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High-resolution fluorescence imaging of ultracold atoms and molecules is paramount to performing
quantum simulation and computation in optical lattices and optical tweezers. Imaging durations
in these experiments typically range from a millisecond to a second, which can significantly limit
the cycle time. In this work, we present fast, 2.4 µs single-atom imaging in lattices, with 99.4%
fidelity. Additionally, we resolve lattice sites spaced within the diffraction limit by using accordion
lattices to increase the atom spacing before imaging. This overcomes the challenge of imaging small-
spacing lattices and enables the study of extended Hubbard models using magnetic atoms. We also
demonstrate number-resolved imaging without parity projection, which will facilitate experiments
such as the exploration of high-filling phases in the extended Bose-Hubbard models, multi-band or
SU(N) Fermi-Hubbard models, and quantum link models.

INTRODUCTION

Quantum simulation [1–5] with ultracold atoms has
enabled the generation and exploration of strongly cor-
related matter. Itinerant models that are challenging to
probe with computer simulations have been successfully
studied with optical lattice-based quantum simulators[3,
6, 7]. Concurrently, atoms in optical tweezer arrays [8–
11] have ushered in a new era of quantum computation
[12–17] and enabled large-scale quantum algorithms with
logical qubits [18]. Essential to both of these platforms
is high-fidelity imaging of individual atoms [19–22].

Fast imaging significantly reduces cycle time, which is
one of the key figures of merit for quantum simulators
and quantum computers. Moreover, quantum error cor-
rection, essential to fault-tolerant quantum computation,
relies on fast, mid-sequence readout [18]. Efforts have
been made to improve the repetition rate of quantum ex-
periments by greatly accelerating the state preparation of
degenerate quantum gases [23, 24] or by loading tweezers
directly from magneto-optical traps and implementing
sideband cooling [25, 26]. However, high-fidelity imaging
takes hundreds of milliseconds in many machines, which
can act as an experimental cycle time bottleneck.

Another key limitation of imaging systems is their res-
olution: the diffraction limit of the imaging light can be
a significant hurdle to the site-resolved imaging fidelity
[27]. When studying itinerant models, wavelength-scale
lattice spacing is used to optimize tunneling [3]. Even
smaller lattice spacing is required to study long-range
interactions [28], or to realize collective optical effects
[29]. In these cases, the optical point spread function
between neighboring sites may substantially overlap, re-
quiring longer imaging times to distinguish between sites
with high fidelity.

Conventionally, atoms must be localized to the same
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sites throughout the imaging duration, necessitating deep
pinning traps and efficient on-site optical cooling. Imag-
ing multiple atoms per single site leads to parity projec-
tion: light-assisted collisions [19, 30–33] cause pairwise
loss of atoms, resulting in the final atom number in a
site to be 0 (1) if the initial atom number is even (odd).
To avoid this limitation and count the total number of
atoms in each site, techniques of expanding the atoms to
multiple sites have been demonstrated [34–40]. However,
direct on-site atom counting would significantly reduce
the technical complexity of exploring models with many
atoms in a lattice site.

In this work, building upon free spacing imaging
demonstrated in [41], we introduce fast site-resolved
imaging in optical lattices. We achieve a high fidelity (>
99.4%) of distinguishing between 0 and 1 atoms per site
within as little as 2.4 µs. We elucidate and overcome the
detrimental effects of continuous high-saturation imaging
of atoms from two directions and experimentally confirm
the understanding of the imaging process. Using an ac-
cordion lattice, we resolve a small-spacing lattice beyond
the diffraction limit. Moreover, we demonstrate parity-
projection-free imaging that enables full atom number
detection.

EXPERIMENTAL SETUP

The fast imaging method with accordion lattices pre-
sented in this work is primarily developed for our quan-
tum gas microscope that uses magnetic erbium atoms to
create strongly correlated lattice models with long-range
dipolar interaction. This enables quantum simulations of
extended Hubbard models and recently led to the obser-
vation of dipolar quantum solids [28]. To maximize the
magnetic dipolar interaction strength, we choose a lattice
spacing of 266 nm, roughly two times smaller than the
lattice spacing used in typical experiments. Both resolv-
ing this small lattice spacing optically and laser cooling
of erbium atoms in lattices during imaging is technically
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FIG. 1. Imaging setup. (a) Our quantum gas microscope
consists of a high-resolution (NA=0.9) objective mounted in
vacuum and a set of tunable spacing accordion lattices. To
perform imaging, we send two counter-propagating beams
onto the atoms and set the beam polarization and atom quan-
tization axis to maximize the objective collection efficiency
(SM E). To prepare atoms for free space imaging, we transfer
atoms from the tightly spaced lattice (green) to the accor-
dion lattice (blue) and expand the accordion lattice shown in
(b). The large spacing allows us to perform fast fluorescence
imaging in free space without cooling or trapping and obtain
single-shot images. (c) is one such image with a Mott Insu-
lator in the center and shows checkerboard patterns on the
edge - a signature of dipolar interactions between the mag-
netic atoms used in our quantum gas microscope.

challenging. Therefore, we use accordion lattices [42] to
increase the spacing of the sites during imaging to a sim-
ilar regime as optical tweezer arrays. With a spacing
of a few microns, the point spread functions of adjacent
lattice sites do not overlap. Therefore, we only need to
detect as few as 15 photons to identify an atom reliably.
We can then completely circumvent trapping and laser
cooling during imaging and instead rely on the inertia
of the atom to keep it in place as we quickly scatter as
many photons as possible [13, 14, 41, 43]. This scheme
not only greatly speeds up the imaging to only a few mi-
croseconds, but also removes the complexity of pinning
lattices and cooling schemes.
In our experiment we rapidly create Bose-Einstein con-

densates of the bosonic isotope of erbium (168Er) within
a few hundred milliseconds [23], and adiabatically load
these condensates into tightly spaced retro-reflected lat-
tices (green in Figure 1(b)). To image the atoms, we turn
off the lattice dynamics by quickly ramping up the tightly
spaced lattice and transferring the atoms to an accor-
dion lattice (blue in Figure 1(b)). The accordion lattice
is created by projecting beams through a high numerical
aperture objective (Figure 1(a) and Supplemental Mate-
rials (SM) C). The accordion lattice spacing is expanded
to a few microns in less than 100ms. After quenching
off the lattices, we illuminate the atoms from two sides
with high-intensity (I ≈ 20Isat, where Isat is the satura-
tion intensity of the transition) imaging beams (purple
arrows in Figure 1(a)) for a total of a few microseconds
on resonance with the broad 30MHz transition of erbium
at 401 nm and scatter 80 photons per microsecond. Fluo-
rescence photons are captured by the objective (NA=0.9)
and recorded on an Electron Multiplying (EM) Charge-
Coupled Device (CCD) camera (Figure 1(c)). We esti-
mate the loss rate during the lattice transfer and expan-
sion to be smaller than 1% (SM C).

