelengths [32].

Published by the American Physical Society
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This opens interesting perspectives for arbitrary dynam-
ical spatial light-control in the UV, which is highly
relevant for new applications in trapping atoms at ultra-
small distances [33] or for homogenizing UV beams for
zone-based quantum computing and quantum simulation
architectures [34].

Here, we follow this route and extend the working range
of phase-only spatial light modulation into the UV spectral
range using a reflection-based micromirror array (MMA)
[30,31]. We characterize the performance of the MMA
at a wavelength of 688 nm, demonstrating the arbitrary
optical potential shaping, low phase-noise operation, and
high optical power efficiency of the device. Furthermore,
we implement arbitrary beam-shape control in the UV
regime at 322 nm. Using spatially resolved interferomet-
ric optical-path-length measurements, we characterize the
wave front of the reflected light and reach a root-mean-
square (rms) flatness of A/100 at a wavelength of 322
nm. Starting from this aberration-corrected beam, we real-
ize several different tweezer-array configurations with a
residual intensity nonuniformity smaller than 0.3% after
equalizing the amplitudes of the tweezers using camera
feedback [35]. We shape the incoming light into flat-top
beam profiles with excellent intensity homogeneity of as
little as 0.75% rms and 3.65% peak-to-peak variation over
a distance of 113 pm. To demonstrate dynamical control,
we synchronize the deflection of the MMA with short laser
pulses and show configurable patterns at an update rate of
1 kHz, currently only limited by the electronic circuitry of
the device.

II. BEAM SHAPING WITH A MICROMIRROR
ARRAY

For our experiments, we use a prototype of a
micromirror-array system (64k customer evaluation kit
piston MMA «-module) with 256 x 256 square uncoated
aluminum mirrors with a pitch of 16 wm. Each mirror
is individually controlled electrostatically to configure its
piston stroke with a resolution of 8 bits and a maxi-
mal stroke of 350 nm. Starting with a flat phase profile
of the incoming beam, a programmable phase pattern is
imprinted onto the reflected beam by tailoring the stroke
of the mirror array. The MMA is illuminated at an inci-
dent angle of approximately 7° and reflects the beam [see
Fig. 1(a)]. In this configuration, the imprinted phase profile
corresponds to twice the path-length difference given by
the mirror stroke, such that a full phase-modulation con-
trast of ¢ (x,y) € [0,2m) is feasible for wavelengths up to
700 nm. We continuously flush the MMA surface with a
weak flow of nitrogen to prevent damage to the microme-
chanical components of the chip from ozone, which forms
from ambient air under intense UV irradiation.
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FIG. 1. Beam shaping with a piston micromirror array. (a)
The optical setup to generate configurable beam shapes with
a phase-only spatial light modulator based on a micromirror
array (MMA). The individual mirrors are axially displaced by
up to 350 nm, thereby realizing an adjustable phase delay that is
imprinted onto a laser beam reflected from the device. We charac-
terize the generated patterns on a camera. (b)—+d) We benchmark
the device at a wavelength of 322 nm and demonstrate various
tweezer arrays—(b) triangular, (c¢) honeycomb, and (d) a UV-
letter shape—and reach state-of-the-art normalized homogeneity
across the tweezer arrays of 0.3% peak-to-peak variation of the
intensity. (e) A tweezer array at a wavelength of 688 nm, with
9 x 9 sites also reaching normalized peak-to-peak homogeneity
of the intensity of 0.3%.