EFFECTS OF IMAGING LIGHT RECOIL

Our free space imaging method relies on the atom
not moving significantly from its original position during
imaging. Hence, we minimize the imaging duration by
maximizing the photon scattering rate. This is achieved
by shining highly saturated on-resonance imaging beams.
Since there is no cooling and trapping, the atom is accel-
erated solely by the recoil of the scattered photons, per-
forming a random walk diffusive motion in momentum
space. Using only a single beam for excitation would ac-
celerate the atom in one direction with each excitation
cycle. To circumvent this we use two balanced counter-
propagating beams (Figure 1(a)). Naively, one expects
each excitation cycle to impart two photon recoils of mo-
mentum; one from absorption, and one from spontaneous
emission. Experimentally, however, we found a strong de-
viation from this picture. The atom rapidly spreads out,
and a slight beam intensity imbalance causes a rapid ac-
celeration into one direction (SM A2 and A4). We
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FIG. 2. Alternating pulsed imaging beams result in high imaging fidelity. The spread and bias of atom momentum
can blur images and hurt imaging fidelity. To prevent atoms from accelerating in a single direction and veering into adjacent
lattice sites, we apply two counter-propagating beams to average out the momentum kicks. With simultaneous illumination
from two sides with high intensity (I ≈ 20Isat), however, we observe fast spatial spreading of atoms. Remarkably, this is caused
by coherent quantum walks that quickly spread out the atomic wave function to span a large number of momentum states.
We simulate the excited state population in the left panel of (a). In addition, the quantum walk enhances the momentum bias
due to intensity imbalance when both beams are on simultaneously. In contrast, when the two beams are pulsed alternatingly,
the momentum does not spread out and the momentum bias is insensitive to intensity imbalance when Ω > Γ (right panel of
(a)). In (b), we consider the momentum spread after many spontaneous emissions. With two continuous beams, as the beam
intensities are increased, the momentum spread increases linearly without bound, but with alternating beams, the momentum
spread saturates at high beam intensities. We measure the momentum spread of atoms with time-of-flight images and observe
good agreement with the master equation simulation, shown in solid lines. To demonstrate the increased sensitivity to the
intensity imbalance in the continuous beam configuration, we plot the measured momentum bias (dots with error bars) and
simulated results (solid lines) in (c). (d) shows the averaged images of atoms when only one beam is on (top) when both
beams are on continuously (middle), and when both beams are alternatingly pulsed on with no overlap (bottom). The total
imaging duration is the same at 6.4 µs, leading to similar photon flux per atom but the alternating beam image (bottom) is
much sharper, qualitatively agreeing with the theory. In addition, the peaks in the histogram are better separated when the
two beams are pulsed.

observed similar phenomena for a range of relative de-
tunings of the counter-propagating beams and different
polarization arrangements. Such behavior was previ-
ously reported[41], but no explanation was found. To
study this surprising effect, we consider a picture where
the atom performs a quantum walk in momentum space
[44, 45].

When both beams are on at the same time and cou-
ple the atom to the same mJ state with Rabi frequencies
Ω1 and Ω2, the atom goes through quantum walks in mo-
mentum space, which can be described as a realization of
the Su-Schrieffer-Heeger (SSH) model [46–49] (SM A1).
We simulate this model using exact diagonalization [50]
(Figure 2(a) left, SM A2). With high beam intensity,
the Rabi frequency from the imaging beams (Ω), which
corresponds to the twice tunneling energy in the SSH
model, is larger than the decay rate (Γ). Therefore, the
quantum walk spreads the atom wave function to momen-

tum states larger than h/λ, where λ is the imaging wave-
length at 401 nm, before spontaneous emission projects
the atom’s momentum state. In contrast, by alternat-
ingly pulsing the two beams, the atom coherently oscil-
lates between 0 and ±h/λmomentum states and does not
venture into states with higher momentum before spon-
taneous emission. This not only allows the momentum
spread to be narrower but also makes the momentum im-
balance very insensitive to beam intensity imbalance, as
long as both beam intensities are much higher than Isat.

To measure the momentum spread in the two imag-
ing configurations, we turn on the beam(s) for a short
duration of 0.2 µs and then take an image after 100 µs
time-of-flight. We fit the image and plot the width of the
Gaussian fit (Figure 2(b)). When both beams are on at
the same time, the width (blue) increases roughly linearly
with the Rabi frequency, which is consistent with the sim-
ulation (SM A3). In contrast, when only one beam is
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FIG. 3. Imaging with alternating beams. With alter-
natingly pulsed beams, the stochastic recoil causes atoms to
spread out when the imaging duration is increased, as simu-
lated in the upper panel of (a), where colors represent different
simulated traces. As long as lattice spacing is larger than the
spread of atoms, longer imaging duration improves the imag-
ing fidelity as measured in the lower panel of (a). To compare
the experiment with the simulation, we measure the spot size
of our atoms. (b) is an exemplary image averaged over 30
single-shot images where we expand the accordion lattices to
6 µm spacing and perform free space imaging for 7.2 µs. The
image is then cropped into individual sites and 1D profiles are
obtained by summing over the x and y axes. The x and y spot
sizes are different since the imaging beams are along only one
axis and the objective aberrations are anisotropic (SM D).
The spot sizes with different accordion lattice spacings and
imaging durations are shown in (c). The measured spot sizes
of the x and y profiles are plotted in circles with error bars.
The respective colored lines correspond to the simulated spot
size along the x and y directions. The measurements qualita-
tively agree with the simulation.

on, as in the case of alternatingly pulsed imaging beams,
the width (orange) saturates. The spread of momentum
states increases the spread of the atom position, directly
reducing the imaging fidelity. In addition, we study the
enhanced sensitivity at high intensity with continuous
beams. Due to the quantum walk interference, any beam
intensity imbalance can cause a large bias to the momen-
tum, quickly accelerating the atom along the stronger
beam direction and greatly affecting the imaging fidelity
(Figure 2(c) and SM A4). As shown in Figure 2(d) left,
the peak on the middle panel is significantly lower than
the one on the bottom panel, since atoms spread out

much faster and venture into neighboring sites, resulting
in worse fidelity (Figure 2(c) right). Therefore, we pulse
the beams alternatingly so that as long as each beam is
highly saturated and the excited state population is close
to 50%, the recoil is relatively insensitive to fluctuations
in the beam power.
Our measurements and theory explain why alternating

imaging beams give significantly higher fidelity. Hence,
from here on, we optimize the imaging in this configu-
ration. We perform a simulation of the atom’s trajec-
tory during imaging and of the fluorescence signal. The
simulation takes into account the stochastic recoil from
imaging light on the atoms inside and out of the focal
plane and other factors (SM B). As atoms are imaged
for a longer duration, they spread out further around
the original location (Figure 3(a) top). Meanwhile, more
photons are collected so the histograms are separated fur-
ther, increasing the estimated fidelity (Figure 3(a) bot-
tom). To confirm the accuracy of our simulation, we
compare the average image between the simulation and
the experimental data. The accordion lattices are set to
different spacings and the imaging beams are set to dif-
ferent durations. We then fit the average image with a
Gaussian function and define the spot size as twice the
standard deviation (Figure 3(b)). The imaging spot size
increases for larger accordion spacing because of slight
shot-to-shot position fluctuations of the accordion lattice
due to air currents (0.065 waves standard deviation) [27].
In addition, the calculated ground state Wannier func-
tions based on the measured lattice depth and spacing of
the accordion lattices also grow larger when the spacing
is larger. Furthermore, the simulation takes into account
the wavefront error of the objective that was measured
before its placement in the vacuum chamber [51]. The
data agrees with the simulation as shown in Figure 3(c),
confirming our understanding of the imaging process and
facilitating the application of this method to different
atoms or molecules.

ULTRA-FAST IMAGING USING BINARIZATION

The speed of imaging with our EM CCD camera can
be further improved using an image processing tech-
nique: binarization. The number of photons collected by
the imaging system follows a Poisson distribution (Fig-
ure 4(a) bottom left). EM CCD cameras introduce ad-
ditional noise during the EM process and broaden the
distribution to twice the original variance (Figure 4(a)
bottom right). The imaging magnification is chosen so
that each pixel mostly detects only zero or one photon
(Figure 4(a) blue histograms). Applying a binarization
threshold (brown dashed line) to each pixel can effec-
tively distinguish whether the pixel detected a photon or
not and eliminate the additional EM noise when sum-
ming up pixels to obtain histograms [51] (Figure 4(b)).
We compare the histograms with and without applying
binarization when the atoms are imaged for only 2.4 µs.
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FIG. 4. Ultra-fast high-fidelity imaging via binarization of Electron Multiplying (EM) CCD counts. EM noise
on the EM CCD camera can negatively affect the signal-to-noise ratio (a). Pixels with 0, 1, or 2 initial electrons (left top 3
panels) are amplified via EM, resulting in overlapping probability distributions that make it impossible to precisely distinguish
the initial electron number (right top 3 panels). Assuming a Poisson distribution of the initial electron number (left lowest
panel in orange), the EM process results in a factor of two more variance (right lowest panel in orange). When the photon
density per pixel is less than one (the blue panels dominate), however, setting a binarization threshold (brown dashed line) to
each camera pixel enables a near-perfect distinction between 0 and 1 initial electrons. This effectively removes the EM noise
and increases the signal-to-noise ratio. An example of binarization is shown in (b), where only 15 photons are collected on
the camera within 2.4 µs (3µm accordion lattice spacing). The histograms are fitted with two skew-normal distributions and
a constant offset between the peaks to account for the branching ratio in (c). The infidelity at different cutoffs is estimated
based on the fit. Binarization increases the estimated fidelity from 97.7% to 99.4% on our EM CCD camera. The maximum
fidelity of more than 99.5% is achieved with only 3 µs imaging duration as shown in (d). The fidelity is mainly limited by the
atom transitioning into a “dark state” during imaging, which we estimate in (e) by preparing a cloud with mostly one atom per
site and then performing imaging for 8.8µs at 4µm accordion lattice spacing. In addition to two peaks corresponding to 0 and
1 atom per site, we identify significant counts between the peaks with this long imaging duration. The simulated histograms
assuming different branching ratios are laid on top of the data, showing an estimated branching ratio of slightly below 5×10−5.

In Figure 4(c), we fit the histograms with two skew-
normal distributions (instead of normal distributions, be-
cause the photon number is low, causing significant asym-
metry in the histogram) and add a constant background
in between the Gaussian peaks to account for erbium’s
branching ratio. The infidelity of false positive (red in
Figure 4(c)) and false negative (blue) errors at different
cutoffs are shown. For the case without binarization, we
plot the distribution continuously. For the case with bi-
narization, we discretize the distribution first and then
plot it. Based on the cumulative distributions, we use
gray dashed lines to mark the total count cutoff that
gives the smallest sum of infidelity for false positives and
false negatives. Binarization reduces the variance of the
peaks by roughly 1.8 times and increases the fidelity sig-
nificantly from 97.7% to 99.4%. This improvement of
signal-to-noise ratio can be exploited when fast imaging
with few photons is desired, such as in tweezer array ex-
periments [12–18].

Our fidelity at long imaging duration (Figure 4(d)) is
limited by the atom transitioning into intermediate long-
lived “dark” states. Once an atom decays to a dark state,
it no longer scatters photons and can be mischaracter-
ized as absent. This chance of decay to dark states (the
branching ratio) can be estimated by analyzing the his-
togram of the counts in between the peaks corresponding

to 0 and 1 atoms per site. The simulated histogram with
different branching ratio assumptions indicates a branch-
ing ratio of slightly less than 5 × 10−5. Similar results
are obtained with different imaging durations and accor-
dion lattice spacing. Previous calculations estimated the
total branching ratio to dark states to be on the order
of 10−4[52] and measurements indicate the ratio to be
slightly less than 10−5 [53], which is roughly consistent
with our estimate. Adding repumper lasers or choosing
a transition with a lower branching ratio could further
improve imaging fidelity.

PARITY-PROJECTION-FREE IMAGING

This new imaging method uniquely enables full atom
number readout without parity projection. We load mul-
tiple atoms per site and measure histograms by summing
the raw camera count in a 19×19-pixel box (Figure 5(b)
light blue bars), which shows distinct peaks, allowing dif-
ferent atom numbers to be distinguished. Our simulation
(SM B) with only the peak heights as free parameters is
plotted in orange, where the simulated photon count peak
centers corresponding to different numbers of atoms per
site match the measured results. The peak shapes are
also similar between simulation and experiment. In the
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FIG. 5. Parity-projection-free imaging. A single-shot
image of more than one particle per site is shown in (a). The
histogram of both the data and the simulation (no free pa-
rameters except the peak heights) shows good agreement in
(b). The fidelity from the simulation is labeled on top of the
graph. With 700 digitized single-shot images, we select three
sites dominated by 1, 2, and 3 atoms filling and plot the his-
togram of the atom number in (c). The Poisson distribution is
overlaid in solid lines to contrast the sub-Poissonian statistics
we observed, qualitatively showing that we are in the Mott
Insulator regime.

simulation, we assume no interactions between atoms on
the same site, so the close match between measurement
and simulation is evidence that we do not suffer from par-
ity projection due to light-assisted collisions. The simu-
lated fidelity is labeled on top of Figure 5(b). The demon-
strated parity-projection-free imaging (Figure 5(a) right)
has enabled us to observe the sub-Poissonian statistic of
the Mott insulator [22, 35, 54, 55] with more than one
particle per site, in situ, in Figure 5(c). The fidelity could
be further improved by employing novel camera technol-
ogy and expanding the accordion lattice further. With
novel qCMOS cameras free from EM noise and proper
magnification, we estimate roughly 99% fidelity distin-
guishing between 1 and 2 atoms per site and more than
95% fidelity distinguishing between 3 and 4 atoms per
site. By increasing the dynamic range of the accordion
lattice, we would be able to space the atoms further than
4.5 µm and image longer to resolve even larger atom num-
bers.

CONCLUSION AND OUTLOOK

We have demonstrated a novel imaging method in lat-
tices that features an imaging duration of only a few mi-

croseconds with high fidelity of 99.5% between 0 and 1
atoms per site, and more than 90% up to 4 atoms per site.
Cameras with lower noise and the application of machine
learning [56–58] may further increase the performance
of our imaging method. Our technique can be applied
to any atom or molecule with optical cycling in optical
tweezers or lattices. For tweezers, the already large spac-
ing eliminates the need for accordion lattices, reducing
the total imaging duration from the typical value of a
few milliseconds to only a few microseconds. For small-
spacing lattices, the accordion lattice transfer and ex-
pansion limit the total imaging duration; however, the
duration is still favorable compared to established tech-
niques. The accordion time could be further reduced to
a few milliseconds by increasing lattice depths.

In addition, we demonstrated that our site-resolved
imaging does not suffer from parity projection, which
simplifies the technical challenges of studying a wide
range of physics, including the entanglement entropy
measurement in 2D to study quantum phase transitions
and quantum critical points [34, 59], multi-band Fermi
Hubbard models [60], SU(N) physics [61–64], charge den-
sity wave and topological phases like Haldane Insulator
[65–67] with dipolar atoms or molecules, and quantum
link model simulations [68].

We also showed that accordion lattices can be used to
expand the lattice spacing for easier imaging, making it
possible to study the phases enabled by the relatively
weak dipolar interactions between magnetic atoms in op-
tical lattices [28]. Our work also enables repeated use of
accordion lattice to magnify the system without the need
for diffraction-limited imaging [69].

Data and code availability The experimental data and
simulation code supporting this study’s findings are avail-
able from the corresponding authors upon reasonable re-
quest.
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SUPPLEMENTAL MATERIALS

A. Light recoil

We extensively discuss atom recoil due to imaging
light. First, we consider the SSH model assuming no
spontaneous emission, which is more familiar to readers
in the field of many-body physics: we clarify the Hamil-
tonian mapping to the SSH model in A 1 and then ex-
tend the simulation in the main text to spatially localized
atoms in A2. Second, we include the effects of sponta-
neous emission and use the master equation to simulate
the momentum distribution in A 3, assuming spatially
delocalized atoms. Third, we analytically derive the ex-
pectation value of the photon recoil in A 4, which offers
a convenient formula to estimate the mean photon re-
coil without having to go through numerical simulations.
Lastly, we discuss the experimental implications in A 5.