A. Phase-shifting interferometry

The generation of diffraction-limited potentials requires
the compensation of optical aberrations in the system. We
employ phase-shifting interferometry to obtain a spatially
resolved stationary phase-correction pattern, which reflects
the optical aberrations in the entire optical setup and can
be used to correct the system [36,37]. To obtain the phase-
correction map, we display a blazed grating on two circular
patches of the MMA, one acting as reference, and the
other one as probe superpixel, each with a radius of 10
pixels. Both superpixels diffract the light of the incom-
ing beam along different paths through the optical system,
which results in an interference fringe on the camera [see
Fig. 2(a)]. The relative phase picked up by the beamlets
emanating from the two superpixels translates to the phase
of an interference fringe on the camera, which can be
extracted directly. Keeping the position and phase of the
reference pixel located in the center of the MMA fixed and
varying the phase and position of the second superpixel,
we map out the entire spatially dependent phase profile
due to aberrations in the system. We subtract the gradient
across the phase map to remove any tilt of the beam with
respect to the imaging plane. In our setup, the initial wave-
front error is dominated by astigmatism [see Fig. 2(c)].
Subsequently, we correct the phase front by adding the cor-
responding correction pattern and characterize the phase
front with another round of phase-shifting interferometry.
After one round of phase correction, we reach a state-of-
the-art rms flatness of 1/100 at our wavelength of 322
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FIG. 2. Phase-shifting interferometry. (a) To correct optical
aberrations in the setup, we carry out phase-shifting interferom-
etry by sequentially activating various superpixels on the MMA
display. By varying the phase of one superpixel with respect to
a common (and fixed) reference superpixel in the center of the
MMA, we map out the phase mask required for aberration cor-
rection. We measure the interference fringe on the camera and
fit the collapsed one-dimensional fringe to extract the phase. (b)
We choose one reference superpixel (—3, 3) and step the phase
of the grating from [0, 277) in steps of 277 /256. We observe a lin-
ear relationship of the measured phase with respect to the applied
phase, confirming the average phase step of 277 /256 (inset). (c)
The unwrapped and interpolated phase is shown as a function of
the superpixel index after subtracting a global tilt of the wave
front with respect to the imaging plane. (d) After the first round
of wave-front measurement, we apply the measured phase as cor-
rection and repeat the wave-front-error measurement using the
same technique. The result is a flat phase profile, verifying that
the correction is effective.

nm across a circular aperture with the residual curvature
shown in Fig. 2(d). To create arbitrary beam shapes such
as the structures shown in Figs. 1(b)-1(e), we compute
a hologram for the desired intensity pattern and measure
the resulting intensity homogeneity on the camera [38].
Finally, we perform another round of optimizations of
the hologram to equalize the tweezer intensity by weigh-
ing the amplitudes of the individual tweezers based on
the measured image. The intensity patterns created in
this way reach an inhomogeneity (standard deviation over
mean) of 0.3% both in the visible and UV spectral range
[see Figs. 1(b)-1(e)]. To characterize the phase resolu-
tion of the MMA, we step the phase of one superpixel
in steps of 2w /256 from [0,27). The interferometrically
measured phase confirms the average step size of 27 /256

[see Fig. 2(b)]. The fluctuations of the measured phases
indicate that the resolution of the optically realized holo-
gram is reduced compared to the electronic resolution.
From the deviation to a linear fit, we calculate the integral
nonlinearity as the largest absolute value of the residuals
as 2.2 x 27 /256 [39] and obtain a standard deviation of
0.91 x 27 /256.