1. SSH model Hamiltonian mapping

The SSH model in its original form has the following
Hamiltonian:

H = t1
∑
n

|n,B⟩ ⟨n,A|+ t2
∑
n

|n+ 1, A⟩ ⟨n,B|+ h.c.

where t1 is the tunneling energy to hop within a unit
cell, t2 is the tunneling energy to hop between two unit
cells, and n is the integer label for unit cells [70].
In our case without spontaneous emission, the excited

(e) and ground (g) states can be viewed as A and B sub-
lattices in a 1D lattice chain. Our Hamiltonian is:

H =
Ω1

2

∑
p

|p, g⟩ ⟨p+ 1, e|+ Ω2

2

∑
p

|p− 1, e⟩ ⟨p, g|+h.c.

where Ω1 (Ω2) is the Rabi frequency of the beam com-
ing from the left (right) shown in blue (red) as shown in
Figure 2(a) and p is the integer label for the momentum.
The energy of different momentum states differ slightly

due to the kinetic energies, but the recoil energy is four
orders of magnitude smaller than the linewidth of the
transition. With a few hundred photons scattered, the
kinetic energy is still small compared to the linewidth of
the transition, so we neglect this effect.

2. Momentum kicks on spatially localized atoms with
imbalanced Rabi frequencies

In the main text Figure 2, we discussed the momentum
kicks on atoms assuming the initial atom momentum is
a delta function when two beams are on simultaneously.
Therefore, the atom wave function spreads more than the
wavelength of the imaging beam in real space, washing
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(a)

(b)

(c)

Ground

Excited

0 1 2-1-2 3

Ω1=3.2Γ

Ω2=e
i1π2.8Γ Ω2=e

i0π2.8Γ

FIG. 6. Spatial dependence of momentum kicks with
continuous non-alternating imaging beams. When the
atomic wave function is localized in a region smaller than the
imaging wavelength, the momentum space initial wave func-
tion spans a few states as shown in (a). The initial Gaussian
state evolves differently depending on the relative phase be-
tween the Rabi oscillations from the two beams at specific
locations, the initial Gaussian state evolves differently. In
the case where the two Rabi frequencies are π out of phase,
the quantum walk quickly spreads the wave function to very
large momentum states as shown in the left panel of (b), with
a strong bias in the average momentum as shown in the left
panel of (c). When the two Rabi frequencies are in phase,
the initial Gaussian wave function does not spread much as
shown in the right panel of (b), and the average momentum
kick is near zero as shown in the right panel of (c).

out any sub-wavelength spatial structure. Here, we re-
lax this assumption and consider realistic wave function
size to simulate the spatial dependence of the momentum
kick. Based on the measured lattice depth and spac-
ing, we compute the initial momentum state populations
based on the Wannier functions (Figure 6(a)). Different
real space locations of the atom give rise to different rel-
ative phases in the Rabi frequencies from the two beams.
We show two examples when the phase difference is 0 and
π to illustrate the spatial dependence of the momentum
kicks. Moreover, a small imbalance in the beam intensi-
ties results in a large momentum state imbalance. The
average momentum for the π phase difference is much
larger than h/λ since the atom absorbs photons from

(a) (c)

(b)

FIG. 7. Diffusion of momentum with spontaneous
emission. The momentum state of an atom with Rabi drive
and spontaneous emission can be simulated by solving the
master equation. In (a), we see a light-cone-like boundary in
momentum space due to the quantum walk before each spon-
taneous emission. However, since each spontaneous emission
destroys an atom’s coherence, the overall momentum evolu-
tion is not ballistic. Hence, the population of momentum
states remains peaked at 0 as time evolves (b), and the stan-
dard deviation of the momentum population increases slower
than linearly relative to the evolution time (c).

one beam and performs coherent stimulated emission into
the other beam before undergoing spontaneous emission.
This idea might be developed further to potentially slow
atoms or molecules that are unable to spontaneously emit
a significant of photons before decaying out of a cycling
transition [71–77].

3. Simulation of momentum population with spontaneous
emission using master equation

The SSH model offers intuition into the ballistic quan-
tum walk of the atom’s momentum before spontaneous
emission. To take into account spontaneous emission, we
solve the master equation [78] using QuTiP [79] and show
the momentum state population evolution in Figure 7(a).
Like in the main text and unlike in SM A2, we assume
the initial state is fully localized at the zero momentum
state for simplicity. The momentum population distri-
bution after an evolution of 20 excited state lifetimes is
shown in Figure 7(b). After each spontaneous emission,
the momentum state decoheres, resulting in an overall
diffusion of momentum, as shown by the nonlinear shape
of the momentum spread in Figure 7(c). The diffusion of
momentum versus time is not to be confused with the al-
most linear relation between momentum spread and Rabi
frequency of the imaging light discussed in the main text,
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which comes from the ballistic quantum walk before each
spontaneous emission when I ≫ Isat.

4. Analytical derivation of the average photon recoil

We derive the average momentum exerted by light
beams on a two-level atom analytically to study the de-
pendence of momentum kicks on the beam intensity im-
balance. The results agree with the master equation ap-
proach described in SM A3.

This semi-classical approach is outlined in Ref. [80],
Section 5.8.4, which is based on Ref. [81]. In this pic-
ture, the atoms experience a force induced by a position-
dependent light amplitude. We consider a two-level
atomic dipole and classical electric fields.

For a general light field, its amplitude can be repre-
sented by a spatially varying Rabi frequency

Ω(r) = |Ω(r)| eiϕ(r), (1)

where ϕ(r) describes the spatially varying phase of the
light field.

Assuming the atom moves slowly on timescales of the
excited state decay time, the mean light force on the atom
is [80]

⟨F ⟩ = ℏs(r)
1 + s(r)

(
−∆∇ log |Ω(r)|+ Γ

2
∇ϕ(r)

)
. (2)

The spatially dependent saturation parameter s(r) is

s(r) =
|Ω(r)|2

2[(Γ/2)2 +∆2]
, (3)

where ∆ is the detuning of the light from resonance and
Γ is the excited state decay rate.

The two terms in the expression for the mean force
can be identified as the dipole force and the radiation
pressure force, respectively. In this work, we work on
resonance (∆ = 0), such that the dipole force is zero and
the only contributing force is the radiation pressure force.
The radiation pressure force can be rewritten by noting
that s(r)/[2(1 + s(r))] = ρee(r, t −→ ∞) (where ρee is the
excited state fraction), and thus

⟨Frad⟩ = ℏΓρee(r, t −→ ∞)∇ϕ(r). (4)

The radiation pressure force has a simple interpretation
in the case of a single beam or the case of balanced coun-
terpropagating beams. For a single plane-wave beam,
∇ϕ(r) = k, such that the force is exactly the momentum
kick of a single photon ℏk, multiplied by the scattering
rate Γρee. In the case of a standing wave, ∇ϕ(r) = 0,
leading to a zero mean force.

In an experimentally realistic situation, two counter-
propagating light beams in one dimension have different
intensities, such that the spatially dependent Rabi fre-
quency is

Ω(x) = Ω1e
−ikx +Ω2e

ikx, (5)

where k = |k|. For this light field, the phase ϕ(x) is

tan[ϕ(x)] = tan(kx)
Ω1 − Ω2

Ω1 +Ω2
, (6)

which leads to

∇ϕ(x) =
k(Ω2

1 − Ω2
2)

Ω2
1 +Ω2

2 + 2Ω1Ω2 cos(2kx)
. (7)

The expression for the mean force can be simplified by
noting that Ij/Isat = 2Ω2

j/Γ
2 and defining ij = Ij/Isat.

Then we can write

∇ϕ(x) =
k(i1 − i2)

i1 + i2 + 2
√
i1i2 cos(2kx)

. (8)

For ∆ = 0, s(x) = i1 + i2 + 2
√
i1i2 cos(2kx) and thus

∇ϕ(x) =
k(i1 − i2)

s(x,∆ = 0)
. (9)

Finally,

⟨Frad⟩ =
ℏkΓ
2

i1 − i2
1 + s(x,∆ = 0)

. (10)

Integrating this expression in space, we get the spatially
averaged mean radiation pressure force

⟨Frad⟩ =
ℏkΓ
2

i1 − i2√
(i1 + 1)2 + (i2 + 1)2 − 2i1i2 − 1

. (11)

Note that the equivalent expression for two independent
(non-alternating) beams would be

⟨Frad⟩ind =
ℏkΓ
2

i1 − i2
(i1 + 1)(i2 + 1)

. (12)

Figure 8 presents the spatial dependence of the vari-
ous quantities related to atoms interacting with imaging
light. Figure 8(a) shows the total Rabi frequency Ω(x),
given by Eq. 5 for Ω1 = 2.4Γ and Ω2 = 2.1Γ. The line’s
color represents the phase of the standing wave, showing
a rapid change close to the minima of the Rabi frequency.
The saturation parameter s(x) and the excited state frac-
tion ρee(x) are shown in Figures 8(b) and 8(c), respec-
tively. The orange and green lines show the correspond-
ing parameters for the individual beams. Figure 8(d)
shows the spatial dependence of the radiation pressure
force in units of ℏkΓ/2. The force develops peaks close
to the nodes of the standing wave due to the rapid vari-
ation of phase ϕ(x), even though ρee(x) is small there.
This situation is close to the situation simulated in Fig-
ure 6(b) and Figure 6(c), where the atom is simulated to
be in the antinode of imaging light.
Figure 9(a) shows the results of the expression Eq. 11

for varying intensity of the first beam I1, denoted by
different colored curves and different ratios between the
intensities I2/I1. The independent beam prediction is
plotted with dashed lines. For I1/Isat ≪ 1, the two



10

0 0.2 0.4 0.6 0.8 1
x ( )

0

1

2

3

4

|
(x

)|
(a)

0 0.2 0.4 0.6 0.8 1
x ( )

0

10

20

30

40

50

Sa
tu

ra
tio

n 
pa

ra
m

et
er

(b)
Both Only beam 1 Only beam 2

0 0.2 0.4 0.6 0.8 1
x ( )

0

0.1

0.2

0.3

0.4

0.5

Ex
ci

te
d 

st
at

e 
fra

ct
io

n

(c)

0 0.2 0.4 0.6 0.8 1
x ( )

1

0

1

2

3

Sc
at

te
rin

g 
fo

rc
e 

(u
ni

ts
 o

f 
k

/2
)

(d)

/2

0

/2

Ph
as

e

FIG. 8. Spatial radiation pressure force. Here we simulate two counter-propagating beams with intensity imbalance,
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the saturation parameter as shown in (b). We also plot the case when only beam 1 or 2 is on for reference. The excited state
fraction is shown in (c). The atoms experience a strong mean radiation pressure force at the minimum of the standing wave
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FIG. 9. Spatially averaged and non-averaged mean radiation pressure force. (a) Spatially averaged mean radiation
pressure force at resonance experienced by an atom in an imbalanced standing wave. Different colors represent different
intensities of the first beam I1/Isat. The dotted lines represent the force when assuming that the two beams are independent
and are approximately the force experienced by alternating the two counterpropagating beams. The dashed lines represent the
force when two beams interfere if the beams are not pulsed alternatingly. (b) The largest mean radiation pressure force at the
trough of the standing wave. When I1 ≫ Isat, the peak radiation pressure force can be much larger than ℏkΓ/2.
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beams can be considered independent even when con-
tinuously on, and the exact value of the force matches
the force from two independent beams. For larger in-
tensities, the mean radiation pressure force can quickly
rise with increasing imbalance between the beams, lead-
ing to a larger radiation pressure force than the naive
expectation from two independent beams. Note that the
mean force is never larger than the maximum radiation
pressure force from a single beam: ℏkΓ/2. In our exper-
iment, we typically work at I1/Isat ≈ 20. Since we have
a 5% intensity imbalance between the beams from shot
to shot, the atoms experience a force equivalent to being
pushed by roughly 0.2ℏkΓ/2. The largest mean radiation
pressure force experienced by the atoms is plotted in Fig-
ure 9(b), close to the nodes of the imbalanced standing
wave.

5. Experimental implications of high-saturation imaging

In contrast, if only one of the highly saturated beams
is on at a time, fluctuations of the beam power do not
significantly affect the overall scattering rate and momen-
tum kick. At I1/Isat = 20, if I2/I1 fluctuates by 50%,
the mean radiation pressure force barely changes by a few
percent when the beams are alternatingly pulsed. How-
ever, if both beams are on at the same time, the atoms
almost only see momentum kicks from one of the beams
and can be accelerated away very quickly, resulting in
low imaging fidelity. Experimentally, due to intensity
disorder over the imaging beams as well as fiber coupling
efficiency fluctuations, we systematically observe streak-
ing effects on the camera whose direction varies from shot
to shot and even from site to site in the same shot.

We pulse the two imaging beams alternatingly with a
pulse length of 400 ns (Figure 2(f)). The pulse length
is chosen to not be too short such that the finite rise
and fall time of the Acousto-Optic Modulators (AOMs)
dominate the pulse times, and not too long such that
the net momentum kicks from the pulses push the atoms
too far relative to the spacing of the accordion lattices.
I2 is pulsed at half duration at the beginning and the
end of the pulse sequence to reduce the movement of
the atoms away from the original position. We set our
RF sources to generate pulses, and then fine-tune the
positions of the AOMs and the RF cable lengths to match
the rising and falling edges of the two beams to within a
few nanoseconds.

The effects derived above need the two beams to in-
terfere. Now we discuss the case when the polarization
of the two beams is orthogonal and both beams are al-
ways on. In this case, the mechanism derived above will
no longer come into effect. However, the populations are
dependent on the Ω of the two beams and the momen-
tum kick probability will be strongly influenced by the
mJ state of the atoms. (For erbium J = 6) mJ will then
stochastically change during the imaging procedure, even
if we set the beams to the same intensity. Therefore, a

configuration with non-pulsed beams of orthogonal po-
larization likely does not perform better than the alter-
natingly pulsed beams demonstrated in this work.
We tried to introduce relative detuning to the counter-

propagating beams to make a running wave instead of a
standing wave but did not see significant improvement in
the histogram.