I11. MMA PHASE NOISE AND TIMING

A. Phase noise of the MMA

Applications of arbitrary light patterns for trapping and
manipulating individual atoms are particularly sensitive
to noise in optical potentials [40]. As each mirror of the
MMA is mounted on a springlike structure and is con-
trolled electrostatically to set the piston stroke, the noise
characteristics need to be carefully analyzed to assess the
range of possible applications of MMAs. To benchmark
the stability of the displayed phase pattern, we measure the
phase-noise power spectral density with a Mach-Zehnder
interferometer [see Fig. 3(a)]. A collimated input beam at
a wavelength of 688 nm is split into two paths using a
beam splitter. One arm of the interferometer impinges on
the MMA, which displays a flat phase profile with a stroke
of . A second beam splitter is used to recombine the light
with the reference path to superimpose both light fields
on a photodetector. To avoid masking the signal in low-
frequency noise, we frequency offset the reference path
by 80 MHz using an acousto-optic modulator (AOM) and
derive the relevant signal from the resulting ac signal on
the photodetector. The phase noise of the MMA modu-
lates the phase of the beat signal, which we characterize
using an electrical phase-noise analyzer. We configure a
deflection duration of 500 ms and trigger the sweep of
the phase-noise analyzer during activated MMA deflec-
tion. As a reference, we repeat the measurement with the
MMA in the OFF state. Comparing the two measurements
directly, we observe no noticeable excess noise when the
MMA deflection is active [see Fig. 3(b)]. Our measure-
ment thus yields an upper bound to the phase noise of the
MMA, which is negligible compared to the phase noise
induced by mechanical instabilities of the optomechanical
setup up to frequencies of a few kilohertz. At higher fre-
quencies in the (10-100)-kHz regime, our measurement
is limited by phase noise on the radio-frequency signal
used for driving the AOM, but we do not expect signifi-
cant noise contributions from the MMA in this frequency
range. We conclude that the phase noise of the MMA is
compatible with typical optical setups used for holographic
tweezer generation and, thus, will not limit the achievable
performance of the device. In particular, the characteris-
tic switching noise of LCOS SLMs is not present in this
architecture, which might have beneficial consequences for
extremely sensitive applications.
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FIG. 3. Phase-noise characterization and MMA timing. (a) To
measure the phase noise imprinted by the MMA, we set up
an interferometer and frequency shift the reference arm by 80
MHz using an acousto-optic modulator (AOM). We interfere the
frequency-shifted light with the light reflected from the MMA
and detect the beat signal on a photodetector. (b) For the phase-
noise measurement, we program a constant displacement on the
MMA. The phase noise is recorded with an electrical spectrum
analyzer (Keysight N9020B), which is synchronized with the
MMA. We observe no noticeable difference of the phase noise
with activated MMA deflection (blue) compared to deactivated
deflection (orange). The phase noise of the radio-frequency sig-
nal used to drive the AOM is shown in gray. (c) The typical
timing cycle of the MMA is shown starting with the program-
ming duration of 820 ws. After the mirror settling time of
approximately 30 s, a user-configurable output trigger indicates
that the desired deflection pattern is reached.

B. Timing and duty cycle of the MMA

Synchronization of the MMA deflection is possible via
the transistor-transistor logic (TTL) inputs and outputs of
the MMA controller. The MMA deflection cycle starts
with an 820-ps-long programming duration, in which the
stroke of each mirror is configured. After programming,
the device indicates the ready status with a corresponding
TTL output and the deflection becomes active after a mir-
ror settling time of approximately 30 ws. Synchronization
with additional devices is possible via a user-configurable
TTL output signal indicating the completed deflection.
Currently, the MMA allows for a maximal deflection dura-
tion of a few seconds and our interferometric phase-noise
measurements indicate a degradation of the phase profile
after approximately 1-2 s, which we attribute to varia-
tions in the control voltages that set the piston stroke. To
demonstrate rapid switching of phase patterns, we perform
a proof-of-concept experiment in which we synchronize
short laser pulses with the deflection of the MMA. At an
update rate of 1 kHz, we apply light pulses of 10-js dura-
tion controlled via an acousto-optic deflector. For these
settings, corresponding to a duty cycle of 1%, we observe

no degradation of the MMA for peak powers up to 100 mW
at 322 nm and a beam waist of 1 mm. Our sequence, which
mimics, e.g., a gate sequence in a neutral-atom quan-
tum simulator or computer, establishes piston micromirror
arrays as a promising platform for a gate controller [41] of
atom arrays in the UV spectral range.