B. Free space imaging simulation using alternating
pulsed beams

First, we simulate how an individual atom would scat-
ter light as it is being kicked by the photons it absorbs
and spontaneously emits. We evolve the system on a
time step of 0.1 ns, which is two orders of magnitude
smaller than the excited state lifetime. We keep track
of the mF state of the atom, which gives rise to different
transition probabilities due to different Clebsch-Gordan
coefficients. At each time step, we use a random number
generator to decide whether the atom will spontaneously
emit a photon. We use the rate equation to track the
population (SM F). The direction of the emitted photon
is also sampled from a distribution taking into account
the polarization of the light and the atom quantization
axis (SM E). The atom velocity is updated in response
to the momentum kick from the photon. We also sim-
ulate the termination of fluorescence with the estimated
branching ratio of 4.5×10−5. Once the atoms branch into
dark states, we assume they no longer scatter photons,
since the dark state lifetime is typically much longer than
the total imaging duration of a few microseconds. After
evolving for the total imaging duration, we extract a list
of photon scattering events that record the atom position
and the photon direction. We repeat this simulation tens
of thousands of times and create a pool to sample from in
the following steps. The simulation tracks atom move-
ment in all three dimensions because the low depth of
focus of our high NA objective (SM D) can significantly
change the point spread function as atoms move out of
the plane.
Second, we arrange a randomly filled square lattice

with either zero or one atom per site. We then sample
each atom’s scattering distribution from the pool gener-
ated above. For each photon, we simulate whether it will
be detected by the camera sensor considering the optical
path transmission of 60 percent and the camera quan-
tum efficiency of 60 percent. Then for each photon, we
know the center of its point spread function on the cam-
era by projecting it back on the focal plane. We then
convolve the photon position with a point spread func-
tion that takes into account the optical wavefront error
as well as the uncertainty in the initial atom position.
Then we discretize the image into squares corresponding
to the pixel size in the image plane. We then account for
the EM process by sampling from a Gamma distribution
with the appropriate gain.
Third, we take into account the EM CCD camera
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(Andor iXon Ultra 897 EXF) dark frame performance,
including parallel Clock-Induced Charges (CIC), serial
CIC, readout noise, and any other imperfections (SM H).
We measure this noise by taking images when there are
no atoms present. We then add this background camera
noise to the electron counts generated from the second
step.

C. Accordion lattice

To dynamically change the accordion lattice spac-
ing while not changing the phase at the center of the
lattice, we designed a pair of dove prisms and glued
them in-house to a precision of within a microme-
ter. We purchased commercially available uncoated dove
prisms (Thorlabs PS993) and UV-curing optical adhesive
(NOA61). We coated one of the dove prisms with broad-
band 50:50 beam-splitting coating designed to match the
refractive index of the optical adhesive. We then de-
signed and machined flexure mount stages to align and
glue the two dove prisms together. To change the spacing
of the accordion lattice, we use a periscope mounted on a
galvanometer before the dove prism pair. The periscope
mount is constructed with carbon fiber to reduce the mo-
ment of inertia and increase the galvanometer bandwidth.
To control the phase of the accordion lattice, we let one of
the beams go through an AR-coated 1-mm thick window
(phase plate) mounted on another galvanometer. As the
galvanometer is rotated, the beam path length changes.
More details about the physical setup and alignment pro-
cedures are elaborated in [82].

We use a single-pass-doubling ytterbium-fiber-
amplified laser (Azurlight Systems), whose wavelength
is 488.1 nm and maximum power is 2W. The beam
size in the dove prism pair is around 100µm and the
peak intensity is around 25 W/mm2. During testing, we
observed slow degradation of the transmission through
the dove prism pair when continuously sending in a
beam at this level of intensity. Therefore, we mounted
the prism pair on a translation stage such that we could
move the prism orthogonal to the beam propagation
direction if the transmission degrades too much at a
particular spot. We have been operating for three years
and have not noticed significant degradation yet, since
we only need high power for a fraction of a second per
experimental shot during imaging.

To achieve the best transfer fidelity between lattices
we must match each lattice’s spacing and phase to be
commensurate. We conducted an initial calibration of
the spacing of the accordion lattices when they were set
up for the first time. We loaded a large cloud of atoms
into a deep 266 nm retro-reflected tightly spaced lattice
with a shallow accordion superlattice superimposed. We
then fit the Moiré patterns formed by the two lattices to
determine the spacing. While spacing calibration only
needs to be done once, we calibrate the lattice phase
daily. To do so, we load atoms into the tightly spaced

lattice and simultaneously quench off the tightly spaced
lattice and quench on the accordion lattice within a mi-
crosecond. This quench is faster than the trap frequency
of roughly 30 kHz. We then hold the accordion for a
few hundred milliseconds, during which atoms occupying
higher lattice bands due to imperfect phase matching will
tunnel away from the region of interest. We finally take a
picture (without expanding the accordion lattice for site-
resolved imaging) and record the total atom number. We
repeat this process at different phases and identify the
phase resulting in the largest preserved atom number as
the commensurate phase in which both lattices line up
(Figure 10(d) and (e)). The phase does not drift after
an experimental warm-up period of a few hours. We
cover the accordion lattice optical breadboard with an
anodized aluminum enclosure to reduce the disturbance
of the optical path length from air currents and maintain
a stable temperature.

We study the atom lifetime in the accordion lattice
and explore possible heating sources. We measure the
lifetime of atoms without the accordion lattice to be 90 s.
Once we turn on the accordion lattice at a fixed spacing,
we observe a lifetime between 10 s and 30 s depending on
the accordion lattice power and spacing. We keep the
lattice spacing the same and vary the power. We observe
a longer atom lifetime with shallower lattice depth, im-
plying that the loss could be induced by scattering. We
also observe a decrease in the lifetime when the spacing
is larger than 5µm, possibly related to the decrease of
trap frequency when the accordion spacing is expanded
too much.

We measured the central filling of a unity-filled Mott
Insulator to be 99.00±0.16%, which puts an upper bound
of the atom loss to 1% (Figure 11). Since the atoms
spend roughly 100ms in the accordion lattices, based on
the lifetime measured, we expect on the order of 0.7%
loss directly coming from heating in the accordion lat-
tices without accounting for transferring and expanding.
In addition, the imaging fidelity is still affected by non-
cycling dark states (the branching ratio is measured in
the main text) and has a false negative rate of roughly
0.3%. This implies that we see very little loss due to the
dynamical transfer to and the expansion of the accordion
lattices, which is consistent with simulation. Thus, our
work establishes the use of accordion lattices as an almost
lossless tool for imaging.

We cannot make a similar reliable estimate for the
loss probability for n ≥ 2 in the accordion lattices, since
we observe non-negligible loss of doublons in our tightly
spaced retro-reflecting lattice even before transferring to
the accordion lattice, which limits the original fidelity of
the Mott insulator with more than one particle per site.
We observe that the doublon loss rate depends on the
magnetic field and worsens near Feshbach resonances.

We perform adiabatic ramps in the retro-reflected lat-
tices because they have much lower intensity disorder and
allow us to achieve regimes where the dipolar interac-
tion is the dominant energy scale [28]. In contrast, the
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FIG. 10. Accordion lattice setup and calibration. The accordion lattice consists of two moving parts: a periscope that
controls the lattice spacing and a phase plate that controls the lattice phase. As the periscope is rotated clockwise following
the orange arrow in (a), the incident beam position changes to the dashed blue line and the spacing between the exit beams
becomes small. Upon going through the objective, the lattice spacing becomes larger. We can calibrate the spacing of the
accordion lattice relative to the green retro-reflected lattice in (a) using Moiré patterns. An example site-resolved average
filling is shown in (b). By summing over the y-axis, we obtain the atom number and fit it with a sinusoidal that matches
the accordion lattice spacing in (c). As the phase plate is rotated following the cyan arrow in (a), the accordion lattice phase
can be tuned. We calibrate the phase of the accordion lattice relative to the green retro-reflected lattice by quenching off the
retro-reflected lattice and quenching on the accordion lattice. After holding and letting the higher band atoms move out of the
region of interest, we can take images as shown in (d) as we set the phase to different values, and then fit a sinusoidal pattern
to the atom number.
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FIG. 11. Unity-filled Mott Insulator histogram We look
at the center 2 by 2 sites of a unity-filled Mott Insulator of
more than 600 shots without post-selection to estimate an up-
per bound of the loss in our imaging technique to be roughly
1%.

projected accordion lattices have significantly more dis-
order, making them unfit for adiabatic ramps. However,
this disorder does not affect experimental results since
we project our quantum states to the number basis af-
ter quickly quenching the tunneling in the retro-reflected
lattices.

D. In-vacuum objective

To project the accordion lattice of 488 nm light to
match the 266 nm spacing of the retro-reflected green
lattice, we need a high NA of 0.92. If we use a shorter
wavelength for the accordion lattice, we can reduce the
required NA of the objective. In addition, the objective
does not have to be diffraction-limited for accordion lat-
tice projection. So an ultra-high NA objective is not nec-
essary for this imaging method with accordion lattices.
On the other hand, for imaging and potential control, we
ideally want the objective to have a high diffraction lim-
ited performance to the highest possible NA. Large NA
diffraction limited performance allows us to maximize the
number of photons we can collect during our short image
duration and maximize the resolution of projected arbi-
trary potentials via Digital Micro-mirror Devices (DMD).
We custom-ordered our objective from Special Optics.
Due to other experimental requirements (see [28]), we re-
quested the objective to have a hole in the center of each
optical element that makes up the objective. We tested
that the wavefront error up to an NA of 0.85 is roughly
0.1 waves for our imaging beam at 401 nm. In addition,
the wavefront error up to an NA of 0.9 is roughly 0.07
waves for our DMD projection beam at 532 nm. The test
method and results are described in [51].

Such high NA requirements make it desirable to mount
the objective inside the vacuum chamber. We verify that
the same optical performance can be achieved after bak-
ing, a procedure necessary to achieve pressure lower than
10−11 Torr, which is required for many-body experiments
[28]. We test-baked the objective in a separate Ultra-
High Vacuum (UHV) chamber at the desired tempera-
ture of 95 ◦C for 1 week. We removed the objective from

the test chamber and measured the wavefront error again
to confirm that the objective had not misaligned from
the heating and cooling cycle. In addition, we verified
that the objective is UHV compatible by checking the fi-
nal pressure level after the test bake and monitoring the
chamber contents using a residual gas analyzer to track
the gas component during and after the bake. We then
mounted the objective into the experiment chamber and
baked it for 4 weeks at 95 ◦C. We finally achieved a vac-
uum lifetime of more than 90 s and the pressure has been
stable over the past three years without the need to un-
dergo additional rounds of titanium sublimation pump-
ing.
Higher transmission of the scattered light through the

imaging optical system and better camera quantum effi-
ciency can help achieve better imaging. The transmission
of our imaging beam at 401 nm through the objective is
measured to be less than 70%. One reason for the low
transmission is that the glass used in the objective ab-
sorbs a significant amount of light close to the ultraviolet
spectrum. In addition, the anti-reflective coating on each
lens is coated for multiple wavelengths and the angle of
incidence in this high-NA objective is relatively broad,
further reducing the transmission. After the beam goes
through the vacuum viewport, multiple dichroic mirrors,
lenses, and mirrors, we estimate a total transmission of
60%. To optimize for the point spread function and crop
out the regions where the objective is not diffraction-
limited, we apply an iris after the collimated beam ex-
iting the vacuum chamber. The collection angle of our
objective ranges from an NA of 0.3 to 0.85. We set the
quantization axis of our atoms and the polarization of
the laser beam to maximize the collection efficiency in
SM E.

E. Quantization axis and collection efficiency
through the objective

The light’s polarization and the atom’s quantization
axis affect our objective’s collection efficiency. We define
collection efficiency as the ratio of photons collected by
the objective over the total number of scattered photons.
Here we present the calculations we made to choose the
polarization and quantization axis.

1. Angular distribution

The angular distribution of scattered photons is dw ∝
[d1q,µ(θ)]

2(sin θdθdϕ) [83]. d1q,µ(θ) is D-matrix in Euler
angle form, q is the change of m state of the atom, and µ
is the detected photon polarization. We calculate differ-
ent q cases separately because they have different Cleb-
sch–Gordan coefficients and therefore different scattering
probabilities. For simplicity, we take the basis of circu-
larly polarized light, where we only consider the orthog-
onal basis of µ = ±1.
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FIG. 12. Fourier plane image with different polarization. As we change the light polarization (purple arrow) and the
atom quantization axis (black arrow), the calculated Fourier plane image (bottom) as well as the collection efficiency of the
objective changes. The collection efficiency with our objective NA from 0.3 to 0.85 are 25.0% (a), 25.0% (b), 19.5% (c), 14.0%
(d), and 21.4% (e).

when q = 1

d11,1 =
1

2
(1 + cos θ)

d11,−1 =
1

2
(1− cos θ)

when q = 0

d10,1 =
1√
2
(sin θ)

d10,−1 = − 1√
2
(sin θ)

when q = −1

d1−1,1 =
1

2
(1− cos θ)

d1−1,−1 =
1

2
(1 + cos θ)

2. Collection efficiency

In our objective, we collect light of both µ = ±1 po-
larization. So we sum up their squares.

when q = ±1, dw ∝ (3 + cos 2θ)(sin θdθdϕ)
when q = 0, dw ∝ sin2 θ(sin θdθdϕ)
We present two cases.
In the first case, we consider the objective axis aligned

to the atom polarization axis. When q = ±1, collection
efficiency (without normalization) is

∫ θmax

θmin

dθ

∫ 2π

0

dϕ(3 + cos 2θ)(sin θ)

With our objective NA from 0.3 to 0.85, we get a col-
lection efficiency of 25% (Figure 12(a)). When q = 0,
collection efficiency (without normalization) is

∫ θmax

θmin

dθ

∫ 2π

0

dϕ sin2 θ(sin θ)

With our objective NA, the collection efficiency is
14%(Figure 12(d)).
In the second case, we consider the objective axis or-

thogonal to the atom polarization axis. We perform a
change of variable.

θ′ = arccos(sinϕ sin θ)

ϕ′ = arctan(cosϕ tan θ)

θ = arccos(cosϕ′ sin θ′)

ϕ = arctan(1/(sinϕ′ tan θ′))

For simplicity, we define g(u, v) = arccos(sinu cos v)
In general, we have

w ∝
∫

f(θ)dΩ

=

∫
dϕ

∫
dθf(θ) sin θ

=

∫
dϕ′

∫
dθ′f(g(θ′, ϕ′))

∣∣∣∣ ∂(θ, ϕ)∂(θ′, ϕ′)

∣∣∣∣ sin(g(θ′, ϕ′))

where
∣∣∣ ∂(θ,ϕ)
∂(θ′,ϕ′)

∣∣∣ =
∣∣∣ ∂θ
∂θ′

∂ϕ
∂ϕ′ − ∂θ

∂ϕ′
∂ϕ
∂θ′

∣∣∣ is the Jacobian

determinant.
When q = ±1, f(θ) = (3 + cos 2θ). Plugging in our

objective clear aperture, we get a collection efficiency of
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19.5% (Figure 12(c)). When q = 0, f(θ) = (sin θ)2, and
the collection efficiency is 25% (Figure 12(b)).

Assuming the atom is unpolarized, f(θ) = 1. Plugging
in our objective clear aperture, we obtain a collection
efficiency of 21.4% (Figure 12(e)).

3. Fourier plane photon density

The power density in the Fourier plane depends on the
quantization axis and light polarization. With the wave-
front error from the objective, one can optimize the point
spread function by choosing different Fourier plane power
densities. We chose the configuration of Figure 12(a) be-
cause it gives the best collection efficiency and has an al-
most uniform Fourier plane photon density, resulting in
the best point spread function among the options shown
here.

When the objective optical axis is aligned with the
atom quantization axis, we map the θ variable to r (NA).
We know that r = sin θ.

For q = ±1, we have dw ∝ (3 + cos 2θ)(sin θdθdϕ).

After normalization, we get dw = 3
8π

2−r2√
1−r2

(rdrdϕ).

For q = 0, we have dw ∝ (sin θ)2(sin θdθdϕ). After

normalization, we get dw = 3
4π

r2√
1−r2

(rdrdϕ).