IV. APPLICATIONS FOR NEUTRAL-ATOM
BASED QUANTUM TECHNOLOGIES

In a final set of measurements, we demonstrate the per-
spectives of using the MMA for quantum simulation or
quantum computing. In particular, we focus on zone-based
architectures recently brought forward [13] and success-
fully employed for quantum computing [34,42,43] and dig-
ital quantum simulation [44]. In this approach, atoms are
dynamically shuttled between different zones optimized
for storage, manipulation, and readout [see Fig. 4(b)]. The
manipulation zones host multiple atoms to allow for paral-
lel execution of the gate operation, which benefits strongly
from a homogeneous illumination of the entire zone. This
is ideally realized with one or several flat-top beams to
minimize the alignment sensitivity of the system and max-
imize the number of gates executable in parallel. Creating
such flat-top beams poses a challenge for transitions in
the UV, as found for Rydberg p states in alkali atoms
[45,46] and Rydberg s states in strontium [47—49] or ytter-
bium [14,43,50], starting from the metastable states. We
leverage the phase control of the MMA to create flat-top
beams in the UV and visible spectral ranges, exploiting
the programmability of the MMA compared to passive
and static beam-shaper assemblies, which are tailored to
a specific input beam shape and wavelength. To compute
the phase mask for a flat-top beam, we take the measured
amplitude on the MMA during the phase-correction mea-
surement as the input field and assume a flat phase profile.
We then apply a round aperture on the MMA, directing
light outside of the aperture in the zeroth diffraction order
of the MMA. We then create an amplitude target in the
image plane with super-Gaussian decay of order N = 3
in the flanks and a flat amplitude profile at the center.
With UV laser light, we create a one-dimensional flat-top
beam, suitable for executing fast entangling gates across
an array of atoms. In the visible wavelength range, we also
create a two-dimensional flat-top beam with a flat center
along both the x and y directions with rounded corners,
which is especially robust against beam-pointing fluctu-
ations. We optimize the phase profile in a first stage by
running a gradient-optimization routine minimizing the
rms difference between the propagated far field and the
target in a specified region of interest around the flat-top
beam. Initially, this procedure results in a flat-top beam
with significant intensity variations. We therefore image
the beam and optimize both the input amplitude for the
gradient-descent algorithm as well as the phase correction
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FIG. 4. Flat-top beam generation. (a) The generated flat-top beam profile at a wavelength of 688 nm. (b) An overview of the zone
architecture for neutral-atom-based quantum information processors. Arrays of neutral atoms are dynamically shuttled between dedi-
cated zones for storage and for driving single- and two-qubit gates, where homogeneous flat-top illumination is highly advantageous.
Additionally, individual atoms are addressed through a high-resolution objective. Executing programmable quantum circuits requires
rapid switching of the addressing pattern to realize local control by switching the light intensity on each qubit. (c) The generated

flat-top beam profile at a wavelength of 322 nm.

by optimizing over the amplitude of Zernike polynomials
up to eighth order. By this procedure, we generate flat-top
beams at wavelengths of 322 nm and 688 nm (see Fig. 4).
At a wavelength of 322 nm, we reach a residual rms inho-
mogeneity of 0.75% and peak-to-peak variation of 3.65%
over a distance of 113 pm at a power efficiency of 28%,
which is compatible with reaching state-of-the-art logical
gate fidelities across a large number of qubits [51]. At
688 nm, we demonstrate a two-dimensional flat-top beam
reaching an rms inhomogeneity of 1.8% (1.4%) and peak-
to-peak variation of 7.4% (6.2%) in the x (y) directions at
a power efficiency of 38%.

V. CONCLUSIONS AND OUTLOOK

Our measurements demonstrate that piston micromirror
arrays can be used for dynamical arbitrary spatial light-
field control in the visible and UV and are a promising
alternative to LCOS SLMs. We reach state-of-the-art per-
formance, both in phase-correction as well as tweezer
homogeneity. Scaling up the number of mirrors would
enable even higher diffraction efficiencies for large arrays
of thousands of tweezers. We show that MMA technol-
ogy holds promise to enable high-fidelity entangling gates
across even larger qubit arrays by generating homoge-
neous flat-top beams. In particular, the current speed limit
is not set by fundamental mechanical mirror properties
but, rather, by the underlying MEMS-control electron-
ics, which we expect can be updated in a further devel-
oped version of the MMA. Beyond the demonstrations
shown in this work, the fast update rate of 1 kHz opens
up possibilities for rapid switching between phase masks
with multiple applications for atom-based quantum tech-
nologies, such as the recently demonstrated parallel atom

resorting [24,25,52] or power-efficient implementations of
parallel-executed gates in large systems.
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