We have dw
rdrdϕ = r2√

1−r2

When the objective optical axis is orthogonal to the
atom quantization axis, we change θ′ to r = sin θ′

r = sin(arccos(sinϕ sin θ))

ϕ′ = arctan(cosϕ tan θ)

θ = arccos(r cosϕ′)

ϕ = arctan(1/(sinϕ′ tan(arcsin(r))))

In general, we have

dw ∝ f(arccos(r cosϕ′))

∣∣∣∣ ∂(θ, ϕ)∂(r, ϕ′)

∣∣∣∣ sin(arccos(r cosϕ′))drdϕ′

Where
∣∣∣ ∂(θ,ϕ)∂(r,ϕ′)

∣∣∣ =
∣∣∣∂θ∂r ∂ϕ

∂ϕ′ − ∂θ
∂ϕ′

∂ϕ
∂r

∣∣∣ =
r√

(1−r2)(1−r2 cos2(ϕ′))
is the Jacobian determinant.

F. Three level systems

In our simulation (SM B), we keep track of the mJ

state of an atom during its evolution. At specific mJ =
m, since the light polarization we use can drive both
σ+ and σ− transitions, we calculate the steady state
population of the three-level system between mJ = m,
m′

J = m+ 1, and m′
J = m− 1. The steady-state excited

population multiplied by Γdt represents the probabilities
of projecting to m′

J states. In the simulation (SM B), we
evolve the atomic state based on these probabilities and
account for the different scattering angle distributions for

σ± and π transitions. The first few of the optical Bloch
equations under homogeneous broadening are

∂tρ33 = i
Ω13

2
(ρ̃31 − ρ̃13)− Γρ33

∂tρ22 = i
Ω12

2
(ρ̃21 − ρ̃12)− Γρ22

∂tρ11 = Γ(ρ33 + ρ22)−
i

2
(Ω13(ρ̃31 − ρ̃13) + Ω23(ρ̃21 − ρ̃12))

Since we are looking for steady-state solutions with
negligible detuning due to Doppler shift (even scattering
1000 photons all in the same direction gives a 15MHz
detuning, which is only half of the linewidth of the tran-
sition), we can set Γ31 = Γ21 = Γ and ∆ = 0 [84]. We
assume that the coherence does not change, such that
coherence terms can be eliminated from the above equa-
tions. For simplicity, we ignore the coherent transfer to
mJ = m ± 2 and higher order processes. We then get

ρii =
Ω2

1i

Γ2+2(Ω2
12+Ω2

13)
.

We shine highly saturated light to reduce the effect of
different Clebsch-Gordan coefficients and maximize the
scattering rate at any Zeeman sublevel. With a beam size
of a few hundred microns, this can be achieved with ten
milliwatts of laser power for our broad Γ = 2π × 30MHz
transition.

G. Definition of terms

1. Saturation intensity

Here we clarify our definition of the saturation in-
tensity. As stated in Eq. (5.244) of [80], we define
Isat =

ℏω0A21

2σ0
. As noted in Eq. (3.21) and (3.22), when

the atom polarization is random, we get σ(ω) = λ2

2π , but
when the atomic dipole moments are aligned with the

field polarization, we get σ(ω) = 3λ2

2π . In our case, we

have the atoms polarized, so Isat = ℏω0Γ

2 3λ2

2π

= πℏω0Γ
3λ2 . In

contrast, Eq. (5.253) assumes random atom polarization
and therefore is a factor of 3 larger. For our transition,
the saturation intensity is 56mW/cm2. Rabi frequency
in the unit of excited state lifetime can be calculated with

Ω = Γ
√

I
Isat

/2.

2. Imaging Fidelity

We define the imaging fidelity of distinguishing be-
tween n and n + 1 atoms per site as the average of the
false positive and false negative rates. The false positive
(negative) refers to the rate of the case when the total
camera count is above (below) the preset cutoff but there
are still n (n+1) atoms on the site. The imaging fidelity
here does not take into account the atom loss during the
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FIG. 13. Example fit of camera dark frames We take im-
ages without any incident light on and analyze the histogram.
We fit the histogram (blue) with three components: the Gaus-
sian readout noise (yellow), the serial CIC (green), and the
parallel CIC (red). The sum of all these three components
is shown in purple. We extract the readout noise and the
CIC probability from the fit. We plot an example data where
we set the readout speed to 1MHz and the vertical shift to
1.7us, which is the combination that gives us the lowest read-
out noise.

Vertical shift 3.3 µs
Readout speed (MHz) 1 5 10 17

Readout noise std (electrons) 0.025 0.068 0.099 0.083
Serial CIC (percentage) 4.7 4.5 4.0 2.5
Parallel CIC (percentage) 3.0 2.9 2.9 3.0

Vertical shift 1.7 µs
Readout speed (MHz) 1 5 10 17

Readout noise std (electrons) 0.025 0.070 0.102 0.084
Serial CIC (percentage) 3.9 3.4 2.6 1.8
Parallel CIC (percentage) 2.0 1.8 1.8 1.8

TABLE I. The measured performance of our EM CCD cam-
era with the slowest (top) and the second slowest (bottom)
vertical shift speed.

transfer from the small-spacing lattice to the accordion
lattice and the expansion of the accordion lattice.

H. EM CCD spurious count and its effect on
binarization performance

We characterize the dark count of our unit of the Andor
iXon Ultra 897 EXF. We take dark images with a max-
imum gain of 1000. To maintain good electron transfer
fidelity throughout the whole image, we keep the verti-
cal shift speed at 1.7 µs and 3.3 µs only, since we observe
part of the image will lose signal if we overclock the ver-
tical shift too much. We analyze the histogram by fitting
it with the sum of Gaussian readout noise, serial CIC,
and parallel CIC (Figure 13). With the parallel CIC fit,
we extract the conversion of camera count to photoelec-
trons and use it with the Gaussian fit to calculate the
readout noise. We summarize our results in Table I. The
Clock-Induced Charges broaden the histogram peak with
0 atoms per site and limit our imaging fidelity since we
have a finite branching ratio. With qCMOS cameras and
proper magnification, we expect to achieve even faster
imaging with higher fidelity.
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[8] A. Gaëtan, Y. Miroshnychenko, T. Wilk, A. Chotia,
M. Viteau, D. Comparat, P. Pillet, A. Browaeys, and
P. Grangier, Nature Physics 5, 115 (2009).

[9] E. Urban, T. A. Johnson, T. Henage, L. Isenhower, D. D.
Yavuz, T. G. Walker, and M. Saffman, Nature Physics 5,
110 (2009).

https://doi.org/10.1103/PhysRevLett.81.3108
https://doi.org/10.1038/415039a
https://doi.org/10.1038/s41567-021-01370-5
https://doi.org/10.1103/PRXQuantum.2.017003
https://doi.org/10.1038/s41586-022-04940-6
https://doi.org/https://doi.org/10.1016/j.aop.2021.168651
https://doi.org/10.1038/s41586-021-03585-1
https://doi.org/10.1038/nphys1183
https://doi.org/10.1038/nphys1178
https://doi.org/10.1038/nphys1178


18

[10] S. Ebadi, T. T. Wang, H. Levine, A. Keesling, G. Se-
meghini, A. Omran, D. Bluvstein, R. Samajdar, H. Pich-
ler, W. W. Ho, S. Choi, S. Sachdev, M. Greiner,
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ber, N. Lang, H. P. Büchler, T. Lahaye, and A. Browaeys,
Science 365, 775 (2019).

[50] P. Weinberg and M. Bukov, SciPost Phys. 7, 020 (2019).
[51] A. Krahn, Doctoral dissertation (2021).
[52] H. Y. Ban, M. Jacka, J. L. Hanssen, J. Reader, and J. J.

McClelland, Opt. Express 13, 3185 (2005).
[53] J. J. McClelland and J. L. Hanssen, Phys. Rev. Lett. 96,

143005 (2006).
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